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2.)
DER EFFEKT VON SCHWEFELDIOXID-, OZON- UND STICKSTOFFDIOXID-

BEGASUNG AUF DEN STICKSTOFFMETABOLISMUS STERIL KULTIVIERTER
FICHTENKEIMLINGE (PICEA ABIES (L.) KARST.)

ANDREAS D. PEUKE

ZUSAMMENFASSUNG

1.) Die Raten der Netto-Nitrataufnahme von Fichtenkeimlingen waren bis 1 mM Nitrat
abhängig von der angebotenen Nitratkonzentration. Bis 10 mM blieben sie dann konstant. Die
aus diesen Daten berechneten Charakteristika des Aufnahmesystems sind Km = 0,2 mM und
Vmax = 18 nmol mg-1 24h-1.

2.) Die Netto-Nitrataufnahmeraten wurden durch niedrigen pH-Wert, Aluminium- oder
Ammoniumzugaben in die Nährlösung gehemmt und die Wurzelfrischmassen vermindert.

3.) Eine Bestimmung der Nitratreduktaseaktivität (NRA) in vitro war nicht möglich. Es wurde
ein NR-Test in vivo erarbeitet, mit dem Messungen in Wurzeln und Sprossen von Fichten-
keimlingen möglich sind. Die höchsten NRA wurden in den Wurzelspitzen gefunden.

4.) Durch stickstofffreie Anzucht wurde die NRA und der Nitratgehalt in den Wurzeln ver-
ringert, in den Sprossen jedoch erhöht. Mit steigender Nitratkonzentration in der Nährlösung
wurde in den Sprossen die NRA erhöht und der Nitratgehalt verringert. Aluminiumzugaben in
die Nährlösung hatten eine Erhöhung der NRA in den Sprossen und in der Regel auch in den
Wurzeln zur Folge. Ein Bezugsgrößeneffekt konnte dabei allerdings nicht ausgeschlossen
werden. Der optimale pH-Wert der Nährlösung für die NRA in Wurzeln und Sproß (ebenso
wie für die Nitrataufnahme) betrug 5,5. Ammonium in der Nährlösung hemmte die NRA und
verringerte den Nitratgehalt in Wurzeln und Sprossen. Selbst bei reiner Ammoniumernährung
war Nitrat und Ammonium in den Pflanzen zu finden.

5.) Nach neunwöchiger Begasung der gasdicht vom Wurzelraum getrennten Sprosse war bei
einer Konzentration von 35 über 70 bis 100 ppb SO2 der Nitratmetabolismus in den Sprossen
gehemmt und in den Wurzeln stimuliert. Nach Begasung mit 200 ppb SO2 waren Nitratauf-
nahme und Nitratreduktion auch in den Wurzeln gehemmt, und das Wachstum war
vermindert. Die Hemmung des Nitratmetabolismus in den Sprossen wurde diskutiert als
Effekt - einer verminderten Verfügbarkeit von Nitrat, - einer direkten Hemmung der Enzyme
durch Sulfit oder dessen Folgeprodukte - einer Kompetition um Reduktionsäquivalente mit
der reduktiven Detoxifizierung von SO2. Es konnte gezeigt werden, daß bei der Entgiftung
SO2 reduziert und metabolisiert (in Thiolen) wurde und die Steigerung der Aktivität der
Superoxiddismutase von Bedeutung ist. Die Beeinflussung des Metabolismus ging einher mit
ultrastrukturellen Veränderungen in den Sprossen.

6.) Durch eine 60-tägige Begasung mit Ozon (50 ppb) und einer Kombination von Ozon (50
ppb) und SO2 (35 ppb) wurde die NRA und die Aktivität der Dehydrogenasen MDH, GDH
und G6PDH in den Sprossen vermindert. In den Wurzeln dieser Pflanzen war die NRA
erhöht.

7.) Eine elf-wöchige Begasung der Sprosse mit 500 ppb NO2 stimulierte das Nitrat-reduzie-
rende System und erhöhte die Frischmasse, den Chlorophyll-, Protein- und Nitratgehalt im
Sproß. Die Wurzeln waren bis auf die Hemmung von NR und NiR unbeeinflußt. Die Wasser-
und Ionenaufnahme wurde durch die Begasung nicht verändert. Die Entgiftung des NO2 er-
folgt über Reduktion, Metabolisierung und Speicherung (in der Vakuole). Ein leichter Dünge-
effekt war zu verzeichnen.

Dissertation Universität Göttingen 1987 p 105.
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summary

Following a precultivation with pedospheric nitrogen nutrition, nitrate or ammonium solutions were supplied to

the shoots of Ricinus plants by spraying (during the experimental period) resulting in an increase of biotic�organic

and abiotic�inorganic particles on the surface, which significantly increased wetting of the leaf surfaces. The

distribution of particles on the surface of sprayed leaves, in particular crystals around and in stomata, indicated

the possible entry of nutrients via thin water films through the stomatal pores in addition to diffusion through the

cuticle. Ammonium was taken up more readily than nitrate by the foliage, but both at relatively low rates which

caused N limitation. Interestingly, the inorganic N, both in the form of nitrate and even ammonium, was entirely

assimilated in the shoots ; phloem transport of inorganic N to the root was negligible. The flows of malate, and

the acidification of the apoplastic washing solution of leaves in ammonium-sprayed plants pointed to the role of

metabolism of malate and excretion of protons in maintaining pH during ammonium assimilation in the shoot.

Ammonium-sprayed plants incorporated the N in the same amounts in shoots and roots, only 38% of the shoot-

borne N being recycled in the xylem. In nitrate-sprayed plants the root was not only favoured in N partitioning,

but even a net export of previously incorporated N from the shoots occurred which reflected the N limitation. The

N limitation also affected carbon metabolism, in particular the flows of C, incorporation in the shoot and

photosynthesis, which were decreased when compared with data from recent experiments with pedospheric well

fed Ricinus. However, there was little difference in C flows between nitrate and ammonium-sprayed plants with

respect to respiration, C partitioning and, most interestingly, in relative stimulation of root growth. The loss of

C from dark respiration of the shoots was high on a f. wt basis as well as in relative terms, owing to exclusive N

assimilation in the shoot. In general the plants invested untargeted increases in root growth as a result of N

limitation irrespective of the imposed artificial treatment which made the shoot the site of mineral N uptake.

Key words: Ricinus communis L., foliar application, carbon, nitrogen, nitrate, ammonium, phloem transport,

xylem transport.

introduction

In higher plants, inorganic nitrogen is usually taken

up by the roots as nitrate and�or ammonium. Shoot

organs, however, can take up mineral nutrients as

well (Clarkson, Kuiper & Lu� ttge, 1986; Raven,

1988; Marschner, 1995). In agriculture, a common

* To whom correspondence should be addressed.

E-mail : peuke�botanik.uni-wuerzburg.de

method of fertilization is the application of nutrients

by spraying a solution onto the leaves (foliar

nutrition). Gaseous air pollutants like NO
�
, NH

�
and

SO
�

can also diffuse into shoot tissue and can be

taken up into the cells. Uptake of the nutrients into

the leaves could occur either by penetration through

the stomata, or by diffusion through the cuticle.

Once in the leaves, the nutrients must be dissolved in

the aqueous phase of the cell wall before uptake into

16.)
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Foliar application of nitrate or ammonium

as sole nitrogen supply in Ricinus communis

II. The flows of cations, chloride and abscisic acid

By ANDREAS D. PEUKE*, W. DIETER JESCHKE

and WOLFRAM HARTUNG

Julius-von-Sachs-Institut fu� r Biowissenschaften der Universita� t Wu� rzburg, Lehrstuhl
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summary

Following a precultivation with pedospheric nitrogen nutrition, Ricinus plants were supplied with nitrogen solely

by spraying nitrate or ammonium solution onto the leaves during the experimental period. The chemical

composition of tissues, xylem and phloem exudates was determined and on the basis of the previously determined

nitrogen flows (Peuke et al., New Phytologist (1998), 138, 657–687) the flows of potassium, sodium, magnesium,

calcium, chloride and ABA were modelled. These data, which permit quantification of net-uptake, transport in

xylem and phloem, and utilization in shoot and root, were compared with results obtained in plants with

pedospherically-supplied nitrate or ammonium and data in the literature. Although the overall effects on the

chemical composition of supplying ammonium to the leaves were not as pronounced as in pedospherically supplied

plants, there were some typical responses of plants fed with ammonium (ammonium syndrome). In particular, in

ammonium-sprayed plants uptake and transport of magnesium decreased and chloride uptake was increased

compared with nitrate-sprayed plants. Furthermore, acropetal ABA transport in the xylem in ammonium-sprayed

Ricinus was threefold higher than in nitrate-sprayed plants. Additionally, concentrations of anions were more or

less increased in tissues, particularly in the roots, and transport fluids. The overall signal from ammonium-sprayed

leaves without a direct effect of ammonium ions on uptake and transport systems in the root is discussed.

Key words: Ricinus communis L., foliar N application, cations, anions, ABA, phloem transport, xylem transport.

introduction

Nitrogen is the most important mineral nutrient for

plants. On a dry matter basis the principal elements

in higher plants are carbon, hydrogen, oxygen,

nitrogen, potassium, sulphur and phosphorus. In

autotrophic higher plants carbon is taken up from

the atmosphere, whilst mineral nutrients are usually

taken up by the roots. Shoot organs, however, can

take up mineral nutrients as well (Raven, 1988 ;

Pearson & Stewart, 1993 ; Marschner, 1995). In

contrast to the above-mentioned elements, nitrogen,

which is taken up at the greatest rates of all minerals,

is available for plants as either the anion nitrate or

the cation ammonium. The use of nitrate or

ammonium as an N-source may have fundamental

consequences for the growth, development and

metabolism of the plants (Haynes & Goh, 1978 ;

Runge, 1983 ; Pearson & Stewart, 1993 ; Marschner,

* To whom correspondence should be addressed.

E-mail : peuke�botanik.uni-wuerzburg.de

1995). One such consequence is the charge balance

in the plants. If ammonium is taken up there is a

deficiency in negative charge. Van Beusichem,

Kirkby & Baas (1988) calculated an excess of cation

over anion uptake in ammonium-fed Ricinus and the

opposite effect under nitrate supply. Indeed, when

ammonium was taken up, lower concentrations of

cations but higher concentrations of anions were

found in tissues (Allen & Smith, 1986; Arnozis &

Findenegg, 1986; van Beusichem et al., 1988 ;

Pearson & Stewart, 1993 ; Lang & Kaiser, 1994).

A direct effect of ammonium on cation uptake

systems has been assumed (Haynes & Goh, 1978 ;

Lee & Ayling, 1993). Of particular interest are

interactions between ammonium and potassium

uptake (Scherer, MacKown & Leggett, 1984; Wang,

Siddiqi & Glass, 1996; Smart & Bloom, 1998) and

between ammonium and nitrate uptake (Lee &

Drew, 1989; Jackson & Volk, 1995; Smart & Bloom,

1998). Furthermore, as a result of different ion

uptake, the nitrogen source also has a profound

influence on the composition of the transport fluids
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Leaves and other shoot parts are supplied with
mineral nutrients and organic products of root uptake
and metabolism (organic forms of N, organic acids,
phytohormones) via the xylem. One of the first steps in
this process is the secretion/loading of ions into the
xylem by the stellar parenchyma [32]. The composition
of the soil solution has a marked influence on the
composition of the xylem sap. For example, the relative
concentrations of nitrate or ammonium generally have

large effects on the composition of the transport fluids
in plants [1,4,5,22,23,29,30] as have concentrations of
other ions such as K+, Mg++, and Ca++.

Grapevine is an old agricultural plant and the
quality of wine is the object of much debate [31]. While
many factors including cultivar, climate, agriculture
methods, etc. play roles in determining quality, soil
type (including fertilizer) plays a major role [31]. The
chemical and physical properties of soils influence the
wine in numerous ways, but mostly indirectly since
grapes are supplied largely by the phloem during rip-
ening [15]. Recent studies have highlighted the circula-
tory nature of xylem and phloem [8,10,12,13,22,25,26].
In general, the composition of xylem sap reflects both
mineral and water uptake and also the general nutri-
tion status of the plant. In addition, xylem sap is the
major means of transport of abscisic acid (ABA), a
major hormonal signal of drought and salinity, from
roots to shoots [7]. Therefore, the xylem is not only
responsible for solute exchange, but also for transport
of root to shoot signals. ABA is considered to be an

The Chemical Composition of Xylem Sap
in Vitis vinifera L. cv. Riesling During
Vegetative Growth on Three Different

Franconian Vineyard Soils and
as Influenced by Nitrogen Fertilizer

ANDREAS D. PEUKE*

Cuttings of grapevine (Vitis vinifera L. cv. Riesling clone B 68) grafted on SO4 (Selection Oppenheim No. 4)
rootstocks were grown in pots with three different soils from Franconian vineyards derived from different
geological formations (namely, Loess, Muschelkalk (shell lime), or Keuper). Additionally, the influence of N-
fertilizer treatment was investigated. From the midrib of leaves six to eight of the sole shoot, xylem sap was
collected simultaneously by pressurizing the rhizosphere during the vegetative growth phase. The chemical
composition of xylem sap was determined and compared with that of the aqueous soil extract. In Muschelkalk
soil, carbon, nitrogen, and calcium were present in the greatest concentrations. Sulfur, boron, magnesium,
sodium, and potassium were greatest in Keuper, and the concentrations in Loess soil were intermediate.
Aqueous extraction of the soils resulted in a two-fold greater concentration of total solutes in Keuper extract
compared with Muschelkalk, and more than threefold than in Loess. The apparent volume flow was greatest in
the middle leaves along the shoot and in plants grown on Keuper; additionally there was a tendency for
fertilizer treatment to increase flow. The concentrations of mineral ions in xylem sap were the same in all the
leaves of a shoot of grapevine. An important exception was the supply to the leaves of amino acids, which
increased in concentration along the transpiration stream and were greatest in the youngest leaves (particu-
larly in non-fertilized plants). Potassium was the dominant cation in xylem sap and was greatest in plants grown
on Keuper. Concentrations of sodium and calcium were increased in non-fertilized plants, but not significantly
in vines grown on Muschelkalk. In xylem sap, nitrate was the major anion, followed by malate. Nitrate
concentration was greatest in plants grown on Muschelkalk, while malate was greater in plants grown on
Keuper. Chloride, sulfate, and phosphate concentration in sap were increased by fertilizer treatment. Abscisic
acid was markedly increased in xylem sap of non-fertilized plants grown on Loess and Muschelkalk and was
discussed as a signal for nutrient limitation. If Keuper was the substrate it was also increased by fertilizer
treatment. Of the organic N-compounds, glutamine was the largest fraction. On the basis of the relation of
nitrate to total N in xylem sap, it could be assumed that about 40% to 75% of nitrate reduction took place in the
shoots. In general, soil type had only a moderate effect on the chemical composition of the xylem sap
compared with the effect of N-fertilizer.

KEY WORDS: grapevine (Vitis vinifera L. cv. Riesling), cations, anions, abscisic acid, xylem sap, soil
(geological formation)
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overall process of solute transport than do changes in mass
flow. Due to transport behaviour, the chemical composition
of leaves varied during the day only with regard to starch
and soluble carbohydrates.

Key-words: chemical composition; fast nuclear magnetic
resonance imaging., long-distance transport; phloem flow;
xylem flow

INTRODUCTION

Characterization of long-distance transport systems is fun-
damental to understanding the physiology of higher plants.
In the xylem and phloem, water and solutes are transported
by a mass flow. Transported solutes vary widely in compo-
sition (e.g. inorganic ions taken up from the environment
by the roots, organic compounds produced by plant 
metabolism) and, in the phloem in particular, photo-assim-
ilates are transported as energy in chemical form. For a
number of physiological questions, knowledge of transport
velocities and rates of transport are of basic interest. Addi-
tionally, the rate of response of transport in xylem and
phloem to rapid changes in environmental conditions (such
as light, temperature, humidity) is integral to many aspects
of plant metabolism but poorly understood owing to lack
of quantitative methods. Current knowledge of the ‘driving
forces’ for xylem and phloem transport of water and solutes
is still based on gradients in hydrostatic pressure and water
potential for the xylem (but see Benkert et al. 1995 and
Thürmer et al. 1999), and chemical potential (gradients in
concentrations of photo-assimilates, the pressure-flow
theory of translocation, Münch 1930) for the phloem. Gas
exchange of water vapour, CO2 and O2 and associated
processes are central to the regulation of long-distance
transport in plants. Both phloem and xylem systems are rea-
sonably complex and susceptible to manipulation. For these
reasons, it has remained difficult to investigate the long-
distance transport systems of plants in situ.

Heat-based methods have been used to trace movement
of xylem sap and can yield reasonably accurate measures

ABSTRACT

A new method for simultaneously quantifying rates of flow
in xylem and phloem using the FLASH imaging capabili-
ties of nuclear magnetic resonance (NMR) spectrometry
was applied in this study. The method has a time resolution
of up to 4 min (for the xylem) and was used to measure the
velocity of flows in phloem and xylem for periods of several
hours to days. For the first time, diurnal time course mea-
surements of flow velocities and apparent volume flows in
phloem and xylem in the hypocotyl of 40-d-old Ricinus
communis L were obtained. Additional data on gas
exchange and the chemical composition of leaves, xylem
and phloem sap were used to assess the role of leaves as
sinks for xylem sap and sources for phloem. The velocity in
the phloem (0·250 ± 0·004 mm s-1) was constant over a full
day and not notably affected by the light/dark cycle.
Sucrose was loaded into the phloem and transported at
night, owing to degradation of starch accumulated during
the day. Concentrations of solutes in the phloem were gen-
erally less during the night than during the day but varied
little within either the day or night. In contrast to the
phloem, flow velocities in the xylem were about 1·6-fold
higher in the light (0·401 ± 0·004 mm s-1) than in the dark
(0·255 ± 0·003 mm s-1) and volume flow varied commensu-
rately. Larger delays were observed in changes to xylem
flow velocity with variation in light than in gas exchange.
The relative rates of solute transport during day and night
were estimated on the basis of relative flow and solute con-
centrations in xylem and phloem. In general, changes in 
relative flow rates were compensated for by changes in
solute concentration during the daily light/dark cycle.
However, the major solutes (K+, NO3

-) varied appreciably
in relative concentrations. Hence the regulation of loading
into transport systems seems to be more important to the

Correspondence: Dr Andreas D. Peuke. Current address: Institut für
Forstbotanik und Baumphysiologie, Georges-Köhler-Allee 
Geb. 053/054, D-79110 Freiburg im Breisgau, Germany. Fax:
+ 49 761 203 8302; e-mail: AD_Peuke@web.de

Simultaneous measurement of water flow velocity and
solute transport in xylem and phloem of adult plants of
Ricinus communis over a daily time course by nuclear
magnetic resonance spectrometry
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Drought affects the competitive interactions between 
Fagus sylvatica seedlings and an early successional 
species, Rubus fruticosus: responses of growth, water 
status and δ13C composition

Mariangela N. Fotelli, Arthur Geßler, Andreas D. Peuke and Heinz Rennenberg
Institute of Forest Botany and Tree Physiology, Albert Ludwig University of Freiburg, Georges-Köhler-Allee, Gebäude 053/054, 79110 Freiburg, Germany

Summary

• Competitive interactions between European beech (Fagus sylvatica L.) seedlings
and the early successional species Rubus fruticosus, and the role of water availability,
are reported and discussed in relation to management practices and climatic changes
in beech ecosystems of Central Europe.
• Responses of growth, water status, gas exchange and carbon isotope composition
(δ13C) to two competition and three irrigation treatments were examined in a
factorial-design glasshouse study.
• Under regular irrigation, coexistence with R. fruticosus did not significantly affect
growth, water potential and gas exchange of beech seedlings. However, moderate
water shortage caused a twofold reduction in beech biomass and changes in root :
shoot ratios. Drought lowered transpiration rates and predawn water potentials
(below the xylem embolism threshold) for F. sylvatica; δ13C of leaves and fine roots
increased (discrimination was reduced). By contrast, significantly lower δ13C of
R. fruticosus foliage indicated an improved water status. Competitive interference
intensified the effects of reduced irrigation.
• Water availability regulates the competitive interactions between beech seedlings
and R. fruticosus. Natural regeneration of beech seedlings may be inhibited by
interference from a species such as R. fruticosus, especially during summer drought,
as predicted by actual climate models.

Key words: Fagus sylvatica, competition, water availability, growth, water potential,
carbon isotope composition, transpiration.
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Introduction

Throughout their life-cycle, trees interact with neighbouring
plants composed of different life forms, physiology and resource
requirements. For trees, coexistence with other species may have
negative effects, such as soil water and nutrient depletion and
competition for radiation, or positive effects such as nitrogen
fixation (Flint & Childs, 1987; Messier & Kimmins, 1990;
Neary et al., 1990; Chang et al., 1996b). Information on the
ecophysiological basis of interactions between trees and neigh-
bouring plants is required to understand, predict and manipulate
regeneration and successional processes in forests. Moreover,

knowledge of the indirect effects of understorey vegetation on
seedling recruitment patterns may have important silvicultural
implications and economic benefits. Several cases have been
reported of low productivity or even failure of plantations and
of regeneration as a result of competition from understorey
species (Brand, 1991; Morris et al., 1993; Marino & Gross,
1998).

A number of management practices, including thinning,
have focused on improving ecosystem productivity and are
routinely used in forests, both to minimize competition between
trees and to increase growth rates. Thinning frequently increases
irradiance at the forest floor and may improve conditions for

25.)



26.)



© New Phytologist (2002) 154: 373–387 www.newphytologist.com 373

Research

Blackwell Science, Ltd

Identification of drought-sensitive beech ecotypes by 
physiological parameters
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Summary

• The effects of drought on European beech (Fagus sylvatica) were assessed in a pot
experiment under controlled conditions.
• Plants from 11 autochthonous provenances originating from regions in Germany,
which differed in annual precipitation, were exposed to a 3-wk drought period in a
glasshouse after the first stage of shoot growth had been completed.
• Drought reduced the water content to 97% of control in leaves and axes and to
92% in the roots. A strong reduction of predawn water potential in roots and shoots,
as well as on transpiration rate, was found. In the roots, the effect on water potential
was the same for all provenances, but differences were observed in the shoot water
potential. Leaf concentrations of abscisic acid (ABA), proline and sucrose increased
in the drought-treated plants compared with the controls.
• Two extreme clusters from opposite climatic sites were identified by cluster
analysis. A drought-sensitive cluster, originating from regions with high annual pre-
cipitation, had low water potential and transpiration rates, as well as high
concentrations of fructose, ABA and proline after drought. Water potential and tran-
spiration rates were less affected by drought in the other cluster, which comprised
two provenances of relatively dry habitats, and concentrations of hexose, ABA and
proline were low.

Key words: beech (Fagus sylvatica), provenances, drought stress, water potential,
transpiration, osmoprotectants, abscisic acid.

© New Phytologist (2002) 154: 373–387

Author for correspondence:
A. D. Peuke
Tel: +49 761 203 8310
Fax: +49 761 203 8302
Email: ad_peuke@web.de

Received: 13 December 2001
Accepted: 2 January 2002

Introduction

Global environmental conditions have changed rapidly over
the last century as a result of human activities. One of these
changes is the increase of atmospheric CO2 by fossil fuel
combustion, deforestation and biomass burning contributing
to the glasshouse effect (Enquete-Komission, 1994; Saxe
et al., 1998; UNEP/IUC, 1999). Based on current trends, it
is expected that within this century CO2 concentrations will
double and global temperature will rise by about 1–3.5°C
(UNEP/IUC, 1999). As a consequence, precipitation and
evaporation patterns will change and forests and other
ecosystems will be exposed to drought and flooding events.

The increased frequency and severity of drought caused by
climatic changes will affect plants directly through water

depletion and indirectly by reduced nutrient uptake (Saxe
et al., 1998). Plants in a CO2-enriched climate of the future
might tolerate drought better through stomatal closure and/
or decline in stomatal density (Bowes, 1993), but elevated
CO2 may also increase leaf area and thereby counteract the
favourable effects of reduced stomatal aperture/density under
water limitation (Saxe et al., 1998).

For long-living plants, such as forest trees, the expected
climatic changes will become relevant within the lifespan of
an individual within the community. European beech (Fagus
sylvatica) is one of the most important forest trees in cen-
tral Europe and is known to be relatively drought sensitive
(Ellenberg, 1992). Beech forests have mainly developed by
natural regeneration and ecotypes have developed that are
adapted to the local climatic conditions (Müller-Stark, 1997).
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Abstract Beech seedlings of different drought sensitivity
originating from 11 German provenances were grown in
pots and cultivated in a greenhouse. The present paper
aims to give insights on uptake, transport and use of
macronutrients, since the knowledge of drought effects on
the nutrition of trees is low compared to water relations.
Therefore, the elemental composition, the ratio of inor-
ganic to total content, and the partitioning between roots
and shoots of carbon, nitrogen, phosphorus, and sulphur
were investigated as affected by provenance and drought
treatment. Phosphorus and phosphate concentrations
decreased in all tissues after a 3 week drought treatment
simulating a summer drought period. In roots carbon
increased and nitrate decreased, in stems nitrogen
decreased but nitrate increased following drought. The
observed effects on phosphorus and phosphate are
discussed in terms of lower phosphate mobility in the
substrate due to lower water availability. The decrease in
the ratio of phosphate to phosphorus in the tissues
suggests the use of vacuolar phosphate pools for
maintaining organic phosphorus homeostasis. The parti-
tioning of all macronutrients was not affected by drought,
although phosphorus and phosphate were significantly
lowered in tissues. In most of the parameters studied
significant differences between provenances were found.
The recently observed drought sensitivity of provenances
was not reflected in the strength of concentration changes
or partitioning of macronutrients by drought over
provenances.

Keywords European beech (Fagus sylvatica L.) .
Drought . Nutrition . Partitioning . Phosphorus

Introduction

Actual predictions of climate changes due to anthropo-
genic atmospheric CO2 increase project an average
warming of 1–3.5°C for mid-latitude regions within the
next 100 years (Saxe et al. 1998; UNEP/IUC 1999). For
Europe, changes in the frequency of extreme precipitation
events are expected, resulting in more drought and
flooding (IPCC 1997; UNEP/IUC 1999). Longer periods
of reduced rainfall are expected, particularly in summer,
when a number of crops and fruit ripen and trees like
European beech undergo a second phase of growth. The
pace of climate change will be fast compared to the speed
at which forest trees grow. Therefore, present forest
ecosystems will face new environmental conditions during
their lifetime. Alteration in species composition of forest
ecosystems are likely to occur (IPCC 1997; Saxe et al.
2001).

Changes in atmospheric CO2 concentrations are known
to influence plant physiology and morphology in past
(Pataki 2002) as well as today’s and future climate. A
considerable biomass increment for trees caused by
elevated CO2 has been predicted as long as other
environmental parameters are not growth limiting (Saxe
et al. 1998; Ceulemans et al. 1998). The multiple
interacting changes due to global warming will therefore
result in an orchestrated response of a number of
physiological processes, the outcomes of which are
difficult to predict. The benefit of enhanced drought
tolerance due to reduced stomatal conductance at elevated
atmospheric CO2 may be more than compensated by
higher leaf biomass (Saxe et al. 1998; Wullschleger et al.
2002).

The effects of predicted climate changes on nutrient
availability for ecosystems are still under debate with
contrasting statements (Saxe et al. 1998, 2001; Ceulemans
et al. 1998). In general, plants increase their nutrient
capacity under elevated CO2 (Ceulemans et al. 1998).

Drought is a form of stress which affects gas exchange,
cell growth and division, phytohormones, metabolic and
transport processes of plants (Hsiao 1973). The effects of
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In the present paper actual trends in the use of transgenic trees for phytoremediation of
contaminated soils are reviewed. In this context a current field trial in which transgenic
poplars with enhanced GSH synthesis and hence elevated capacity for phytochelatin pro-
duction are compared with wildtype plants for the removal of heavy metals at different levels
of contamination and under different climatic conditions. The studies are carried out with
grey poplar (Populus tremula x P. alba), wildtype plants and plants overexpressing the gene
for γ-glutamylcysteine synthetase (gshI) from E. coli in the cytosol. The expression of this
gene in poplar leads to two- to four-fold enhanced GSH concentrations in the leaves. In
greenhouse experiments under controlled conditions these transgenic poplars showed a high
potential for uptake and detoxification of heavy metals and pesticides. This capacity is eval-
uated in field experiments. Further aims of the project are to elucidate (a) the stability of
the transgene under field conditions and (b) the possibility of horizontal gene transfer to
microorganisms in the rhizosphere. The results will help to assess the biosafety risk of the
use of transgenic poplar for phytoremediation of soils.

Key words: Phytoremediation, Transgenic Trees, Poplar

Introduction

After decades or even centuries of human activ-
ities in industry, mining, or military a huge amount
of area in developed countries shows high contam-
ination with heavy metals or organic pollutants.
Therefore, phytoremediation, i.e., bioremediation
with plants, of polluted soils has received signifi-
cant attention (Cunningham and Ow, 1996; Gleba
et al., 1999; Meagher, 2000; Dietz and Schnoor,
2001). Phytoremediation is an emerging new tech-
nology that uses plants to remove or degrade vari-
ous pollutants from soils. A number of plant spe-
cies are able to accumulate high amounts of heavy
metals in their above-ground tissues or to degrade
various organic soil pollutants (Salt et al., 1998;
Kömives and Gullner, 2000).

Exposure of plants to heavy metals induces syn-
thesis of compounds that chelate these metals and
thus contribute to their detoxification (Rauser,
1999). Among the chelators, sulfur-rich peptides,
i.e. metallothioneins and phytochelatins, are of
particular importance. Metallothioneins are sulfur-

Abbreviations: γ-EC, γ-l-glutamyl-l-cysteine; γ-ECS, γ-
glutamylcysteine synthetase; GSH, glutathione; GSSG,
oxidized glutathione; GST, glutathione S-transferase.
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rich proteins of 60Ð80 amino acids containing 9Ð
16 cysteine residues (Hamer, 1986; Robinson et al.,
1993; Rauser, 1999). Phytochelatins (PC) are a
family of γ-glutamylcysteine oligopeptides with
glycine or other amino acids as the C-terminal
constituent (Grill et al., 1985; Rauser, 1999). The
γ-Glu-Cys units are repeated 2Ð7 times. The C-
terminal amino acids of phytochelatins include �-
Ala, Cys, Ser, or Glu (Grill et al., 1986; Klapheck
et al., 1994; Rauser, 1999). Phytochelatins are syn-
thesised from glutathione (GSH) and its derivates
by phytochelatine synthase in the presence of
heavy metal ions (Vatamaniuk et al., 1999; Ha
et al., 1999) (see Fig. 1). The gene encoding phy-
tochelatine synthase was recently cloned from
Arabidopsis and yeast (Vatamaniuk et al., 1999;
Ha et al., 1999; Clemens et al., 1999). Following Cd
or Cu exposure, PCs were found in yeast, algae,
lower and higher plants (Kondo et al., 1984; Geke-
ler et al., 1988, 1989). Cadmium is the most effec-
tive inducer of PCs, but Cu, Pb, Zn, Sb, Ag, Zn, or
Hg also induce their formation (Grill et al., 1987;
Maitani et al., 1996). PCs form ligand complexes
with these metals which are further sequestered
into the vacuoles. Mutants in PC synthesis are hy-
persensitive to Cd and other metals (Howden
et al., 1995).
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Phytoremediation
Molecular biology, requirements for application, environmental protection, public attention and feasibility

Andreas D. Peuke & Heinz Rennenberg

Over centuries, human industrial,
mining and military activities as
well as farming and waste prac-

tices have contaminated large areas of
developed countries with high concentra-
tions of heavy metals and organic pollu-
tants. In addition to their negative effects on
ecosystems and other natural resources,
these sites pose a great danger to public
health, because pollutants can enter food
through agricultural products or leach into
drinking water (EC, 2002; EEA, 2003). In
the EU alone, an estimated 52 million
hectares—more than 16% of the total land
area—are affected by some level of soil
degradation. The largest and probably most
heavily contaminated areas are found 
near industrialized regions in northwestern
Europe, but many contaminated areas exist
around most major European cities (EEA,
2003). There could be between 300,000
and 1.5 million of these sites in the EU (EC,
2002)—the uncertainty in this estimate is
due to the lack of common definitions and
a scarcity of accurate data on the size and
the level of contamination of affected sites.

Cleaning up contaminated soil is a costly
enterprise—the overall cost to remediate
affected sites in the EU is estimated to be
between €59 and €109 billion (EC, 2002).
Furthermore, current methods of soil reme-
diation do not really solve the problem. In
Germany, for instance, only 30% of soils
from contaminated sites are cleaned up in

soil remediation facilities (SRU, 2004); the
remaining soil must be stored in waste dis-
posal facilities. This does not solve the
problem, it merely transfers it to future gen-
erations. Obviously, there is an urgent
need for alternative, cheap and efficient
methods to clean up heavily contaminated
industrial areas.

This could be achieved by a relatively
new technology known as phytoremedia-
tion, which uses plants to remove pollutants
from the environment. Due to its elegance
and the extent of contaminated areas, it has
already received significant scientific and
commercial attention (Salt et al, 1998; Gleba
et al, 1999; Meagher, 2000; Dietz &
Schnoor, 2001; Guerinot & Salt, 2001;
Krämer & Chardonnens, 2001; McGrath &
Zhao, 2003; Peuke & Rennenberg, 2005).
Phytoremediation uses wild or genetically
modified plants (GMPs) to extract a wide
range of heavy metals and organic pollutants
from the soil. Initial experiments with trans-
genic plants have shown that they are indeed
efficient in drawing metals from heavily con-
taminated soils. However, despite this and
other advantages, the progress and applica-
tion of this technology to tackle widespread
environmental problems is being hampered
by ideology-driven, restrictive legislation
over the use and release of GMPs in Europe,
and particularly in Germany.

Phytoremediation comes in several
forms. Phytoextraction removes met-
als or organics from soils by accumu-

lating them in the biomass of plants.
Phytodegradation, or phytotransformation,
is the use of plants to uptake, store and
degrade organic pollutants; rhizofiltration
involves the removal of pollutants from
aqueous sources by plant roots. Phyto-
stabilization reduces the bioavailability of

pollutants by immobilizing or binding
them to the soil matrix, and phyto-
volatilization uses plants to take pollutants
from the growth matrix, transform them
and release them into the atmosphere.

Most scientific and commercial interest
in phytoremediation now focuses on phy-
toextraction and phytodegradation, which
use selected plant species grown on conta-
minated soils. These are then harvested to
remove the plants together with the pollu-
tants that have accumulated in their tis-
sues. Depending on the type of contamina-
tion, the plants can either be disposed of or
used in alternative processes, such as burn-
ing for energy production. In essence, phy-
toextraction removes pollutants from 
contaminated soils, concentrates them 
in biomass and further concentrates the
pollutants by combustion. 

It is also possible to recover some metals
from plant tissue (phytomining), which
humans have done for centuries in the case
of potassium (potash), and which may even
become economically valuable (Meagher,
2000). In addition to accumulating toxic
minerals in their tissues, plants are also able
to take up a range of harmful organic 
compounds, including some of the most
abundant environmental pollutants such as
polychlorinated biphenyl (PCB), halogenated
hydrocarbons (trichloroethylene, TCE) and
ammunition wastes (nitroaromatics such as
trinitrotoluene (TNT) and glycerol trinitrate
(GTN)). Subsequent metabolism in plant 

In the EU alone, an estimated 52
million hectares—more than
16% of the total land area—are
affected by some level of soil
degradation

…there is an urgent need for
alternative, cheap and efficient
methods to clean up heavily
contaminated industrial areas
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Introduction1

In developed countries, large areas have been contaminated over centuries with heavy 
metals and organic pollutants by industrial, mining and military activities as well as 
farming and waste disposal (Pilon-Smits and Pilon 2002; Peuke and Rennenberg 2005a). 
These contaminations do not only pose a thread to the environment and to natural 
resources, they are also a danger to public health, because they can enter the food chain 
and can be leached out into the drinking water (Dietz and Schnoor 2001). Obviously, 
there is already a large requirement for cleanup of contaminated soils that will further 
expand with the industrialization of developing countries. The current costs for cleanup 
of contaminated soils are staggering (Peuke and Rennenberg 2005a; Pilon-Smits 2005) 
and the methods applied often do not solve the problem. A high amount of contaminated 
soils is stored in waste disposals, thereby transferring the problem to future generations. 
Thus, there is a high demand for low-cost, efficient methods of soil decontamination. 
 Phytoremediation is a relatively new, low-cost approach for cleaning up not only 
contaminated soils, but also aquatic environments and the atmosphere. For cleanup of 
soils, it uses plants and their associated microorganisms in the rhizosphere (Pilon-Smits 
2005). Phytoremediation has been proven to effectively remove from soils a whole set of 
organic pollutants such as trichlorethane, pesticides, explosives, hydrocarbons, fuel 
additives, or polychlorinated biphenyls, as well as inorganic pollutants such as plant 
macronutrients, plant trace elements, non-essential elements for plants, or radioactive 
isotopes (Pilon-Smits 2005). During the last decade phytoremediation has not only 
received scientific but also commercial attention, but a considerable phytoremediation 
market currently exists in the USA only (Meagher 2000; McGrath and Zhao 2003; Pilon-
Smits 2005). Recently, fast growing trees have been identified as particularly useful for 
phytoremediation, because they can produce large biomass that can be used for other 
purposes (wood products, bioenergy, etc.) subsequent to phytoremediation, can be 
cultivated in short rotation forestry plantations similarly to agricultural systems, produce 
an extensive root system that intensively explores and stabilizes the soil, are in many 
cases not part of food-chains and can be harvested before flowering. The latter is of 
particular advantage for the use of genetically modified plants (GMPs) in 
phytoremediation with respect to biological safety (Peuke and Rennenberg 2005a; b). 

Sulfur Transport and Assimilation in Plants in the Postgenomic Era, pp. 201-208 
Edited by K. Saito et al. 
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ABSTRACT

The effects of cold girdling of the transport phloem at the
hypocotyl of Ricinus communis on solute and water trans-
port were investigated. Effects on the chemical composition
of saps of phloem and xylem as well as of stem tissue were
studied by conventional techniques and the water flow in
the phloem was investigated by NMR imaging. Cold gir-
dling reduced the concentration of sucrose but not that of
inorganic solutes or amino acids in phloem saps. The pos-
sibility that cold treatment inhibited the retrieval of sucrose
into the phloem, following leaching from the sieve tubes
along a chemical gradient is discussed. Leaching of other
solutes did not occur, as a result of missing promoting gra-
dients in stem tissue. Following 3 d of cold girdling, sugar
concentration increased and starch was synthesized and
accumulated in stem tissue above the cold girdling region
and along the cold-treated phloem pathway due to leaching
of sugars from the phloem. Only in the very first period of
cold girdling (

  

<<<< 15–30 min) was mass flow inhibited, but
recovered in the rest of cold treatment period to values
similar to the control period before and the recovery period
after the cold treatment. It is concluded that cold treatment
affected phloem transport through two independent and
reversible processes: (1) a permanent leaching of sucrose
from the phloem stem without normal retrieval during cold
treatment, and (2) a short-term inhibition of mass flow at
the beginning of cold treatment, possibly involving P pro-
teins. Possible further mechanisms for reversible inhibition
of water flow are discussed.

Key-words: Ricinus communis; cold girdling; NMR-
imaging; phloem; water flow.

INTRODUCTION

One of the most important features that have allowed
higher plants to conquer dry land are the phloem and

xylem which transport water, photo-assimilates, nutrients
and signals over long distances within the plant. The
phloem is responsible for the transport of metabolic prod-
ucts and for the recycling of mineral nutrients from the
shoot to the root or within the shoot from mature leaves to
younger growing parts. The phloem can be divided into
three functional areas: loading, transport and unloading
phloem (van Bel 1993, 2003a, b). While the loading phloem
is responsible for active loading of photoassimilates into
the phloem, the unloading phloem delivers assimilates to
sink tissues, and the transport phloem translocates water
and solutes from source to sink. In the transport phloem,
which generally can be found from the main leaf veins
downwards, release as well as loading (retrieval) of sugars
takes place (Patrick 1997; van Bel 1998, 2003a, b; Komor
2000; Lalonde et al. 2003; Gould, Minchin & Thorpe 2004).
Along the way the transport phloem provides the sur-
rounding tissue with assimilates for processes such as
maintenance and growth.

The forces that drive phloem transport and dictate the
direction of flow originate in the source–sink relations
between the phloem and the tissue surrounding it (van Bel
1998, 2003a, b; Bancal & Soltani 2002; Henton et al. 2002;
Thompson & Holbrook 2003; Lalonde et al. 2003; Gould
et al. 2004). It has been shown that in the phloem, but also
in the xylem, complex and fragile gradients in pressure and
osmotic potential exist that are easily disturbed by invasive
experimentation (van Bel 1998, 2003a, b;Bancal & Soltani
2002;  Lalonde et al. 2003). It is widely accepted that these
potential gradients drive long-distance transport in the
phloem as well as the xylem, even though the current
debate around the validity of the cohesion tension theory
(Zimmermann et al. 2004) has demonstrated that not every-
body agrees on the question of how large the water poten-
tial gradients in xylem vessels can be.

Long-distance phloem transport within intact plant sys-
tems is especially difficult to measure because only few
techniques are suitable and because of the extreme sensi-
tivity of the phloem to wounding. In a number of studies
dyes or radioactive tracers were applied or injected to
investigate transport in the phloem (see inter alia Patrick
1997; Knoblauch & van Bel 1998; Oparka & Turgeon 1999;
Komor 2000). Additionally, the small vessel sizes, the slow
flow velocities and the small flowing volume per unit of
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ABSTRACT

Beech seedlings from 11 German climatic provenances
were exposed to a realistically timed drought treatment in
a greenhouse experiment. The stable isotope composition
of carbon (C) and nitrogen (N) was analysed in pooled bulk
material of roots, stems and leaves, as well as in the aqueous
extracts and starch fractions. The 

  

δδδδ13C values increased in
bulk samples (BS) of roots, stems and leaves by drought,
although no leaf growth occurred during the experimental
period. A clear drought effect on 

  

δδδδ13C in aqueous extracts
was detected in leaves. In aqueous extracts of stems and
roots as well as in starch fractions of all organs, abundance
of

  

δδδδ13C also tended to be increased by drought, but this
effect was not statistically significant. For both 

  

δδδδ13C and

  

δδδδ15N, enrichment was observed from the site of uptake/
source to the site of use/sink. A gradient for 

  

δδδδ13C in all
fractions from leaves (

  

−−−−29.49, 

  

−−−−28.89 and 

  

−−−−27.85‰) to stems
(

  

−−−−28.81, 

  

−−−−27.48 and 

  

−−−−26.98‰) and to roots (

  

−−−−27.60, 

  

−−−−26.37
and

  

−−−−26.48‰) was detected in BS, aqueous extracts and
starch, respectively. An opposite gradient for 

  

δδδδ15N was
found in BS: 1.59‰, 1.84‰ and 3.05‰ in roots, stems and
leaves, respectively. 

  

δδδδ15N was neither affected by drought in
the BS nor in aqueous extracts, but an effect of provenance
was observed. Particularly in roots and stems, drought-
sensitive provenances showed the strongest shifts in 

  

δδδδ13C
induced by drought and the lowest 

  

δδδδ15N values. In the
present experiment, 

  

δδδδ13C values were more affected by the
environmental factor drought, while 

  

δδδδ15N values were more
affected by the genetic factor provenance.

Key-words: drought stress, Fagus sylvatica, isotope
discrimination, provenances.

INTRODUCTION

Climate change models predict that increasing atmospheric
CO2 partial pressure will cause average surface tempera-
tures to increase by 1–3.5 

 

°C in mid-latitude regions during
the next 100 years (Saxe, Ellsworth & Heath 1998; UNEP

1999). As a consequence, precipitation and evaporation
patterns will change in Europe, and ecosystems will be
exposed to more intense drought and heavy rain events in
summer (IPCC 1997; UNEP 1999). Changing climatic con-
ditions will become of particular importance for trees
because of their long lifespan. Forests will face altered envi-
ronmental conditions during their lifetime, with likely con-
sequences for species composition and forest management
(IPCC 1997; Saxe et al. 2001). Natural regeneration of the
drought-sensitive European beech (Fagus sylvatica L.) –
one of the most important deciduous tree species in Central
Europe – may be significantly affected by such climate
alterations, specially because the area of distribution
includes sites with shallow limestone-derived soils with low
water storage capacity (e.g. Schwäbische Alb, Fränkische
Alb, Schweizer Jura and French Jura). Therefore, projected
short summer drought periods caused by global warming
may inhibit natural regeneration in critical habitats.

Owing to its sensitivity towards environmental con-
straints, 

 

δ13C and 

 

δ15N are now widely used to assess the
effects of changing climatic condition on plant ecophysiol-
ogy. However, a question that requires further research is
which parts, tissues, chemical fractions or compounds of
plants reflect the best particular biotic or abiotic conditions.
Bulk materials have been isotopically analysed to provide
physiological or environmental insights over the lifespan of
the plant part sampled (see in review Adams & Grierson
2001; Evans 2001; Dawson et al. 2002). Specific individual
compounds or groups of compounds such as water extract-
able C, cellulose, lipids, sugars and starch have been isoto-
pically analysed to provide information about metabolism
integrated over particular time integrals (Picon, Ferhi &
Guehl 1997; Gleixner et al. 1998; Ghashghaie et al. 2001;
Ponton et al. 2001; Terwilliger et al. 2001; Arndt & Wanek
2002; Barbour, Walcroft & Farquhar 2002; Damesin &
Lelarge 2003). Leaf material is most commonly studied, but
axial tissue has also drawn attention (Picon et al. 1997; Pon-
ton et al. 2001; Arndt & Wanek 2002; Barbour et al. 2002;
Damesin & Lelarge 2003; Fotelli et al. 2003). Not much is
known about environmental effects on stable isotope abun-
dance in the roots (Robinson et al. 2000; Emmerton et al.
2001; Arndt & Wanek 2002; Fotelli et al. 2003). Variations
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7.1 Introduction

Phytoremediation is the technology that uses plants to remove or degrade
various pollutants from the environment. It has received significant scientific
and commercial attention during the last decades (Salt et al. 1998; Gleba et al.
1999; Meagher 2000; Dietz and Schnoor 2001; Guerinot and Salt 2001; Krämer
and Chardonnens 2001; van der Lelie et al. 2001; Schwitzguébel et al. 2002;
Hannink et al. 2002; McGrath and Zhao 2003; Vassilev et al. 2004; Krämer
2005; Peuke and Rennenberg 2005a,b; Pilon-Smits 2005). Salt et al. (1998) and
Dietz and Schnoor (2001) distinguish between different types of phytoreme-
diation: (1) phytoextraction, (2) phytodegradation/-transformation, (3) rhi-
zofiltration (removal of pollutants from aqueous phases by plant roots), (4)
phytostabilization, (5) phytovolatilization (using plants to volatilise pollu-
tants), and (6) removal of pollutants from the air by plants. Most attention is
focussed on phytoextraction, phytodegradation and phytostabilization
(Fig. 7.1).

For phytoextraction, plants are grow on contaminated soil and harvested
from time to time while the biomass can be used in different ways depending
on the type of contamination. As an example, plant material can be burned
for energy gain (Fig. 7.1a). The aims are to remove pollutants from the soil
and to concentrate them in biomass; final combustion of plant material will
concentrate contamination further by a factor of around 10 in dry matter.
The resulting ashes must be deposited in conventional dumps or added to a
smelter. Recovery of metals from plant tissue (“phytomining”), which was
done in the case of potassium (“potash”) for centuries by humans, may be
economical (Meagher 2000; van der Lelie et al. 2001). Phytomining may con-
stitute a “green” alternative to existing, environmentally destructive, open-
cast mining practice or to exploitation of ore bodies which are uneconomic
by conventional methods (Brooks et al. 1998). Plants are also able to take
up radioisotopes like 134Cs and 137Cs which are of environmental concern
after discharges from nuclear installations (White and Broadley 2000;
Schwitzguébel et al. 2002).

7 Heavy Metal Resistance and Phytoremediation with
Transgenic Trees

ANDREAS D PEUKE AND HEINZ RENNENBERG

Institut für Forstbotanik und Baumphysiologie, Professur für Baumphysiologie, Freiburg im Breisgau, Germany
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Summary

• The oxygen isotope composition in leaf water and organic compounds in different
plant tissues is useful for assessing the physiological performance of plants in their
environment, but more information is needed on Δ18O variation during a diel course.
• Here, we assessed Δ18O of the organic matter in leaves, phloem and xylem in stem
segments, and fine roots of Ricinus communis during a full diel cycle. Enrichment of
newly assimilated organic matter in equilibrium with leaf water was calculated by
applying a nonsteady-state evaporative enrichment model.
• During the light period, Δ18O of the water soluble organic matter pool in leaves
and phloem could be explained by a 27‰ enrichment compared with leaf water
enrichment. Leaf water enrichment influenced Δ18O of phloem organic matter dur-
ing the night via daytime starch synthesis and night-time starch remobilization.
Phloem transport did not affect Δ18O of phloem organic matter.
• Diel variation in Δ18O in organic matter pools can be modeled, and oxygen iso-
topic information is not biased during transport through the plant. These findings
will aid field studies that characterize environmental influences on plant water bal-
ance using Δ18O in phloem organic matter or tree rings.

Key words: evaporative enrichment, oxygen isotopes, phloem-to-xylem exchange,
phloem transport, transitory starch, xylem transport.
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Introduction

The determination of the oxygen isotope composition in leaf
water and organic compounds is a promising tool for assessing
the physiological performance of plants in their environment
(Wang & Yakir, 1995; Barbour et al., 2001, 2002; Cernusak
et al., 2005). In particular, the isotopic information in organic
matter pools with different turn-over times (e.g. short-lived
phloem sugars representing recent assimilates; long-lived
structural compounds such as tree ring cellulose) is now
widely used – often together with δ13C signatures – to integrate
the influence of a range of environmental factors on the water

balance of plants (Saurer et al., 1997; Scheidegger et al., 2000;
Keitel et al., 2003; Brandes et al., 2006). The oxygen isotope
composition of organic matter is mainly influenced by two
factors: the δ18O signature of source water and the evaporative
enrichment of mean lamina leaf water, which is the reaction
water for the newly produced assimilates (Fehri & Letolle,
1977; Cernusak et al., 2003b). Mean lamina leaf water
enrichment depends in turn on the diffusion of 18O enriched
water from the sites of evaporation back into the mesophyll
cells and the convection of unenriched xylem water via the
transpiration stream in the opposite direction (Farquhar &
Lloyd, 1993; Barbour et al., 2000a). As evaporative enrichment
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Abstract

Leaves of the mistletoe Viscum album (L.) show a high rate of transpiration, even when the host is under severe drought stress. The hypoth-
esis that a strong control of ABA influx from the xylem sap of the host into the mistletoe prevents stomatal closure in mistletoe leaves was tested
under the following conditions: sections of poplar twigs carrying a mistletoe were perfused with artificial xylem sap that contained different
ABA concentrations and both transpiration and ABA levels were analysed in mistletoe leaves. Despite variation by a factor of 104, the ABA
content of the host xylem did not affect ABA levels, leaf transpiration, CO2 assimilation, WUE, or the degree of stomatal aperture in mistletoe
leaves. These observations support the hypothesis of a strong control of ABA influx from the host of the xylem into the mistletoe, although
degradation of ABA before it enters the mistletoe leaves cannot be excluded. This mechanism may ensure a water and nutritional status favour-
able for the mistletoe, even if the water status of the host is impaired.

Despite the lack of short-term sensitivity of ABA levels in mistletoe leaves to even strong changes of ABA levels in the xylem sap of the host,
ABA levels in mistletoe leaves were relatively high compared to ABA levels in the leaves of several tree species including poplar. Since sig-
nificant transpiration of the mistletoe leaves was observed despite high ABA levels, a diminished sensitivity of the stomata of mistletoe leaves to
ABA has to be concluded. The stomatal density of adaxial Viscum leaves of 89� 23 stomata per mm is lower than those reported in a study
performed at the end of the 19th century.
� 2007 Published by Elsevier Masson SAS.

Keywords: ABA; Abscisic acid; Assimilation; Stomatal aperture; Transpiration; Xylem sap

1. Introduction

One of the most striking features of the mistletoe Viscum
album (L.) is its high rate of transpiration, even when the

host is under severe drought stress [23,54]. As a consequence,
twigs of the host that are distal to the insertion of a mistletoe
often dry out completely and die [53]. For several reasons, this
observation is surprising. Excessive water loss of leaves under
drought stress is usually prevented to some extent by regulat-
ing the degree of stomatal aperture [40,52] and abscisic acid
(ABA) produced in the roots and allocated to the leaves
with the transpiration stream is a central component of the

* Corresponding author. Tel.: þ49 (0) 761 203 8300; fax: þ49 (0) 761 203
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ABSTRACT

Carbon isotope fractionation in metabolic processes follow-
ing carboxylation of ribulose-1,5-bisphosphate (RuBP) is
not as well described as the discrimination during photo-
synthetic CO2 fixation. However, post-carboxylation
fractionation can influence the diel variation of d13C of
leaf-exported organic matter and can cause inter-organ
differences in d13C. To obtain a more mechanistic under-
standing of post-carboxylation modification of the isotopic
signal as governed by physiological and environmental con-
trols, we combined the modelling approach of Tcherkez
et al., which describes the isotopic fractionation in primary
metabolism with the experimental determination of d13C in
leaf and phloem sap and root carbon pools during a full diel
course. There was a strong diel variation of leaf water-
soluble organic matter and phloem sap sugars with rela-
tively 13C depleted carbon produced and exported during
the day and enriched carbon during the night. The isotopic
modelling approach reproduces the experimentally deter-
mined day–night differences in d13C of leaf-exported carbon
in Ricinus communis. These findings support the idea that
patterns of transitory starch accumulation and remobiliza-
tion govern the diel rhythm of d13C in organic matter
exported by leaves. Integrated over the whole 24 h day,
leaf-exported carbon was enriched in 13C as compared with
the primary assimilates. This may contribute to the well-
known – yet poorly explained – relative 13C depletion of
autotrophic organs compared with other plant parts. We
thus emphasize the need to consider post-carboxylation
fractionations for studies that use d13C for assessing envi-
ronmental effects like water availability on ratio of mole
fractions of CO2 inside and outside the leaf (e.g. tree ring

studies), or for partitioning of CO2 fluxes at the ecosystem
level.

Key-words: isotope modelling; post-carboxylation fraction-
ation; starch; transport.

INTRODUCTION

Whereas carbon isotope discrimination during photosyn-
thetic CO2 fixation is a comparatively well-described and
understood phenomenon (Farquhar, O’Leary & Berry
1982; Farquhar, Ehleringer & Hubick 1989), much less is
known about the isotopic fractionation associated with the
metabolic processes following carboxylation in leaf tissues
(Hobbie & Werner 2004; Badeck et al. 2005; Brandes et al.
2006). However, fractionations because of equilibrium,
kinetic and fragmentation (Tcherkez et al. 2004) isotope
effects beyond CO2 diffusion and fixation by ribulose 1·5-
bisphosphate carboxylase/oxygenase (Rubisco) are of
importance because they result in differences in isotopic
signatures among metabolites and in non-statistical
intramolecular isotope distributions (Schmidt & Gleixner
1998; Schmidt 2003; Tcherkez & Farquhar 2005).

Among the most obvious consequences of these effects is
that the carbon isotope composition of organic matter may
differ between plant organs depending on the d13C of
exported and non-exported compounds.Badeck et al. (2005)
reviewed more than 80 publications for differences in d13C
between organs and showed that heterotrophic tissues
are generally enriched in 13C compared wirht autotrophic
organs. As temporal variations in photosynthetic discri-
mination were excluded as an explanation of inter-organ
differences, there must be either post-carboxylation frac-
tionation in autotrophic tissues and export of 13C-enriched
metabolites across organ boundaries (Hobbie & Werner
2004) or fractionation during heterotrophic metabolism
(Helle & Schleser 2004), or both (Brandes et al. 2006).

Post-carboxylation carbon isotope fractionation might
account for diel variations in the isotopic composition of
carbon exported from the leaves to heterotrophic tissues
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ABSTRACT

Poplar mutants overexpressing the bacterial genes gsh1 or gsh2 encoding the
enzymes of glutathione biosynthesis are among the best-characterised trans-
genic plants. However, this characterisation originates exclusively from labo-
ratory studies, and the performance of these mutants under field conditions
is largely unknown. Here, we report a field experiment in which the wild-
type poplar hybrid Populus tremula · P. alba and a transgenic line over-
expressing the bacterial gene gsh1 encoding c-glutamylcysteine synthetase in
the cytosol were grown for 3 years at a relatively clean (control) field site
and a field site contaminated with heavy metals. Aboveground biomass accu-
mulation was slightly smaller in transgenic compared to wild-type plants;
soil contamination significantly decreased biomass accumulation in both
wild-type and transgenic plants by more than 40%. Chloroplasts parameters,
i.e., maximal diameter, projection area and perimeter, surface area and vol-
ume, surface ⁄ volume ratio and a two-dimensional form coefficient, were
found to depend on plant type, leaf tissue and soil contamination. The
greatest differences between wild and transgenic poplars were observed at
the control site. Under these conditions, chloroplast sizes in palisade tissue
of transgenic poplar significantly exceeded those of the wild type. In con-
trast to the wild type, palisade chloroplast volume exceeded that of spongy
chloroplasts in transgenic poplars at both field sites. Chlorophyll content
per chloroplast was the same in wild and transgenic poplars. Apparently,
the increase in chloroplast volume was not connected to changes in the pho-
tosynthetic centres. Chloroplasts of transgenic poplar at the control site
were more elongated in palisade cells and close to spherical in spongy meso-
phyll chloroplasts. At the contaminated site, palisade and spongy cell chlo-
roplasts of leaves from transgenic trees and the wild type were the same
shape. Transgenic poplars also had a smaller chloroplast surface ⁄ volume
ratio, both at the control and the contaminated site. Chloroplast number
per cell did not differ between wild and transgenic poplars at the control
site. Soil contamination led to suppression of chloroplast replication in
wild-type plants. From these results, we assume that overexpressing the bac-
terial gsh1 gene in the cytosol interacts with processes in the chloroplast
and that sequestration of heavy metal phytochelatin complexes into the vac-
uole may partially counteract this interaction in plants grown at heavy
metal-contaminated field sites. Further experiments are required to test
these assumptions.
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Nutrient composition of leaves and fruit juice of grapevine as affected by
soil and nitrogen fertilization
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Abstract
Effects of soil type and nitrogen (N) fertilizer–application rates on the nutrient composition of
grapevine (Vitis vinifera L. cv. Riesling) leaves during a growing cycle were compared with the
composition of the resulting grape juice. Grapevines were planted in 75 L containers that had
been installed in a vineyard and filled with three different vineyard soils (loess, shell lime, and
Keuper). Four typical levels of N fertilizer (40, 80, 120, and 160 kg N ha–1) were applied. Elemen-
tal composition of mature leaves sampled seven times during the growing cycle as well as of the
extracted grape juice was analyzed. The time of sampling affected all measured elements (C, N,
Ca, K, P, Mg, S, Fe, Zn, Mn, and B) in the leaves. Nitrogen-fertilizer rate affected the concentra-
tions of all elements except Ca and Mg, while the soil type had significant effects on elemental
composition of the leaves with the exception of N, B, and Ca. Soil type had a significant effect on
K, S, Mn, and B in the grape juice. Increasing rates of N fertilizer increased C concentration in
the grape juice significantly and affected its elemental composition similar to the effects in
leaves. This may be explained with the role of leaves as the source for supplying the grapes dur-
ing ripening via phloem transport. Cluster analysis for the elemental composition of soils, leaves,
and grape juice revealed no consistent relationships indicating that other soil characteristics in
addition to the mineral concentration influence the elemental composition of grapevine leaves
and grape juice.

Key words: elemental composition / grape juice / grapevine / leaves / nitrogen-fertilizer rate / soil type
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1 Introduction

Along with climatic conditions, soil type and nutrient supply
are important determinants of quantity and quality of yield of
agricultural plants. An integrated view of agricultural manage-
ment aims to decrease inputs while maintaining or increasing
yield quantity and quality (Vance, 2001; Jeuffroy et al., 2002).
Knowledge of the minimum fertilizer input that will result in
the desired yield quantity and/or quality is of special interest
(Gastal and Lemaire, 2002). Aside from economic considera-
tions, fertilizer use has ecological implications, too. For exam-
ple, the leaching of nitrate from vineyards drastically
increased as nitrogen (N)-fertilizer inputs increased (Müller,
1993), which subsequently led to high levels of nitrate in
groundwater. In the case of grapevine, the impact of climate,
soil, and crop management on the quality of the end pro-
duct—wine—is the subject of extensive discussion (Jackson
and Lombard, 1993; Keller, 2005). The effects of N supply on
grapevine N metabolism, N transport, and accumulation, as
well as growth and yield has been the subject of a number of
investigations (Bell et al., 1979; Kannenberg, 1990; Müller,
1991, 1993; Keller et al., 1995; Keller, 2005).

In viticulture, analysis of the chemical composition of leaves
is an important management tool (Kannenberg, 1990). The

nutrient status of leaves will directly affect total biomass pro-
duction including the allocation of mineral nutrients to the
fruits. Pate (1980) concluded that for C, N, and K, the supply
of fruits by phloem is more important than by xylem. In
grapes, it was shown by Lang and Düring (1991) that during
ripening, at the time of breakdown of cellular compartmenta-
tion, import via phloem increased drastically. However, during
these processes there are a number of transporter-mediated
steps that will influence the quantity and the distribution of
nutrients in the plant. Therefore, it is unclear if the soil’s
“mineral signature” will be reflected in the leaves or fruits.

In the present study, the effect of mineral composition of soils,
derived from different geological formations, and of N fertili-
zer–application rates on the elemental composition of grape-
vine leaves was investigated during an entire vegetation per-
iod and compared with the elemental composition of the
grape juice. To avoid climatic effects, soils were collected and
filled into pots in which grapes were grown in a vineyard
under the same environmental conditions and management.
The aim of this study was to identify correlations between the
elemental composition of soils, the grapevine leaves, and the
corresponding juice.

* Correspondence: Dr. A. D. Peuke; e-mail: andreas@peuke.de
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Abstract

Within the last two decades, a series of papers have dealt with the effects of nutrition and nutrient deficiency, as well

as salt stress, on the long-distance transport and partitioning of nutrients in castor bean. Flows in xylem and phloem

were modelled according to an empirically-based modelling technique that permits additional quantification of the

uptake and incorporation into plant organs. In the present paper these data were statistically re-evaluated, and new

correlations are presented. Numerous relationships between different compartments and transport processes for

single elements, but also between elements, were detected. These correlations revealed different selectivities for

ions in bulk net transport. Generally, increasing chemical concentration gradients for mineral nutrients from the

rhizosphere to the root and from the xylem to leaf tissue were observed, while such gradients decreased from root
tissue to the xylem and from leaves to the phloem. These studies showed that, for the partitioning of nutrients within

a plant, the correlated interactions of uptake, xylem and phloem flow, as well as loading and unloading of solutes

from transport systems, are of central importance. For essential nutrients, tight correlations between uptake, xylem

and phloem flow, and the resulting partitioning of elements, were observed, which allows the stating of general

models. For non-essential ions like Na+ or Cl–, a statistically significant dependence of xylem transport on uptake

was not detected. The central role of the phloem for adjusting, but also signalling, of nutrition status is discussed,

since strong correlations between leaf nutrient concentrations and those in phloem saps were observed. In addition,

negative correlations between phloem sap sugar concentration and net-photosynthesis, growth, and uptake of
nutrients were demonstrated. The question remains whether this is only a consequence of an insufficient use

of carbohydrates in plants or a ubiquitous signal for stress in plants. In general, high sugar concentrations in phloem

saps indicate (nutritional) stress, and high nutrient concentrations in phloem saps indicate nutritional sufficiency of

leaf tissues.

Key words: Castor bean, flow model, long distance transport, nutrient deficiency, nutrients, phloem transport, signalling, uptake,

xylem transport.

Introduction

On land, Higher Plants face the problem of having

photosynthesis, i.e. the site for the capturing of light energy

and CO2, displaced from the site where water and mineral

nutrients are taken up. Therefore, one of the chief require-

ments for land plants is the presence of long-distance

transport systems. In cormophytes, these demands are

fulfilled by the actions of phloem and xylem. The xylem

transports water, mineral nutrients, metabolic products, and

signals from the root to the shoot. By contrast, the phloem

transports assimilation products from photosynthetically

active or remobilizing ‘source’ tissues, to growing areas

within the shoot and the root, the so-called ‘sinks’, via

ª The Author [2009]. Published by Oxford University Press [on behalf of the Society for Experimental Biology]. All rights reserved.
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Abstract

Phloem is a central conduit for the distribution of photoassimilate, nutrients, and signals among plant organs. A

revised technique was used to collect phloem sap from small woody plants in order to assess changes in

composition induced by water deficit and flooding. Bled phloem sap d13C and sugar concentrations were compared

to d13C of bulk material, soluble carbon extracts, and the neutral sugar fraction from leaves. Amino acid composition
and inorganic ions of the phloem sap was also analysed. Quantitative, systematic changes were detected in phloem

sap composition and d13C in response to altered water availability. Phloem sap d13C was more sensitive to changes

of water availability than the d13C of bulk leaf, the soluble carbon fraction, and the neutral soluble fraction of leaves.

Changes in water availability also resulted in significant changes in phloem sugar (sucrose and raffinose), inorganic

nutrient (potassium), and amino acid (phenylalanine) concentrations with important implications for the maintenance

of phloem function and biomass partitioning. The differences in carbohydrate and amino acid composition as well as

the d13C in the phloem, along with a new model system for phloem research, offer an improved understanding of the

phloem-mediated signal, nutrient, and photoassimilate transduction in relation to water availability.

Key words: Amino acids, Eucalyptus, flooding, phloem sap, raffinose, sucrose, water deficit.

Introduction

Phloem is the major conduit for the transport of solutes and

signalling among tissues of higher plants. The composition
of phloem sap therefore offers considerable promise for use

in diagnostic assessments of plant health. The development

of such assessments is limited by our ability to sample

phloem easily, with the characterization of phloem contents

limited to a handful of studies of mainly herbaceous species

(a for a review see Turgeon and Wolf, 2009).

Recently, several authors have begun investigating the

nature and composition of phloem sap in tree species
(Gessler et al., 2004, 2007; Scartazza et al., 2004; Tausz

et al., 2008) using a phloem collection technique originally

developed by Hartig (1860) and further developed for
E. globulus by Pate et al. (1974, 1984). Using a razor blade,

a small incision is made in the stem to the depth of the

cambium and phloem ‘bleeds’ from the surface of the cut.

This method has considerable advantages over more

traditional techniques of phloem sap collection (highlighted

by Turgeon, 2006) in that it is fast and it avoids the need for

chelating reagents and extraction procedures, thus reducing

contamination from companion cell contents (for review see
Turgeon and Wolf, 2009).

ª 2010 The Author(s).
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Over-expression of bacterial g-glutamylcysteine synthetase
(GSH1) in plastids affects photosynthesis, growth and
sulphur metabolism in poplar (Populus tremula ¥ Populus
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ABSTRACT

We compared three transgenic poplar lines over-expressing
the bacterial g-glutamylcysteine synthetase (GSH1) tar-
geted to plastids. Lines Lggs6 and Lggs12 have two copies,
while line Lggs20 has three copies of the transgene. The
three lines differ in their expression levels of the transgene
and in the accumulation of g-glutamylcysteine (g-EC) and
glutathione (GSH) in leaves, roots and phloem exudates.
The lowest transgene expression level was observed in line
Lggs6 which showed an increased growth, an enhanced rate
of photosynthesis and a decreased excitation pressure
(1-qP). The latter typically represents a lower reduction
state of the plastoquinone pool, and thereby facilitates elec-
tron flow along the electron transport chain. Line Lggs12
showed the highest transgene expression level, highest g-EC
accumulation in leaves and highest GSH enrichment in
phloem exudates and roots. This line also exhibited a
reduced growth, and after a prolonged growth of 4.5
months, symptoms of leaf injury. Decreased maximum
quantum yield (Fv/Fm) indicated down-regulation of photo-
system II reaction centre (PSII RC), which correlates with
decreased PSII RC protein D1 (PsbA) and diminished
light-harvesting complex (Lhcb1). Potential effects of
changes in chloroplastic and cytosolic GSH contents on
photosynthesis, growth and the whole-plant sulphur nutri-
tion are discussed for each line.

Key-words: APS reductase; ATP sulphurylase; chlorophyll
fluorescence; glutathione; long-distance transport; maxi-
mum quantum yield; phloem; photosystem II; sulphate
assimilation; transgenic poplar.

Abbreviations: g-EC, g-glutamylcysteine; g-ECS, g-
glutamylcysteine synthetase; GSH, glutathione (reduced
state); GSH1, g-glutamylcysteine synthetase gene; GSH2,
glutathione synthetase gene; GSSG, glutathione (oxidized
state).

INTRODUCTION

Glutathione (GSH) is an important component of the
primary metabolism of plants. GSH is involved in various
processes including storage and transport of reduced
sulphur (Rennenberg, Schmitz & Bergmann 1979; Rennen-
berg 1984; Herschbach 2003), stress response to reactive
oxygen (Polle & Rennenberg 1993; Foyer & Noctor
2005a,b) and heavy metals (Rauser 1995, 1999; Cobbett
2000a,b; Peuke & Rennenberg 2005a,b), as well as detoxi-
fication of xenobiotics (Rennenberg & Lamoureux 1990;
Edwards & Dixon 2005). In addition, GSH is a key compo-
nent to maintain the cellular redox state (Meyer & Hell
2005; Mullineaux & Rausch 2005). For example, under oxi-
dative stress (Rouhier, Lemaire & Jacquot 2008) or during
flower development (Xing, Lauri & Zachgo 2006), synthesis
of various cellular proteins is under GSH-mediated redox
control. The GSH-mediated redox control can occur via
glutathionylation of proteins, and thus at the transcriptional
and/or post-transcriptional level (Dietz 2008; Meyer 2008).
GSH is synthesized in two ATP-dependent steps catalysed
by consecutive action of g-glutamylcysteine synthetase
(g-ECS), which forms g-glutamylcysteine (g-EC) from cys-
teine (Cys) and glutamate, and glutathione synthetase
(GSHS), which adds glycine to the g-EC.
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Impacts of drought on mineral macro- and microelements in 
provenances of beech (Fagus sylvatica L.) seedlings
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Beech seedlings originating from 11 German provenances with different climatic conditions were grown in pots and culti-
vated in a greenhouse. The composition of macro- and microelements in roots, axes and leaves was measured after half of 
the seedlings were subjected to a simulated summer drought. The recently described sensitivity of these provenances to 
drought was compared with drought-mediated changes in the elemental and ionic composition in organs of the seedlings; 
in addition, partitioning between roots and shoots was evaluated. A number of element concentrations were decreased in 
roots due to drought (K 94% of control, Mg 94%, Mn 75% and Zn 85%). However, chloride concentration increased in all 
organs (115–125%) and was the only element affected in leaves. Some changes in ionome can be related to sensitivity of 

-
ity. Observed increases in chloride concentration in all plant parts of drought-treated beech seedlings can be explained by 
its function in charge balance, in particular since the level of phosphate was reduced. As a result of chloride accumulation, 
the sum of added charges of anions (and cations) in water extracts of leaf and root material was similar between drought and 
control plants. Since only the partitioning of Ca and Al (both only in axis) as well as Mn was affected and other elements 
(together with previously observed effects on C, N, S and P) remained unaffected by drought in all provenances, it can be 

example on the pH of transport sap and the apoplastic space, cannot be excluded from the present study. These effects may 

Keywords: anions, beech, cations, plant nutrition, water stress.

Introduction

European beech (Fagus sylvatica L.) is one of the dominant 
tree species in Central Europe that is known to be drought 
sensitive (Backes and Leuschner 2000, Gessler et al. 2004). 
Climate models predict an increase in air temperature and 
changing precipitation patterns, which in combination can 
increase the risk of severe drought periods in the current range 
of distribution of beech (IPCC 2007). During the 2003 sum-
mer drought, beech forests in Central Europe were among 
those forests that expressed the largest reductions in net eco-
system productivity (Ciais et al. 2005). Drought affects tree 
function in many ways, including gas exchange, cell growth 

and division, phytohormone levels, metabolism and transport 
processes (Hsiao 1973). Owing to drought, gradually decreas-
ing stomatal conductance, predawn leaf water potential, 
assimilation and growth are commonly observed in trees, 

Leuzinger 
et al. 2005). In addition, both greater temperatures and peri-
ods with limited water supply are thought to alter the ability of 
terrestrial ecosystems to take up elements. Leaves, roots and 
stems generally differ in their sensitivity to drought. Therefore, 
a whole-tree approach rather than restricted studies at the leaf 
level is required to properly address the consequences of 
drought on tree function (Leuschner et al. 2001).
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INTRODUCTION

The sulphur-containing tripeptide glutathione (GSH) is the
major low molecular mass peptide in plants and is present at
millimolar concentrations within cells. It is involved in many
cellular processes through its influence on intracellular redox
state (Noctor & Foyer 1998), its function as a transport form
and reservoir of reduced sulphur (Rennenberg 2001) and its
significance in the cross-talk between sulphur, nitrogen and
carbon metabolism (Kopriva & Rennenberg 2004). In addi-
tion, GSH plays an important role in the defence of plant
cells against reactive oxygen species (Noctor & Foyer 1998),
xenobiotics (Edwards & Dixon 2005) and heavy metals
(Cobbett & Goldsbrough 2002).

Lines of the poplar hybrid, Populus tremula · P. alba,
over-expressing the bacterial genes gsh1 or gsh2 encoding
c-glutamylcysteine synthetase (c-ECS) or glutathione synthe-
tase, respectively, are widely known as good models for stud-
ies of the effects of enhanced glutathione (GSH) biosynthesis
in plants (Noctor et al. 1998; Kopriva & Rennenberg 2004;
Rennenberg & Peuke 2005). Therefore, these poplar transfor-
mants are among the best-characterised transgenic plants
(Noctor et al. 1998). In laboratory experiments, transgenic
poplars over-expressing c-ECS in the cytosol did not differ
from wild-type lines morphologically during initial growth
and development (Noctor et al. 1996; Gullner et al. 2001)
but had distinct functional features. Transformants were
more tolerant towards chloroacetanilide herbicides than

Keywords

Cell number; cell size; chloroplast;
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ABSTRACT

Recent studies of transgenic poplars over-expressing the genes gsh1 and gsh2 encod-
ing c-glutamylcysteine synthetase (c-ECS) and glutathione synthetase, respectively,
provided detailed information on regulation of GSH synthesis, enzymes activities
and mRNA expression. In this experiment, we studied quantitative parameters of
leaves, assimilating tissues, cells and chloroplasts, mesophyll resistance for CO2 dif-
fusion, chlorophyll and carbohydrate content in wild-type poplar and transgenic
plants over-expressing gsh1 in the cytosol after 3 years of growth in relatively clean
(control) or heavy metal-contaminated soil in the field. Over-expression of gsh1 in
the cytosol led to a twofold increase of intrafoliar GSH concentration and influ-
enced the photosynthetic apparatus at different levels of organisation, i.e., leaves,
photosynthetic cells and chloroplasts. At the control site, transgenic poplars had a
twofold smaller total leaf area per plant and a 1.6-fold leaf area per leaf compared
to wild-type controls. Annual aboveground biomass gain was reduced by 50% in
the transgenic plants. The reduction of leaf area of the transformants was accompa-
nied by a significant decline in total cell number per leaf, indicating suppression of
cell division. Over-expression of c-ECS in the cytosol also caused changes in meso-
phyll structure, i.e., a 20% decrease in cell and chloroplast number per leaf area,
but also an enhanced volume share of chloroplasts and intercellular airspaces in the
leaves. Transgenic and wild poplars did not exhibit differences in chlorophyll and
carotenoid content of leaves, but transformants had 1.3-fold fewer soluble carbohy-
drates. Cultivation on contaminated soil caused a reduction of palisade cell volume
and chloroplast number, both per cell and leaf area, in wild-type plants but not in
transformants. Biomass accumulation of wild-type poplars decreased in contami-
nated soil by more than 30-fold, whereas transformants showed a twofold decrease
compared to the control site. Thus, poplars over-expressing c-ECS in the cytosol
were more tolerant to heavy metal stress under field conditions than wild-type
plants according to the parameters analysed. Correlation analysis revealed strong
dependence of cell number per leaf area unit, chloroplast parameters and mesophyll
resistance with the GSH level in poplar leaves.
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    Chapter 13   

 Methods for Xylem Sap Collection       

     M.   Alexou    and    A.  D.   Peuke     

  Abstract 

 Xylem and phloem are essential for the exchange of solutes and signals among organs of land plants. The 
synergy of both enables the transport and ultimately the partitioning of water, nutrients, metabolic products 
and signals among the organs of plants. The collection and analysis of xylem sap allow at least qualitative 
assumptions about bulk transport in the transpiration stream. For quanti fi cation of element-, ion-, and 
compound- fl ow, the additional estimation of volume  fl ow is necessary. In this chapter we describe methods 
for collecting xylem sap by (1) root pressure exudate, (2) Scholander-Hammel pressure vessel, (3) root 
pressurizing method according to Passioura, and (4) (hand/battery) vacuum pump.  

  Key words:   Xylem sap ,  Root pressure ,  Scholander-Hammel pressure vessel ,  “Passioura vessel”    

 

 One of the most important and characteristic features of higher 
plants is their adaptation to life on land via the evolution of long 
distance transport systems. The requirement of long distance trans-
port is ful fi lled by phloem and xylem in cormophytes, which enable 
the transport of water, nutrients, and signals among the organs of 
plants  (  1  ) . In the xylem water, minerals, products from root metab-
olism, and signals are transported from the root to transpiring parts 
of the shoot, particularly the photosynthetically active leaves. Large 
and especially tall plants must exhibit special features in their xylem. 
For example, tall trees (up to 100 m in height) must overcome 
signi fi cant gravitational forces in order to lift transport saps to the 
top of the tree. 

 The current view of the driving forces of long distance trans-
port is based on gradients in the transport systems, i.e., gradients 
in hydrostatic pressure, water potential, and chemical potential. 
Gas exchange (water vapor, CO 2 , O 2 ) and associated processes 
are central factors in regulating the long distance transport. 

  1.  Introduction
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Experimental evidence for diel d15N-patterns in different
tissues, xylem and phloem saps of castor bean (Ricinus
communis L.)
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ABSTRACT

Nitrogen isotope signatures in plants might give insights in
the metabolism and allocation of nitrogen. To obtain a
deeper understanding of the modifications of the nitrogen
isotope signatures, we determined d15N in transport saps and
in different fractions of leaves, axes and roots during a diel
course along the plant axis. The most significant diel varia-
tions were observed in xylem and phloem saps where d15N
was significantly higher during the day compared with during
the night. However in xylem saps, this was observed only in
the canopy, but not at the hypocotyl positions. In the canopy,
d15N was correlated fairly well between phloem and xylem
saps. These variations in d15N in transport saps can be attrib-
uted to nitrate reduction in leaves during the photoperiod as
well as to 15N-enriched glutamine acting as transport form of
N. d15N of the water soluble fraction of roots and leaves
partially affected d15N of phloem and xylems saps. d15N pat-
terns are likely the result of a complex set of interactions and
N-fluxes between plant organs. Furthermore, the natural
nitrogen isotope abundance in plant tissue is not constant
during the diel course – a fact that needs to be taken into
account when sampling for isotopic studies.

Key-words: day/night cycle; isotope fractionation; nitrogen;
transport.

INTRODUCTION

Nitrogen isotopes are well-recognized tools in plant physiol-
ogy and eco(physio)logy (Högberg 1997; Robinson 2001;
Dawson et al. 2002).The natural nitrogen isotope composition
(d15N) is now being widely used in research on N cycling in
organisms and ecosystems. 15N natural abundances are used in
fundamentally different ways, from traditional 15N tracers by
integrating N cycle processes via N isotope fractionations
and the mixing of various N-containing pools (Robinson
2001). Nitrogen isotope composition of plant material is

determined by the isotope ratio of the external nitrogen
source (nitrate,ammonium,amino acids and/or N2) and physi-
ological mechanisms within the plant like assimilation events,
loss of nitrogen, resorption and reallocation of nitrogen
(Högberg 1997; Robinson, Handley & Scrimgeour 1998;
Comstock 2001; Evans 2001; Robinson 2001; Dawson et al.
2002; Werner & Schmidt 2002; Craine et al. 2009). The bulk
nitrogen pool of plant organs contains multiple N species such
as inorganic nitrogen, amino acids, proteins and chlorophylls.
Variations in d15N can thus also be attributed to different
mixing ratios of different N species, each of which could
potentially have a distinct d15N (Werner & Schmidt 2002;
Tcherkez 2011; Gauthier et al. 2012). Consequently, there is
substantial variation in d15N values between ecosystems, plant
species, plant individuals or plant parts and biochemical frac-
tions. Handley et al. (1999) and Craine et al. (2009) reported
that foliar d15N increased with decreasing mean annual precipi-
tation and with increasing mean annual temperature.The vari-
ation range in plant d15N is generally -10 to +10‰ (Evans 2001)
with quite large differences between plants with nitrate as the
sole nitrogen source (Högberg 1997). It is believed that nitrate
availability contributes to this variability,plant cultivated under
low nitrate concentration being less depleted in 15N than those
cultivated under higher nitrate supply (Evans 2001). In case of
low nitrate concentration in the soil,the efflux of (15N-enriched)
nitrate from the root to the soil is limited, and as a result, all
nitrate taken up will be assimilated. Additionally, at higher
nitrate supply, more nitrate is transported to the shoots for
assimilation (Peuke et al. 1996),which may affect thed15N of the
shoots. Furthermore, there are differences in d15N between
plant organs, reported both in the lab and in the field (Högberg
1997), with shoots being generally 15N-enriched compared with
roots (Yoneyama et al. 1997; Peuke, Gessler & Rennenberg
2006).It is believed that this difference ind15N value is caused by
the isotope fractionation against 15N during nitrate reduction:
nitrate molecules left behind after reduction in roots are 15N-
enriched and translocated to shoots (for a review, see Tcherkez
& Hodges 2008). As a matter of fact, the allocation of nitrog-
enous compounds of contrasted d15N is thus certainly the cor-
nerstone causing differences in d15N between plant parts.

Correspondence: A. D. Peuke. Fax: (0)3212 1137807; e-mail: andreas@
peuke.de, http://www.peuke.de

Plant, Cell and Environment (2013) 36, 2219–2228 doi: 10.1111/pce.12132
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Growth and photosynthetic responses in Jatropha curcas L. seedlings  
of different provenances to watering regimes 
 
 
C.Y. YIN*,+, X.Y. PANG*, A.D. PEUKE**, X. WANG***, K. CHEN****, and R.G. GONG# 
 
Key Laboratory of Mountain Ecological Restoration and Bioresource Utilization & Ecological Restoration Biodiversity 
Conservation Key Laboratory of Sichuan Province, Chengdu Institute of Biology, Chinese Academy of Sciences,  
P.O. Box 416, Chengdu 610041, China* 
ADP International Plant Science Consulting, Talstrasse 8, Gundelfingen-Wildtal 79194, Germany** 
Department of Statistics, The Pennsylvania State University, State College, PA 16802, USA*** 
College of Life Science and Technology, Southwest University of Science and Technology, Mianyang 621010,  
Sichuan Provence, China**** 
Horticulture College, Sichuan Agricultural University, Ya�an 625014, Sichuan Province, China# 
 
 
Abstract 
 
Seedlings from four provenances of Jatropha curcas were subjected to 80, 50, and 30% of soil field capacity in potted 
experiments in order to study their responses to water availability. Our results showed that with the decline of soil water 
availability, plant growth, biomass accumulation, net photosynthetic rate, stomatal conductance (gs), and transpiration rate 
(E) decreased, whereas leaf carbon isotope composition ( 13C), leaf pigment contents, and stomatal limitation value 
increased, while maximal quantum yield of PSII photochemistry was not affected. Our findings proved that stomatal 
limitation to photosynthesis dominated in J. curcas under low water availability. The increase of 13C should be attributed 
to the decrease in gs and E under the lowest water supply. J. curcas could adapt to low water availability by adjusting its 
plant size, stomata closure, reduction of E, increasing 13C, and leaf pigment contents. Moreover, effects of provenance 
and the interaction with the watering regime were detected in growth and many physiological parameters. The provenance 
from xeric habitats showed stronger plasticity in the plant size than that from other provenances under drought. The 

variations may be used as criteria for variety/provenance selection and improvement of J. curcas performance. 
 
Additional key words: carotenoids; chlorophyll fluorescence; gas exchange; water-use efficiency. 
 
Introduction 
 
It is well known that either excessive or insufficient soil 
water content leads to stress (waterlogging or drought) for 
plants. Accordingly, plants possess genetically controlled 
mechanisms that allow them to live and grow under stress 
(Boyer 1982) including changes in structure, photosyn-
thesis, osmotic adjustment, antioxidative protection, organ, 
whole-plant hydraulics (Dichio et al. 2013), and water-use 
efficiency (WUE) (Kheira and Atta 2009). Plant establish-
ment and productivity are tightly related to leaf carbon gain 
and its response to drought. Under water stress, a reduction 

in photosynthesis was attributed to both stomatal and/or 
nonstomatal limitations (Varone et al. 2012). Generally, 
stomatal limitations are invoked by stomatal closure and 
nonstomatal limitations include both diffusive (reduced 
mesophyll conductance) and metabolic (photochemical 
and enzymatic limitations) processes (Galmés et al. 2007, 
Varone et al. 2012). As a photochemical parameter, 
maximal quantum yield of PSII photochemistry (Fv/Fm) of 
dark-adapted leaves by chlorophyll (Chl) fluorescence 
measurements is often used to indicate plant photosynthetic 
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