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Summary

Modelling of the whole-vine carbon balance requires
accurate estimates of tissue construction costs, i.e. the
amount of glucose involved in the synthesis of a unit of
biomass. In order to quantify construction costs during the
vine's growth cycle, chemical compositions of leaves, stems,
fruits, fine roots and trunk of 10-year-old grapevines (cv.
Merlot) were determined in two seasons. Tissue construc-
tion costs were estimated using (i) an approach based on
the quantification of the amount of glucose required for the
synthesis of major chemical components of vine organs by
the most probable metabolic pathways (coded as CCp) and
(ii) a simpler technique in which costs were derived from
tissue ash, carbon and nitrogen concentrations (coded as
CCw). Both methods were well-correlated in all grapevine
tissues despite CCp values were higher than CCw estimates.
Grapevine leaves had higher concentrations of compounds
with a high proportion of C and N atoms (proteins, lipids
and phenolics) and higher CCw values throughout the sea-
son than other tissues. Small variation in CCw values how-
ever were observed seasonally in vegetative tissues despite
their chemical composition varied considerably with plant
development. Significant changes in CCw appeared in berry
tissues between fruit set and maturity, reflecting a propor-
tional increase in concentration of inexpensive metabolites
(soluble sugars and organic acids).

K e y   w o r d s :  C:N ratio, chemical composition, construc-
tion cost, ontogeny, Vitis vinifera.

Introduction

Modelling of the whole-plant carbon balance is a useful
research tool for understanding the processes involved in
grapevine growth and yield and for developing viticultural
management strategies (GUTTIEREZ et al. 1985, WERMELINGER

et al. 1991, VIVIN et al. 2002). In such process-based models,
part of the daily photoassimilated carbon is converted into
an increased dry matter through a parameter CC, named
‘construction cost’ (for a complete list of parameters used in
different methods of estimating the construction cost of
biomass see GARY et al. 1995), which represents the amount
of glucose used to provide the carbon skeletons, reducing
power (NADH or equivalent) and chemical energy (ATP or
equivalent) that are involved in the synthesis of a unit of

biomass (PENNING DE VRIES et al. 1974, WILLIAMS et al. 1987).
Although it is widely accepted that CC is dependent on
chemical composition of the synthesized plant material and
will change with time if the composition of the tissue changes
with ontogeny (WALTON et al. 1990 a, GARY et al. 1998 b) or
environmental conditions (GRIFFIN et al. 1996, POORTER et al.
1997), plant modellers used single values of CC to calibrate
their models. This simplification is questionable since any
error in the estimation of CC has direct consequences on
the calculation of the dry matter production from the daily
carbon acquisition. Obviously, using seasonal values of con-
struction costs for each class of tissues may enable a more
accurate simulation of experimental data; but to our knowl-
edge such reference information is not available for grape-
vine tissues.

Several methods have been developed for estimating
the costs of plant growth (reviews by WALTON et al. 1990 b,
GRIFFIN 1994, GARY et al. 1995). Some of these methods are
easier to use than others, but there are also trade-offs in that
each method is subject to some uncertainty due to the many
assumptions and approximations that must be made
(WULLSCHLEGER et al. 1997). The main method used in the
present study to estimate tissue construction costs (coded
CCp) was based on the approach by PENNING DE VRIES et al.
(1974), revised by POORTER (1994), which consisted of quan-
tifying the amount of glucose required for the synthesis of
the major chemical components of the plant organs by the
most probable metabolic pathways. These CCp values were
compared with a simpler technique in which estimates of
growth costs (coded CCw) were derived from tissue ash,
carbon and nitrogen concentrations, and from assumptions
on the energetic costs of nitrogen assimilation and carbo-
hydrate translocation (VERTREGT AND PENNING DE VRIES 1987,
modified by WULLSCHLEGER et al. 1997).

Estimating the cost of producing new plant tissues from
chemical compositions may seem crude in regard to the com-
plexity of the biochemical processes involved, but consti-
tutes crucial information to fully develop and parametrize
source-sink relationhip-based models simulating the daily
carbon supply and partitioning among vegetative and re-
productive plant organs of individual grapevines through-
out the growing cycle (VIVIN et al. 2002); even if, as empha-
sized by GARY et al. (1998 b), it should be noted that the
estimations of CC are based on analyses of tissues that are
results of the integration of growth during a period of time,
whereas models likely need at each time step a conversion
factor for the increment of organic biomass. The objectives
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of this study were to obtain a complete picture of chemical
compositions for grapevine tissues (leaves, shoots, fruits,
fine roots and trunk) in order to quantify for, and detect
possible differences in, its construction costs during the
plant’s growth cycle.

Material and Methods

P l a n t   m a t e r i a l   a n d   p r e p a r a t i o n   o f
s a m p l e s :   In 1998 and 1999 data were collected on 10-year-
old grapevines (Vitis vinifera L. cv. Merlot) grafted on Fercal
and growing in the INRA Couhins experimental vineyard,
near Bordeaux, France (for specific site information see
RODRIGUEZ-LOVELLE et al. 2000, CASTELAN 2001). In both years,
5 annual shoots - one per vine - were sampled at 5 sampling
dates from bud burst to grape maturity; they were separated
into 5 tissues types: main stems, laterals, leaves on main
stems, leaves on laterals, and fruits; fruits represent inflo-
rescences (flowers + peduncles) before fruit set and whole
bunches (berries + rachis) after fruit set. Additionally, sam-
ples of the trunk (rootstock and scion) and of fine roots
were also taken periodically but only in 1999. All samples
were dried at 80 °C for 48 h, weighed, and ground before
analysis.

D e t e r m i n a t i o n   o f   t i s s u e   c h e m i c a l
c o m p o s i t i o n s :  Tissue carbon and nitrogen concentra-
tions (mg g-1 dry mass) were determined by combusting
3 mg aliquots in an elemental analyser (NA 2100, Carlo Erba,
Milan, Italy). In order to estimate the chemical composition
and, subsequently, construction costs, as defined by PEN-
NING DE VRIES et al. (1974), tissue material was categorized in
6 different classes of constituents computed as follows. First,
the amount of the total nitrogenous compounds, the ‘pro-
tein fraction’ (PRO), i.e. amino acids, proteins and nucleic
acids  were estimated by mutiplying total N by 6.25 (POORTER

1994). Nitrogen was included as total N (organic and
mineral N, i.e. mainly nitrate-N); only the values for reduced,
organic nitrogen should have been considered for calculat-
ing construction costs but the underestimation of this cost
by including the values for mineral N is small (GARY et al.
1998 a). Ash (ASH) was determined by ashing 100 mg aliquots
for 6 h in a muffle furnace at 550 °C and weighing the remain-
ing residue. Subsequently, ash alkalinity was determined by
NaOH titration after dissolution of the ashes in 0.1 N HCl.
During the combustion process, NO3

- and organic acids dis-
appear, leaving an oxide, which reacts with CO2 after cool-
ing to form CO2

3-. Therefore, the total mineral concentration
(MIN) was calculated by substracting from the ash content
a value (in g g-1) equal to 30 times the ash alkalinity (in
meq g-1) to correct for the carbonate formed (POORTER and
VILLAR 1997). The total organic acid concentration (OA) was
estimated by multiplying ash alkalinity (in meq g-1) by
62.1 g eq-1 which represents an average molecular weight
per equivalent of all organic acids present in a vegetative
tissue (POORTER and BERGKOTTE 1992). In berry tissue, the
latter value was arbitrarily fixed to 70 g eq-1 to correct for the
higher molecular weights per equivalent of tartaric and malic
acids, which together may represent 90 % of the total or-
ganic acids pool (ILAND and COOMBE 1988, DIAKOU et al.

1997). It is also assumed that from fruit set to maturity, the
ash alkalinity measured in berries only represent half of the
total organic acids pool, due to partial salt formation, of the
organic acids at the berry pH (USSEGLIO-TOMASSET 1995);
however possible variations in the salt formation process
during berry development were not taken into account for
the estimation of OA concentration. In addition, a third
aliquot (200 mg) was extracted with chloroform, methanol
and water in a ratio of 5:12:3 (v/v/v) ; the residue left after
drying off the chloroform phase, which largely contains
phospholipids and galactolipids as well as some sterols,
was determined gravimetrically and termed lipids (LIP). Fi-
nally, two classes of constituents representing total soluble
and insoluble carbohydrates (SUG) and soluble phenolics
(PHE) were estimated by difference assuming a 100 % re-
covery of the compounds present in a tissue, using the fol-
lowing two equations:
SUG + PHE = 1000 - (PRO + LIP + OA + MIN) (1)
0.42 SUG + 0.64 PHE = C-(0.53 PRO-0.68 LIP-0.36 OA) (2)
where the constants are the theoretical mean carbon con-
tent of carbohydrates (0.42), phenolics (0.64), proteins (0.53),
lipids (0.68) and organic acids (0.36) while C represents the
mean carbon content of the sample. The concentrations of
these compounds are expressed as mg g-1 dry mass.

C o n s t r u c t i o n   c o s t s :  The cost of synthesizing
plant tissue was first calculated according to PENNING DE

VRIES (1974, revised by POORTER 1994), by multiplying the
concentrations of each of the 6 classes of chemical com-
pounds, obtained from equation 1 and 2, by the respective
specific glucose requirement coefficients shown in Tab. 1.
The protein class was calculated by assuming that nitrogen
is only assimilated as NO3

- although grapevine roots take
up N as NH4

+ as well (ROUBELAKIS-ANGELAKIS and KLIEWER

1991). The sum of the 6 products (concentration of com-
pound class x specific construction cost), expressed in g
glucose g-1 dry mass, gave the value of total construction
costs, coded CCp. The total amount of glucose required to
construct one gram of dry mass was also estimated by a
second, simple method resulting in a value coded CCw. Here,
the concentrations (g g-1 dry mass) of tissue ash (ASH),
carbon (C) and nitrogen (N) enter into equation 3, based on

T a b l e  1

Mean specific construction cost (g glucose g-1 dry weight) for
major chemical fractions. The values for lipids, total carbohydrates,
phenolics, and organic acids as reported by POORTER and VILLAR

(1997). For nitrogenous compounds (amino acids, proteins, and
nucleic acids), the value is based on the assumption that all

nitrogen is assimilated exclusively from NO
3
- (POORTER 1994)

Chemical fraction Cost
(g glucose g-1)

Nitrogenous compounds 2.48
Phenolics 2.60
Lipids 3.03
Carbohydrates 1.17
Organic Acids 0.91
Minerals 0



the assumptions made for the energetic costs of nitrogen
assimilation and carbohydrate translocation (VERTREGT and
PENNING DE VRIES 1987, modified by WULLSCHLEGER et al.
1997):
CCw = (5.39 C + 0.80 ASH + 5.64 fN,h N - 1.191) (1+ rT) (3)
For this equation, fN,h , the fraction of nitrogen used in growth
that is assimilated heterotrophically (unitless, 0-1), was set
at 0.5 for leaves (i.e. half of nitrate is reduced heterotrophi-
cally) and at 1.0 for trunk, stems, fruit and roots (WULL-
SCHLEGER et al. 1992). The value of rT, the added cost of
translocating photosynthates from sources to sinks, was
set for all tissues at 5.3 % (VERTREGT and PENNING DE VRIES

1987). Note that only an apparent construction cost was
estimated from both methods at the time of harvest of each
plant; the composition of a tissue is the result of the integra-
tion of growth during a period of time and can partly be the
result of the remobilization of some compounds in other
organs (VALANTIN et al. 1999).

S t a t i s t i c a l   a n a l y s i s :  All statistical analyses
were performed on SYSTAT 5.1 software. Means are given
with standard error; values were significantly different if
P<0.05. Time of sampling was expressed both as day of the
year (DOY) and as cumulative degree-days above 10 °C (cal-
culated from January 1 of each year).

Results and Discussion

C h e m i c a l    c o m p o s i t i o n :  As reported in the
literature (WILLIAMS 1987, WERMELINGER and KOBLET 1990,
CONRADIE 1992, KELLER et al. 1995), C and N concentrations
of grapevine tissues varied with time, reflecting changes in
the chemical composition of organs during plant develop-
ment. In most of the growing season, nitrogen concentra-
tions of the leaves greatly exceeded that of the stems
(Tabs 2 and 3), and lateral leaves and stems had significantly
higher N concentrations than main leaves and stems in 1998

T a b l e  2

Mean carbon, nitrogen, and ash concentrations (mg g-1), standard
error of the mean (n=2) for various grape tissues sampled throughout
1998. DOY = day of the year. Cumulative degree-days (Ddays,

base 10 °C) were calculated from January 1, 1998

Tissue DOY Ddays C N Ash

139 282 437 (1) 30.6 (1.7) 60 (4)
Main 156 414 442 (3) 33.4 (0.9) 57 (28)
Leaves 166 483 441 (2) 28.9 (0.6) 68 (9)

180 614 442 (4) 25.6 (0.4) 82 (5)
271 1547 438 (6) 13.2 (0.7) 124 (11)

Lateral 139 282 458 (1) 39.8 (2.6) 55 (12)
Leaves 156 414 456 (2) 40.1 (0.9) 56 (7)

166 483 451 (0) 34.5 (1.2) 52 (9)

139 282 421 (17) 11.1 (0.7) 63 (18)
Main 156 414 412 (11) 10.9 (0.1) 63 (8)
Stems 166 483 418 (7) 9.4 (1.5) 63 (18)

180 614 430 (8) 5.7 (0.3) 52 (9)
271 1547 456 (3) 4.0 (0.3) 29 (4)

156 414 442 (-) 32.7 (-) 62 (-)
Lateral 166 483 434 (2) 27.7 (2.4) 62 (15)
Stems 180 614 440 (5) 25.7 (0.4) 70 (7)

271 1547 437 (1) 13.7 (0.8) 107 (11)

139 282 442 (1) 28.8 (1.7) 58 (3)
156 414 443 (3) 26.8 (0.7) 66 (6)

Fruit 166 483 445 (2) 25.1 (2.2) 67 (9)
180 614 439 (8) 12.7 (1.1) 49 (1)
271 1547 406 (0) 2.6 (0.3) 19 (1)

T a b l e  3

Mean carbon, nitrogen, and ash concentrations (mg g-1), standard
error of the mean (n=5) for various grape tissues sampled throughout
1999.  (*) Values for trunk are the means (n = 2) of samples from

scion and rootstock. For details see Tab. 2

Tissue DOY Ddays C N Ash

132 244 464 (2) 34.4 (0.7) 50 (3)
Main 145 433 490 (2) 34.9 (1.3) -
Leaves 187 720 461 (2) 23.7 (1.4) 77 (4)

221 1133 496 (2) 24.0 (0.5) -

249 1448 493 (2) 21.7 (0.6) 84 (2)
145 433 480 (3) 34.8 (1.6) -

Lateral 187 720 457 (3) 25.5 (0.8) 66 (2)
Leaves 221 1133 487 (2) 26.1 (0.4) -

249 1448 483 (1) 25.0 (0.7) 80 (6)

132 244 426 (3) 15.1 (0.3) 61 (4)
Main 145 433 465 (3) 11.1 (0.5) -
Stems 187 720 458 (3) 4.4 (0.1) 37 (1)

221 1133 471 (5) 3.5 (0.1) -
249 1448 478 (1) 3.7 (0.2) 46 (1)

145 433 441 (4) 17.4 (1.1) -
Lateral 187 720 431 (5) 6.8 (0.3) 72 (6)
Stems 221 1133 458 (3) 5.6 (0.3) -

249 1448 442 (4) 5.0 (0.1) 95 (5)

132 244 456 (2) 29.5 (0.7) 51 (3)
145 433 480 (3) 24.2 (1.2) -

Fruit 187 720 458 (1) 11.3 (0.3) 38 (3)
221 1133 484 (4) 6.7 (0.4) -
249 1448 425 (2) 2.8 (0.1) 21 (1)

159 450 453 (4) 11.3 (2.7) -
190 753 452 (2) 7.3 (3.1) 40 (8)

Fine 221 1133 460 (3) 7.1 (1.5) -
Roots 251 1469 455 (9) 7.1 (2.5) 48 (5)

278 1688 467 (6) 5.1 (0.5) -
309 1819 476 (3) 6.4 (0.9) 44 (3)

96 92 460 (3) 3.7 (0.7) 13 (5)
Trunk (*) 218 1099 460 (1) 3.1 (0.5) 9 (5)

342 1824 477 (3) 2.4 (0.5) 12 (3)

Construction costs of grapevine tissues 7
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the main shoots contained relatively more proteins, lipids
and minerals per unit dry mass than stems, grapes, roots,
and trunks, but had significantly less proteins and organic
acids per unit dry mass than leaves on laterals (Fig. 2, Tab. 4).
In 1999 more lipids and phenolics, and less carbohydrates
and minerals per unit dry mass were found in main vegeta-
tive tissues compared to 1998. Furthermore, in both main
leaves and stems, the concentrations of proteins and total
carbohydrates decreased over time whereas those of the
phenolic fractions increased strongly (Fig. 2). The concen-
trations of lipids, organic acids and minerals increased over
time only in main leaves but not in main stems. At flowering,
in reproductive tissues the major compounds were proteins
and total carbohydrates, representing both more than 80 %
of the inflorescence dry mass (Fig. 2). Later, the concentra-
tion of total carbohydrates increased dramatically in berries
partly diluting fractions of others compounds - e.g. organic
acids (RUFFNER 1982) and N-containing compounds; the con-
centration of the latter decreased by a factor of 10 from flow-
ering to fruit maturity. Finally, in 1999 fruit tissues had also
significantly higher amounts of lipids than in 1998, but, un-
like vegetative main tissues, no significant year effect was
observed for the total content of carbohydrates (Fig. 2).

C o n s t r u c t i o n   c o s t s :  Biochemical pathway
analysis often gives higher estimates than other analytical
techniques (WILLIAMS et al. 1987, GRIFFIN 1994, POORTER 1994);
a general tendency indicated that construction costs (CCw)
were lower than those calculated as CCp mainly for leaves
and to some extent for other tissues (Fig. 3). Despite these
quantitative differences, construction costs estimated by
the two methods were closely correlated in all grapevine
tissues (r2 = 0.87, P <0.001 in 1998 and r2 = 0.96, P <0.001 in
1999). The method adapted from PENNING DE VRIES et al.
(1974) provides, of course, most information about factors
causing changes in growth costs over time; but the time
consuming, detailed chemical analysis and the potential er-
rors, given the crudeness of the methods and the number of

and to a lesser extend in 1999. Among the annual tissues,
the N-concentrations in fine roots were similar throughout
the sampling periods (on average 7.4 mg g-1), while they
were at high levels during early growth of leaves and stems
(>29 mg g-1 in leaves and >10 mg g-1 in stems); they sharply
decreased after bloom (around 400 degree-days), possibly
due to the onset of N retranslocation to permanent woody
organs. This seasonal pattern confirms that grapevine stems
and leaves have a high N turnover (e.g. 40 % of the N may be
recycled in senescent leaves according to WERMELINGER

1991), and that they seem to act as intermediate N reservoirs
between roots and fruits (CONRADIE 1992). Furthermore,
N concentrations were high and stable in inflorescences (on
average >24 mg g-1), but also dropped rapidly after bloom to
reach a minimum value of 3 mg g-1 in mature berries suggest-
ing that N import did not keep up with fruit growth. The
seasonal trends observed in fruit tissue were similar in 1998
and 1999 (Tabs 2 and 3). Unlike N, total carbon concentra-
tions were stable with time in most of the vegetative parts
(Tabs 2 and 3); only main stems and the trunk accumulated
more carbon per unit dry mass at the end of the growing
season. Carbon concentrations in fruit tissue were also sta-
ble until fruit set (on average 443 mg g-1 in 1998 and
456 mg g-1 in 1999), but between fruit set and maturity de-
creased by about 10 % in both years. Furthermore, all grape-
vine tissues had significantly higher C contents in 1999 than
in 1998. Finally, the C:N ratios increased dramatically in each
growing season in all above-ground grapevine parts, mainly
in fruit tissue where mean values were 10 times higher at
maturity than at flowering in inflorescences. With mean val-
ues ranging from 11 to 33, leaves had the lowest C:N ratio
among all grapevine organs (Fig. 1); generally expanding
leaves had a lower C:N ratio than fine roots because of their
higher N concentrations while roots had greater C losses
(WERMELINGER 1991).

Chemical composition varied between organs and dur-
ing the vegetation period. At each sampling date, leaves of

Fig. 1: Seasonal changes of mean N concentration and C:N ratio for various tissues of cv. Merlot sampled throughout 1998 (open
symbols, n=2) and 1999 (closed symbols, n=5). Circles are for main, triangles for lateral tissues. Cumulative degree-days were calculated

from January 1 of each year. Bars represent standard errors.



higher apparent specific construction costs throughout the

season compared with other tissues (Fig. 4). The mean an-

nual costs of main leaves synthesis calculated as CC
w

(1.43 ± 0.01 and 1.56 ± 0.02 g glucose g-1 dry mass in 1998

and 1999, respectively) were appreciably higher than those

calculated for kiwi leaves (WALTON and FOLKE 1995) but not

dissimilar with those calculated for apple leaves (1.44 g glu-

cose g-1 dry mass, WALTON et al. 1999).

Small seasonal variations in the apparent amount of glu-

cose needed to construct 1 g of biomass were observed in

all vegetative grapevine tissues (Fig. 4), although their chemi-

cal composition varied considerably with plant development;

a common feature reported previously on several herbaceous

and woody species (POORTER and BERGHOTTE 1992, POORTER

and VILLAR 1997, VILLAR and MERINO 2001, MARTINEZ et al.

2002) and mostly explained by positive correlation between

'expensive' and 'cheap' compounds (e.g. lipids and mineral/

organic acids) or negative correlation between various 'ex-

pensive' ones (e.g. proteins and lipids/phenolics) (Fig 5).

Indeed, main stems cause significantly higher specific costs

of synthesis at the last sampling dates, likely due to ligni-

fication of the shoots when berries ripen (PRATT 1974). Simi-

lar ontogenetic increases in costs of synthesis were meas-

ured in stems, and to a lesser extent, in leaves of kiwifruits

(WALTON and FOWKE 1995), but not in leaves of tomato (GARY

et al. 1998 b) and chaparral shrub (MERINO et al. 1984). In

the two latter experiments, decreases in CC during develop-

ment were explained by an accumulation of minerals and

especially by a shift from the synthesis of costly compounds

(lipids) to the synthesis of 'cheap' structural compounds

(cellulose and hemicellulose).

The results show that the costs of synthesis in fruit

tissues significantly change during their development, in-

florescences having higher apparent construction costs than

mature berries (Fig 4). The decline in CC
w

 observed when

berries ripen, is likely to reflect the proportinal decline in

N-containing compounds (proteins, amino acids, nitrate) and

lipid concentrations accompanied with a proportional in-

crease in the 'inexpensive' metabolites concentrations (solu-

ble sugars) (Figs 4 and 5). The end-of-season costs for syn-

theses in berries calculated from elemental analysis (1.10 and

1.12 g glucose g-1 dry weight in 1998 and 1999, respectively)

were similar to those estimated for kiwifruits (1.21 g gluc-

Fig. 2: Seasonal changes of mean chemical composition for main

leaves, main stems and fruit tissues. For details see Fig. 1.

Construction costs of grapevine tissues 9

replicates required, are rather disadvantageous (WALTON

et al. 1990 b, POORTER 1994). The revised short-cut method

of VERTREGT and PENNING DE VRIES (1987) which originally

required information on only carbon and ash concentrations

to estimate CC
 p
, therefore appears to be a more simple alter-

native approach to give estimates on costs of grapevine

growth. Nevertheless the reliability of assumptions regard-

ing heterotrophic nitrogen assimilation (f
N,h

) and added

translocation costs (r
T
) as proposed by WULLSCHLEGER et al.

(1997), still needs to be tested for the present grapevine

tissues.

Grapevine leaves had higher amounts of  C and N than

other tissues, due to their higher concentrations of com-

pounds with a high proportion of both atoms (proteins, lipids

and phenolics). Since the production of  these compounds

is comparatively 'expensive', leaf tissues as a whole had

Fig. 3: Relationships between construction costs calculated as CC
w

and CC
p
 in various tissues sampled throughout 1998 or 1999. For

definition of CC
w

 and CC
p
 see text. �, main leaves; �, lateral

leaves; ❑, main stems;  , lateral stems; �, fruit; ❍, fine roots.
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T a b l e  4

Mean chemical concentrations (mg g-1), standard error of the mean (n = 2 to 5) for various grape tissues sampled throughout 1998 and
1999. For details see Tab. 2 resp. Material and Methods

Tissue Year Ddays PRO LIP MIN OA SUG PHE

Lateral 1998 282 249 (16) 50 (0) 36 (2) 38 (12) 559 (38) 68 (7)
Leaves 414 251 (6) 54 (3) 39 (4) 35 (2) 561 (11) 60 (2)

483 216 (7) 41 (1) 32 (7) 41 (0) 613 (22) 58 (10)
1999 720 160 (5) 73 (3) 34 (2) 67 (1) 570 (4) 92 (7)

1448 163 (3) 73 (2) 50 (7) 61 (3) 427 (16) 231 (12)

Lateral 1998 414 204 (-) 56 (-) 37 (-) 50 (-) 637 (-) 15 (-)
Stems 483 173 (15) 49 (4) 35 (10) 56 (1) 682 (27) 5 (5)

614 160 (2) 46 (0) 40 (5) 61 (1) 644 (7) 48 (14)
1547 86 (5) 57 (1) 71 (6) 74 (3) 592 (19) 121 (6)

1999 720 43 (2) 32 (1) 41 (5) 63 (3) 736 (24) 83 (26)
1448 31 (1) 32 (2) 58 (6) 75 (3) 649 (21) 154 (18)

Fine 1999 753 46 (20) 24 (4) 18 (6) 45 (3) 727 (9) 140 (21)
Roots 1469 44 (16) 22 (1) 24 (2) 50 (5) 689 (32) 171 (41)

1819 40 (6) 22 (1) 21 (2) 47 (3) 606 (22) 264 (12)

Trunk 1999 92 24 (4) 19 (0) 7 (4) 14 (3) 773 (5) 163 (5)
1099 20 (3) 21 (0) 4 (4) 11 (2) 785 (12) 160 (3)
1824 15 (3) 21 (1) 5 (1) 14 (4) 703 (21) 242 (13)

ose g-1; WALTON et al. 1990 a), tomato (1.15 g glucose g-1;
GARY et al. 1998 b), and apple (1.16 g glucose g-1; WALTON

etal . 1999). They were lower however than those for canta-
loupe (1.31 g glucose g-1, VALANTIN et al. 1999) where CC

were larger at harvest due to higher concentration of lipids
in seeds (about 40 % of the seed dry mass). WALTON et al.
(1990 a) carried out similar experiments on kiwi fruit and
showed that CC decreased when organic acids accumu-

Fig. 4: Seasonal changes of mean construction costs (CCw) for various tissues. For details see Fig. 1.

Fig. 5: Principal component analysis of data on the chemical composition for various tissues sampled throughout 1998 and 1999. The two
factors explained 87-91% of the total variation. For explanation of abbreviations see Material and Methods.



lated and then increased during seed formation and the syn-
thesis of their lipid reserves. Grape seeds contain relative
high concentrations of lipids (5-20 % of the seed dry mass)
and phenolics depending on the variety and the stage of
development (MIELE et al. 1993); however, they are not a
large fraction of the whole grape dry mass. In the present
study, preliminary results on potted Cabernet Sauvignon
fruiting cuttings revealed that CCp calculated from chemical
analyses were higher at fruit maturity in the berry seeds
(1.97 g glucose g-1) than in the berry pulp (1.24 g glucose g-1)
and the grape peduncle (1.43 g glucose g-1) due to higher
levels of N-containing compounds, lipids and phenolic com-
pounds in the seeds (CASTELAN 2001). Further analyses are
still necessary to address a complete seasonal picture of the
relative contribution of each berry tissue (skin, pulp and
seeds) to the whole grape contruction costs in vineyard.

Conclusions

In this study the chemical compositions of various tis-
sues of Vitis vinifera cv. Merlot were determined and here-
with the mass-specific construction costs. This approach,
to our knowledge, is original for grapevine. Grapevine leaves
had higher construction costs than other tissues due to
their higher relative contribution of 'expensive' compounds
such as lipids, soluble phenolics, or proteins. Although their
chemical composition varied considerably with plant devel-
opment, small variation in the apparent amount of glucose
necessary to construct 1 g of biomass was observed in veg-
etative tissues throughout the growing cycle; this is prob-
ably due to the pattern of covariation between the various
classes of constituents. On the other hand, significant de-
velopmental changes in CCw clearly appeared in reproduc-
tive tissues between flowering and fruit maturity. In the grape-
vine modelling perspective, the present results stress the
fact that mass-based construction costs are tissue specific
and at least for berry tissues might fluctuate throughout the
growing season. Further analyses are still needed to explore
the sensibility of CC values to various environmental con-
ditions or grapevine varieties.

Acknowledgements

This study was partially funded by the Mexican government
(Conacyt-cefi-sfere, 62247-1997) and the Interprofessional Council
of Bordeaux Wines (CIVB). The authors thank DYLAN WESTFELDT

(www.adrem.ws) for language correction.

References

CASTELAN, M.; 2001: Répartition de la biomasse chez Vitis vinifera L.;
Rendement de conversion du rayonnement solaire global et
coûts énergétiques. PhD Thesis, INA Paris-Grignon.

CONRADIE, W. J.; 1992: Partitioning of nitrogen in grapevines during
autumn and the utilisation of nitrogen reserves during the
following growing season. S. Afr. J. Enol. Vitic. 13, 45-51.

DIAKOU, P.; MOING, A.; SVANELLA, L.; OLLAT, N.; ROLIN, D. B.; GAUDILLERE,
M.; GAUDILLERE, J. P.; 1997: Biochemical comparison of two
grape varieties differing in juice acidity. Aust. J. Grape Wine
Res. 3, 117-126.

GARY, C.; BERTIN, N.; FROSSARD, J. S.; LEBOT, J.; 1998 a: High mineral
contents explain the low construction cost of leaves, stems
and fruits of tomato plants. J. Exp. Bot. 49, 49-57.

GARY, C.; FROSSARD, J. S.; CHENEVARD, D.; 1995: Heat combustion, de-
gree of reduction and carbon content: 3 interrelated methods
of estimating the construction cost of plant tissues. Agronomie
15, 59-69.

GARY, C.; LE BOT, J.; FROSSARD, J. S.; ANDRIOLO, J. L.; 1998 b: Ontogenic
changes in the construction cost of leaves, stems, fruits, and
roots of tomato plants. J. Exp. Bot. 49, 59-68.

GRIFFIN, K. L.; 1994: Calorimetric estimates of construction cost and
their use in ecological studies. Funct. Ecol. 8, 551-562.

GRIFFIN, K. L.; THOMAS, R. B.; STRAIN, B. R.; 1993: Effects of nitrogen
supply and elevated carbon dioxide on construction cost in
leaves of Pinus taeda (L.) seedlings. Oecologia 95, 575-580.

GRIFFIN, K. L.; WINNER, W. E.; STRAIN, B. R.; 1996: Construction costs
of loblolly and ponderosa pine leaves grown with varying
carbon and nitrogen availability. Plant Cell Environ. 19,
729-738.

GUTTIEREZ, A. P.; WILLIAMS, D. W., KIDO, H.; 1985: A model of grape
growth and development: The mathematical structure and
biological considerations. Crop Sci. 5, 721-728.

ILAND, P. G.; COOMBE, B. G.; 1988: Malate, tartrate, potassium, and
sodium in flesh and skin of Shiraz grapes during ripening: Con-
centration and compartimentation. Am. J. Enol. Vitic. 39, 71-82.

KELLER, M.; HESS, B.; SCHWAGER, H.; SCHÄRER, H.; KOBLET, W.; 1995:
Carbon and nitrogen partitioning in Vitis vinifera L.: Responses
to nitrogen supply and limiting irradiance. Vitis 34, 19-26.

MARTINEZ, F.; LAZO, Y. O.; FERNANDEZ-GALIANO, R. M.; MERINO, J. A.;
2002: Chemical composition and construction cost for roots of
Mediterranean trees, shrub species and grassland communities.
Plant Cell Environ. 25, 601-608.

MERINO, J.; FIELD, C.; MOONEY, H. A.; 1984: Construction and mainte-
nance costs of mediterranean-climate evergreen and deciduous
leaves. 2. Biochemical pathway analysis. Acta Oecol. Plant. 5,
211-229.

MIELE, A.; BOUARD, J.; BERTRAND, A.; 1993: Fatty acids from lipids
fractions of leaves and different tissues of Cabernet Sauvignon
grapes. Am. J. Enol. Vitic. 44, 180-186.

PENNING DE VRIES, F. W. T.; BRUNSTING, A. H. M.; VAN LAAR, H. H.; 1974:
Products, requirements and efficiency of biosynthesis: A quanti-
tative approach. J. Theor. Biol. 45, 339-377.

POORTER, H.; 1994: Construction costs and payback time of biomass:
A whole plant perspective. In: J. ROY, E. GARNIER (Eds.): A Whole
Plant Perspective on Carbon-Nitrogen Interaction, 111-127.
SPB Acad. Publ., The Hague.

POORTER, H.; BERGKOTTE, M.; 1992: Chemical composition of 24 wild
species differing in relative growth rate. Plant Cell Environ. 15,
221-229.

POORTER, H.; VAN BERKEL, Y.; BAXTER, R.; DEN HERTOG, J.; DIJKSTRA, P.;
GIFFORD, .M.; GRIFFIN, K. L.; ROUMET, C.; ROY, J.; WONG, S. C.; 1997:
The effect of elevated CO2 on the chemical composition and
construction costs of leaves of 27 C3 species. Plant Cell Environ.
20, 472-482.

POORTER, H.; VILLAR, R.; 1997: The fate of acquired carbon in plants:
Chemical composition and construction costs. In: F. A. BAZZAZ; J.
GRACE (Eds.): Plant Resource Allocation, 39-72. Physiological
Ecology Series, Academic Press, San Diego.

PRATT, C.; 1974: Vegetative anatomy of cultivated grapes - a review.
Am. J. Enol. Vitic. 25, 131-150.

RODRIGUEZ-LOVELLE, B.; SOYER, J. P.; MOLOT, C.; 2000: Nitrogen avail-
ability in vineyards soils according to soil management prac-
tices. Effects on vine. Acta Hort. 526, 277-285.

ROUBELAKIS-ANGELAKIS, K. A.; KLIEWER, W. M.; 1992: Nitrogen metabo-
lism in grapevine. Hort. Rev. 14, 407-452.

RUFFNER, P.; 1982: Metabolism of tartaric and malic acids in Vitis: A
review. Vitis 21, 247-259.

USSEGLIO-TOMASSET, L.; 1995: Les acides de raisin. In: L. USSEGLIO-
TOMASSET (Ed.): Chimie Oenologique. Lavoiser Technique & Docu-
mentation, 2ème édition, Paris.

VALANTIN, M.; GARY, C.; VAISSIÈRE, B. E.; FROSSARD, J. S.; 1999: Effect of
fruit load on partitioning of dry matter and energy in Canta-
loupe (Cucumis melo L.). Ann. Bot. 84, 173-181.

Construction costs of grapevine tissues 11



12 P. VIVIN, M. CASTELAN-ESTRADA and J. P. GAUDILLERE

VERTREGT, N.; PENNING DE VRIES, F. W. T.; 1987: A rapid method for
determining the efficiency of biosynthesis of plant biomasss.
J. Theor. Biol. 128, 109-119.

VILLAR, R.; MERINO, J.; 2001: Comparison of leaf construction costs in
woody species with differing leaf life-spans in contrasting eco-
systems. New Phytol. 151, 213-226.

VIVIN, P.; CASTELAN, M.; GAUDILLERE, J. P.; 2002: A source/sink model to
simulate seasonal allocation of carbon in grapevine. Acta Hort.,
584, 43-56.

WALTON, E. F.; DE JONG, T. M.; 1990 a: Estimating the bioenergetic
cost of a developing kiwifruit berry and its growth and mainte-
nance respiration components. Ann. Bot. 66, 417-424.

WALTON, E. F.; DE JONG, T. M.; LOOMIS, R. S.; 1990 b: Comparison of
four methods calculating the seasonal pattern of plant growth
efficiency of a kiwifruit berry. Ann. Bot. 66, 299-307.

WALTON, E. F.; FOWKE, P. J.; 1995: Estimation of the annual cost of
kiwifruit vine growth and maintenance. Ann. Bot. 76, 617-623.

WALTON, E. F., WÜNSCHE, J. N.; PALMER, J. W.; 1999. Estimation of the
bioenergetic costs of fruit and other organ synthesis in apple.
Physiol. Plant. 106, 129-134.

WERMELINGER, B.; 1991: Nitrogen dynamics in grapevine: Physiology
and modelling. In: J. M. RANTZ (Ed.): Proc. Int. Symp. Nitrogen
in Grapes and Wine, 23-31. American Society for Enology and
Viticulture, Davis, USA.

WERMELINGER, B.; BAUMGÄRTNER, J.; GUTTIERREZ, A. P.; 1991: A demo-
graphic model of assimilation and allocation of carbon and ni-
trogen in grapevines. Ecol. Model. 53, 1-26.

WERMELINGER, B.; KOBLET, W.; 1990: Seasonal growth and nitrogen
distribution in grapevine leaves, shoots and grapes. Vitis 29,
15-26.

WILLIAMS, L. E.; 1987: Growth of ‘Thompson seedless’ grapevines: II.
Nitrogen distribution. J. Am. Soc. Hort. Sci. 112, 330-337.

WILLIAMS, K.; PERCIVAL, F.; MERINO, J.; MOONEY, H. A.; 1987: Estimation
of tissue construction cost from heat of combustion and organic
nitrogen content. Plant Cell Environ. 10, 725-734.

WULLSCHLEGER, S. D.; NORBY, R. J.; LOVE, J. C.; RUNCK, C.; 1997: Ener-
getic costs of tissue construction in yellow-poplar and white oak
trees exposed to long-term CO2 enrichment. Ann. Bot. 80,

289-297.

Received July 12, 2002


