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I Zusammenfassung

Verteilung von Assinülaten in Vitis vinifera L. unter Umweltstress: Einfluss der

Stickstoff-Verfügbarkeit auf das vegetative und reproduktive Wachstum unter

ungünstigen Lichtverhältnissen

In dieser Arbeit wurden die Auswirkungen der Verfügbarkeit von Stickstoff (N)
unter limitierenden Lichtverhältnissen auf die Erscheinungen der Infloreszenznekrose und

Stiellähme der Weinrebe Vitis vinifera L. untersucht. Dabei interessierte die Verteilung
von Trockenmasse, Kohlenstoff (C) und N sowie die Entwicklung der Blattfläche.

Ausserdem wurde der Gaswechsel und der Nährstofftransport im Xylem gemessen und das

reproduktive Wachstum beobachtet.

In einem ersten Schritt wurden im Phytotron traubentragende Riesling x Sylvaner-
Topfreben während der Blütezeit unter zwei verschiedenen Lichtintensitäten mit

steigenden N-Gaben (0, 1, 5, 10, 100 raM NH4N03) gedüngt. Die Lichtvarianten dienten

der Simulation einer mittleren (Verfahren ML: Photonenfluss-Dichte 140 umol-m*2^'1

PAR) und einer starken Bewölkung (Verfahren LL: 30 umol-m"2-s"' PAR). Im Verfahren

LL sank die Nettophotosyntheserate ausgewachsener Blätter auf Null, während die

Transpirationsrate gegenüber dem Verfahren MLum22% abnahm. Der C02-Austausch
reagierte nicht auf die N-Düngung, aber die Transpiration nahm mit steigendem N-

Angebot stetig ab. Gegen Blütenende traten plötzlich typische Symptome von

Infloreszenz-Nekrosen auf, was zum Abstossen dieser Organe führte. Die Nekrosen

konnten ausschliesslich bei der tiefen Lichtvariante beobachtet werden und waren

unabhängig vom N-Angebot.
Die N-Konzentration im Xylem stieg bis zu einem N-Angebot von 5 mMNH4N03

an, und N03" stellte mit bis zu 14 mMden Hauptbestandteil der im Xylemwasser gelösten
Stoffe dar, insbesondere unter Lichtmangel und bei hoher N-Verfügbarkeit. In der LL-

Variante konnten nur Spuren von organischen N-Transportverbindungen gefunden werden,

während in ML die Konzentrationen von Glutamin und Glutamat mit steigender N-

Versorgung zunahmen. Die Gehalte an P, K und Mg im Xylemwasser wurden durch

Lichtmangel etwa halbiert, reagierten aber nicht auf die N-Düngung.
Zwischen N-Angebot und N-Konzentration in der Trockenmasse konnte in allen

Pflanzenteilen ein enger Zusammenhang gefunden werden. Die Lichtverhältnisse hatten

keinen Einfluss auf die gesamte N-Menge pro Rebe, obwohl Lichtmangel die N-

Konzentration in den annuellen Pflanzenteilen um 34 - 86% erhöhte. Die C-Gehalte

wurden weder durch die N-Stufe noch durch das Lichtangebot wesentlich beeinflusst.

Dennoch führte das Verfahren LL zu einer starken, N-unabhängigen Abnahme der nicht¬

strukturellen Kohlenhydrate im Stamm und den Wurzeln. In MLnahm diese C-Fraktion

dagegen mit zunehmender N-Verfügbarkeit ab.

Die optimalen N-Gaben waren 1 mMNH4N03für das Wurzelwachstum und 5 mM

für das Triebwachstum, und zwar sowohl nach der Blütezeit, als auch am Ende der

Vegetationsperiode. Dieser Effekt war nur in MLsichtbar und wurde vor allem durch die

stimulierende N-Wirkung auf die Blatt- und Geiztriebbildung verursacht. Lichtmangel
führte, unabhängig vom N-Angebot, zu einem verstärkten Blatt- und Geiztriebwachstum.

Allerdings war in LL die Gesamtproduktion von Trockenmasse vermindert, und die

Infloreszenzen wurden am stärksten beeinträchtigt (31% weniger Trockenmasse als in

ML), gefolgt von den Blättern (-23%), Wurzeln (-17%), Trieben (-16%) und demHolzteil

(-10%).
Im Folgejahr war der Lichteffekt auf das vegetative Wachstum gegenüber der

Stress-Saison umgekehrt, und die stärkste Reaktion auf die N-Verfügbarkeit war gegen 100
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mMNH4NO3 verschoben. Limitierende Lichtverhältnisse während der Bildung der

Blütenanlagen halbierten die Knospenfruchtbarkeit, beschleunigten aber den Austrieb und

die Entwicklung der jungen Triebe im Folgejahr. Die optimale N-Dosis für die

Knospenfruchtbarkeit und den Wiederaustrieb lag bei 5 mMNH4N03.
Eine weitere Studie mit traubentragenden Riesling x Sylvaner-Topfreben wurde im

Freiland durchgefühlt, wo während der Blütezeit bei zwei N-Stufen (0, 10 mMNH4N03)
entweder die Gescheine oder die Blätter separat beschattet wurden. Das Beschatten der

Blätter reduzierte deren Nettophotosyntheserate auf Null und die Transpirationsrate auf

44% der Kontrolle, während der Gaswechsel nicht auf das Abdunkeln der Gescheine

reagierte. Die N-Zugabe erhöhte die Transpiration der Blätter, hatte aber keinen Einfluss

auf deren Photosyntheseleistung. Die Verfahren beeinflussten weder den Blühverlauf noch

den Fruchtansatz.

In einer zweiten Gruppe von Experimenten wurden Gescheine und reife Trauben

von Riesling x Sylvaner-Reben im Feld in wässrige Lösungen des Glutaminsynthetase-
Inhibitors Phosphinothricin (PPT) eingetaucht. Erhöhte PPT-Konzentrationen verursachten

typische Symptome von Infloreszenz-Nekrosen. Auf reifen Trauben konnten hingegen
keine nekrotischen Symptome induziert werden.

Zusätzlich wurden zu verschiedenen Zeitpunkten im Feld Einaugenstecklinge von

Riesling x Sylvaner und Blauburgunder-Reben geschnitten und - mit oder ohne

zugehörigem Blatt - in Lösungen mit oder ohne PPT gestellt. Alle Behandlungen,
einschliesslich der H20-Kontrolle, riefen stiellähmeähnliche nekrotische Symptome
hervor, die sich umso langsamer entwickelten, je älter die behandelten Trauben waren.

Hohe PPT-Konzentrationen begünstigten das Auftreten der Symptome. Im Gegensatz zu

KNO3beschleunigte die Zugabe von NH4N03zur Inkubationslösung die Nekrosenbildung,
sogar in Abwesenheit von PPT. Anderseits vermochten Metallkationen wie Mg2+, Ca2+ und

K+ in PPT-freien Lösungen das Auftauchen der Läsionen zu verzögern. Wurden die

Stecklinge verschiedenen Umweltbedingungen ausgesetzt, konnte kein Lichteffekt

beobachtet werden. Wind anderseits reduzierte das Auftreten von Infloreszenz-Nekrosen

und Stiellähme. Ameffizientesten vermochten ein amSteckling belassenes Blatt oder die

Zugabe von Saccharose zur Inkubationslösung die Nekrosenbildung hinauszuzögern.
Die vorliegenden Resultate belegen, dass die Rebe sich sehr gut an Stressbe¬

dingungen anpassen kann und dass C- und Nährstoff-Reserven in älteren, absterbenden

Blättern sowie in den überdauernden Reborganen für kompensatorisches Wachstum und

für den Wiederaustrieb wichtig sind. Die Blüteperiode ist kritisch für das reproduktive
Wachstum, das empfindlicher auf Lichtmangel reagiert als das vegetative Wachstum. Im

weiteren wurde indirekt das Vorliegen von Glutaminsynthetase im Stiel-, Blüten- und

Beerengewebe nachgewiesen und die Beteiligung von NH4+ am Auftreten von

Infloreszenz-Nekrosen und Stiellähme bestätigt. Es konnte allerdings auch gezeigt werden,
dass N-Aufnahme und primäre N-Assimilation keinen Einfluss auf diese Erscheinungen
haben. Es scheint eher, dass eine stress-induzierte Limitierung des Assimilatangebots in

konkurrenzschwachen Organen Seneszenzprozesse auslösen kann, umdas Ueberleben des

Rebstocks sicherzustellen. Die Akkumulation von NH4+ ist möglicherweise nur eine

Begleiterscheinung der Seneszenz und des Proteinabbaus aufgrund einer Kohlenhydrat-

verarmung.
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H Summary

This thesis was initiated to relate the phenomenons of inflorescence necrosis and

bunch-stem necrosis in Vitis vinifera L. to nitrogen (N) availability and light intensity. For

the investigation of these relationships, the partitioning of dry matter, carbon (C), N and

leaf area were investigated. In addition, gas exchange, nutrient transport and the response

of reproductive growth were assessed.

In a controlled environment facility, five different levels of N (0,1,5,10, 100 mM

NH4N03) were applied to fruiting pot-grown Müller-Thurgau vines under 2 different levels

of irradiance during bloom. The light treatments were chosen for Simulation of moderate

(treatment ML: photon flux density 140 umol-m'^s"1 PAR) and heavy (treatment LL: 30

umol-m"2^"1 PAR) cloud Covers. Net C02 assimilation rate was reduced to zero, and the

transpiration rate declined by 22%in LL compared to ML. C02 exchange did not respond
to N availability, but transpiration decreased with increasing level of N supply. Severe

Symptoms of inflorescence necrosis appeared in the LL treatment at the end of flowering,

leading to abortion of these organs. Tissue necrosis was independent of Nnutrition.

The concentration of total N in the xylem sap increased as N supply was increased,

but there was no further rise above the 5 mMsupply level. N03' was the principal xylem
solute, in particular under severe light restriction and high N availability, reaching
concentrations of up to 14 mM. In the LL regime total N in the xylem sap was about 50%

of ML, and only traces of organic N could be detected, whereas in MLglutamine and

glutamate increased with increasing N application level. Light limitation reduced the

concentrations of P, K and Mgin the xylem sap by about 50%, but there was no response

to N supply.
There was a strong relationship between N availability and Nconcentration in all

plant parts. The amounts of total N per vine were not affected by the light treatments,

although low-light stress increased Nconcentrations in the dry matter of the annual organs

by 34 - 86%. The effects of light and N supply on C contents were minor, even though in

LL non-structural carbohydrates in the trunk and roots were depleted, regardless of N

supply. In ML, however, this C fraction declined as N availability increased.

The Optimum Naddition levels were 1 mMNH4N03for root growth and 5 mMfor

shoot growth, respectively, both after bloom and at the end of the first growing season.

This growth response to N supply was apparent only in MLand was mainly due to an N-

induced enhancement of leaf and lateral shoot formation. Low-light stress strongly

triggered the growth of new leaves and laterals, regardless pf N supply. Yet, total dry
matter production was reduced in LL, and inflorescences were most severely affected (31 %

less dry matter man in ML), followed by leaves (-23%), roots (-17%), shoots (-16%) and

wood(-10%).
In the second-season, the light effect on shoot growth was inverted compared with

the first season, and the peak response to N supply was shifted towards 100 mMNH4N03.

Limiting light conditions during inflorescence initiation reduced bud fertility by 50%but

advanced the date of bud break and expedited the rate of development of the new shoots

in the subsequent season. The Optimum N supply rate for both bud fertility and

development was 5 mMNH4N03, regardless of irradiance.

In the field, fruiting pot-grown Müller-Thurgau vines were exposed to differential

leaf or inflorescence shading in combination with 2 levels of N supply (0, 10 mM

NH4N03) during bloom. Leaf shading inhibited net photosynthesis and reduced

transpiration to 44% of the control, while adjacent leaves failed to respond to separate

shading of the flower Clusters. Added N increased transpiration but not photosynthesis.
Neither flowering nor berry set were influenced by the experimental treatments.
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In a second group of experiments, Clusters of Müller-Thurgau grapevines were

immersed in aqueous Solutions of the glutamine synthetase inhibitor phosphinothricin
(PPT) in the field. Typical Symptoms of inflorescence necrosis developed after application
of elevated PPT concentrations to flower Clusters, whereas no necrotic Symptoms could be

induced in mature Clusters.

In addition, single-node cuttings of field-grown Müller-Thurgau and Pinot noir

vines with one Cluster, with or without adjacent leaf, were incubated in various Solutions

with or without PPT at several phenological stages. Necrotic Symptoms occurred in all

treatments including the H20 control. At early stages of development, these Symptoms
appeared earlyer than at later stages, and elevated PPT concentrations precipitated the

development of necrotic manifestations. The addition of NH4N03to the Solution enhanced

the appearance of Symptoms both in the presence and absence of PPT, while KN03 did not.

In incubation Solutions without PPT, the supply of Mg2*, Ca2+ and K+ reduced the

incidence of bunch-stem necrosis. When cuttings were exposed to different environmental

conditions, there was no significant light effect, but wind decreased both inflorescence

necrosis and bunch-stem necrosis. A leaf, attached to the Cluster, or the addition of sucrose

to the Solution effectively delayed the occurrence of necrotic Symptoms.
From the present results it can be concluded that the grapevine has a large potential

to acclimate to environmental stress and that carbon and nutrient reserves in older,

sequentially senescing leaves and in the permanent structure are important for both

compensatory and early-season growth. It is also emphasized that the bloom period is

critical for reproductive development, which is more sensitive to low-light stress than

vegetative growth. The data further indicate that glutamine synthetase is present in rachis,
flower and berry tissues and that the buildup of toxic NH4+ levels is involved in the

development of both inflorescence necrosis and bunch-stem necrosis. However, it was also

shown that N uptake and primary N assimilation do not affect these disorders. Rather, a

stress-induced limitation of photoassimilate supply appears to be involved in triggering
senescence processes in organs with low sink priority, in order to guarantee survival of the

vine. The buildup of NH/ may, therefore, be a secondary effect related to senescence and

protein breakdown due to carbon depletion.

Ä
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m General Introduction

The bulk of the annual demand for nitrogen (N) in grapevines (Vitis vinifera L.)
occurs from bud break to the end of bloom WINKLERet al. (1974). During this period, the

vine is heavily dependent on the Nreserves stored in the permanent structure (Araujo and

Williams 1988, Conradie 1991, Williams 1991). Uptake from the soil increases about

two weeks before bloom and remains high until two weeks before veraison (Löhnertz

1988). However, uptake until the end of bloom constitutes less than 30% of the seasonal

demand, although the leaves may accumulate up to 60% of their seasonal N requirement
(Conradie 1991). Thus, the Nreserves in wood and roots reach a minimum around bloom

time (Schaller et al. 1989).
The ahn of timing N supply should be to optimize availability during this critical

period. Traditional recommendations in European viticulture have been to apply N

fertilizers at bud break or even during dormancy, preferably between February and April.
Unfortunately, this practice increases the potential for leaching and surface runoff due to

heavy rainfall (particularly at low temperatures), denitrification (especially at high
temperatures in combination with high soil organic matter and elevated water contents),

NH3volatilization and erosion before significant uptake can occur. These events can lead

to a substantial loss of N that is no longer available to the plant. Fertilizing too early in the

season, therefore, is not only a waste of time and money, it can also lead to considerable

ground water pollution by N03" and cannot be tolerated in integrated and sustainable wine

grape production.
Revised fertilization guidelines, therefore, tend to delay N applications until bloom

or later to minimize losses (PEACOCKet al. 1989, GOLDSPINKand GORDON1991). Since

N import to the soil with rainfall may be fourfold the export with harvest products, PERRET

(1993) and PERRETet al. (1993) recently introduced their "adaptive nitrogen management"
suggesting to renounce on N fertilizers and regulate the soil's potential for N storage and

mobilization by using cover crops and soil management techniques, in order to synchronize
the curves of N mineralization in the soil and uptake by the grapevine.

Since NH4+ is rapidly nitrified in natural soils, N03" is the dominant form of

mineral N available to higher plants, and N is usually taken up as N03" by grapevine roots.

In the root, N03" is immediately reduced to NH4+ by nitrate reductase (NR) and nitrite

reductase (NiR), and NH4+ is further assimilated into amino acids through the glutamine
synthetase/glutamate synthase (GS/GOGAT) pathway (MffLlN and Lea 1976, Oaks 1993).
Glutamine and glutamate constitute the main organic N transport Compounds in the grape

xylem (Roubelakis-Angelakis and Kliewer 1979, Andersen and Brodbeck 1991,
Alleweldt and MERKT1992). However, the energy and carbon (C) requirements for N

assimilation are high and are limiting the capacity of tissues for N03" reduction. The

electrons needed for this reaction sequence in roots are derived from dissimilatory
processes. In addition, the assimilation of NH4+places a high carbohydrate demand on the

plant, because of the need for C skeletons in the synthesis of organic transport Compounds.
Hence, for N assimilation to occur in roots, sucrose must be translocated from the shoots

via the phloem.
The proportion of C that is partitioned to the roots is determined by the amount of

sucrose that is produced in the leaves during the day. The larger the sucrose : starch ratio

in the leaves, the more C is available for export to the roots, since daily carbohydrate
reserves of source leaves are utilized primarily for shoot growth during the night (Huber

1983). Under unfavorable environmental conditions, such as low light levels leading to C

limitation, starch synthesis has priority over sucrose synthesis (BAYSDORFERand

ROBINSON1985). On the other hand, N03" reduction and primary N assimilation divert
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energy and carbon away from carbohydrate metabolism (CHAMPIGNYand FOYER1992),
and sucrose synthesis is reduced by N assimilation, white starch synthesis is not affected

(Paul et al. 1978). Therefore, both low light levels and high N supply decrease the amount

of sucrose available for export to the various sink organs and therewith reduce the leaves'

source-capacity (SONNEWALDand WiLLMETZER1992). The competition for light and Nare

considered the two primary selective factors acting on the partitioning of dry matter in

plants (TlLMAN 1988).
Even though the potential of a plant to absorb nutrients not only depends on the

quantity of absorbing root surface but also on the activity of the roots (CHAPIN 1991),
nutrient uptake is strikingly less affected by low-light stress, than N assimilation (ASLAM
and HUFFAKER1984, RUFTYet al. 1989). According to PATE(1980), the ratio of organic
N to N03" in the xylem fluid indicates the roots' potential for N assimilation. However,
there is also a close relationship between irradiance and N03" reduction in leaves, and thus,

inorganic N tends to accumulate in all plant parts under limiting light conditions, in

particular in combination with massive N supply (Mengel 1985). Nevertheless, the role

of varying weather conditions in the vine's reaction to N availability is not clear, although
overcast situations occur rather frequently in temperate zone viticulture. In addition,

grapevine leaves only transmit 6% of ambient sunlight (SMART and ROBINSON1991).

Depending on sun-leaf angle and leaf position within the canopy, light intensity on

individual leaves may drop below the light compensation point of photosynthesis,
particularly under dense cloud covers.

The severity and duration of environmental stress situations may trigger
acclimation processes in the whole plant (Björkman 1981). The ability of grapevines to

maintain active growth under conditions of low soil-N or low irradiance may be related to

translocation of Substrates from older, sequentially senescing leaves and permanent organs
to the root or shoot tips. The direction and destination of re-circulation is dependent on the

kind of stress. The optimum resource allocation hypothesis states that plants respond to

insufficient resource availability by allocating newly acquired C to organs that enhance the

acquisition of resources most strongly limiting growth (reviewed by BLOOMet al. 1985).
In general, plants exposed to C limitation often increase partitioning to shoots (Bloom et

al. 1985), white plants exposed to nutrient stress typically increase root growth (ROBINSON
1986).

On the other hand, the number and size of sinks competing for C during stress

periods and their relative priority are involved in activating biochemical and biophysical
senescence mechanisms of tissues requiring high energy and carbohydrate inputs in order

to guarantee survival of perennial plants (GEIGER and Servaites 1991). Reproductive
growth is often more sensitive to environmental stress or limitation of resources than

vegetative growth. However, plants usually initiate more reproductive meristems than

finally develop and mature. Stress-induced abscission of reproductive sinks provides a

mechanism for adjusting reproductive output to the level of resources available

(Chiariello and Gulmon 1991). As early as 1883, Müller-Thurgau (cited by
SARTORIUS1926) suggested that the poor fruit set occurring during cool, overcast weather

was due to starvation of the grape flowers because of limited photosynthesis and

translocation, and this was aggravated by the competitive effect of numerous, rapidly
growing shoot tips. Rives (1961) related the "coulure" phenomenon in grapevines to

competitive interactions among sinks, and Gysi (1983), THEILER and MÜLLER(1986) and

JACKSON (1991) suggested that high soil N Status and unfavorable meteorological
conditions at bloom could be involved in the induction of physiological disorders, such as

inflorescence necrosis (IN, early bunch-stem necrosis) and bunch-stem necrosis (BSN,
Stiellähme, rachis necrosis, shanking, waterberry, dessechement de la rafte, disseccamento
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del rachide, palo negro), developing similar necrotic Symptoms on grape pedicels, rachides

and peduncles (JORDAN 1989).
Both IN an BSN are thought to be induced by NH3 toxicity (Christensen and

Boggero 1985, Silva et al 1986, Jackson and Coombe 1988). Christensen and

BOGGERO(1985) reported a close relationship between N nutrition and BSN, and they
proposed a threshold of 1.5% total N and 3000 ppm NH4+ in the rachis tissue for the

occurrence of BSN. Jordan (1989) found increased NH3concentrations in rachides and

benies of shaded vines and a positive conelation between NH3 content and the severity of

IN. In addition, both IN and BSNwere related to the level of shading in studies of Perez

Harvey and Gaete (1986) and Jackson (1991). Nevertheless, the relations between

cause and effects are still unclear, and it is not known where the NH3 that is accumulated

is derived from.

The synchronization of soil nutrient supply with seasonal demand of the vine is,

therefore, a truly challenging task. Yet, the means at the grower's disposal to control the

weather Situation are extremely limited. Nevertheless, leaf area development, as well as

leaf and fruit exposure may be influenced by cultural practices, such as soil and canopy

management. The objective of the present study was to establish a link between Nsupply
and weather conditions at bloom time in order to optimize N and C utilization and the

vine's balance between vegetative and reproductive growth.
Fruiting pot-grown grapevines were exposed to a series of N application levels

under different light regimes in the field and in a controlled-environment facility during the

flowering period. Gas exchange of fully expanded leaves was measured during this period,
and flowering behavior was surveyed. The transport of nutrients, in particular the different

N fractions, in the xylem, as well as N, C and dry matter partitioning to the various plant
organs and leaf area partitioning were registered. The effects on reserve carbohydrates in

the trank and roots were evaluated, in order to determine adaptations to stress and

compensation strategies. In addition, whole-season growth, as well as bud fertility and

regrowth in the subsequent growing season were assessed.

In a second series of experiments, the presence of GS in grape Cluster tissues at

various phenological stages and the implication of GSinhibition in the occunence of IN

and BSNwere determined using attached grape Clusters in the field or detached Clusters in

the greenhouse. In addition, environmental and nutritional effects on the development of

both IN and BSNwere tested using single-node cuttings in the greenhouse.
It is shown that low-light stress leading to C limitation due to restriction of net

photosynthesis triggers partitioning to leaves at the expense of reproductive organs and

roots. The C necessary for expansion of the leaf apparatus by stimulated growth of main

and lateral leaves is derived from reserves in the permanent tissue of the vine. It is also

demonstrated that N supply affects partitioning under moderate irradiance but not under

light intensities close to the compensation point of photosynthesis, although N uptake,
assimilation in the root tissue and transport in the xylem are dependent on both irradiance

and Navailability. On the other hand, in contrast to low irradiance, Nsupply has no impact
on inflorescence necrosis and bunch-stem necrosis, even though the implication of NH3
accumulation in the occurrence of these disorders is confirmed. It is concluded that C

starvation rather than excessive N supply is the cause of these necrotic manifestations

leading to abortion of reproductive organs.
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IV Is Carbon Starvation Rather than Excessive Nitrogen Supply the

Cause of Inflorescence Necrosis in Vitis vinifera L.?

1 Summary

Five different levels of nitrogen (0, 1, 5, 10, 100 mMNH4N03) were applied to

potted Vitis vinifera L. plants grown in a controlled environment facility (phytotron) under

2 different levels of irradiance (photon flux densities: 30 and 140 umol-m'^s'1 PAR,

respectively) during bloom. They were compared with potted plants in the field, exposed
to differential leaf or inflorescence shading in combination with 2 levels of N supply (0,10
mMNH4NO3). Net C02 assimilation rate, transpiration rate and stomatal conductance were

reduced, and intercellular C02 partial pressure was increased under conditions of light
limitation. The low-light treatments decreased net photosynthesis to zero in either

experiment. Separate shading of the flower Clusters failed to affect gas exchange of

adjacent leaves, indicating low sink strength of the inflorescences. Nitrogen fertilization

influenced only transpiration rate and stomatal conductance. In the phytotron, but not in the

field, these parameters decreased with increasing N level. Severe Symptoms of

inflorescence necrosis appeared in the low-light treatment in the phytotron at the end of

flowering. Necrotic Symptoms also developed on shoot tips and tendrils, leading to

abscission of these organs. Tissue necrosis was independent of N nutrition, and there were

no necrotic manifestations in the field study. These results provide evidence that a stress-

induced limitation of photoassimilate supply, along with competitive interactions among

sinks, are involved in triggering senescence processes in grapevines.

Key words: grapevine, light, nitrogen, bloom, stress physiology, sink,

photosynthesis, transpiration, stomatal conductance, inflorescence necrosis, senescence
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2 Introduction

The dependence of photosynthetic C02 assimilation upon irradiance has been

known for a long time, and many studies have revealed strong correlations between

photosynthesis and leaf nitrogen (N) content in various plant species (Evans 1989).
However, the effects of N nutrition on grapevine gas exchange have usually been

investigated at light Saturation, although overcast situations occur rather frequently in

temperate zone viticulture. In addition, grapevine leaves only transmit 6% of ambient

sunlight (Smart and Robinson 1991). Depending on sun-leaf angle and leaf position
within the canopy, light intensity on individual leaves may drop below the light
compensation point of photosynthesis, particularly under dense cloud covers.

The severity and duration of stress situations may trigger acclimation processes in

the whole plant (Björkman 1981), and partitioning of photosynthates to reproductive
growth is decreased under resource-limiting conditions (CHIARIELLO and GULMON1991).
Rives (1961) related the "coulure" phenomenon in grapevines to competitive interactions

among sinks, and Gysi (1983), Thedler and Müller (1986) and Jackson (1991)

suggested that high soil NStatus and unfavorable meteorological conditions at bloom could

be involved in the induction of physiological disorders, such as inflorescence necrosis (IN)
and bunch-stem necrosis (BSN, Stiellähme, rachis necrosis, shanking, waterberry,
dessechement de la rafle, palo negro), showing the same Symptoms (JACKSON and

COOMBE1988). The initial necrotic indications associated with BSNbecome apparent
around the stomata, and the first disintegrating tissues are guard cells and subsidiary cells

(THEILER 1970). Nevertheless, we know of no studies connecting IN or BSN with

photosynthesis. Wetherefore investigated the combined effects of N supply and limiting
irradiance at bloom on gas exchange and the occurrence of IN under controlled

environmental conditions. In addition, by differential shading of leaves or Clusters in the

field, we examined the sink priority of the inflorescences and the eventuality of inducing
IN by restricting incident light on these organs only.
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3 Materials and Methods

3.1 Growth and Experimental Conditions

Two-year-old grapevines Vitis vinifera L. (cv. Müller-Thurgau, grafted on SO-4

rootstocks) were planted in 18-liter pots containing sandy loam soil and grown outdoors

without fertilization during the 1990 season. After winter pruning to one 5-node cane in

January 1991, plants were selected for uniform shoot growth and divided into 2 groups for

either the phytotron or the field experiment

3.1.1 Phytotron Experiment

On February 1, 1991, 90 vines were distributed in two identical rooms of our

controlled environment facility (phytotron). Light was provided by a combination of high-
pressure sodium vapor lamps and metal halide lamps. At first, both rooms were operated
with a winter climate program (2/2°C day/night temperature; 98/98% day/night relative

humidity; 8 hphotoperiod; photon flux density 100 umol-m'V photosynthetically active

radiation, PAR). After 10 days, they were switched to spring program (12/4°C; 54/85%;
12 h; 320 umol-mV) for 24 days. Then, the summer program (20/11 °C; 58/75%; 16 h;
750 umol-m'2-s"' was started, 4 days before bud break. The vines were thinned to 2 shoots

with 2 Clusters each and trained vertically on 1.5 m stakes. The expanding leaf area

gradually decreased incident irradiance in the Cluster zone to about 140 umol-m'V1 during
the course of the experiment.

Five N nutrition levels, covering a ränge from deficiency to excess, were

implemented on 9 vines in each of 2 light environments during the bloom period. They
were 0 (NO) / 1 (Ni) / 5 (N5) /10 (N10) /100 (N100) mMNH4N03 in 2 liters of distilled

H20, applied on April 15, April 23, April 29 and May 6. The light regimes were chosen to

simulate overcast conditions, representing heavy and moderate densities of cloud Covers,

respectively. They were imposed in the 2 separate phytotron Chambers, lasting from April
26 (first flowers open) tili May 13. In the low-light Chamber, we reduced PARin the

Cluster zone to 30 umol-m'V'L), and in the moderate-light Chamber, PARwas maintained

at 140 umol-m^s-1 (ML).

3.1.2 Field Experiment

This study was established on June 29, 1991 (first flowers open) with 36 vines

trained like the phytotron plants, but thinned to 1 shoot with 1 Cluster per plant. Using 6

single-plant replications, 2 N levels were combined with 3 shade regimes. The N levels

were 0 (NO) and 10 (N10) mMNH4N03in 2 liters of tap water (containing 0.15 mMN03",
no NH4+), applied on June 29, July 4 and July 9. The shade treatments were imposed from

June 29 until July 15 (end of bloom). They consisted of: inflorescences shaded with

conical hats of white paper (treatment IS: 100 umol-m^s"1 PAR) with leaves exposed to

füll sunlight, leaves shaded with white shade cloth (treatment LS: 30 umol-m"2-s"' PAR)
with inflorescences exposed to füll sunlight and unshaded control (treatment US: 1100-

1400 umol-m-V PAR).
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3.2 Gas Exchange

Wemeasured C02 and H20 concentration differences, temperature and PARon the

leaf adjacent to the first Cluster from the base of the shoot between 10 and 12 a.m., using
a portable LCA-2 infra-red gas analyzer System (Analytical Development Co. Ltd.,
Hoddesdon, England). Net C02 assimilation rate (A), transpiration rate (E), stomatal

conductance to H20 vapor transfer (gs) and sub-stomatal cavity C02 partial pressure (Q)
were calculated in the data logger according to Von Caemmerer and Farquhar (1981).
In the phytotron, the measurements were taken twice a week on 3 plants per treatment from

prior to the first N application until the vines were sampled (total of 9 measurements). In

the field, gas exchange was measured only once at füll bloom (July 5) on all vines.

The data were subjected to a two-way analysis of variance. Homogeneity of

variance was tested using Bartlett's test and differences between means were tested using
Duncan's multiple ränge test. Correlation coefficients were calculated for selected

Parameters. All Statistical tests were performed on WIDAS(Wissenschaftlich Integriertes
Daten-Auswertungs-System, MSI Dr. Wälti AG, Switzerland).

3.3 Inflorescence Necrosis

On May 13, 3 plants from each phytotron treatment were sampled. The

inflorescences were separated into rachis and flowers, and fresh as well as dry weights
were determined. Four days later (end of bloom), Symptoms of IN were registered as %

necrotic flowers per Cluster on the 6 remaining plants per treatment combination. In the

field experiment, IN was registered when the shade regimes were removed. Because the

Symptoms resembled those originating from early Botrytis cinerea Pers. infestation,

samples of necrotic tissue were taken at random. They were surface sterilized by dipping
in either 70%ethanol or 1%NaOCl in 70%ethanol for 30 seconds. After rinsing five times

for 30 seconds with distilled H20, the samples were sectioned with a razor blade. The

sections were distributed either on potato dextrose agar for detection of mycelial growth or

in sterile humid Chambers for sporulation. The samples were incubated at 20 °C in the dark

for 7 days and then examined for fungal growth under a binocular microscope.
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Results

4.1 Gas Exchange

4.1.1 Phytotron Experiment

C02m

In the phytotron, mean net C02 assimilation rate per unit leaf area was 7 umol

2-s"1 at the start of the experiment (first N application) and gradually declined

parallel to the decreasing irradiance due to the growing shoots. No treatment effects on leaf

gas exchange were detectable before the light regimes were imposed, 11 days after the first

Napplication. Therefore, the results presented here are pooled values from 3 consecutive

measurements within one week after imposition of the light treatments. In moderate light
(ML), A was 3.3 umol COj-m'^s"1 on average (Fig. 1: A), while under severe light
restriction (LL), net photosynthesis was close to zero.

1 10 100 0 1 10

NH4N03 (mM) in nutrient solutfon

100

Fig. 1: Effect of irradiance and N application during bloom on gas exchange of potted
grapevines in the phytotron. Net C02 assimilation rate A (A), sub-stomatal cavity C02
partial pressure Q(B), stomatal conductance gs (C) and transpiration rate E (D) of the leaf

opposite to the first inflorescence from the shoot base. Open symbols: treatment LL, 30

umol-m"2-s'' PAR; füll symbols: treatment ML, 140 umol-m"2^"1 PAR. Values are means

± SE (n=9).

In the LL environment, Q nearly increased to the level of ambient C02
concentration (Ca = 38.6 Pa), which was a rise of 27% relative to ML (Fig. 1: B). No

significant N-induced alteration of A and Q could be detected in either light regime,
despite the vast ränge of N levels applied. In either light treatment, A correlated negatively
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with C, (LL: r = -0.84, P < 1%; ML: r = -0.47, P < 1%) and positively with gs (LL: f = 0.31,
P < 5%; ML: r = 0.79, P < 1%), regardless of N supply.

Even in LL, no complete closure of the stomata could be observed (Fig. 1: C). This

is interesting, since gs directly affected E (r = 0.97, P < 1%). These leaves transpired on

average still 78% of those in ML(Fig. 1: D). Light restriction obviously altered E less

dramatically than A, and this may have permitted the Neffect to become apparent. In LL,
there were maxima in gs and E at Nl, and in either light treatment, elevated N supply
reduced gs and E. Although the reductions were only significant at N100, the fluctuations

were essentially parallel in the two light environments. For calculation of correlations, the

light regimes were therefore combined (n = 90). The relationship of N level to both gs (r =

-0.42, P < 1%) and E (r = -0.43, P < 1%) was negative.

4.1.2 Field Experiment

In the field, leaf shading reduced A to zero or even below, while Cluster shading
failed to affect leaf gas exchange (Fig. 2: A). The sun-exposed leaves of the US and IS

regimes assimilated 12.6 umol C02-m"2-s'1, on average. In LS, Qwas 61%higher (Fig. 2:

B) and gs 85% lower (Fig. 2: C) than in US/IS. None of these parameters significantly
responded to N nutrition, although the measurements in US and IS were taken at light
Saturation. Merging the values of the US and IS regimes, the correlation of A and Q
resulted in r = -0.86 (P < 1%) and that of A and gs in r = 0.65 (P < 1%). In the LS

treatment, A correlated negatively with Q(r = -0.70, P < 1%) but did not correlate with gs

(r = -0.03, n.s.). In LS, E was reduced to 44%of US/IS (Fig. 2: D), and the N effect was

reversed compared with the phytotron data: the N-deficient vines (NO) transpired at a

significantly lower rate than the N10 plants in either shade treatment.

US LS IS US LS IS

Fig. 2: Effect of either leaf or Cluster shading and N application during bloom on gas

exchange of potted grapevines in the field. Abbreviations as in Fig. 1. Shade treatments:

unshaded control (US); leaves shaded (LS); inflorescences shaded (IS). Left bar of each

pair: H20; right bar: 10 mMNH4N03. Values are means + SE (n=6).
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4.2 Inflorescence Necrosis

Neither light intensity nor N Status affected inflorescence fresh weight in the

phytotron (data not shown). Light restriction, however, significantly reduced the dry weight
of both rachis and flowers (Fig. 3: A), without consistently altering the flowers to rachis

ratio, indicating decreased carbon partitioning to the flower Clusters. The dry matter

content of the inflorescences was 25% higher in MLcompared to LL and increased with

increasing N level in either light regime (LL: r = 0.60, P < 1%; ML: r = 0.73, P < 1%).
Nevertheless, there was no consistent Neffect on dry weight. Consequently, irradiance but

not N level altered flowering behavior. In ML, flowering and berry set were regulär,
whereas in LL, many flowers, pedicels and rachides became necrotic (Fig. 3: B).
Abscission layers were often formed in branches or peduncles, leading to abortion of

whole or parts of inflorescences.
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Fig. 3: Effect of irradiance and N application on inflorescence dry mass accumulation (A)
and inflorescence necrosis (B) of potted grapevines in the phytotron. Left bar of each pair:
treatment LL, 30 umol-m'V PAR; right bar: treatment ML, 140 fimol-m'V PAR. Values

are means + SE (n=6).

Hardly any necrotic manifestations were visible at the sampling date. Just after

sampling, however, severe Symptoms became apparent on the remaining vines within 2 to

3 days. The lower Cluster was often more severely affected than the upper Cluster, and

similar Symptoms were observed on shoot tips and tendrils in LL. The necrotic

characteristics were not caused by B. cinerea, since neither mycelial growth nor

sporulation occurred after incubation in the dark. It is therefore likely that IN had been

induced by light restriction. Yet, the severity of IN could not be assigned to N application,
due to large Variation within treatments. In contrast to these results, there was no evidence

of necrotic or senescing tissue in the field study.
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5 Discussion

The results from the low-light treatments in both the phytotron and the field

indicate that irradiance was near the light compensation point of photosynthesis, and C02
fixation was just enough to balance the demand of respiratory processes. They further

suggest that the N effect on A was masked by light limitation, since the photochemical
reactions, which are independent of N nutrition, become the limiting factor at low

irradiance. The low photosynthetic rates were thus caused by the shortage in ATP and

NADPHfor regeneration of the Substrate ribulose 1,5-bisphosphate (VONCAEMMERERand

Farquhar 1981, Seemann 1989). Light-saturated rates of photosynthesis typically are

linearly related to the amount of ribulose 1,5-bisphosphate carboxylase/oxygenase
(Rubisco), which is reported to increase linearly with leaf N content. Chlorophyll content

(Chi), too, closely correlates with total leaf N and therefore with Rubisco (reviewed by
Evans 1989). The failure of A to respond to N supply at light Saturation in the field may
reflect difficulties in interpreting single-leaf gas exchange measurements. These vines were

on a low NStatus, since they had been grown without fertilization in the previous season,

and Nwas supplied only at the onset of flowering, 10 days later than in the phytotron. If N

is supplied to plants after prolonged N stress, it is first translocated to the shoot tip for

developing new leaves. This was confirmed by non-destructive Chi measurements. Neither

leaf shading nor N nutrition altered Chi in the leaves used for gas exchange measurements

6 days after the first Napplication. Only 10 days later, Chi decreased in these leaves in the

LS/N 10 vines and in the NOvines of all light regimes and increased in the N10 vines of the

US and IS regimes, while both leaf shading and N supply markedly increased Chi in the

youngest developed leaf compared to the control (data not shown).
The high Qvalues under light limitation in both our experiments fit the results of

DÜRING(1988) and may be associated with remobilization of carbohydrates, connected

with increased rates of maintenance respiration (Amthor 1989) and with a large rise in

glycolytic enzyme activity (Lance and Guy 1992), leading to non-photorespiratory C02
evolution. According to GEIGERand SERVATTES(1991), the ability of perennial plants to

survive when the supply of photoassimilated carbon becomes limited, is related to

remobilization of buffer reserves from older, sequentially senescing leaves and permanent

parts of the plant and translocation to organs with high sink priority to provide a temporary

supply of carbon for maintenance and/or growth processes. Leaf senescence was

accelerated by light restriction, particularly in combination with Ndeficiency, in our study.
Although the accuracy of the Qestimation was verified for a ränge of irradiances from

dark to Saturation by SHARKEYet al. (1982), it has recently been debated for (detached)
leaves under stress conditions (DOWNTONet al. 1988, DÜRING1992). However, the water

stress imposed by these authors provided a limitation of both photosynthetic Substrate and

reducing power, while in our study, light only restricted the reducing power. With regard
to the above mentioned authors, we assume that acclimation responses of source leaves to

these two kinds of restriction are different. No correction of the values obtained from the

data logger was therefore effected. The reduced gs at low irradiance did not limit A, since

stomatal control can only be assumed, if the relationships of both Q and gs to A are

positive (Farquhar and Sharkey 1982). According to Sharkey and Raschke (1981),

Cj can become the major Controlling factor of the stomatal response to light. The low gs in

the low-light treatments was thus a reaction to elevated Q, indicating partial stomatal

closure due to light-limited photosynthesis.
The conflicting effects of N supply on gs and E in the two experiments suggest that,

besides Q, there was another Controlling factor involved in stomatal regulation, which

acted independent of irradiance. Abscisic acid (AB A) raises stomatal sensitivity to C02 in
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response to leaf water deficits (HÄRTUNGand SLOVIK 1991), and N deficiency typically
increases ABAin leaves (Chapin 1991). This is consistent with the field data, but is in

contrast to the results from the phytotron. However, even though all phytotron vines

received the same quantity of water, the soil surface desiccated between two N application
dates in the low-N pots, while it always remained wet in the high-N pots, which indicates

lower water uptake by the roots or even water-logging due to excessive ionic concentration

in the rhizosphere, reducing the leaf mesophyll water potential. This may have accounted

for the declines in gs and E, reflecting partial stomatal closure, iixespective of

photosynthetic potential. SCIENZA and DÖRING (1980), too, found that N deficiency
simultaneously increased gs and leaf ABAcontent in different grapevine varieties, and

Foyer et al. (1994) recently measured a decrease in gs upon N03' supply to maize leaves.

Since the size of the stomatal aperture is related to the sucrose concentration in guard cells,
this could be explained by an N-induced diversion of the flow of carbon away from sucrose

synthesis toward amino acid synthesis.
Grape Clusters are net importers of assimilates, affecting photosynthesis of adjacent

leaves (Koblet 1969, Schultz 1989). Decreasing the sink strength, e.g. by shading or

removal of sink tissue, typically results in product inhibition of A in source leaves within

about one day (see VONDERCRONEKopp 1992, for review). The missing response to

inflorescence shading in our field study and the reduced dry matter partitioning to the

Clusters in the phytotron LL regime suggest that their relative sink priority is low. As noted

by Hale and Weaver (1962), photosynthates are partitioned preferentially to vegetative
growth early in the season. Glad et al. (1992), analyzing phloem sap exudates, showed

that sink strength of grape inflorescences only increases after 70% flowering. The rapid
increase in respiratory C02 evolution of inflorescences at anthesis, reported by BLANKE

and LEYHE(1989), may be related to high metabolic activities, despite low sink priority.
The number and size of sinks competing for carbon during stress periods and their relative

priority are involved in activating senescence mechanisms of tissues requiring high energy
and carbon inputs in order to guarantee survival of perennial plants (GEIGER and

SERVATTES1991). Since long-term survival and therefore allocation to vegetative growth
has priority over reproductive growth in grapevines (especially before pollination is

completed), inflorescences may be treated like old leaves. Weassume that, by the time the

light Stresses were imposed, the vines' reserve Status was lower in the phytotron than in the

field, because of different numbers of shoots and Clusters per vine. For the same reason, the

competition for photosynthates and reserves between rapidly growing organs was higher
in the phytotron during the stress period. The results from both our experiments suggest
that the amount of carbon deriving from photosynthetic C02 acquisition and reserve

mobilization may have been sufficient to sustain both vegetative and reproductive growth
in all treatments except the LL regime in the phytotron.

Inflorescence necrosis is thought to be induced by NH3toxicity (Silva et al. 1986,
JACKSONand Coombe 1988). JORDAN(1989) found increased NH3 concentrations in

rachis and berries of shaded vines and a positive relationship of NH3content to the severity
of LN. However, since N supply had no impact on IN in our investigation, substantial

quantities of NH3cannot have been derived from excessive Nuptake and reduction, which

is consistent with the results of LÖHNERTZ(1991). Because photorespiration is reduced in

Proportion to photosynthesis at low irradiance (Sharkey 1988), the contribution of NH3
released during photorespiratory processes, too, can only have been minor in the present

study, even though it may be up to 10 times the production of NH4+ during primary N

assimilation (Wallsgrove et al. 1983). On the other hand, remobilization of

carbohydrates during periods of carbon starvation involves simultaneous protein
breakdown releasing glutamate, that is catabolized by glutamate dehydrogenase (GDH) to
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2-oxoglutarate, which enters the tricarboxylic acid cycle to provide carbon skeletons for

essential maintenance processes (ROBINSON et al. 1992). Increased GDHactivity is

associated with senescence and NH3release. The remobilization of Substrates during stress

periods may thus provide a considerable source for NH3. Accumulation of NH3 can be

prevented by reassimilation into glutamine by glutamine synthetase (GS) in the cytoplasm
and transport from the tissue (KAMACHI et al. 1991), provided that GSis active, i.e. in the

light. In addition, NH3 may be emitted from the sub-stomatal cavity to the atmosphere
(SCHJOERRINGet al. 1991), but this would require open stomata. Thus, even though the

Symptoms of IN may be caused by toxic NH3 accumulation, this might be a secondary
phenomenon related to senescence and simultaneous withdrawal of carbon and nutrients,

triggered by (light) restricted gas exchange in combination with low relative sink priority.
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V Carbon and Nitrogen Partitioning in Vitis vinifera L.: Responses to

Nitrogen Supply and Limiting Irradiance

1 Summary

Potted Vitis vinifera L. plants were grown under controlled environmental

conditions at five different levels of nitrogen (0, 1, 5, 10, 100 mMNH4N03) in

combination with two different levels of irradiance (photon flux densities: 30 and 140

umol-m'2-s"' PAR, respectively) during bloom. Available N (particularly N03"), K, Ca and

Mg in the soil were increased, while P was reduced by elevated N supply at the end of

bloom. Soil-N03' and K were higher in the lower light regime, but NH4+and other nutrients

were not influenced by irradiance. The concentration of total N in the xylem sap increased

as N supply was increased, but there was no further rise above 5 mMapplied NH4N03.
N03" was the principal xylem solute, in particular under severe light restriction and high N

availability. In the lower light regime, only traces of organic N could be detected in the

xylem sap, whereas in the higher light treatment, glutamine and glutamate increased with

increasing N application level. Light limitation reduced the concentrations of P, K and Mg
in the xylem sap by about 50%, but no response to N supply could be observed.

There was a strong positive relationship between N availability and Nconcentration

in all plant parts, while the effect on C content was minor and depended on the type and

physiological age of the tissue. The amounts of total N per vine were not affected by the

light treatments, although low-light stress increased N concentrations in the dry matter of

the annual organs by 34 - 86%. By contrast, low light led to a slight decrease of the C

concentration in the annual organs and somewhat increased C in the permanent structure.

In the higher light regime, non-structural carbohydrates in the permanent parts of the vine

declined as N availability increased. Under severe light restriction, however, this C fraction

was depleted, regardless of N supply. Since active growth continued in either light regime
during the course of the experiment, the depletion of non-structural carbohydrates indicates

that reserves were remobilized to support maintenance and growth processes, in order to

guarantee survival of the vine.

Key words: grapevine, light, nitrogen, carbon, source, sink, bloom, stress

physiology, xylem solutes, reserves
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2 Introduction

For early growth, grapevines utilize exclusively retranslocated reserves from their

permanent parts. Currently assimilated carbon (C) from the basal leaves increasingly
contributes to shoot growth, while translocation of photosynthates to the lower parts of the

vine begins around the 10-leaf stage and increases rapidly at bloom (Koblet 1969, Yang

and HORI 1979). According to Yang et al. (1980), retranslocation of reserves from the

perennial parts typically is discontinued during bloom, suggesting that the main leaves are

the only source organs at this time. From bud break to the end of bloom, the vine is also

heavily dependent on nitrogen (N) reserves stored in the permanent structure (Conradee
1991, WILLIAMS 1991). Ensuing the C supply from the shoots, N uptake from the soil

increases about two weeks before flowering and reaches a maximum just after bloom

(LÖHNERTZ1988). Uptake until the end of bloom constitutes less than 30%of the seasonal

demand, although the leaves may accumulate up to 60% of their seasonal N requirement
(reviewed by CONRADIE1991). Both C and N reserves in wood and roots therefore reach

a minimum by bloom time (STOEV et al. 1966, WlNKLERet al. 1974, SCHALLERet al.

1989).

Recently, GEIGER and Servattes (1991) suggested that sucrose and starch in

source leaves and permanent organs may serve as buffer reserves by providing a temporary

supply of C to be mobilized when the supply of photosynthates becomes limited. The

partitioning of newly fixed C or reserves is determined by the relative sink priority of the

different organs (HO 1988). The flowering period is crucial for reproductive growth, since

stress situations impairing photosynthesis may result in a shortage in C translocation to the

flower Clusters, which are low-priority sinks (KELLER and KOBLET 1994). Current

fertilization recommendations tend to split N applications or delay them until bloom or

later to optimize the availability during the critical period and minimize the Ieaching and

denitrification potential (PEACOCKet al. 1989, GOLDSPINKand GORDON1991, PERRET

1993). However, the impact of adverse weather conditions on the grapevine's response to

soil N level is not clear, although in higher plants the rate of Nuptake often exceeds the

rate of Nassimilation (MENGEL1985). The purpose of this study was therefore, to evaluate

Nuptake, transport and distribution among plant parts in response to N supply under light-
stress conditions. Wewere also interested in the effect of N on the vines' capability to

remobilize carbohydrate reserves from the permanent parts during bloom to compensate
for the leaves' restricted source-capacity.
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3 Materials and Methods

3.1 Growth and Experimental Conditions

Two-year-old grapevines Vitis vinifera L. (cv. Müller-Thurgau on SO-4 rootstocks)
were grown in 18-liter pots on sandy loam soil under field climatic conditions without

fertilization in 1990. On February 1, 1991, they were placed in two identical rooms of a

controlled environment facility (phytotron). The vines were irrigated to capacity with tap
water (1.4 mg-l"1 N, 0.0 mg-1'1 P, 0.7 mg-l"1 K, 34.1 mg-1"1 Ca, 57.8 mg-1-1 Mg) at 1-week

intervals, before treatments were imposed. By this time, soil analysis revealed 25.2 ppmN,
4.5 ppmP, 37 ppmK, 120 ppmCa, 4.2 ppmMg(available fraction) or 38 ppmP, 164 ppm

K, 9380 ppm Ca, 232 ppmMg(reserve fraction). The N treatments were 0 (NO) / 1 (Nl)
/ 5 (N5) / 10 (N10) / 100 (NIOO) mMNH4N03in 21 of distilled H20, applied once a week

over a 4-week period, beginning on April 15. This amounted to a total of 0 / 224 / 1120 /

2240 / 22'400 mg N per plant, respectively. Two light regimes were imposed in the 2

separate phytotron rooms on April 26 until May 13 (bloom period), for Simulation of

moderate (treatment ML: photon flux density 140 umol-m"2-sl photosynthetically active

radiation, PAR) and heavy (treatment LL: 30 umol-m'^s"1 PAR) densities of cloud covers.

The experimental conditions were described in more detail in a previous publication
(KFJJ.ER and KOBLET 1994). Three single-plant replications were used per treatment

combination. All data were subjected to Bartlett's test to check homogeneity of variance

and subsequently to analysis of variance, F-test and Duncan's multiple ränge test. Selected

Parameters were examined using correlation and polynomial regression analysis. All

Statistical tests were performed on WIDAS (Wissenschaftlich Integriertes Daten-

Auswertungs-System, MSI Dr. Wälti AG, Switzerland).

3.2 Xylem Sap Collection, Xylem Solute and Soil Analysis

Weobtained xylem sap non-destructively from all vines four times during the

course of the experiment (April 25, May 1, May 5, May 10). For this purpose, a small hole

was bored in the trunk above the soil surface, and xylem sap was extracted with a

hypodermic needle (outside diameter 1.2 mm) into a 25-ml glass vial by application of a

mild vacuum (Fig. 4) over a 24-hour period. The samples were frozen at -18°C for later

analysis of xylem solutes. For amino acid analysis, samples were thawed and injected into

a Stagroma HPLC System (Stagroma AG, Wallisellen, Switzerland) using OPApost
column derivatisation. The contents of N03", NH4+, P043" were determined photometrically
and K+ and Mg2+ by atomic absorption spectrophotometry, according to the methods

described by KÜNSCHet al. (1977). Insufficient sample quantities precluded the analysis
of Ca2+. For comparison, soil samples were taken before and after imposition of the

experimental treatments. First, N03" and NH4+ were measured in the wet soil. Available

and reserve nutrients were then extracted from the oven dried (30 °C) soil using 1 : 5 water

extract (available fraction) and 1 : 5 NH4-ac-EDTA extract (pH 4.65) (reserve fraction),

respectively and analyzed in the same manner as xylem sap.
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Fig. 4: Non-destructive vacuum extraction of xylem sap from the trank (T) of grapevines.
(HN) hypodermic needle, (GV) glass vial, (VP) vacuum pump.

3.3 Tissue Analysis

On May 13, the vines were sampled and separated into roots, trank, main shoots,
lateral shoots, main leaves, lateral leaves and inflorescences. All leaves consisted of blade

and petiole. The main leaves were further divided into young (# 1 through 4 from the shoot

apex), medium (# 5 through 9) and old (# 10 and older) leaves, while there were never

more than 3 leaves per lateral shoot. All organs were oven dried at 65° C and pulverized in

a Cyclotec sample-mill (Tecator Instrumenten Gesellschaft, Zürich, Switzerland). For each

plant part, the concentrations of C and N were determined in 5 mg dry tissue samples,
using a Heraeus elementary analyzer CHN-O-RAPID (Heraeus AG, Zürich, Switzerland).
For the analysis of non-stractural carbohydrates, 200 mg root and wood samples,
respectively, were utilized. Soluble sugars and starch were extracted and quantified using
the method described by Candolfi-Vasconcelos and Koblet (1990), but 80%ethanol

was used instead of 70%, and the extracts were centrifuged at 3000-g for 10 minutes.
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4 Results

The concentrations of N03" in the soil exceeded those of NH4+by 4-fold in the low-

N treatments to over 20-fold at high N application rates (Fig. 5). Up to N10, soil-NH4+
remained constant. A strong increase was detectable only at N100. Heavy Nfertilization

slightly decreased the soil-pH from 8.2 in the NOpots to 7.8 in the N100 pots, in either

light regime. Soil-N03' and K were lower in MLcompared to LL, while NH4+, P, Ca and

Mg(available fraction) were similar in the two light regimes. In the soil's reserve fraction,
no treatment effects became apparent (data not shown). Nevertheless, regression analysis
indicated close relationships between N application level and all soil nutrients examined

irrespective of the light regime (Table 1). Heavy Nfertilization increased the availability
of K, Ca and Mgand decreased the availability of P in the soil. In the H20 extract of the

low-N pots, however, the concentrations of all nutrients were similar to the initial contents

before the treatments were imposed.

10 J

1 -.

z

J_
um

O 0.1 -.

0.01

no,

ES NH

£

10 100

NH4N03 (mM) in nutrient Solution

Fig. 5: Effect of irradiance and N application during bloom on soil-N in the phytotron at

the end of the flowering period. Left bar of each pair: treatment LL, 30 jimol-m'^s"1 PAR;

right bar: treatment ML, 140 fimol-m"2^"1 PAR. Values are means + SE (n = 3).
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Table 1: Regression equations for several soil nutrients (y) in the H20 extract'as a

function of N application level (x = [mMNH4N03]), 21 days after the first application.
The data of 2 light levels are pooled (n = 30), since they did not differ significantly.

nutrient(y) regression equation r (P < 5%)

N03' (uM) y = 0.348-x2 + 52.93-x + 24.167 0.99

NH4+ (uM) y = 0.038-x2 + 0.410-x + 15.259 0.76

N (ppm) y = 0.022-x2 + 4.405-x + 6.226 0.99

P (ppm) y = 0.001-x2-0.137-x + 4.380 0.88

K (ppm) y = 0.009-x2 - 0.482-x + 25.169 0.85

Ca (ppm) y = 0.044-x2 + 3.811-x + 108.726 0.99

Mg(ppm) y = 0.001-x2 + 0.183-x + 9.721 0.98

The combined effects of a variety of Nsupply levels and limiting light conditions

on xylem solutes are illustrated in Fig. 6. The values displayed are the means of 4

consecutive extraction periods on the same plants. The N100 data are missing, because no

xylem sap could be extracted at this extremely high N level (compare KELLERand KOBLET

1994). Apart from this, sample volumes obtained using our vacuum technique were

comparable in all treatments. Increasing N supply enhanced total xylem-N concentration,
but there was no fuither increase above N5, regardless of irradiance (Fig. 6: A), while a

significant rise in soil-N could only be observed above Nl. These data indicate that up to

Nl, the vines' Ndemand was higher than supply. As Nsupply increased, the concentration

of inorganic N in the xylem sap rose, and there was a positive correlation between N03"
and NH4+ (r = 0.49, P < 5%), regardless of the light regime. The concentration of total N

in the xylem was lower in the LL regime than in ML. This effect was mainly caused by the

differences in organic N, irrespective of soil-N level (Fig. 6: A). Besides traces of aspartic
acid and serine, the sole organic N Compounds detectable above the analysis threshold

were glutamine (Gin) and, to a lesser extent, glutamic acid (Glu). The absence of

additional organic Compounds indicates that, by using our extraction technique,
contaminations with phloem sap are omitted. No significant N effect on other xylem
solutes could be noticed (Fig. 6: B). While the impact of light restriction on xylem-P was

minor, the Mgcontent was 2 to 3 times lower in LL compared to ML, the effect on Kbeing
intermediate.
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Fig. 6: Effect of irradiance and N application during bloom on xylem sap composition of

potted grapevines in the phytotron. Concentrations of organic and inorganic N (A) and

several macronutrients (B). Left bar of each pair: treatment LL, 30 umol-nfV PAR; right
bar: treatment ML, 140 umol-m^-s"1 PAR. Values are means + or - SE (n = 4 to 6).

In the vine, Nconcentrations were most elevated in sink leaves (lateral and young

main leaves), followed in decreasing Order by medium main leaves (not shown), source

leaves (old main leaves), lateral shoots, inflorescences, main shoots and roots, and finally
the trunk (Table 2). In either Iight regime, the Nconcentration in inflorescences was below

that in old leaves, which was only 72% (ML) or even 59% (LL), respectively, of that in

young leaves. While there was no light effect on Nconcentrations in the fresh weight (data
not shown), light restriction enhanced Ncontents in the dry weight of all annual plant parts

by 34 to 86% relative to ML, slightly (however significantly) reduced them in the trunk

and had no effect on the roots. The proportion of N that was located in the plant canopy

was higher in LL (61%) than in ML(52.5%), and the response to light restriction was more

notable in sink leaves than in source leaves and inflorescences. High N availability
increased N concentrations in all organs, and this increase was stronger in MLthan in LL.

Yet, N concentrations were equal at N5 and N10 and only slightly higher at N100. The

most significant N effect was found in the main shoots and the least in the trunk.

The highest C concentrations in the dry weight were measured in the trunk,
followed in decreasing order by the roots, sink leaves and inflorescences, medium main

leaves (not shown), source leaves and main shoots, and finally lateral shoots (Table 3).

Light limitation significantly reduced C contents in all annual organs and enhanced them

in the perennial organs. The response to light restriction was more pronounced in source

leaves and inflorescences than in sink leaves. There was only a minor influence of N

supply, depending on the type and age of the tissue. This is best documented by comparing
the different leaf age classes. In ML, the C concentration peaked at N100 in the lateral

leaves, which were the youngest of all leaves, at N10 in the young main leaves, at N5 in

the medium main leaves, and no Neffect was found in the old main leaves. In LL however,

high N levels decreased the C concentration in all but the lateral leaves. From tables 2 and

3 it can also be concluded that the C : N ratio decreased with increasing N supply in all

plant parts, and this ratio was considerably higher in LL than in ML.
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Non-structural carbohydrates in both wood and root samples were drästically

depleted by light restriction, and the decrease in starch almost entirely accounted for this

effect (Fig. 7). The responses to N supply were, however, different in the two light
treatments. In MLthe concentration of non-structural carbohydrates strongly declined as

N supply increased, while in LL it was remarkably constant over the entire ränge of N-

addition levels. In the LL regime, soluble sugars correlated negatively with Nconcentration

in the trank (r = -0.63, P < 5%), but not in the roots (r = -0.42, n.s.), while there was a

positive relationship between starch and N in the roots (r = 0.58, P < 5%), but not in the

trunk (r = -0.03, n.s.). In the MLtreatment, however, the relationship between soluble

sugars and N concentration was not significant in either the roots (r = -0.41, n.s) or the

trunk (r = -0.36, n.s.), whereas the correlation between starch and Nwas negative in both

the roots (r = -0.74, P < 5%) and the trunk (r = -0.69, P < 5%).

0 1 5 10 100 0 1 5 10 100

NH4N03 (mM) in nutrient Solution

Fig. 7: Effect of irradiance and N application during bloom on non-structural

carbohydrates in potted grapevines in the phytotron. Concentrations of starch and soluble

sugars in the trunk (A) and in the roots (B). Left bar of each pair: treatment LL, 30 umol-

m'^s"1 PAR; right bar: treatment ML, 140 umol-rnV PAR. Values are means +SE (n = 3).

The proportion of C in the non-structural carbohydrate fraction is indicated

approximately by the ratio 0.4 x (starch + sugar) : C, since C accounts for 40% of the

molecular weight in glucose and 42% in sucrose. It can be estimated from the data

presented in Table 3 and Fig. 7 that this ratio was sharply reduced by low light and

decreased with increasing N supply (in MLonly) in both trunk and roots. In the trunk, 9%

(ML) or 5%(LL) of the C was located in the non-structural carbohydrate fraction, whereas

in the roots the proportion was 22%(ML) or 13%(LL), respectively.
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5 Discussion

The contents of N03" and NH4+ in the soil and in the xylem sap indicate that NH4+
was rapidly nitrified in the soil, and N03' was the primary mineral NCompound taken up

by the roots, although the two ions were applied at equal rates. However, the high soil pH
may have effected some NH3 volatilization by raising the NH3: NH4+ ratio. Nitrification

processes, on the other hand, may have accounted for the slight decline in soil pH at

elevated N supply rates and the subsequent changes in the concentrations of macro

nutrients. The capacity of applied N to alter the content of other nutritional elements in the

soil water implies that massive Nfertilization not only enhances the leaching potential of

N03" but also that of K, Ca and Mgand thus, in the long-term, increases the risk of various

nutrient deficiencies. The results from our xylem solute analysis are in agreement with the

Statement of CHARTN(1991) that nutrient uptake is curtailed under light-limiting conditions

both by reduced root: shoot ratio and reduced potential of the roots to absorb nutrients.

Low irradiance consequently accentuates the N-induced leaching of ions, in particular Mg,
which was the xylem Compound most severely affected.

The relatively large concentrations of glutamine and glutamic acid in the xylem sap

of the MLvines were not surprising, since inorganic N taken up by the roots is usually
immediately metabolized to these organic transport forms (STOEV et al. 1966,
Roubelakis-Angelakis and Kliewer 1979, Andersen and Brodbeck 1991,

ALLEWELDTand MERKT1992). However, the energy and carbohydrate requirements for

N03" reduction and NH4+ assimilation are high, and hence, the roots' capacity for N

assimilation is limited and depends upon the translocation of sucrose from the shoots. Yet,

starch synthesis has priority over sucrose synthesis in source leaves stressed by low

irradiance (reviewed by GEIGER and SERVATTES 1991). The responses of C and N

partitioning among the various plant parts to low light imply that C supply to the root was

restricted. Thus, a considerable portion of the C required to sustain metabolic activities

must have been derived from C Substrates in the root, as indicated by the proportion of C

in the non-structural fraction. In the absence of photosynthates, the demand for reductant,

energy and C skeletons placed by N assimilation may partially be met by Stimulation of

respiratory glycolysis (GEIGENBERGERand Stttt 1991) and tricarboxylic acid (TCA) cycle
activity (BLOOMet cd. 1992). However, when photosynthesis is restricted, a larger fraction

of root respiration is devoted to maintenance processes rather than ion uptake, assimilation

and transport (Amthor 1989). Hence, the remobilization of protein reserves in the root

tissue for the supply of C skeletons to the TCA cycle, as proposed by ROBINSONet al.

(1992), may have accounted for part of the NH4+ in the xylem sap. In accordance with

PATE (1980), the ratio of organic N to N03" in the xylem sap indicates that the roots'

potential to assimilate N was exceeded already at intermediate N supply in MLand was

close to zero in LL. Consequently, inorganic N was transported with the transpiration
stream to the green plant parts. Nitrate may transiently be stored in petioles, but once it is

imported into the leaves, it must be assimilated or stored permanently, since there is

practically no re-export of the phloem-immobile N03' from the leaf (JESCHKE et al. 1991).
The contribution of the shoot to whole-plant Nassimilation therefore increases as Nuptake
increases, particularly under low irradiance. In this context it is interesting to note that the

vine's capacity for N assimilation appears to be higher in leaves than in roots (Perez and

Kliewer 1978, Roubelakis-Angelakis and Kliewer 1983).
Yet, there is also a close relationship between irradiance and N03' reduction in

leaves. De CiRES et al. (1993) stated that C assimilation is the main factor Controlling
nitrate reductase (NR) activity in leaves rather than light per se. Wehave previously shown

that the leaves' photosynthetic potential was limited by low irradiance in this expenment
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(KELLER and KOBLET 1994). Those data together with the present results on C and N

concentrations suggest that nutrient uptake is strikingly less affected by the light
environment than C02 and N assimilation, as described by ASLAMand HUFFAKER(1984)
and RUFTYet al. (1989). Inorganic N therefore tends to accumulate in all plant parts at

high Nnutrition, in particular under limiting light conditions (MENGEL1985). LÖHNERTZ

(1988) could detect N03' in all organs of grapevines during the entire season, and N03"
concentrations were influenced by soil management techniques, which affected N

availability. Perez and Kliewer (1982) found N03" concentrations in grape petioles to be

directly related to Nnutrition, when the vines were grown under reduced irradiance but not

in füll sunlight. They also reported a positive relationship between NR activity and

irradiance and an inverse relationship between NRactivity and N03" accumulation in the

leaves. Similar results for NRactivity and N03" as well as NH4+ accumulation in leaf

blades and petioles were obtained by SMARTet al. (1988) and PEREZHarvey and VALDES

Laursen (1989) with grapevines grown under different shade levels.

Although soil and xylem sap analyses both indicated reduced rates of N uptake
under light stress, there was no effect on the amounts of total N per vine (data not shown).
In addition, increased N concentrations in the annual organs of LL vines are in

contradiction to the general findings that tissue-N contents decline in light-limited plants
(Evans 1989). Yet, GULMONand Chu (1981) reported increased Nconcentrations per unit

leaf weight, and Schulze et al. (1991) also found elevated N concentrations in plants
grown under light restriction. First, these results reveal a problem with fertilization

recommendations based on leaf analysis: if leaves are sampled after a period of overcast

conditions, even N deficient plants may appear well supplied, and thus, no fertilization

would be recommended. Second, increases in Nconcentrations and simultaneous decreases

in C concentrations in response to low-light stress are only possible, if a considerable

portion of this Nis inorganic. And third, equal amounts of Nper vine in both light regimes
can only be explained, if one assumes some kind of N loss, which must have been larger
in MLthan in LL.

The light level in LL was around the compensation point of photosynthesis, and

hence, net C gain achieved by these plants during imposition of the light stress was

negligible (KELLER and KOBLET1994). Nevertheless, active growth continued in either

light regime during the course of the experiment, and the amount of total N in the new

growth exceeded the potential supply from the soil in NOand Nl. This must be related to

recirculation of C and N within the vine by sequential senescence of old leaves

(Wermeunger and KOBLET1990) and withdrawal of reserves from trank and roots, since

maximal C gain occurs if N is partitioned to the best exposed leaves to stimulate

photosynthesis (MOONEYand GULMON1979). Remoblized Nmay account for over 60%

of the total N in the youngest leaf blades (MAE et al. 1985), and NH3 is released by the

hydrolysis of Rubisco (the principal source of transported N), other proteins and

Chlorophyll in older tissues. RABE (1990) assumed that any stress causing glucose
depletion and/or reduced growth results in NH3 accumulation, and FARQUHARet al. (1978)

reported emission of NH3from senescing maize leaves, which were still photosynthetically
active. Wehave hypothesized that the larger stomatal conductance in the MLplants may

have permitted NH3 evolution preventing a toxic accumulation of NH3 in leaves and

inflorescences (KELLER and KOBLET1994). On the other hand, even in MLthe severity of

inflorescence necrosis, described in the same article, did not reflect the strong increase in

Nconcentration in the flower Clusters with increasing N supply.
The levels of non-structural carbohydrates in the permanent organs were identical

in all vines before the imposition of the stress treatments. Whenthe vines were sampled,
the lowest concentrations of starch and soluble sugars were found in the N5 vines showing
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the most active shoot growth. Yet, the N100 plants also had very low starch' levels,

although net growth of these plants was reduced to the level of the NOplants (data not

shown). By contrast, photosynthetic C02 Fixation and C contents and, therewith, net C

acquisition remained fairly constant over the entire ränge of N levels. This discrepancy is

also expressed in the proportion of C in the non-strucrural carbohydrate fraction.

Therefore, the decrease in starch content with increasing N supply in both the trunk and

roots in ML cannot fully be attributed to an enhanced growth response. Inorganic N

assimilation diverts C from the synthesis of sucrose and starch toward the synthesis of

arnino acids (Van Quy et al. 1991, Champigny and Foyer 1992) and organic acids

(ROBINSONand Baysdorfer 1985). Thus, there is a close and inverse correlation between

N nutrition and carbohydrate accumulation (discussed in Makeno and Osmond 1991,
Chapin 1991). Low light levels and high N supply, hence, independently decrease the

amount of sucrose available for export to the various sink organs. Elevated rates of N

uptake and assimilation may thus have depleted the C reserves and/or inhibited

replenishment of the reserves used for early growth. Although Nhad been applied 11 days
before imposition of the light regimes, non-structural carbohydrates in the LL vines failed

to respond to N supply. This suggests that a certain fraction of C was located in storage
areas and unavailable for metabolism (Rufty et al. 1989).

Weconclude that the main leaves are clearly not the only source organs during
bloom, and remobilization of reserves from the permanent parts may be continued or re-

initiated beyond bloom, at least under stress conditions, to sustain essential growth and

maintenance processes in order to guarantee survival of the vine. The present results

provide further evidence that flower Clusters are low-priority sinks compared to shoot tips
and support our hypothesis that C starvation rather than excessive Nuptake, is the cause

of this so-called disorder.
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VI Dry Matter and Leaf Area Partitioning, Bud Fertility and Second-

Season Growth of Vitis vinifera L.: Responses to Nitrogen Supply
and Limiting Irradiance

1 Summary

Potted Vitis vinifera L. plants were grown under controlled environmental

conditions at five different levels of nitrogen (0, 1, 5, 10, 100 mMNH4N03) in

combination with two different levels of irradiance (photon flux densities: 30 and 140

umol-m^-s"1 PAR, respectively) during bloom. The immediate, whole season and second

year effects on vegetative growth were assessed, and bud fertility and rate of development
were evaluated. The optimum N addition level was 1 mMNH4N03for root growth and 5

mMfor shoot growth, respectively, both after bloom and at the end of the first growing
season. This growth response to N supply became apparent only in the higher light
treatment and was mainly due to an N-induced enhancement of leaf and lateral shoot

growth. Low-light stress also strongly enhanced the number of new leaves and laterals, but

total dry matter production was reduced and did not respond to N nutrition. Light
restriction increased the specific leaf area by 52% and the leaf area ratio by 37% but did

not affect the leaf weight ratio. The leaves of N-deficient vines, in particular in

combination with light stress, senesced earlyer than those of vines with sufficient or

excessive N supply. The light effect on shoot growth in the second-season was inverted

compared with the first season, and the peak response to Nsupply was shifted towards 100

mMNH4NO3. Limiting light conditions during inflorescence initiation severely reduced

the bud fertility but advanced the date of bud break and enhanced the rate of development
of the new shoots in the subsequent season. The optimum N supply rate for both bud

fertility and development was 5 mMNH4N03. Bud mortality was not affected by either

treatment factor. These data indicate that the bloom period is critical for reproductive
development of grapevines, with high sensitivity to environmental stress. They also

emphasize the importance of nutrient reserves in the permanent structure for both

compensatory and early season growth.

Key words: grapevine, light, nitrogen, bloom, plant growth, compensation, source,

sink, bud fertility
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2 Introduction

The ability of grapevines to maintain active growth under conditions of low soil-N

or low irradiance may be related to translocation of Substrates from older, sequentially
senescing leaves and permanent organs to the root or shoot tips (KELLER et al. 1995). The

direction and destination of re-circulation is dependent on the kind of stress. The Optimum
resource allocation hypothesis states that plants respond to insufficient resource availability
by allocating newly acquired carbon (C) to organs that enhance the acquisition of resources

most strongly limiting growth (reviewed by BLOOMet al. 1985). In general, plants exposed
to stress leading to C limitation often increase partitioning to shoots (BLOOMet al. 1985),
while plants exposed to nutrient stress typically increase root growth (ROBINSON 1986).
Reproductive growth, on the other hand, is often more sensitive to environmental stress or

limitation of resources than vegetative growth (CfflARJELLO and GULMON1991).

Grapevine growth can be characterized by two distinct terms: plant vigor and plant
capacity (WlNKLER et al. 1974). Vigor is defined as the current quality or condition of the

vine, which is expressed in the growth rate of the various plant parts. According to HUGLIN

(1986), a vine's vigor manifests itself in the total amount of pruning wood, and there is a

positive relationship between the pruning weight and fruitfulness. Capacity describes the

capital stock at the Start of the growing season. It determines to a large extent the initial

ability for total production during the season. In a recent review on nitrogen (N)
assimilation and storage, Oaks et al. (1991) stated that in perennial plants the amount of

new vegetative growth is highly correlated with the levels of C, N and other nutrients

stored. Thus, the growth capacity is essentially dependent on the expansion and efficiency
of the root System and the condition of reserve and transport organs in order to sustain both

vegetative growth and yield potential (quality and quantity). This is supported by an

efficient leaf apparatus.
The responses of gas exchange, flower abortion, nutrient uptake, N and C

distribution of fruiting pot grown vines exposed to a series of N application levels under

light-limited conditions during the flowering period were described in our preceding
publications (KELLER and KOBLET1994, KELLERet al. 1995). The objective of the present

study was to establish a link between N supply and weather conditions at bloom time in

order to optimize C and Nutilization and the balance between vegetative and reproductive
growth. The combined effects of N supply and light restriction on dry matter partitioning,
vegetative growth, bud fertility and regrowth the following growing season were

investigated.
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3 Materials and Methods

3.1 Growth and Experimental Conditions

Three-year-old pot-grown Vitis vinifera L. plants (cv. Müller-Thurgau on SO-4

rootstocks) were chosen for uniformity of growth. The previously unfertilized vines

bearing 2 shoots with 2 Clusters each were placed in two identical rooms of a controlled

environment facility (phytotron) on February 1,1991 and treated as described previously
(Keller and Koblet 1994). The experimental treatments consisted of 5 nitrogen (N)

application levels, starting 10 days prior to the onset of flowering, and 2 light regimes,
beginning at the onset of flowering (April 26). The N levels were 0 (NO), 1 (Nl), 5 (N5),
10 (N10), 100 (N100) mMNH4N03, in 21 of distilled H20, replicated on 9 vines for each

light condition and applied once a week for 4 weeks. Photon flux densities in the 2 light
regimes were 140 umol-m'V photosynthetically active radiation (PAR) (moderate light,
treatment ML) and 30 umol-m'^s"1 PAR (low light, treatment LL) in the respective
phytotron rooms. Both treatment factors were imposed tili the end of bloom, when 3 plants
per treatment combination were sampled (May 15). After sampling, the remaining 6 plants
from each treatment were placed in a greenhouse and topped to 12 leaves per shoot. After

the danger of spring frost damage was over, these vines were transferred to the field (June

6) for the rest of the current and the subsequent season.

3.2 Growth and Bud Fertility Measurements

At the end of bloom, the organs of the vines were separated into roots, trank, spur,
main shoots, lateral shoots, main leaves, lateral leaves and inflorescences. Fresh and dry
weights (after drying at 65 °C in a forced air oven) were determined. Leaf area was

measured using a LiCor Li-3100 area meter (Licor Inc., Lincoln, Nebraska, USA). Specific
leaf area (SLA = leaf area per unit leaf dry weight), leaf area ratio (LAR = leaf area per unit

whole-plant dry weight) and leaf weight ratio (LWR= leaf dry weight per unit whole-plant
dry weight) were calculated. The pruning weights were recorded in the foUowing winter

upon pruning to one 4-bud spur per plant. The N concentration in the pruning wood was

determined as described by KELLERet al. (1995).
For the evaluation of bud fertility and regrowth, the main shoots were cut to single-

node cuttings after pruning weight was recorded. The cuttings were placed in a water bath

to force into growth, foUowing the procedure of Candolfi-Vasconcelos and KOBLET

(1990). After 13 and 27 days, respectively, the rate of bud development was evaluated in

terms of phenological stages as defined by EICHHORNand LORENZ(1977). Tu addition, bud

mortality, the number of inflorescences per bud and fresh weights of the new shoots were

recorded, and the Chlorophyll content of the first fully expanded leaf on the new shoots was

determined non-destructively using a portable dual-wavelength SPAD-502 Chlorophyll
meter (Minolta Camera Co. Ltd., Osaka, Japan). For calibration, a polynomial regression
was computed between LCD(liquid cristal display) readings and extractable Chlorophyll
content per unit leaf area (Chi = Chla + Chlb) determined as described by Candolfi-

VASCONCELOSand KOBLET(1991). The equation resulting from a sample of 40 leaves

from field-grown Müller-Thurgau vines (each value representing the mean of five

individual measurements on the same leaf) was:

Chi (mg-dm-2) = 0.0006-[LCD]2 + 0.017-[LCD] + 0.408 (r = 0.98, P < 1%);
within a ränge of 0.8 to 2.3 mg-dm"2, in young and mature leaves.

In the season foUowing imposition of the stress treatments, the vines were trained



-34-

in the same way as in the first season. After bloom, each of 2 shoots was topped to 12

leaves, and the laterals from the shoot base to the Upper Cluster (fruiting zone) were

removed. Fresh and dry weights of these shoot tips and laterals were determined and used

as an estimate of second-season growth.
The data were subjected to Bartlett's test to check homogeneity of variance and

subsequently to analysis of variance and F-test. Duncan's multiple ränge test was used to

check differences between means. Selected parameters were examined using correlation

and polynomial regression analysis. All Statistical tests were performed on WTDAS

(Wissenschaftlich Integriertes Daten-Auswertungs-System, MSI Dr. Wälti AG,

Switzerland).
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4 Results

Both N availability and light conditions altered carbon partitioning to the different

organs of the grapevine (Fig. 8). Inflorescence dry weight was most severely reduced by
limiting irradiance (-31%), foUowed by the leaves (-23%), roots (-17%), shoots (-16%) and

the trank (-10%). Only under moderate irradiance, dry mass partitioning was significantly
affected by N supply. In ML, N deficiency enhanced root growth, whereas at high N

availability, root growth dropped to the level of LL. Dry matter partitioning to the wood

(trank and spur) foUowed the same pattern as to the roots, though less pronounced.
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Fig. 8: Effect of irradiance and Napplication during bloom on dry weight partitioning of

potted grapevines in the phytotron. Left bar of each pair. treatment LL, 30 umol-m"2^1

PAR; right bar: treatment ML, 140 umol-m"2-s"' PAR. Values are means + or - SE (n = 3).
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Carbohydrate partitioning to the 'structural parts' of the grapevine appears to be

favoured under high light/low N conditions and depressed under low light/high N

conditions, the other combinations being intermediate. Dry matter accumulation in the

shoots followed an Optimum pattern in ML, with a maximum at 5 mMNH4N03, whereas

no Ninfluence was found in LL. Yet, the LL vines accumulated more fresh weight than the

ML vines, since water contents were increased in all organs (data not shown). The

response of the root : shoot ratio was very inconsistent, due to large variances.

Nevertheless, the highest ratio was found at a combination of low N availability and

moderate irradiance.

The effects of Nnutrition and light restriction on leaf growth are presented in Table

4. In LL, the water content of the leaves was 40 to 45% higher than in ML. The N level

failed to alter the water content, except for N100, where it was significantly reduced. Light
limitation also strongly increased the SLA, indicating that individual leaves were larger but

thinner. Leaf-area measurements, however, led to a contradictory result: the main leaves

were larger in MLthan in LL, whereas the lateral leaves were of the same size in both light
regimes. The reduced dry weight of the LL leaves therefore accounted for the increase in

SLA. Nevertheless, total leaf area per vine was 13% smaller in ML, and maximum leaf

growth (number and size) was observed at N5, regardless of the light regime. The response

of total leaf area to added N was brought about by variations in the number of leaves on

both the main and lateral shoots and in the number of lateral shoots (Table 4, Fig. 9). In the

MLtreatment, the regression between N level (in mMNH4N03) and number of laterals

was:

number of laterals = -0.0075-N2 + 0.774-N + 7.10 (r = 0.72, P < 1%).
The LARreached a maximum between N5 and N10 in either light regime. The LL vines

produced a larger number of leaves and lateral shoots than the MLvines (Table 4, Fig. 9).

Consequently, the LAR was 37% higher in LL than in ML at all N application levels,

indicating a higher ratio of photosynthetically assimilating to non-assimilating tissues

under conditions of low-light stress. The response of the LWRto N fertilization was

similar to that of the LAR. There was, however, no significant light effect on LWR.
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0 1 5 10 100

NH4N03 (mM) in nutrient Solution

Fig. 9: Effect of irradiance and N application during bloom on the growth of lateral shoots

of potted grapevines in the phytotron. Left bar of each pair / open symbols: treatment LL,
30 umol-m'V PAR; right bar / füll Symbols: treatment ML, 140 umol-m'V PAR. Values

are means ± SE (n = 3).

Light restriction, particularly in combination with N deficiency, accelerated

senescence of the basal leaves in the fall, whereas abscission was delayed, when the vines

had been supplied with high rates of N during flowering (data not shown). The N100

plants, especially those that had been exposed to the MLregime at bloom, still showed

dark green leaves, after the leaves of medium- and low-N plants had been shed. The N

effect was less pronounced in the LL vines, where cane maturity was delayed, compared
with ML. The pruning weights in the following winter confirmed the results obtained from

the sampling after bloom (Fig. 10). In either light regime, maximum growth had occurred

between N5 and N10. The main shoots of the LL vines grew significantly less during the

entire season than those of the MLvines at all N supply levels, except for NIOO. However,
total pruning weights were not affected by bloom-time irradiance level, because the laterals

had compensated for the low-light depression of main shoot growth.
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0 1 5 10 100

NH4N03 (mM) in nutrient Solution

Fig. 10: Effect of irradiance and N application during bloom on the pruning weight of

potted grapevines. Left bar of each pair: treatment LL, 30 fimol-m*2^"1 PAR; right bar:

treatment ML, 140 umol-m'2-s"' PAR. Values are means + or - SE (n = 3).

On average, 10 buds unfolded from each shoot in the following spring. Neither

treatment factor affected the per cent bud burst and, hence, bud mortality (Table 5).
However, in the MLtreatment the vines had initiated twice as many flower Clusters per
bud as compared to those in LL (Fig. 11), where the inflorescences were partially replaced
by tendrils. Many of the shoots arising from cuttings of the LL plants were sterile. The

buds of the LL cuttings broke about one week earlyer, and during the early stages of

development, new growth was significantly ahead of that emerging from the MLcuttings,
leading to higher shoot fresh weights (Table 5). The previous season N5 level appeared to

be the Optimum for bud fertility (in terms of inflorescences per bud) as well as bud

development (in terms of phenological stage) in either light regime, and the N effect was

more pronounced in sprouts originating from cuttings from the former MLtreatment.
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Table 5: Effect of irradiance and N application during bloom on regrowth of potted
grapevines in the second season. Values are means ± SE (n = 3). Within a column

section, means followed by the same letter are not significantly different at P < 5%.

NH4N03 Nin pruning bud burst growth stage" new growth Chlorophyll
wood (% dw) (%) (gfw) mg-dm"2

30 umol-m~ 2-s-1 PAR(treatment LL)

OmM 0.93±0.02 b 93.9±3.03 a 10.0±0.12 a 9.45±0.48 a 0.90+.0.05 b

ImM 0.88+0.04 b 84.9±3.03 a 9.5±0.14 a 6.89±1.09b 0.91±0.08 b

5mM 0.89±0.02 b 87.9±8.02 a 9.5±0.13 a 9.11±0.59ab 1.04±0.02ab

10 mM 1.08±0.06a 93.9+3.03 a 9.3±0.43 a 9.52±0.93 a 1.13+0.02 a

100 mM 1.06±0.04a 90.9±5.25 a 9.3±0.09 a 8.58±0.32 ab 1.15+0.03 a

x"b 0.97+0.06 "• 90.3±4.64"• 9.5±0.24
**

8.71±0.85' 1.03+0.08 "•

140 umol-mV PAR(treatment ML)

OmM 0.70±0.06 c 87.9±3.03 a 7.9±0.41 a 6.55±0.94 a 0.81+0.05 c

ImM 0.76±0.08 c 87.9+3.03 a 8.1±0.49 a 6.64±0.96 a 0.92±0.04 bc

5mM 0.93±0.02 b 93.9+3.03 a 9.2+0.45 a 8.94+0.17 a 1.03±0.04ab

10 mM 0.98±0.03 b 93.9±3.03 a 8.5±0.26 a 8.44±0.96 a 1.08±0.03a

100 mM 1.28±0.04a 87.9±3.03 a 8.7±0.36 a 7.44±0.38 a 1.09±0.05 a

x" 0.93±0.13 90.3±3.12 8.5±0.43 7.60±0.86 0.99±0.07

' phenological stages (EICHHORNand LORENZ1977) after 13 days of forcing
b Means between light regimes differ at **P < 1%, *P < 5%or"•*• do not differ significantly

o

<D
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OT

<D

O
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<D

U

V)

<P

1 "

10 100

NH4N03 (mM) In nutrient Solution

Fig. 11: Effect of irradiance and N application during bloom on the bud fertility of potted
grapevines in the second season. Left bar of each pair: 30 umol-m'V PAR(treatment DL);

right bar: 140 umol-m'^s"1 PAR(treatment ML). Values are means + SE (n = 3).
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Regrowth fresh mass was positively related to total pruning weight of both LL (r =

0.69, P < 1%) and ML(r = 0.75, P < 1%) vines, while no significant relation was found to

the Nconcentration in the pruning wood. However, a multiple correlation of regrowth with

both total pruning weight and Nconcentration revealed R= 0.73 (P < 1%) in LL and R=

0.80 (P < 1 %) in ML. The Chlorophyll content in the first new leaf was directly related to

the Nconcentration in the pruning wood in both LL (r = 0.72, P < 1%) and ML(r = 0.75,
P < 1%). A multiple correlation of Chi with both Nconcentration and pruning weight even

gave a correlation of R= 0.80 (P < 1 %) in LL and R= 0.79 (P < 1 %) in ML. After bloom,
shoot growth of the former LL plants still slightly exceeded that of the MLplants, and

second year growth was strongly influenced by the soil-N level during the previous season

bloom period (Fig. 12).

NH4N03 (mM) In nutrient Solution

Fig. 12: Effect of irradiance and N application during bloom on second-season growth
(total of removed shoot tips and laterals after bloom) of potted grapevines. Left bar of each

pair: treatmentLL,30 umol-m"2s"' PAR;rightbar: treatmentML, 140 umol-m^s"1 PAR.

Values are means + SE (n = 6).

When data from both light regimes were combined, the following equation
originated from regression analysis for N (mMNH4N03) and dry weight of shoot tips and

laterals after bloom:

dry weight (g) = -0.0046-N2 + 0.511-N + 5.041 (r = 0.66, P < 5%).
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5 Discussion

The present experiment showed that N availability may considerably alter both the

vigor and growth capacity of grapevines even under moderate light conditions. All organs

of the vine were affected. The data from the ML regime are consistent with earlyer
measurements made by Alleweldt et al. (1984) under saturating irradiance, where

"optimum" N supply for vegetative growth was between 0.2 and 1.1 g N per vine,

corresponding to our Nl and N5 treatments, respectively. Unexpectedly, the growth
response to N addition in MLwas not related to net photosynthesis per unit leaf area,

which was measured on the same plants (Keller and Koblet 1994). Yet, the vine's

photosynthetic capacity is also a function of its active leaf area, and N availability
primarily affected the number of leaves, rather than their size or photosynthetic rate. The

subsequent increase in total leaf area per vine was therefore responsible for the observed

Neffect on whole-plant dry weight accumulation. Under severe light restriction, however,
the response of biomass production to N application was notably less pronounced than in

moderate light, and thus, only the capacity may have been affected by N nutrition. The C

Substrates needed for compensatory leaf growth must have been supplied by respiratory
processes, since photosynthetic C02 fixation was negligible under conditions of severe

light limitation (Keller and Koblet 1994). The growth of annual organs was inversely
related to the level of wood and root reserves (KELLER et al. 1995), supporting the

hypothesis that reserves had been remobilized to maintain active growth of the vegetative
parts of the vine and that the rate of remobilization was influenced by N nutrition under

moderate light conditions. It appears that net C gain, rather than the net photosynthetic rate,

is maximized not only over the lifetime of a Single leaf, as proposed by MOONEYand

Gulmon (1979), but also over the whole plant. Grapevines may be able to evolve a ränge

of adaptive mechanisms in response to low irradiance that trigger the production of new

leaves rather than maintenance of the source capacity of mature leaves. In addition, there

is a redirection of assimilate and reserve partitioning in response to stress situations. This

is also illustrated by the reaction of the LARto the two treatment factors.

The increase in the number of meristematic tissues due to the elevated number of

expanding main and lateral leaves in response to applied N or low-light stress led to an

increase in sink activity of the shoot tips, decreasing the availability of carbohydrates for

translocation to roots and inflorescences. As early as 1883, Müller-Thurgau (cited by
Sartorius 1926) suggested that the poor fruit set occurring during cool, overcast weather

was due to starvation of the grape flowers because of limited photosynthesis and

translocation, and this was aggravated by the competitive effect of numerous, rapidly
growing shoot tips. Light restriction and heavy N nutrition clearly enhance allocation of

carbohydrates and nutrients to the growth of annual vegetative organs at the expense of

reproductive and perennial plant parts, although at extreme soil-N levels shoot growth is

decreased, too. The restricted root dry mass of the vines in the LL regime is consistent with

data obtained by Araujo and Williams (1988), who stated that root growth is only

possible when excess photoassimilates are available from the shoots. The proportion of C

that is partitioned to roots is determined by the amount of sucrose that is produced in the

leaves (Huber 1983). Under low-light stress assimilates are partitioned preferentially to

starch rather than sucrose, and during the night daily carbohydrate reserves of source leaves

are utilized primarily for shoot growth (Mooney and Winner 1991). On the other hand,

ÄGRENand INGESTAD(1987) suggested that the root: shoot ratio is inversely related to the

internal N concentration. If the restriction in shoot growth resulting from low tissue-N

concentrations exceeds the decline in photosynthesis, which apparently was the case in the

MLregime (KELLER and KOBLET1994, KELLERet al. 1995), C is preferentially allocated
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to the roots (Rufty et al. 1988). Thus, under conditions of N deficiency the roots have

priority over available N. This reaction could, however, only be observed in the ML

treatment. Interestingly, after deducting the amount of non-structural carbohydrates (as
determined by KELLER et al. 1995) from the total dry weight of the trank and roots,

respectively, the light effect on the remaining dry matter disappeared, while the N effect

was not modified. This indicates that there are non-structural N-containing Compounds
present in the permanent tissues, which are not affected by the light environment. Part of

these Compounds may have been remobilized to compensate for the insufficient Npresent
in the root zone.

The elevated water content in all organs of the LL vines may be due to the strong
decrease of total daily irradiance. The higher photosynthetic activity in ML(KELLER and

Koblet 1994) implies an increased water demand for tissue cooling, which could only be

achieved by an increased evaporative water loss. The effects of low irradiance on the SLA

and LAR were essentially the same as those reported by SCHULTZ(1989) for Riesling
grapevines. These data indicate that less structural material per unit area is accumulated in

the leaves in response to low-light stress, implying an immediate increase in the investment

in photosynthesizing leaf area rather than in dry weight gain. An inverse correlation

between irradiance and SLA has also been found by GULMONand Chu (1981), but the

close relationship between leaf Nconcentration and SLA described by these authors could

not be confirmed for the sub-optimal light intensities used in our investigation. From the

decrease in dry matter production and the simultaneous increase in total leaf area of the LL

plants it can be concluded that low-light stress strongly confined the net assimilation rate

during the course of the experiment. As a result, the low efficiency of the leaf apparatus Ied

to a transitory decrease in vine vigor.
The strong impact of both light and N on growth and reserve Status of the

permanent parts of the vine and, hence, on its capacity, imply that, in the long term, effects

on both vegetative and reproductive growth are to be expected, if the reserves cannot be

replenished during the rest of the season. Carbohydrate or nutrient depletion both can limit

regrowth in the following year (reviewed by DlCKSONand ISEBRANDS 1991, Oaks et al.

1991). Yet, the light-stress induced increase in the number of new leaves on the LL vines

may have enhanced total canopy source capacity subsequent to release from the stress,

favoring replenishment of the reserves used to produce these leaves. In addition, the LL

plants were severely affected by inflorescence necrosis (Keller and Koblet 1994),

resulting in restricted investment into reproductive organs in favor of the vegetative organs

after flowering. Consequently, there were no differences in total pruning weights and N

contents in the pruning wood among the light treatments. The earlyer bud break and the

faster rate of development of the former LL vines in the second season may, thus, be

attributed to elevated reserve Status in the one-year old wood. The close correlations of

regrowth and Chlorophyll content, respectively, with pruning weight and N content also

emphasize the importance of nutrient reserves in the wood for early growth. However,

there was a much greater influence of pruning-wood Ncontent on new-growth Chlorophyll
content than on fresh mass or the rate of development. This indicates that reserve-N is

preferentially invested in the buildup of an efficient photosynthetic apparatus rather than

evolution of new leaves. This partitioning of reserve N to light-absorbing leaf pigments

may advance the transition of these leaves from sinks to sources and, therewith, enhances

the rapid formation of an efficient canopy. This is confirmed by the correlation between N

supply level and the weight of shoot tips and laterals after bloom the following season. In

grapevines from 30 to 40% of the N found in current season growth is derived from

reserves (Williams 1991).
Severe reductions in bud fertility by artificial shading of grapevines during the
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period of mflorescence initiation were also observed by May and ANTCLIFF (1963), and

BUTTROSE(1970) found that the number of bunch primordia per bud increased with

increasing light intensity. Perez Harvey and Valdes Laursen (1989) repoited a

decrease in bud burst and fruitfulness with increasing levels of shading, and the Neffects

in their study were comparable to our results. Moreover, the response to N supply in this

experiment was essentially the same as that repoited by Kliewer and COOK(1971) for

saturating irradiance. These data demonstrate that an Optimum supply of N is necessary for

maximum inflorescence initiation even under sub-optimal light conditions during the

critical bloom period. Nevertheless, it is somewhat surprising that N application affected

the production of fruitful buds in the LL regime, where no other parameter measured

responded to N availability. Regardless of the light level, excessive N availability enhanced

the allocation to second-year vegetative growth at the expense of reproductive growth,
which was also described by Sartorius (1968). Our data emphasize the impact of both

irradiance and N nutrition during bloom on the partitioning of Substrates to competing
sinks with different relative priorities.
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VII Stress-Induced Development of Inflorescence Necrosis and Bunch-

Stem Necrosis in Vitis vinifera L.: Responses to Environmental and

Nutritional Effects

1 Summary

Inflorescences and mature Clusters, respectively, of field-grown Müller-Thurgau
grapevines (Vitis vinifera L.) were immersed in aqueous Solutions of the glutamine
synthetase (GS) inhibitor phosphinothricin (PPT). Typical Symptoms of inflorescence

necrosis developed after irnmersion in 1 or 10 mMPPT, but not in the 0.1 mMtreatment.

No necrotic Symptoms could be induced in mature Clusters. In addition, single-node
cuttings of field-grown Müller-Thurgau and Pinot noir vines with one Cluster, with or

without adjacent leaf, were incubated in various Solutions with or without PPT at several

phenological stages. Necrotic Symptoms occurred in all treatments including the H20
control. However, at early stages of development the Symptoms appeared earlyer than at

later stages, and elevated PPT concentrations precipitated the development of necrotic

manifestations. The addition of NH4N03 to the Solution enhanced the appearance of

Symptoms both in the presence and absence of PPT, while KN03 did not. In incubation

solutions without PPT, metallic cations like Mg2+, Ca2+ and K+ reduced the incidence of

bunch-stem necrosis. Whencuttings were exposed to different environmental conditions,
there was no significant light effect, but wind decreased the incidence of both inflorescence

necrosis and bunch-stem necrosis. A leaf, attached to the Cluster, or the addition of sucrose

to the Solution effectively delayed the development of necrotic manifestations. These

results indicate that GS is present in rachis, flower and berry tissues and that the buildup
of toxic NH4+ levels is involved in the development of both inflorescence necrosis and

bunch-stem necrosis. However, N03' reduction and primary N assimilation appear not to

contribute significantly to NH4+ accumulation. This buildup may rather be a secondary
effect related to senescence of the tissue due to carbon depletion.

Key words: grapevine, phosphinothricin, nitrogen, ammonium, senescence,

inflorescence necrosis, bunch-stem necrosis
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2 Introduction

Mlorescence necrosis (IN) and bunch-stem necrosis (BSN) are two physiological
disorders in grapevines, developing similar necrotic Symptoms on grape pedicels, rachides

and peduncles, that are thought to be induced by NH3 toxicity (Christensen and

Boggero 1985, Silva et al. 1986, Jackson and Coombe 1988). Christensen and

BOGGERO(1985) reported a close relationship between N nutrition and BSN, and they
proposed a threshold of 1.5% total N and 3000 ppm NH4+ in the rachis tissue for the

occurrence of BSN. Jordan (1989) found increased NH3 concentrations in rachides and

berries of shaded vines and a positive correlation between NH3content and the severity of

IN. In addition, both IN and BSNwere related to the level of shading in studies of PEREZ

Harvey and Gaete (1986) and JACKSON(1991).
Ammonia assimilation and NH3-releasing reactions have been reviewed by Joy

(1988). The glutamine synthetase/glutamate synthase (GS/GOGAT) pathway is considered

the primary route for NH3 assimilation in higher plants. Phosphinothricin (glufosinate,
PPT), a phosphinic acid analogue of glutamate, is a widely distributed herbicide in grape

production. The mode of action of PPT was extensively studied by Wild and

Manderscheid (1984), Sauer et al. (1987) and Wild et al. (1987). It is now generally
recognized that NH3accumulates in tissues treated with PPT due to its selective inhibition

of GS, leading to a constriction in photosynthetic activity and senescence of the tissue. Gu

et al. (1991, 1994) reported that other GS/GOGAT inhibitors increased NH4+
concentrations in grapevine leaves, flowers, fruit and pedicels but not in petioles and

rachides.

Apart from NH4+, metal cations, like K+, Ca2+ and Mg2+ have also been associated

with both IN and BSN(Alleweldt and HlFNY 1972, FEUCHTet al. 1975, Stellwaag-

Kittler 1975, Schaller 1983, Jackson and Coombe 1988). However, the relations

between cause and effect have been doubted (Redl 1983, Christensen and Boggero

1985). Nevertheless, foliar treatments with Solutions containing Mgand/or Ca are effective

in the control of BSN(Perret and Koblet 1972, Rizzotto 1977, Jürgens and Becker

1987).
The objective of the present investigation was to verify the presence of GSin grape

Cluster tissues at various phenological stages and to determine the implication of GS

inhibition in the occurrence of IN and BSN. In addition, we tested environmental and

nutritional effects on the development of IN and BSN, and we also intended to give further

evidence for the hypothesis recently proposed by KELLERand Koblet (1994), that carbon

starvation, rather than excessive N nutrition, is triggering these so-called physiological
disorders.
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3 Materials and Methods

3.1 Immersion Experiment

The experiment was conducted in a vineyard at the Swiss Federal Research Station

in Wädenswil, Switzerland, with 3 years old Müller-Thurgau grapevines (Vitis vinifera L.),

grafted on SO-4 rootstocks. The vines were cane pruned and trained on a vertical shoot

trellis (Guyot). Phosphinothricin was applied to 10 randomly selected Clusters and 10

leaves adjacent to different Clusters by dipping them into aqueous Solutions containing 0.1,
1 or 10 mMPPT for 5 seconds at anthesis and maturity in 1991. At maturity the berries

were removed from the pedicels of 10 additional Clusters before immersion.

3.2 Incubation Experiments

Phosphinothricin Solution experiments were conducted in the greenhouse in 1991,

using Clusters from the same vines as in the immersion experiment. Clusters were selected

for uniformity of growth and phenological stage at anthesis, berry set, veraison (onset of

ripening) and maturity. After excision from the vine, the peduncles were put through
rubber caps into 25-ml glass vials containing the PPT Solutions made with distilled H20.
The Solutions used at anthesis were: 0,0.1,0.5, 1, 5, 10 mMPPT. Two further treatments

were added at the later stages of development: 10 mMPPT plus either lmM NH4N03or

1 mMKN03. Eight replications were used. Light intensities were kept at 1-2% of füll

sunlight, which is around the light compensation point of photosynthesis in grapevine
leaves (KELLER and KOBLET1994).

Three experiments were conducted in 1992 with Müller-Thurgau or Pinot noir

(clone Ml/17, planted in 1983 on 3309 rootstocks) vines from the same vineyard as used

in the immersion experiment. Shoots were selected for uniformity of growth and excised

at the base. Single-node cuttings with a Cluster and adjacent leaf were cut from the shoots.

The cuttings were placed in 100-ml glass vials covered with a rubber cap and containing
various Solutions made with distilled H20.

The first experiment was performed with Müller-Thurgau Clusters at anthesis and

immediately after veraison. The incubation Solutions were 0 and 10 mMNH4N03,
combined with three additional treatment factors: Clusters with or without adjacent leaf,

füll sunlight or deep shade (1-2% of füll sunlight), with or without wind (separate
greenhouse cabinets with two opposing Windows either open or closed). The leaf was left

attached as carbon source, and the light treatments were imposed to alter gas exchange
activities. The wind treatment was used to stimulate a potential NH3evolution through the

stomata.

The second experiment was conducted with Pinot noir Clusters with one leaf at

anthesis. The Solutions were: 0 or 10 mMNH4N03 combined with 0 or 2% sucrose.

Sucrose was chosen as carbon source, since it is the major transport Compound in the

phloem.
The third experiment was effected with Pinot noir Clusters with two leaves

immediately after veraison. The Solutions were: 5 or 10 mMNH4N03,10 mMKN03,10
mMHN03,5 mMCa(N03)2 or 5 mMMg(N03)2, to supply the same amount of N03" with

different accompanying cations. Both, the second and die third experiment were conducted

at 1-2% of füll sunlight without wind. Four replications were used per treatment

combination in each experiment. Incubation was continued until Symptoms of IN or BSN

were visible.
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Since NH4+ accumulation following PPT applications and the implication of

NH3/NH4+ in the occurrence of IN and BSNwere confirmed by several researchers as

described in the 'introduction' section, tissue-NH4+ concentrations were not measured in the

present investigation. Symptoms of IN were registered as % necrotic flowers per

inflorescence and those of BSNas %necrotic rachis tissue per düster in all experiments.
The data were subjected to Bartlett's test to check homogeneity of variance subsequent to

square-root transformation. Analysis of variance, F-test and Duncan's multiple ränge test

were used to examine differences between means.
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4 Results

4.1 Immersion Experiment

In the field, grapevine leaves treated with 1 and 10 mMPPT became necrotic

within 4 to 6 days after immersion and senesced very rapidly. While there were no

differences in the severity of necrotic Symptoms between these two PPT concentrations,

the 0.1 mMPPT treatment only caused irregulär necrotic spots on the leaves, implying that

this PPT concentration was insufficient to entirely inhibit GS in the leaf. Inflorescences

adjacent to treated leaves showed no necrotic Symptoms, suggesting that PPT was not

translocated from the leaves. Typical Symptoms of IN only developed on the flower

Clusters that had been immersed and first appeared in the 10 mMPPT treatment, 5 to 6

days after immersion (Fig. 13: A, B). Necrotic Symptoms first occurred on flowers and

pedicels and only later on rachides and peduncles. After 30 days, the Clusters of both the

1 and 10 mMtreatments were completely necrotic (Fig. 13: C, D), but no effect could be

observed in the 0.1 mMtreatment. Somebasipetal translocation of PPT or NH4+must have

occurred in the 10 mMtreatment, since the shoot internode below the immersed Cluster

became partly necrotic, too (Fig. 13: D). No Symptoms were visible, however, 2 weeks

after immersion of mature Clusters in PPT Solutions, regardless of the presence or absence

of berries.

Fig. 13: Occurrence of inflorescence necrosis in response to immersion of Müller-Thurgau
grape Clusters in phosphinothricin (PPT) Solutions: 6 days after immersion in 1 mMPPT

(A) or 10 mMPPT (B), and 30 days after immersion in 1 mMPPT (C) or 10 mMPPT (D),
respectively.
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4.2 Incubation Experiments

When the peduncles of excised bunches were placed in vanous PPT Solutions,

necrotic Symptoms and sequential senescence occuired in all treatments (even in the H20

control) at all developmental stages (Fig. 14). Howevei, in the 5 and 10 mMPPT

treatments (Fig. 14: A, C), paiticulaily in combination with NI^NO, but not KNO^

addition (Fig. 14: B, D, F), the Symptoms appeaied much earlycr and were morc intense

than at lower PPT concentiations and the H20 control. The fiist Symptoms weie visible

after 1 day at anthesis and berry sei, after 9 days at veraison and alter 5 days at maturity. In

contrast to the immersion expeiinient, Symptoms first occurred on peduncles and rachides

and only later on flowers or benies (Fig. 14: A, B). At veraison and maturity only

peduncles and rachides developed necrotic Symptoms, wheieas the berries remained green,

although a loss of turgoi with concomitant dehydration coukl be observed in all treatments,

in particiliar at veraison (Fig. 14: C - F).

Fig. 14: Occurrence of necrotic Symptoms in iesponse to incubation ol Muller-Thurgau

grape Clusters in phosphinothiicin (PPT) Solutions. 1 day in 11,0 oi 0 1,0.5, 1,5, 10 mM

PPT at anthesis (A). 1 day in 10 mMPPT plus 1 mMKNO, or NII4NO, at beny set (15).
9 days in IFO or 10 mMPPT at veraison (C). 9 days in 11,0 or 10 mMPPT plus 1 mM

NII.,NO, or KNO, at veraison (D) 6 days in 11,0 or 0 1,0 5 j mMPPT (E), and in 5 or 10

mMPPT, or 10 mMPPT plus 1 mMNH4NO, oi KN01; icspectively, at maturity (F).
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Table 6: Effect of the presence (+) or absence (-) of adjacent leaf, light, wind and

NH4N03(10 mM)on inflorescence necrosis and bunch-stem necrosis of single-node
Müller-Thurgau grape cuttings. Values are means ± SE. Within a column section, means

followed by the same letter are not significantly different at P < 5%.

inflorescence bunch-stem

leaf light wind NH4N03 necrosis (%) necrosis (%)

+ + - - 20.0±4.6 cd 76.3±16.0 abc

+ + - + 98.3+1.7 a 70.0±11.7abc

+ + + - 5.0±0.3 d 62.5±9.7 bc

+ + + + 29.5±14.9 cd 48.8+15.3 cd

+ - - - 13.3±6.0 d 97.5±1.4a

+ - - + 78.3±14.8 ab 90.0±5.4 ab

+ - + - 13.8+3.8 d 97.5±2.5 a

+ - + + 30.0±13.7 cd 32.5±11.3d

- + - - 70.0±10.8 ab 86.3±5.5 ab

- + - + 73.8+16.0 ab 91.3±7.2a

- + + - 80.0±2.9 a 95.0±3.5 a

- + + + 90.0±10.0 a 80.0±8.4 ab

- - - - 90.0±3.5 a 92.5±6.0 a

- - - + 100.0±0.0a 92.5±3.2 a

- - + - 60.0±14.1 abc 83.8+16.3 ab

- - + + 100.0±0.0 a 87.5±4.3 ab

Symptoms of IN or BSN also occurred in all incubation Solution treatments

conducted with single-node cuttings. Inflorescence necrosis of Müller-Thurgau cuttings

was most severe at the combinations +N/-light/±wind/-leaf and least severe at the

combination -N/+light/+wind/+leaf (Table 6). There were, however, significant
interactions among treatment factors. When the adjacent leaf had been excised before

imposition of the additional treatments, IN severity was always very high. Only if the leaf

was left attached, the effects of the other factors became apparenf. incubation in water led

to low levels of IN, regardless of the presence or absence of wind. If NH4N03was added

to the Solution, IN was significantly increased, but wind reduced the N effect (Fig. 15).

Bunch-stem necrosis on Clusters from Müller-Thurgau cuttings taken after veraison

developed more rapidly than IN. On an average of all treatments, 81% of the rachis tissues

were necrotic after 7 days of incubation, as compared to 58% of the inflorescences after 10

days (Table 6). However, these Clusters had been collected in the vineyard during a period
of cool and rainy weather, and only 8 days later a severe incidence of BSNoccurred in the

field. Therefore, BSN may already have been induced when the cuttings were taken.

Nevertheless, as with IN, the percentage of BSNwas always very high if the adjacent leaf

was excised. Whenthe leaf was left attached, the severity of BSNwas increased in the

shade, except for the treatment combination +N/-light/+wind/+leaf, where the leaves

remained green for a prolonged period. This combination also fully accounted for the

Statistical significance of the N effect on BSN(Fig. 16).
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necrosis of single-node Müller-Thurgau grape cuttings. Left bar of each pair: treatment

factor present; right bar: treatment factor absent. Values are means + SE (n = 32). n.s., *, **

non-significant and significant at P < 5%and P < 1%, respectively.
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As shown in Fig. 17 for Pinot noir cuttings at anthesis, the adjacent leaf could be

replaced by the supply of 2%sucrose as carbon source to the incubation Solution. After 14

days of incubation, sucrose added to the NH4N03Solution reduced IN to the level of the

H20 control and almost prevented the development of IN in the absence of NH4N03. In

this latter treatment, berry development could be sustained until the pea-size stage without

further sucrose supply. On Pinot noir cuttings taken after veraison, all leaves senesced and

were abscised within one week, while BSN only developed after leaf abscission. The

effects of N form and concentration and of different cations are shown in Fig. 18.
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Fig. 17: Effect of the presence (+) or absence (-) of N (10 raM NH4N03) and sucrose (2%)
in the incubation Solution on inflorescence necrosis of single-node Pinot noir grape

cuttings. Values are means + SE (n = 4). Treatments with the same letter are not

significantly different at P < 5%.
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10 mM 5 mM 10 mM 10 mM 5 mM 5 mM

NH4N03 HN03 KN03 Ca(N03)2 Mg(N03)2

Fig. 18: Effect of Nform and concentration and different cations in the incubation Solution

on bunch-stem necrosis of single-node Pinot noir grape cuttings. Values are means + SE

(n = 4). Treatments with the same letter are not significantly different at P < 5%.

The N concentration in the incubation Solution did not significantly alter the

severity of BSN, while the Substitution of NH4+ for different cations reduced BSN,

although the difference between NH4+ and H+ was not significant. Metal cations however,
in particular Mg2"1", effectively prevented the development of BSN after 17 days of

incubation.
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5 Discussion

Our results suggest that GS is present and NH4+ assimilation may occur in all

organs of the grape Cluster at any stage of development between anthesis and maturity.
Both IN and BSNcould be induced by using PPT as GSinhibitor. Thus, the implication of

NH4+accumulation in the development of these disorders was confirmed indirectly. When

attached grape inflorescences were immersed in PPT Solutions, necrotic Symptoms first

developed on flowers and pedicels, while they first occurred on peduncles and rachides

during incubation of detached Clusters in PPT Solutions. This is not surprising, since PPT

is relatively immobile in plants, and it must have been taken up through the stomata and

cuticula in the immersion experiment or through the cut end of the peduncle in the

incubation experiments.
Necrotic Symptoms developed earlyer when NH4N03was added to PPT Solutions

as compared to KN03 plus PPT or PPT alone. Thus, the N effect was due to NH4+ supply,
and N03" reduction appears not to contribute significantly to NH4+accumulation, regardless
of the light conditions, even if GSis inhibited. This is consistent with our earlyer results

(KELLER and Koblet 1994) and with data obtained by Wild et al. (1987), Gu et al. (1991)
and LÖHNERTZ(1991). Even the glycolate pathway, which was proposed by Wild et al.

(1987) as the major source for NH4+ after PPT application, may have provided substantial

amounts of NH4+ in inflorescence tissues only in the immersion experiment, but not in the

incubation experiments conducted at light intensities close to the compensation point of

photosynthesis, since photorespiration is reduced in proportion to net photosynthesis at low

irradiance (Sharkey 1988). Therefore, the question remains, where the NH4+ that is

accumulated is derived from.

The leaf area to fruit ratio is a widely used indicator of the source-sink balance, and

Separation of isolated sink organs from the parent source plant causes a stress itself due to

carbon starvation, since interactions with other plant parts are no longer possible.
Srt/astava and Singh (1987) suggested that glutamate dehydrogenase (GDH) may be

responsible for NH4+assimilation under conditions of stress or high NH4+ levels, and both

GSand GDHwere reported to be active in grape berries by GfflSl et al. (1984). However,
in our incubation experiments, the inhibition of GSinvariably resulted in senescence of the

tissue, while in the absence of PPT, i. e. when GSwas active, the addition of sucrose to

NH4N03 Solutions delayed the occurrence of IN, although sucrose has been shown to

inhibit GDH(Srtvastava and Singh 1987) and to increase N03" reduction (Aslam and

Huffaker 1984) under experimental conditions similar to those used in the present

investigation.
Therefore, GDHappears not to contribute to NH4+ assimilation or detoxification,

as it was also described by WALLSGROVEet al. (1983) and Gu et al. (1994). On the

contrary, ROBINSONet al. (1992) reported that GS activity decreased and GDHactivity
increased during periods of carbon starvation, due to protein degradation to supply carbon

skeletons to the tricarboxylic acid (TCA) cycle. Protein breakdown is related to NH3
release and senescence (Joy 1988), and RABE(1990) assumed that any stress causing
glucose depletion and/or reduced growth results in NH3 accumulation. Therefore, we

suppose that both IN and BSNare the visible manifestations of senescence processes

induced by stress situations leading to carbon starvation. The accumulation of NH3may,

hence, be a secondary effect of senescence. This hypothesis is supported by the fact that

sucrose was equaily effective in preventing the development of IN as was the presence of

a leaf. Under non-stress conditions, as it was the case in the experiment using attached

Clusters in the field, there seems to be only insignificant NH3/NH4+ production, since ripe

grapes failed to develop necrotic Symptoms after immersion in PPT Solutions. On the other
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hand, the large variance within treatments in the incubation experiments may partly be due

to different numbers of flowers or berries per unit leaf area. In addition, the flowers on the

same inflorescence do not reach the same stage of development simultaneously
(SWANEPOELand ARCHER1988), and thus, some flowers may have gained competitive
advantage over the other flowers.

Incubation of excised Clusters in PPT Solutions took 1 day at anthesis, 9 days at

veraison and 5 days at maturity for development of necrotic Symptoms. Between berry set

and veraison grape Clusters accumulate large amounts of malate that is used for

gluconeogenesis after veraison (reviewed by Ruffner 1982). Malate, a TCA cycle
intermediate, is a mobile storage form of carbon and reducing equivalents (Naik and

NlCHOLAS 1986), and thus, to a limited extent grape berries can make use of their own

reserves when carbon supply is restricted. An increase in glycolysis was also found in

abscised apple fruit, as well as in attached fruit after girdling or excision of adjacent leaves

by BLANKEet al. (1987). Therefore, senescence processes in flower and fruit tissues may

be initiated only after depletion of accessible carbon reserves, which are dependent on the

stage of development. This Interpretation may also explain earlyer results of KOBLETand

Thedler (1970) and Wienhaus (1975), stating that BSN Symptoms were induced by
inhibition of enzymes involved in glycolysis and TCAcycle.

In agreement with the present data, JORDAN(1989), JORDANet al. (1991) and Gu

et al. (1991) also induced IN Symptoms by incubating detached grape tendrils or Clusters

in Solutions containing NH4+, whereas Holzapfel and Coombe (1991) reported that the

responses to various Solutions of inorganic salts were inconsistent. Yet, all of these authors

used unnaturally high ion concentrations (100 to 330 mM) that may represent osmotic

stress leading to dehydration and loss of turgor. Water stress increased IN severity in a

study of JACKSON(1991), and Stellwaag-Ktttler (1975) found BSNSymptoms to be

identical with those caused by desiccation of detached Clusters. In addition, grapevine GS

is inhibited at NH4+concentrations above 25 mM(Roubelakis-Angelakis and Kliewer

1983). In contrast, the concentrations used in our investigation were within physiological
ranges.

Metal cations, in particular Mg2*, in incubation Solutions without PPTdelayed the

development of BSNin Pinot noir cuttings. Chang and Kliewer (1991) also observed

Symptoms of BSNin heavily N03'-fed vines only if they were Ca2+ deficient, and in vines

fed with NH4+ as the sole N source. A possible explanation for these results is that GS,

which is responsible for reassimilation of released NH4+ into glutamine under natural

conditions (Kamachi et al. 1991), is activated by relatively high concentrations of divalent

cations, whereof Mg2"1" is almost five times more efficient than Ca2+ (ROUBELAKIS-
ANGELAK3Sand KLIEWER1983). In addition, Mg2* and Ca2+ are involved in the control of

nitrate reductase by photosynthetic capacity to prevent toxic accumulations of N02" and

NH4+ in the dark (RlENS and HELDT1992, DEClRES et al. 1993), and BROWNet al. (1991)

reported Ca2+ to delay senescence due to its ability to maintain membrane integrity. Besides

its role in the regulation of stomatal opening, K+ is an activator of the glycolytic enzyme

pyruvate kinase, which is stimulated by NH4+ assimilation (PAUL et al. 1978, STEER1979).
In addition to refixation, NH3may be emitted from the sub-stomatal cavity to the

atmosphere (Farquhar et al. 1980, SCHJOERRINGet al. 1991). The beneficial effect of the

wind treatments in the incubation experiments may have been brought about by a

Stimulation of NH3evolution due to reduced boundary layer resistance and increased NH3

vapor pressure gradient. This suggests that the severity of BSNmay be reduced by removal

of old leaves in the Cluster zone to facilitate air movement around grape bunches, which is

a common canopy management practice in commercial vineyards in temperate climate

zones.
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VIII General Discussion

1 Stress Acclimation

In the present experiments, light intensities similar to those occurring under dense

cloud Covers were close to the corapensation point of photosynthesis in grapevine leaves

(Fig. 1, Fig. 2). Therefore, during overcast conditions the leaves' potential for C02 fixation

is drastically reduced and may be just enough to balance the demand of respiratory

processes. The commonly promotive influence of N availability on photosynthesis
disappears under light limitation. Under saturating light conditions, however, the failure of

net C02 assimilation rate to respond to N supply to previously N-depleted vines may be

related to translocation of newly acquired N to the shoot tips for developing new leaves,

rather than to the relatively old leaves used for measurements. This was confirmed by

Chlorophyll measurements indicating a marked increase of these light-absorbing pigments
in young leaves after N supply. On the other hand, N apparently affects stomatal

conductance and transpiration rate, regardless of the light regime (Fig. 1, Fig. 2), which

clearly shows that light is not the only factor regulating the dynamics of the stomatal

aperture. The elevated sub-stomatal cavity C02 partial pressure in the leaves under

conditions of low-light stress may be associated with remobilization of carbohydrates,
connected with increased rates of maintenance respiration (AMTHOR1989) and with a large
rise in glycolytic enzyme activity (Lance and Guy 1992), leading to non-photorespiratory
C02 evolution.

This investigation shows that grapevines have a great potential for stress

acclimation by evolving a ränge of adaptive mechanisms. Under moderate irradiance a

classical Optimum response to soil-N availability of above-ground dry matter was

observed, whereas root growth was increased under conditions of N deficiency in the

phytotron study (Fig. 8, Fig. 9). Active growth continued during the experimental period,
even if the light intensity was around the compensation point of photosynthesis. While

partitioning to the roots and inflorescences was reduced (Fig. 8), the leaf area was

expanded (Table 4), in particular by an enhanced growth of lateral shoots (Fig. 9).

Simultaneously Chlorophyll contents in the basal leaves of low-light plants decreased, and

these leaves senesced earlyer, particularly in combination with N deficiency, while

Chlorophyll contents increased in the apical leaves (data not shown). These results indicate

that the vine produces new leaves in response to low-light stress, rather than maintaining
the source capacity of mature leaves. In addition, the amount of total N in the new growth
exceeded the potential supply from the soil in the low-N treatments (Table 2, Fig. 5, Fig.
8). These phenomenons must be related to recirculation of C and N within the vine, and

translocation from source to sink leaves. However, the main leaves are clearly not the only
source organs during bloom, as indicated by the decline in reserve carbohydrates in the

wood and roots of low-light stressed vines (Fig. 7). Even under moderate irradiance

reserves were used for shoot growth, as well as for N assimilation (Table 3, Fig. 7).

According to GEIGERand Servattes (1991), the ability of perennial plants to survive

when the supply of photoassimilated carbon becomes limited is related to remobilization

of buffer reserves from older, sequentially senescing leaves and permanent parts of the

plant and translocation to organs with high sink priority to provide a temporary supply of

carbon for maintenance and/or growth processes.
The increase in the number of meristematic tissues due to the elevated number of

expanding main and lateral leaves in response to low-light stress (Table 4, Fig. 9) led to an

increase in sink activity of the shoot tips. On the other hand, the missing response of leaf

gas exchange to inflorescence shading in the field study (Fig. 2) and the reduced dry matter
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partitioning to the Clusters in the phytotron low-light regime (Fig. 3, Fig. 8) indicate that

their sink priority is low. As noted by Hale and Weaver (1962), photosynthates are

partitioned preferentially to vegetative growth early in the season, and Glad et al. (1992),

analyzing phloem sap exudates, showed that sink strength of grape inflorescences only
increases after 70% flowering. On the other hand, the rapid increase in respiratory C02
evolution of inflorescences at anthesis, reported by BLANKEand LEYHE(1989), may be

related to high metabolic activities, despite low relative sink priority. The number and size

of sinks competing for carbon during stress periods and their relative priority are involved

in activating senescence mechanisms of tissues requiring high energy and carbon inputs in

order to guarantee survival of the plant (GEIGER and Servattes 1991). From an economic

point of view (in terms of energy and carbon investment), we conclude that long-term
survival and, therefore, allocation to vegetative growth has priority over reproductive
growth in the perennial grapevine before pollination is completed and, presumably, again
after seed maturity is achieved. During these critical phenological stages, grape Clusters are

sensitive to environmental stress and may be treated like old leaves.
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2 Induction of Inflorescence Necrosis and Bunch-Stem Necrosis - A Hypothesis

As mentioned in the "General Introduction" section, inflorescence necrosis and

bunch-stem necrosis are thought to be induced by NH3 toxicity (Christensen and

Boggero 1985, Silva et al. 1986, Jackson and Coombe 1988, Jordan 1989). This

hypothesis was tested by placing the peduncles of excised bunches in aqueous Solutions

containing the glutamine synthetase (GS) inhibitor phosphinothricin (PPT). Necrotic

Symptoms and sequential senescence occurred in all treatments (even in the H20 control)
at all developmental stages (Fig. 14). Symptoms also developed in all incubation Solution

treatments conducted with single-node cuttings (Table 6, Fig. 15, Fig. 16, Fig. 17, Fig. 18).

Thus, the implication of NH3accumulation in the occurrence of inflorescence necrosis and

bunch-stem necrosis could be confirmed using the PPT approach. However, the question
remains, where the NH3diät is accumulated is derived from.

When whole plants were studied in the phytotron during bloom, light restriction

induced inflorescence necrosis, whereas N availability had no impact on senescence of

inflorescences (Fig. 3), although high concentrations of inorganic Nwere translocated with

the transpiration stream both at low irradiance and heavy N supply (Fig. 6). When single-
node cuttings or excised Clusters were used, NH4+ supplied with incubation Solutions

hastened the development of necrotic Symptoms, while N03' did not, both in the presence

and absence of PPT (Fig. 14, Fig. 18). Therefore, substantial quantities of NH3cannot have

been derived from excessive N uptake and N03" reduction. Because photorespiration is

reduced in proportion to photosynthesis at low irradiance (Sharkey 1988), the

contribution of NH3 released during photorespiratory processes, too, can only have been

minor in the present experiments, even though it may be up to 10 times the production of

NH4+ during primary N assimilation (Wallsgrove et al. 1983).

However, both the reduction of irradiance to the compensation point of

photosynthesis and the Separation of isolated sink organs from the parent source plant
cause a stress on these organs due to carbon depletion. In the present investigation using
single-node cuttings the severity of inflorescence necrosis and bunch-stem necrosis was

strongly reduced, both if a leaf was left attached to the Cluster (Table 6, Fig. 15, Fig. 16)
and if sucrose was added to the incubation Solution (Fig. 17). JBACACHEet al. (1991) found

that girdling of field grown vines prior to bloom enhanced total sugar concentration in the

rachis and increased fruit set, and Rabe (1990) assumed that any stress causing glucose

depletion and/or reduced growth results in NH3 accumulation. Remobilization of

carbohydrates during periods of carbon starvation involves simultaneous protein
breakdown releasing glutamate, that is catabolized by glutamate dehydrogenase (GDH) to

2-oxoglutarate, which enters the tricarboxylic acid cycle to provide C skeletons for

essential maintenance processes (Robinson et al. 1992). Increased GDHactivity, as well

as the hydrolysis of Rubisco (the principal source of transported N), and Chlorophyll in

older tissues, are associated with senescence and NH3 release. The remobilization of

Substrates during stress periods may thus provide a considerable source for NH3.
Hence, even though Symptoms of inflorescence necrosis and bunch-stem necrosis

may be induced by toxic levels of NH3 (Fig. 13, Fig. 14), under natural conditions this

might be a secondary phenomenon related to senescence and simultaneous withdrawal of

carbon and nutrients, triggered by stress-restricted gas exchange in combination with

competitive interactions among sinks. This was confirmed by immersion of attached

Clusters in PPT Solutions in the field. These Clusters failed to develop necrotic Symptoms
under non-stress conditions (data not shown), which was in marked contrast to the rapid

development of bunch-stem necrosis in similar excised Clusters incubated in the same PPT

Solutions (Fig. 14).
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By working with whole plants, single-node cuttings and excised Clusters, by
combining N availability with limiting irradiance and by including enzyme inhibition

studies, we addressed the problem of inflorescence necrosis and bunch-stem necrosis

through a synthesis of multiple perspectives. This integrating approach led us to a new

view of these so-called physiological disorders. Webelieve that these phenomenons are

natural responses of grapevines to stress, which are related to sink-source interactions and

are part of a strategy directed to long-term survival of perennial plants. Nevertheless, our

explanations are still hypothetical. More detailed research needs to be conducted to

understand, what mechanisms grapevines use to resolve the conflicts to optimize both

vegetative and reproductive growth.
NH3 accumulation can be prevented by reassimilation into glutamine by GSin the

cytoplasm and transport from the tissue (KAMACHI et al. 1991), provided that GSis active.

In addition, NH3 may be emitted from the sub-stomatal cavity to the atmosphere
(FARQUHARet al 1978, FARQUHARet al. 1980, SCHJOERRINGet al. 1991). In this context

it is interesting to note that initial necrotic Symptoms associated with bunch-stem necrosis

become apparent around the stomata, and the first disintegrating tissues are guard cells and

subsidiary cells Theiler (1970). Based on the facts that soil and xylem sap analysis both

indicated reduced N uptake rates under low irradiance (Fig. 5, Fig. 6), while total-N

contents per vine were not affected by irradiance (Table 2, Fig. 8) in our phytotron
experiment, we hypothesize that NH3evolution preventing a toxic accumulation of NH3 in

leaf and inflorescence or Cluster tissues may occur, if the stomatal conductance is large
enough. Therefore, we tried to measure NH3 emission in senescing leaves using a leaf

Chamber and air supply unit from our LCA-2 infra-red gas analyzer System. NH3 was

collected in the air entering the leaf Chamber, as well as in the air leaving the Chamber,

using two gas washing bottles filled with 100 ml H2S04 (0.1 M). However, NH4+
concentrations in these Solutions were below the analysis threshold, and we suggest to

repeat this kind of experiment with more precise analytical instruments.

In addition, we suggest to continue the incubation experiments using excised

Clusters to obviate interactions with other plant parts. The cuttings would have to be placed
in aqueous Solutions lacking carbohdrate sources to impose stress due to carbon starvation.

A portion of these Clusters should be put in liquid N2 at regulär time intervals, and than

glucose, sucrose, starch, malate, total proteins, glutamine and glutamate are to be extracted

and analyzed quantitatively. This would allow to follow the time course of glucose
depletion and to test the postulated onset of protein degradation. In a third approach, the

role of GDHshould be determined, since it is still debated whether GDHacts in the

aminating or the deaminating direction (OAKS 1993). Inhibitors of GDH, alone or in

combination with GSinhibitors, could be used to see, whether NH3 accumulation can be

prevented in excised grape Clusters, if GDHis inactive.
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3 Conclusions

1. The grapevine has a great potential for stress acclimation. Root growth is enhanced

under conditions of Ndeficiency but reduced by low-light stress. Leaf area is expanded, in

particular by an enhanced growth of lateral shoots, in response to low irradiance. Lateral

shoot growth is also stimulated by N supply under moderate irradiance.

2. Nutrient uptake and translocation are strikingly less affected by irradiance and more

affected by soil availability than C02 assimilation, N03' reduction and NH4+ assimilation.

Therefore, N03' is the major NCompound transported in the xylem and accumulates in all

plant parts under low-light conditions.

3. Leaves are not the only source organs during bloom. Carbon and nitrogen are

remobilized from older, sequentially senescing leaves, as well as from the permanent parts
of the vine under low-light stress and translocated to new leaves.

4. Mlorescences are low-priority sinks and vegetative growth has priority over

reproductive growth in the perennial grapevine before pollination is completed. Therefore,
leaf growth is sustained even in light intensities close to the compensation point of

photosynthesis, while inflorescences are (partially) aborted.

5. Bud fertility is reduced by low-light stress, but there is a classic Optimum response

to bloom-time N supply, even under limiting irradiance.

6. Regrowth in the subsequent season is enhanced by low irradiance and by high N

supply during the previous-season bloom time. Reserve-N is preferably allocated to

Chlorophyll in the new leaves rather than evolution of new leaves. This enhances transition

from sink to source leaves and, therewith, rapid formation of an efficient canopy.

7. The accumulation of NH4+ is implicated in the occurrence of inflorescence necrosis

and bunch-stem necrosis. However, this is not related to soil N availability. It is,

presumably, only a secondary effect related to senescence induced by carbon starvation due

to low light levels.

8. An adequate supply of metal cations, in particular Mg2+, reduces the development
of necrotic Cluster tissue. However, Mg2* uptake and transport in the xylem are restricted

under low irradiance.
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