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Carbon and nitrogen partitioning in Vitis vinifera L.: Responses to nitrogen supply
and limiting irradiance
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Summary : Potted Vitis vinifera L. plants were grown under controlled environmental conditions at five different levels of
nitrogen (0, 1, 5, 10, 100 mM NH,NNO,) in combination with two different levels of irradiance (photon flux densities: 30 and
140 pmol - m?- 5! PAR) during bloom. Elevated N supply increased available N (particularly NO,), K, Ca and Mg, and reduced P in
the soil. Soil-NO, and K were higher in the lower light regime, but NH,* and other nutrients were not influenced by irradiance. The
concentration of total N in the xylem sap increased as N supply was increased, although there was no further rise above intermediate
soil-N levels. NO,” 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 N concentration 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 plant parts. 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, the C
reserve fraction was depleted and was not altered by N supply, indicating that reserves had been remobilized to support maintenance
and growth processes, in order to guarantee survival of the vine.
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Introduction sucrose and starch in source leaves and permanent organs
may serve as buffer reserves by providing a temporary sup-
For early growth, grapevines utilize exclusively ply of C to be mobilized when the supply of photosynthates
retranslocated reserves from their permanent parts. Cur-  becomes limited. The partitioning of newly fixed C or re-
rently assimilated carbon (C) from the basal leaves increas-  serves is determined by the relative sink priority of the
ingly contributes to shoot growth, while translocation of  different organs (Ho 1988).The flowering period is crucial
photosynthates to the lower parts of the vine begins around  for reproductive growth, since stress situations impairing
the 10-leaf stage and increases rapidly at bloom (KosLer  photosynthesis may result in a shortage in C translocation
1969, Yanc and Hori 1979). According to YANG et al.  to the flower clusters, which are low-priority sinks (KELLER
(1980), retranslocation of reserves from the perennial parts  and KoLer 1994). Current fertilization recommendations
typically is discontinued during bloom, suggesting that the  tend to split N applications or delay them until bloom or
main leaves are the only source organs at this time. From  later to optimize the availability during the critical period
bud break to the end of bloom, the vine is also heavily and minimize the leaching and denitrification potential
dependent on nitrogen (N) reserves stored in the perma-  (Peacock et al. 1989, GoLpsPINK and GORDON 1991, PERRET
nent structure (CONRADIE 1991, WiLLiaMS 1991). Ensuing  1993). However, the impact of adverse weather conditions
the C supply from the shoots, N uptake from the soil in- on the grapevine’s response to soil N level is not clear,
creases about two weeks before flowering and reaches a  although in higher plants the rate of N uptake often ex-
maximum just after bloom (LoHNERTZ 1988). Uptake until  ceeds the rate of N assimilation (MeENGEL 1985). The pur-
the end of bloom constitutes less than 30 % of the seasonal  pose of this study was therefore, to evaluate N uptake, trans-
demand, although the leaves may accumulate up to 60 %  port and distribution among plant parts in response to N
of their seasonal N requirement (reviewed by ConraDiE  supply under light-stress conditions. We were also inter-
1991). Both C and N reserves in wood and roots therefore  ested in the effect of N on the vines’ capability to remobilize
reach a minimum by bloom time (SToEv et al. 1966, carbohydrate reserves from the permanent parts during
WINKLER et al. 1974, SCHALLER et al. 1989). bloom to compensate for the leaves’ restricted source-ca-
Recently, GEiGer and SERvAITES (1991) suggested that  pacity.

Correspondence to: M. KeLLER, Cornell University, Food Research Laboratory, Geneva, NY 14456-0462, USA.
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Materials and methods

Growth and experimental condition s :
Two-year-old Vitis vinifera L. grapevines (cv. Miiller-
Thurgau grafted on SO 4) 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 facil-
ity (phytotron). The vines were irrigated to capacity with
tap water (mg1"': 1.4 N, 0.0 P, 0.7 K, 34.1 Ca, 57.8 Mg) at
1-week intervals, before treatments were imposed. By this
time, soil analysis revealed 25.2 ppm N, 4.5 ppm P,
37 ppm K, 120 ppm Ca, 4.2 ppm Mg (available fraction)
or 38 ppm P 164 ppm K, 9380 ppm Ca, 232 ppm Mg (re-
serve fraction). The N treatments were 0 (NO), 1 (N1),
5 (N5), 10 (N10), 100 (N100) mM NHNO, in 2 1 of dis-
tilled H,O, applied once a week over a 4-week period, be-
ginning on April 15. This amounted to a total of 0, 224,
1120, 2240 and 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 simu-
lation of moderate (treatment ML: photon flux density
140 umol - m?- s*! photosynthetically active radiation, PAR)
and heavy (treatment LL: 30 pmol - m?- 5! PAR) densities
of cloud covers. Both phytotron chambers were run with
an 8 h photoperiod at 20/11°C day/night temperature and
58/75 % day/night relative humidity. The experimental con-
ditions were described in more detail in a previous publi-
cation (KELLER and KoBLET 1994). Three single-plant rep-
lications 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 range 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. Wilti AG, Switzerland).

Xylem sap collection, xylem solute
and soil analysis: We obtained xylem sap non-
destructively from all vines 4 times during the course of
the experiment (April 25, May 1, 5 and 10). For this pur-
pose, 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. 1) over a 24-h pe-
riod. The samples were frozen at -18 °C for later analysis

vP

Fig. 1: Non-destructive vacuum extraction of xylem sap from
the trunk (T) of grapevines. (HN) hypodermic needle, (GV) glass
vial, (VP) vacuum pump.
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of xylem solutes. For amino acid analysis, samples were
thawed and injected into a Stagroma HPLC system
(Stagroma AG, Wallisellen, Switzerland) using OPA post
column derivatisatton. The contents of NO,’, NH*, PO43'
were determined photometrically and K* and Mg?* by
atomic absorption spectrophotometry, according to the
methods described by Kunscu et al. (1977). Insufficient
sample quantities precluded the analysis of Ca®. For com-
parison, soil samples were taken before and after imposi-
tion of the experimentaltreatments. First, NO,” and NH,*
were measured in the wet soil. Available and reserve nutri-
ents were then extracted from the oven dried (30°C) soil
using 1 : 5 water extract (available fraction) and 1 : 5 NH,-
ac-EDTA extract (pH 4.65) (reserve fraction), respectively
and analyzed in the same manner as xylem sap.

Tissue analysis: OnMay 13, the vines were
sampled and separated into roots, trunk, main shoots, lat-
eral 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, Ziirich, 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, Ziirich, Switzerland). For the
analysis of non-structural carbohydrates, 200 mg root and
wood samples, respectively, were utilized. Soluble sugars
and starch were extracted and quantified using the method
described by CanpoLF1-VasconceLos and KoBLET (1990),
but 80 % ethanol was used instead of 70 %, and the ex-
tracts were centrifuged at 3000 g for 10 min.

Results

The concentrations of NO," in the soil exceeded those
of NH,* by 4-fold in the low-N treatments to over 20-fold
at high N application rates (Fig. 2). Up to N10, soil NH,*
remained constant. A strong increase was detectable only
at N100. High N fertilization rates slightly decreased the
soil-pH from 8.2 in the NO pots to 7.8 in the N100 pots, in
either light regime. Soil NO,” and K were lower in ML
compared to LL, while NH *, P, Ca and Mg (available frac-
tion) 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 (Tab. 1).
Heavy N fertilization increased the availability of K, Ca
and Mg and decreased the availability of P in the soil. In
the H,O extract of the low-N pots, however, the concen-
trations of all nutrients were similar to the initial contents
before the treatments were imposed.

The combined effects of a variety of N supply levels
and limiting light conditions on xylem solutes are illus-
trated in Fig. 3. The values displayed are the means of 4
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Fig. 2: 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 pmol - m?- s”' PAR; right bar:
treatment ML, 140 pmol - m?- s*' PAR. Values are means
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Fig. 3: 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 and right bar of each pair: see Fig. 2].
Values are means * s (n = 4 to 6).
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Table 1

Regression equations for several soil nutrients (y) in the H,O ex-

tract as a function of N application level (x = (mM NH NO,]), 21

d 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 <35 %)
NO, (uM) y =0.348 x” + 52.93 x + 24.167 0.997
NH, (uUM) y =0.038 x” + 0.410 x + 15.259 0.762
N (ppm) y = 0.022 x” + 4.405 x + 6.226 0.999
P (ppm) y =0.001 x”- 0.137 x + 4.380 0.880
K (ppm) y = 0.009 x” - 0.482 x + 25.169 0.847
Ca (ppm) y = 0.044 x” + 3.811 x + 108.726 0.988
Mg (ppm) y =0.001 x"+0.183 x + 9.721 0.975

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 KeLLER
and KosLer 1994). Apart from this, sample volumes ob-
tained using our vacuum technique were comparable in all
treatments. Increasing N supply enhanced total xylem N
concentration, but there was no further increase above NS,
regardless of irradiance (Fig. 3: A), while a significant rise
in soil N could only be observed above N1. These data
indicate that up to N1, the vines’ N demand was higher
than supply. As N supply increased, the concentration of
inorganic N in the xylem sap rose, and there was a positive
correlation between NO, and NH,* (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 or-

Table 2

Effect of irradiance and N application during bloom on N concentration (% dry weight) in various organs of potted grapevines in
the phytotron. Values are means + s (n = 3). Within a column section, means followed by the same letter are not significantly
different at P < 5 %

NH,NO, old leaves ? young leaves ® lateral leaves inflorescences main shoots lateral shoots  trunk roots

30 pmol - m?: s PAR (treatment LL)

0 mM 2604021 ¢ 4391024 ¢  3.101028 ¢ 2.05£0.16 b 0.9110.10d 2.2610.14c 0.58+0.01 b 0.94+0.05 ¢

1 mM 3.1120.16 bc  5.43+0.08 b 3.89+0.12b 2444008 b 1.16£0.06 ¢  2.63£0.27 bc 0.60£0.05 b 1.1530.11 be
S5mM 3.2740.15 ab 5.76£0.07 ab 4.4140.09 ab 2.6040.15b 1.3140.05 bc 2.63+0.21 bc 0.66£0.01 b 1.33+0.10 b

10 mM 3.2940.17 ab 6233030 a 4.90+0.27 a 254%0.13b 1.432009b 2.9410.11 Db 0.6410.01 b 1.20£0.07 b

100 mM  3.84+022 a 5.344007b 5.0240.18a 3.20£0.27 a 2.1740.09a 3.55+020a 0.8510.02a 1.82+0.06 a

x¢ 32240.13 *  5.4510.18 "  4.2640.20 * 2.5740.12 " 1.40:0.12 " 2.80:£0.14 " 0.67+0.03 * 1.29+0.08 *
140 pmol - m?- s* PAR (treatment ML)

0 mM 1.7740.10 ¢ 1.78%0.13d 1.6730.14 ¢ 1.29£0.12 ¢ 0.55:0.04 ¢ 1.68+0.16 b 0.5410.07 ¢ 0.8610.03 ¢

1 mM 1.78+0.05 ¢ 2394006 ¢ 1914005 ¢ 1.431001 ¢ 0.7410.05d 1.70£0.04b 0.65:0.01 b 0.94+0.03 c

5 mM 24140.12b  3.641030b 3.0510.10b 1.90£0.07b 1.04+0.06 ¢ 2.15£021b 0742001 b 1.32£0.04 b

10 mM 2514005b 4.0510.05 ab 3.27+0.11b 203008 b 1.18£0.05b 2.08+0.18b 0.75£0.02b 1291002 b

100 mM  3.1440.05a 430£0.09a 3.7740.19a 2.6710.18a 1541004 a 2.77+0.02a 0.8810.02a 2.13£0.08 a

X 2.32140.14 3.2310.27 2.7410.22 1.01+0.09 2.08+0.12 0.71£0.03  1.31+0.12

1.8610.14

2 leaves # 10 and older from the shoot apex

b leaves # 1 through 4 from the shoot apex

< Means between light regimes differ at ™ P < 1%, " P < 5% or ** do not differ significantly
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Table 3

Effect of irradiance and N application during bloom on C concentration (% dry weight) in various organs of potted grapevines in
the phytotron. Values are means + se (n = 3). Within a column section, means followed by the same letter are not significantly
different at P < 5%

NH/\NO, old leaves *

young leaves ® lateral leaves inflorescences main shoots  lateral shoots trunk roots

30 wmol - m? s PAR (treatment LL)

OmM 43481024 a 44.4610.41 a 43.0510.38 b 43.40+0.39 a 43.1740.31 a 42.7610.40 a 48.9410.16 b 47.1410.16 a
ImM  42.67+0.29 ab 44.70+£0.62 a 43.5010.11 a 44.22+0.45 a 42.5410.11 a 40.9910.21 bc 49.20£0.20 b 47.0610.14 a
SmM  42.58+0.25 ab 44.7410.19 a 43.44140.19 a 43.55+0.14 a 42.9440.16 a 40.23+0.40 bc 49.71+0.20 a 47.2510.39 a
10 mM 42424045 b 44551024 a 43.1240.34 a 43.4930.10 a 42.6610.21 a 40.07£0.13 ¢ 49.7310.11 a 47.50+0.31 a
100 mM 42.45+0.13 b 43.59+0.08 a 44.4310.15 a 44.1330.64 a 43.17+0.20 a 41.0530.14 b 48.9240.03 b 47.39+0.59 a
x° 42.7240.15" 44.4110.18" 43.5110.16™ 43.7610.18™ 42.9010.11" 41.0210.28" 49.3040.11™ 47.2710.14"

140 pmeol - m2 s PAR (treatment ML)

0mM 44871046 a 44.150.21 b 42.6340.12 ¢ 44.7740.53 ab 44.2940.12 a 43.7310.33 a 48.69+0.19 a 46.3110.27 ab
I mM 43943024 b 44454021 b 44.1340.33 b 44.58410.74 b 43.7840.11 a 42.34+0.03 b 48.6010.33 a 45.92+0.37 b
SmM  442610.18 ab 45.9240.18 a 45.3610.10 a 44.8440.22 ab 44.1240.06 a 41.881+0.33 b 49.04+0.08 a 46.87+0.41 ab
10 mM  44.9710.15 a 46.1240.09 a 45.6610.16 a 45.6510.09 ab 43.7740.27 a 42.1610.09 b 49.251+0.21 a 46.81+0.34 ab
100 mM  44.3910.16 ab 44.5610.07 b 45.7940.26 a 46.0410.21 a 44.0140.13 a 42.63:020 b 48.953+0.09 a 47.33+0.21 a
X 44.4910.14  45.04+023 44.71+034 45.1810.22 43.99+0.08 42.55+0.19 489110.10 46.65+0.18

2 lJeaves # 10 and older from the shoot apex ° leaves # 1 through 4 from the shoot apex

¢ Means between light regimes differ at * P <1 %

ganic N, irrespective of soil N level (Fig. 3: A). Besides
traces of aspartic acid and serine, the sole organic N com-
pounds detectable above the analysis threshold were
glutamine (Gln) and, to a lesser extent, glutamic acid (Glu).
No significant N effect on other xylem solutes could be
noticed (Fig. 3: B). While the impact of light restriction
on xylem P was minor, the Mg content was 2 to 3 times
lower in LL compared to ML, the effect on K being inter-
mediate.

In the vine, N concentrations 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, inflores-

cences, main shoots and roots, and finally the trunk (Tab. 2).

In either light regime, the N concentration in the inflores-
cences 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 difference in N concentration
in the fresh weight between light treatments (data not
shown), light restriction enhanced the N concentration in
the dry weight of all annual plant parts by 34 to 86 %,
relative to ML, slightly (however significantly) reduced it
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 fertilization rates in-
creased N concentrations in all organs, and this increase
was stronger at the higher irradiance. Yet, the N concen-
trations 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 (Tab. 3). Light limitation significantly re-
duced C contents in all annual organs of the vine and en-
hanced them in the perennial organs. The response to light
restriction was more pronounced in source leaves and in-
florescences than in sink leaves. There was only a minor
influence of N supply, which was inconsistent and depended
on the type and age of the tissue. This is best documented,
if the different leaf age classes are compared. In the ML
regime, 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 N effect was found in the old main leaves. In LL
however, high N levels decreased the C concentration in
all but the lateral leaves. From Tab. 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.

Non-structural carbohydrates in both wood and root
samples were drastically depleted by light restriction, and
the decrease in starch almost entirely accounted for this
effect (Fig. 4). The responses to N supply were, however,
different in the two light treatments. There was no consist-
ent N effect in LL, while in ML the concentration of non-
structural carbohydrates strongly declined as N supply in-
creased. In the LL regime, soluble sugars correlated nega-
tively with N concentration in the trunk (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
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roots (r = 0.58, P < 5 %), but not in the trunk (r = -0.03,
n.s.). In the ML treatment, however, the relationship be-
tween soluble sugars and N concentration was not signi-
ficant in either the roots (r = -0.41, n.s) or the trunk
(r = -0.36, n.s.), whereas starch correlated negatively with
N in both the roots (r = -0.74, P < 5 %) and the trunk
(r=-0.69,P < 5 %Jhe proportion of C in the non-struc-
tural carbohydrate fraction is indicated approximately by
the ratio 0.4 - (starch + sugar) : C, since C accounts for
40 % of the molecular weight in glucose and 42 % in su-
crose. It can be estimated from the data presented in Tab. 3
and Fig. 4 that this ratio was sharply reduced by low light
and decreased with increasing N supply (in ML only) 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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Fig. 4: 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 and right bar of each pair:
see Fig. 2]. Values are means * SE (n = 3).

Discussion

The contents of NO,” and NH,* in the soil and in the
xylem sap indicate that NH,* was rapidly nitrified in the
soil, and NO, was the primary mineral N compound taken
up by the roots, although the two ions were applied at equal
rates. However, the high soil pH may have effected some
NH, volatilization by raising the NH, : NH,* ratio. Nitrifi-
cation 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 soil availabil-
ity of other nutritional elements implies that massive N
fertilization not only enhances the leaching potential of
NO, but also that of K, Ca and Mg and thus, in the long-
term, increases the risk of various nutrient deficiencies.
The results from our xylem solute analysis are in agree-
ment with the statement of Cuapin (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, especially if nutrients are abundant.
Low irradiance consequently accentuates 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 ML vines 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, ALLEWELDT and MERKT
1992). The absence of additional organic compounds is in
contradiction to the data obtained by the above mentioned
authors, indicating that, by using our extraction technique,
contaminations with phloem sap are omitted. However, the
energy and carbohydrate requirements for NO, reduction
and NH,* 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
SERVAITES 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 assimila-
tion may partially be met by stimulation of respiratory
glycolysis (GEIGENBERGER and STITT 1991) and tricarboxylic
acid (TCA) cycle activity (BLooM et al. 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 RoBINsoN et al. (1992), may have accounted
for part of the NH,* in the xylem sap. In accordance with
Pate (1980), the ratio of organic N to NO," in the xylem
sap indicates that the roots’ potential to assimilate N was
exceeded already at intermediate N supply in ML and was
close to zero in LL. Consequently, inorganic N was trans-
ported 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 NO," from the leaf (JESCHKE et al. 1991).
The contribution of the shoot to whole-plant N assimila-
tion therefore increases as N uptake 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 irradi-
ance and NO, reduction in leaves. DE Cres et al. (1993)
stated that C assimilation is the main factor controlling
nitrate reductase (NR) activity in leaves rather than light
per se. We have previously shown that the leaves’ photo-
synthetic potential was limited by low irradiance in this
experiment (KeLLER and KoBLET1994). Those data together
with the present results on C and N concentrations suggest
that nutrient uptake is strikingly less affected by the light



24 M. KELLER, B. HEss, H. ScHWAGER, H. ScHARER and W. KoBLET

environment than CO, and N assimilation, as described by
AsLaM and HuFrakER (1984) and RurTy et al. (1989). Inor-
ganic N therefore tends to accumulate in all plant parts at
high N nutrition, in particular under limiting light condi-
tions (MENGEL 1985). LonnerTz (1988) could detect NO;
in all organs of grapevines during the whole season, and
NO, concentrations were influenced by soil management
techniques, which affected N availability. PErez and
KuLiEwEr (1982) found NO, concentrations in grape peti-
oles to be directly related to N nutrition, when the vines
were grown under reduced irradiance but not in full sun-
light. They also reported a positive relationship between
NR activity and irradiance and an inverse relationship be-
tween NR activity and NO," accumulation in the leaves.
Similar results for NR activity and NO," as well as NH,*
accumulation in leaf blades and petioles were obtained by
SMART et al. (1988) and Pérez HARVEY and VALDES LAURSEN
(1989) with grapevines grown under different shade lev-
els.

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 or-
gans of LL vines are in contradiction to the general find-
ings that tissue N contents decline in light-limited plants
(Evans 1989). Yet, GuLmoN and CHu (1981) reported in-
creased N concentrations 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 sup-
plied, and thus, no fertilization would be recommended.
Second, increases in N concentrations and simultaneous
decreases in C concentrations in response to low-light stress
are only possible, if a considerable portion of this N is in-
organic. And third, equal amounts of N per vine in both
light regimes can only be explained, if one assumes some
kind of N loss, which must have been larger in ML than
in LL.

The light level in LL was around the light compensa-
tion point of photosynthesis, and hence, net C gain achieved
by these plants during imposition of the light stress was
negligible (KeLLER and KoBLET 1994). Nevertheless, ac-
tive 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
NO and N1. This must be related to recirculation of C and
N within the vine by sequential senescence of old leaves
(WERMELINGER and KopLET 1990) and withdrawal of re-
serves from trunk and roots, since maximal C gain occurs
if N is partitioned to the best exposed leaves to stimulate
photosynthesis (MooNEY and GuiMoN 1979). Remoblized
N may account for > 60 % of the total N in the youngest
leaf blades (MAE et al. 1985), and NH, 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 NH, accumulation, and
FArQuHAR et al. (1978) reported emission of NH, from
senescing maize leaves, which were still photosynthetically
active. We have hypothesized that the larger stomatal con-
ductance in the ML plants may have permitted NH, evolu-
tion preventing a toxic accumulation of NH, in leaves and
inflorescences (KeLLER and KosLET 1994). On the other
hand, even in ML the severity of inflorescence necrosis,
described in the same article, did not reflect the strong
increase in N concentration in the flower clusters with in-
creasing N supply.

The levels of non-structural carbohydrates in the per-
manent organs were identical in all vines before the impo-
sition of the stress treatments. However, 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. Although the lowest concentrations were
found in the NS vines showing themost active shoot growth,
the N100 plants also had very low starch levels. Yet, net
growth of these plants was reduced to the level of the NO
plants (data not shown). By contrast, photosynthetic CO,
fixation and C contents and, therewith, net C acquisition
remained fairly constant over the entire range of N levels.
This discrepancy is also expressed in the proportion of C
in the non-structural carbohydrate fraction. Inorganic N
assimilation diverts C from the synthesis of sucrose and
starch toward the synthesis of amino acids (VAN Quy et al.
1991, CuampigNY and Foyer 1992) and organic acids
(RoBinsoN and BAYSDORFER 1985). Therefore, there is a close
and inverse correlation between N nutrition and carbohy-
drate accumulation (discussed in MaxiNo and OsMoND 1991,
CHapPiN 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 re-
serves and/or inhibited replenishment of the reserves used
for early growth. Although N had been applied 11 d before
imposition of the light regimes, non-structural carbohy-
drates 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).

We concluded 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 or-
der to guarantee survival of the vine. The present results
provide further evidence that flower clusters are low-pri-
ority sinks compared to shoot tips and support our hypoth-
esis that C starvation rather than excessive N uptake, is the
cause of this so-called disorder.
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