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Abstract A simulation model of the evolution of total
sugar content (CTS) in fruit was developed in order to
describe the within- and between-genotype variation of
CTS observed in a peach (Prunus persica (L.) Batsch)
breeding population. The parameter k defines the ratio of
carbon used for synthesizing compounds other than sug-
ars for each genotype. Model input variables are dry flesh
growth rate and fresh flesh mass of fruit. We estimated k
for 137 peach and nectarine genotypes derived from a
clone of a wild peach (Prunus davidiana) by three gen-
erations of crosses with commercial nectarine varieties.
We tested the predictive quality of the model on inde-
pendent datasets. Despite an underestimation of the ob-
served CTS, the correlation between observations and
predictions was suitable (0.72). Spearman correlation
coefficients between 2001 and 2002 for model input
variables and parameter k were higher than for CTS. None
of the three components assimilation supply to the fruit,
metabolism, or dilution, seemed to have a greater relative
effect on CTS variation than the others. Indeed, CTS
variation seemed to result from the balance between the
three components. The interest of this approach, which
consists of dissecting traits into components via an eco-
physiological model, for breeding strategy and for sugar
accumulation studies are discussed.

Introduction

Fruit sweetness depends on total sugar content (CTS) in
the flesh (Leonard et al. 1953; Robertson et al. 1992).
Wide variations in CTS have been reported between
genotypes of different level of selection in different
species, such as Cucumis melo (Stepansky et al. 1999),
Prunus armeniaca (Gurrieri et al. 2001) and P. persica
(Moriguchi et al. 1990). Improvement of CTS through
selection has been restricted (Dirlewanger et al. 1999;
Saliba-Colombani et al. 2001; Hashizume et al. 2003).
For many fruit species, few QTL controlling gustative
fruit quality have been mapped (Abbott et al. 1998;
Quarta et al. 1998; Causse et al. 2001) and genes con-
trolling QTL for gustative fruit quality often remain un-
known (Saliba-Colombani et al. 2001; Etienne et al.
2002). Various reasons can be evoked to explain this.
First, few studies have been completed on gustative fruit
quality, since conversely to size, firmness and appear-
ance, gustative fruit quality has been of major econom-
ic interest only recently. Secondly, genetic variation in
gustative fruit quality traits between cultivars is limited.
Indeed for some species, cultivars display a narrow ge-
netic base (Ladizinsky 1985; Reynders and Monet 1987;
Byrne 2002). To overcome the lack of genetic variation
interspecific transgression can be exploited. Alleles with
favorable effects on many traits have been found in
related species for improving tomato (de Vicente and
Tanksley 1993; Tanksley et al. 1996; Fulton et al. 1997;
Bernacchi et al. 1998), and rice (Xiao et al. 1998), despite
a generally low agronomic level. Third, sugar content is
under the influence of environmental factors. These en-
vironmental factors are yet to be identified and taken into
account, and better knowledge about the way they influ-
ence phenotype is needed.

For total sugar content, variation between trees, be-
tween fruits of the same tree, and between years are
not negligible in comparison with the variation between
genotypes. Sugar content varies throughout fruit devel-
opment according to the supply of carbohydrates to the
fruit, changes in fruit metabolism, and dilution caused by
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increase in fruit volume. These three processes are more
or less affected by environmental factors. Microclimatic
gradients (Corelli-Grappadelli and Coston 1991; Marini et
al. 1991), leaf area around the fruit (Kliewer and Weaver
1971; G�nard 1992) and the vigor of fruit-bearing shoots
(G�nard and Bruchou 1992) are frequently mentioned for
causing within-plant variation. These factors have a major
effect on the supply of carbohydrates to the fruit so that a
strong positive correlation appears between the sugar
content and the size of fruit within the same plant (G�nard
et al. 1991). Concerning metabolic transformations, the
main enzymatic reactions responsible for sugar synthesis
and transformation have been identified for several fleshy
fruits (Black et al. 1987; Hubbard et al. 1991; Ho 1996),
but little is known about their control by environmental
factors. The effect of dilution has only been studied
through the effect of irrigation on fruit quality. Sugar
content usually decreases in response to enhanced irri-
gation (Li et al. 1989; Crisosto et al. 1994).

To deal with the major influence of environmental
factors on total sugar content, it is helpful to consider dry
and fresh fruit growth. These two ecophysiological vari-
ables influence total sugar content through assimilate
supply and dilution and furthermore, integrate the main
effects of environmental factors. A valuable way to de-
scribe total sugar content via these two variables is to use
a modeling approach. Indeed, ecophysiological modeling
makes it possible to describe the elaboration of a trait
under environmental control and plant regulation princi-
ples. Recently, ecophysiological models have been of
great interest in many disciplines (Shorter et al. 1991;
Hammer et al. 1996; Boote et al. 1996) and future op-
portunities for their use are numerous (Boote et al. 2001;
Tardieu 2003).

The aim of this study was to propose a model to de-
scribe the variation of total sugar content (CTS) in the fruit
flesh within a breeding population. The model had to be
simple enough to be compatible with the quantitative
genetic experimental constraints. Numerous genotypes
had to be studied and a limited number of observations
could be made for each of them. Consequently, we de-
veloped a simple model with only one genotype-depen-
dent parameter, simulating CTS evolution during the main
stage of fruit enlargement. The model was used to sim-
ulate the genetic variation of CTS for genotypes belonging
to progenies derived from an interspecific cross (persi-
ca � davidiana). The model was calibrated and tested on
distinct databases. The model was used to determine the
relative contribution of three components: (1) assimi-
late supply to the fruit, (2) metabolism, and (3) dilution
caused by change in fruit volume, on the variation of CTS.
Results of this study were considered from both the
practical and fundamental viewpoints in order to discuss
the interest of such an approach for selection and bio-
logical understanding.

Materials and methods

Description of the model

The model predicts the evolution of total sugar content in the flesh
during fruit growth, based on the relative contributions of assimi-
late supply, metabolic transformations and fruit volume on sugar
content. It is a simplified form of the SUGAR model developed by
G�nard and Souty (1996), that predicts the partitioning of carbon
into sucrose, sorbitol, glucose and fructose in the flesh. It was not
possible to use the SUGAR model because it requires too many
observations to be calibrated for each of the numerous genotypes in
a breeding population.

The model is based on carbon balance. Carbon arrives into the
fruit as sugars, via the phloem. In the flesh, part of this flow of
carbon is used as substrates for respiratory pathways. The re-
maining carbon is used partly for sugar synthesis and partly for
synthesis of other carbohydrate compounds (e.g., starch, acids,
structural carbohydrates, and proteins).

Accordingly, the model is defined by the following differential
equation:

dMTS

dt
¼ cfl

dMdry

dt
� kMTS ð1Þ

where MTS is the total amount of carbon (g) in the fruit flesh as
sugars, cfl is the carbon concentration of the mesocarp (g C per
gram of dry mass) that is assumed to be constant during the final
stage of growth. dMdry/dt is the dry flesh growth rate (g day�1) and
k (day�1) is the relative rate of consumption of carbon as sugars in
the fruit flesh for synthesis of compounds other than sugars. For
simplification, k was considered independent of environmental
factors.

The total sugar content, CTS [g(100 gFM)�1], is computed as:

CTS ¼
100MTS

sTSMfresh
ð2Þ

where sTS is the mean carbon content of sugars (g C/g sugars) and
Mfresh the flesh fresh mass (g).

Differentiation of Eq. 2 leads to:

dCTS

dt
¼ 100

sTSMfresh

dMTS

dt
� 100MTS

sTSM2
fresh

dMfresh

dt
ð3Þ

We used the approach of G�nard et al. (2003) to isolate the three
components causing changes in the total sugar content: assimilate
supply, metabolic transformation of carbon into compounds other
than sugars, and dilution attributable to the change in fruit volume
resulting from water uptake. Equation 3 was combined with Eqs. 1
and 2:

dCTS

dt
¼ 100cfl

sTSMfresh

dMdry

dt
� kCTS �

CTS

Mfresh

dMfresh

dt
ð4Þ

At maturity, total sugar content in the flesh is expressed as the
integral of Eq. 4:

CTS � Cini
TS ¼ S�M � D ð5Þ

with

S ¼
Zmaturity

ini

100cfl

sTSMfresh

dMdry

dt
; M ¼

Zmaturity

ini

kCTS

and

D ¼
Zmaturity

ini

CTS

Mfresh

dMfresh

dt

where CTS
ini is the initial total sugar content at the beginning of the

monitored period. The three integrated components of Eq. 5 will
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then be called S for assimilate supply, M for metabolic transfor-
mations and D for dilution in the following text.

Plant material

The breeding population was derived from P1908 as follows
(Pascal et al. 1998). In the first generation, P1908 was crossed with
P. persica cv. ‘Summergrand’ (SG). An F1 progeny was obtained.
In the second generation, one F1 hybrid resistant to powdery mil-
dew was back-crossed to SG to produce a BC1 progeny. In the third
generation, BC1 individuals were used to pollinate P. persica cv.
‘Z�phyr’ (ZE) to derive the breeding population (BC2). SG and ZE
are yellow and white nectarine cultivars respectively, with large
tasty fruit. In addition to providing novel genetic variation to a
species that displays a narrow genetic base, the use of a wild
species as a progenitor should enhance the variation of the studied
traits and highlight the processes responsible for the main variation
observed.

The study was conducted in two orchards, in the St Paul and the
Garrigues sites, at the INRA Avignon Research Center (France).
Genotypes were planted in the St Paul orchard in a completely
randomized design with one tree per genotype, except for eight
genotypes and the three parents (SG, ZE and P1908) that were
planted with more replicates. Trees were 3 years old in 2001. Trees
of all the genotypes were also available in a collection orchard in
the Garrigues site. All genotypes in both sites were grafted on
GF305 seedling rootstocks and were grown under optimal condi-
tions of irrigation, fertilization and pest control.

Experiments on the breeding population

This study was carried out in St Paul in 2001 on 100 genotypes of
the BC2 population, SG and ZE (BC201 database), and in 2002 on
139 genotypes of the BC2 population, SG, ZE and P1908 (BC202
database). Eighty-seven genotypes of BC2 were common to both
years.

A very light-loading level treatment consisting of only five
fruits per tree was applied to each tree, to place all fruits in non-
limiting source conditions, i.e., in potential fruit growth conditions.
We monitored five fruits per tree and per genotype, measuring fruit
cheek diameter once a week from the end of May (about 590 de-
gree-days after full bloom) to fruit maturity. The five fruits per tree
were harvested at maturity. Fruits were considered ripe on the trees
when they no longer grew, softened, and were easily picked.

The fresh flesh mass (Mfresh) was determined immediately after
harvest. Fruit flesh was cut in small pieces. The dry flesh mass
(Mdry) was determined using flesh pieces dried to constant weight at
70�C. For three of the five monitored fruits, some flesh pieces were
immediately held in the freezer (�80�C) until sugar analysis.

To compute fruit dry mass and fresh flesh growth on the
monitored fruits, relationships between fruit cheek diameter and
fruit dry and fresh masses were needed for each genotype. To es-
tablish these relationships, we recorded fruit cheek diameter and
fresh mass, then subjected flesh pieces to a temperature of 70�C for
72 h, and then measured the dry mass content. These measurements
were carried out in 2001 and 2002: (1) at maturity for the five fruits
of each tree, (2) at thinning on the fruits removed and (3)
throughout the fruit growth period on fruits sampled from the trees
in the Garrigues site. Mfresh and Mdry were calculated for each fruit
monitored, at each date of diameter measurement. Since the model
requires daily input values of Mfresh and dMdry/dt, Mfresh and Mdry
were extrapolated to daily data by local regression (Chambers and
Hastie 1992) and dMdry/dt calculated by derivation of daily Mdry.

Experiments on genotypes with tree replications

We also performed harvests during fruit growth in order to follow
sugar accumulation in the flesh on a few replicated genotypes: 10
BC2 genotypes (five at the St Paul site, five at the Garrigues site)

and SG in 2001 (kin01 database) and eight BC2 genotypes, SG, ZE
and P1908 in 2002 at the St Paul site (kin02 database). For these
experiments, trees sustained thinning as for commercial fruit pro-
duction.

Fruits were sampled every 3–8 days from the end of May to
fruit maturity. Three fruits per genotype were harvested at each
sampling date for Mfresh, Mdry and sugar content measurements, as
described above.

Mfresh and Mdry measurements at each sampling date were used
for each genotype to compute, by local regression, a mean input
daily value of Mfresh and Mdry by genotype. dMdry/dt was then
calculated by derivation of daily Mdry.

Chemical analysis

Fruit flesh samples, stored in the freezer, were immersed in liquid
nitrogen and then immediately powdered in a stainless steel Dan-
goumeau grinder for 2 min. Five grams of the powder was mixed
for 5 min with 20 ml of ultra-pure water. The mixture was cen-
trifuged at 15,000 g for 15 min at 4�C. The supernatant was re-
covered and immediately filtered through a Waters C18 cartridge
(Waters) to eliminate any interfering apolar residues and through a
0.45 mm Sep-Pak filter (Jasco France) to eliminate large particles.
The extract, stored at �80�C (sealed tube), was then ready for sugar
measurement by HPLC. More details on the procedure can be
found in Gomez et al. (2002). Sample sugar contents were estab-
lished using external standards and expressed in g(100 gFM)�1.

Calibration, test and sensitivity analysis of the model

The model was first calibrated for each of the studied genotypes.
This consisted of estimating the k value that minimized the sum of
squared differences between the three predicted and observed CTS
values at maturity for each genotype. In the case of non-linear
models, the use of an iterative procedure is usually required to
estimate the parameters (Huet et al. 1996). The nls function (Splus
software, MathSoft Inc., Cambridge, Mass., USA), based on the
Gauss-Newton algorithm, was used. The method is described by
Chambers and Hastie (1992). We used the BC202 and BC201
databases separately to calibrate the model in order to test the
stability of the k values from one year to another for the 87 common
genotypes.

The predictive quality of the calibrated model was then tested
on data independent from those used for the model calibration. The
k value estimated from the BC202 database and input variables
from the BC201 database were used to perform model simulations.
Since inputs were available for each monitored fruit, the CTS of
each monitored fruit were predicted. CTS model predictions at
maturity were then compared to observations from the BC201 da-
tabase. The same procedure was used to test the predictive quality
of the model under different conditions of fruit growth. Model
predictions were compared to observations from the kin01 and
kin02 databases at maturity and during fruit growth. In this case,
only mean fruit input values were available at each date for each
genotype. Consequently, a mean CTS per genotype was predicted
throughout growth.

Goodness-of-fit criteria were computed to evaluate (1) the
goodness-of-fit of the model for each genotype on the basis of data
used for the estimation of k, and (2) the predictive quality of the
model, for independent data (see above). The criterion adopted was
the root mean squared error (RMSE), a common criterion used to
quantify the mean difference between simulation and measurement
in case of non-linear models (Kobayashi and Us Salam 2000), here
defined as:

RMSEðiÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
j¼1 ðxij � yijÞ2

N

s

where xij is the observed j from genotype i, yij the corresponding
simulation result, and N the total number of observed data from
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genotype i. The smaller the RMSE in comparison with the mea-
surements, the better the goodness-of-fit, which can be represented
through the relative RMSE (RRMSE):

RRMSEðiÞ ¼ RMSEðiÞ=�Yi;

where �Yi ¼
PN

i¼1 ðxijÞ=N is the mean of all observed values from
genotype i.

The goodness-of-fit of the model for the population is computed
by averaging the RRMSE values of its genotypes.

Simulations were performed to study the sensitivity of the
model response to variation of both the k value and the daily input
variables, dMdry/dt and Mfresh. The sensitivity criterion was the
difference between total sugar content [g(100 gFM)�1] for high (CH)
and low (CL) values of k and input variables, expressed as a per-
centage of total sugar content at harvest for the default (Co) k value
and input variables: 100�(CH � CL)/(Co). Default values of k
(0.045 day�1) and of daily input variables were those of the
‘Summergrand’ cultivar. High and low values of k and input
variables were set to €20% of those of the ‘Summergrand’ cultivar.

Similarly, we analyzed the model response to combined varia-
tions of growth pattern and k values. Four highly contrasting growth
patterns: (1) short and high, (2) short and low, (3) long and high and
(4) long and low growth (Fig. 1), observed in the BC2 population
were used as model inputs. k values were fixed to the extreme and
mean k values observed in this population.

All data analyses were performed with the Splus language
(Splus software, MathSoft Inc., Cambridge, Mass., USA). Spear-
man’s rank correlations between variables were calculated using
the “COR” procedure of Splus.

Results

Phenotypic variation in total sugar content
and input variables

The experimental measurements revealed considerable
variation of CTS at maturity between genotypes (Table 1).
There were large differences in CTS between the three
parents. Some genotypes of the population showed greater
levels of CTS than the parents. Moreover, genotypes of the
BC2 with the lowest mean content in 2001 or 2002
showed a higher level than P1908 in 2002. Distributions
of the mean contents of the population were significantly
different in 2001 and 2002 but the extreme levels of mean
contents were comparable (Table 1). The Spearman cor-
relation coefficient between the mean contents observed
in 2001 and 2002 for the 87 genotypes common to both
years was slight (0.31, Spearman’s test p value = 0.0045).

Large differences between genotypes were also ob-
served for the fresh and dry flesh masses. These differ-
ences concerned both the levels of fresh and dry flesh
masses reached at maturity (Table 1) and the kinetics of
accumulation of fresh and dry matter (Fig. 1). SG and ZE
exhibited very high fruit growth during the period mon-
itored, whereas P1908 fruits had enlarged before the be-
ginning of the period monitored and reached very small
masses. Many genotypes of the BC2 population carried
fruits larger than those of SG at maturity. The mean fruit
mass of some even reached the mean mass of ZE fruits.
For mean dry and fresh flesh masses, the Spearman cor-
relation coefficients between 2001 and 2002 reached 0.43
and 0.49 respectively for the 87 genotypes common to
both years. The variations in rate and duration of growth
within the BC2 population were higher than those be-

Fig. 1 Seasonal variation in fresh flesh mass (g) for 20 BC2
genotypes with contrasting growth patterns and the three parents.
Parent patterns are in solid lines and indicated by P1908, SG and
ZE. Highly contrasting growth patterns of four BC2 genotypes are
in dashed bold lines and are indicated by 1, 2, 3 and 4

Table 1 Mean, standard devia-
tion (between parentheses),
minimal and maximal values of
total sugar content in the flesh
(CTS), and of fresh and dry flesh
mass at maturity for the BC2
population and the three parents
(P1908, SG and ZE) in 2001
and 2002. For each genotype,
data from two to five fruits were
averaged. One hundred and 139
genotypes of the BC2 popula-
tion were studied in 2001 and
2002, respectively

CTS [g(100 gFM)�1] Fresh flesh mass (g) Dry flesh mass (g)

2001 2002 2001 2002 2001 2002

BC2
Min 6.02 5.63 24.61 52.38 4.99 7.35
Mean 10.89 (2.95) 9.23 (1.86) 87.90 (34.54) 139.84 (49.13) 15.48 (5.86) 21.07 (8.33)
Max 20.36 16.73 185.1 267.43 33.00 52.06

P1908
Mean – 2.46 (0.55) – 10.43 (0.27) – 1.48 (0. 16)
SG
Mean 7.54 (0.32) 8.209 (0.26) 68.54 (3.20) 179.28 (22.03) 9.75 (0.48) 25.56 (4.72)

ZE
Mean 10.34 (1.82) 10.63 (1.27) 95.32 (14.11) 282.24 (55.04) 12.97 (2.32) 43.32 (8.29)
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tween the parents. The harvest dates ranged from the end
of June to the end of September, depending on the gen-
otype. All the combinations were present in the popula-
tion from short and high growth to long and slow growth
(Fig. 1). Spearman correlation coefficients between 2001
and 2002 reached 0.67 and 0.95, for mean growth rate of
dry flesh (g day�1) and mean growth duration (days),
respectively.

Calibration and sensitivity analysis of the model

The k values estimated from the BC202 database ranged
from 0.0032 to 0.0767 day�1 in the BC2 population
(Table 2). The k values of SG and ZE were intermediate
but the k value for P1980 was much higher than all the
other estimated k values. The observed genotypic varia-
tions of CTS were reproduced well by the model (Fig. 2a).
The model also reproduced the variation between the
fruits of the same genotype (Fig. 2b). The values of the
goodness-of-fit criteria (RRMSE), calculated on individ-
ual fruit data, ranged from 0.004 to 0.492 (Table 3) de-
pending on the genotype.

In the sensitivity analysis, the model appeared to be
very sensitive to both the k parameter and the input vari-
ables. A 40% variation in the k value resulted in a 17%
variation in CTS at maturity. In the same way, a 40%
variation in the input variables, dMdry/dt and Mfresh, re-
sulted in 40 and 41% variations in the model output, re-
spectively.

Combined effect of fruit growth pattern and k value
on simulated total sugar content at maturity

We used the model to illustrate the effect of fruit growth
pattern and k value on predicted CTS. Twelve combina-
tions of growth pattern and k value were compared (Ta-
ble 2). For a given growth pattern, the higher the k value,
the smaller the predicted CTS at maturity. However,
strong interactions between k values and growth patterns
were observed (Table 4). For the low k value, CTS sim-
ulations were highest in the case of short and high growth.

The rank of growth pattern was 1>4>3�2. On the con-
trary, for the mean k value, the rank was 1>2>4�3.
Again, for the high k value, the rank was completely
modified: 2>1>3�4.

Table 2 Mean, standard deviation (between parentheses), minimal
and maximal values of k and the standard error of estimation, es-
timated from the BC202 database, for the BC2 population and the
three parents (P1908, SG and ZE)

k (day�1) Standard error (day�1)

BC2
Min 0.00319 0.00017
Mean 0.03294 (0.0149) 0.00667 (0.00662)
Max 0.07673 0.04192

P1908
Mean 0.12099 0.04224

SG
Mean 0.04523 0.00753

ZE
Mean 0.01819 0.00402

Fig. 2a–b Predicted values of flesh total sugar content [g(100 gFM)�1]
for each BC2 genotype are plotted against the observed values (a).
Three repetitions for each of the 139 genotypes are plotted. Within-
plant variation in flesh total sugar content [g(100 gFM)�1] are presented
for one BC2 genotype, lines representing the predicted seasonal
variation in flesh total sugar content for three fruits of one tree and
points corresponding to the observations at maturity (b)

Table 3 Estimated values of the relative mean squared error
(RRMSE) for evaluating the calibration of the model and its pre-
dictive quality. Mean, standard deviation (between parentheses),
minimal and maximal values of RRMSE are presented for the BC2
population and the three parents (P1908, SG and ZE)

Calibration (maturity) Test (during fruit growth)

Database BC202 BC201 kin01 kin02

Number
of BC2
genotypes

139 87 9 8

BC2
Min 0.004 0.036 0.120 0.190
Mean 0.121

(0.093)
0.240
(0.142)

0.397
(0.304)

0.282
(0.088)

Max 0.492 0.734 1.114 0.466
P1908
Mean 0.449 – – 0.596

SG
Mean 0.093 0.194 0.249 0.185

ZE
Mean 0.141 0.127 – 0.569
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Test of the model

The model calibrated with the BC202 database was used
to predict CTS at maturity for the 87 genotypes of BC201,
SG and ZE present in the BC202 database. The model
predictions ranked the genotypes accurately according to
an average CTS per genotype. The correlation between
observations and predictions reached 0.72, although the
predictions were often slightly biased towards underesti-
mated values (Fig. 3). The RRMSE values were accept-
able for most genotypes. For the population, they reached
a maximal value of 0.73 (Table 3). They were larger than
0.50 for only four genotypes and lower than 0.2 for 39
genotypes.

The model was also tested on the kin01 and kin02
databases for predictions of mean CTS during fruit growth.
Deviations between observations and predictions were
comparable between the dates of measurements and were
similar in 2001 and 2002 (Fig. 4). The RRMSE values
were comparable to those computed for maturity predic-
tions with the BC201 database (Table 3).

Stability of the k values and correlations between k values
and model input variables

The Spearman correlation coefficient between the k val-
ues estimated from either the BC201 database or the
BC02 database for the 87 genotypes in common was
correct (0.45) and highly significant (Spearman’s test P
value = 2.8e-05). k values from the BC201 database were
smaller than those estimated from the BC202 database.

No rank correlation was found between k values and
the mean fresh flesh mass at maturity from either 2001
(�0.09, Spearman’s test P value = 0.35) or 2002 (�0.07,
Spearman ‘s test P value = 0.40) databases. The Spear-
man correlation coefficient between the k values and the
mean fruit growth duration was significantly negative for
both years (Fig. 5). Variations in k values were larger for
the early-maturing genotypes than for the late-maturing
ones.

Table 4 Response of total sugar contents in the flesh
[g(100 gFM)�1] and CTS to variations in the k values in the range of
the k values observed within the BC2 population, and to variations
in growth pattern. k values were taken as equal to the minimal,
mean and maximal values estimated for the BC2 population (Ta-
ble 2). Input variables were those of four BC2 genotypes with
highly contrasting growth patterns, represented in Fig. 3

Short growth Long growth

High Low High Low

Genotype 1 2 3 4

k value
Minimal 19.29 12.39 12.88 16.09
Mean 10.39 8.67 5.60 5.61
Maximal 4.60 5.85 2.56 2.15

Fig. 3 Test of the predictive quality of the model at maturity,
calibrated from the BC202 database, on the BC201 database. The
predicted values of flesh total sugar content [g(100 gFM)�1] are
plotted against the corresponding observed values. Three repeti-
tions for each of the 87 genotypes common to both years are plotted

Fig. 4 Test of the predictive quality of the model during fruit
growth, calibrated from the BC202 database, on kin01 and
kin02 databases. Predicted values of flesh total sugar content
[g(100 gFM)�1] at each date of measurement are plotted against
the corresponding observed values, for ten BC2 genotypes and
SG in 2001 and eight BC2 genotypes, SG, ZE and P1908 in 2002
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Analysis of total sugar contents through assimilate supply,
metabolism and dilution

Variation in total sugar content at maturity, simulated by
the model calibrated with the BC202 database, were an-
alyzed through the relative importance of S (assimilate
supply), M (metabolic transformations) and D (dilution)
(Eq. 5). The 139 BC2 genotypes displayed large varia-
tions in the values of S, M and D and the maximal values
of these three components for the BC2 genotypes were
larger than those of the parents (Fig. 6). S and D were of
the same order of magnitude whereas M values were
approximately ten times smaller, and of the same order of
magnitude as the total sugar content accumulated during
the period monitored (CTS�CTS

ini).

No close link was found between CTS � CTS
ini and any

of the three components in particular. Conversely, S and
D appeared to be strongly linked (Fig. 7a). We found that
(CTS � CTS

ini), (S-D) and M were of the same order of
magnitude. Moreover, within the population the observed
variation of (S-D) was comparable to the variations of M
and of (CTS � CTS

ini) (Fig. 7b, c). Indeed, considering the
S component as reference, D represented 72% of S on an
average. The remaining component (S-D) was 28% of S
on an average. Then, 18% of S was attributed to M. Thus,
only 10% of S was assigned to CTS � CTS

ini. The popu-
lation displayed large genotypic variations in the relative
importance of these components. Indeed, in the popula-
tion, the relative importance of the components (S-D), M
and (CTS � CTS

ini) varied from 9 to 56%, 2 to 45% and 2
to 22% of S, respectively. Many genotypes in the popu-
lation showed greater importance for (CTS � CTS

ini) than
the parents (4, 7, and 5% of S for P1908, SG and ZE,
respectively), which means that for a given amount of
assimilate supplied during the monitored period, S, they
accumulate higher sugar contents than the parents.

Discussion

The simple model we have developed allowed us to
simulate the genotypic variation in CTSwithin a breeding
population. Through the input variables, the model takes
into account the influence of assimilate supply and dilu-
tion on CTS and through the parameter k, it considers the
effect of metabolic activity. The rank correlation between
observations for 2001 and model predictions reached
0.72. Without doubt, the model improved CTS predictions
in comparison with predictions based on extrapolation of
CTS observations from one year to another.

Such a model could be used to improve the efficiency
of breeding strategies. Instead of considering CTS val-
ues which result from numerous processes and which
are highly affected by environmental factors, it appears
worthwhile to describe the elaboration of CTS via a
model. This should allow the identication of key vari-
ables which might be considered as traits of interest in a

Fig. 5 k values estimated from the BC201 and BC202 databases
plotted against the corresponding mean fruit growth duration. The
Spearman correlation coefficients are indicated for both years

Fig. 6 Distribution of genotype means for cumulated assimilate
supply (S), metabolic transformation of carbon into compounds
other than sugars (M) and dilution attributable to the change in fruit
volume (D). Simulated components were cumulated from the be-
ginning of the monitored period to maturity and expressed in the

same units as contents [g(100 gFM)�1]. Total sugar content at the
end of the monitored period (CTS � CTS

ini) is equal to S-D-M. The
values for the parents, P1908, Summergrand (SG) and Zephyr (ZE),
are indicated by arrows
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breeding strategy. Indeed, the rank correlation between
the k values for 2001 and 2002 was higher than that for
CTS suggesting an expectation of genetic progress. More-
over, we can consider that the similarity between the two
experimental years (very light-loading level treatment)
maximized the correlation for CTS, since fruit growth
highly influences CTS. Indeed, traits linked to total sugar
content, as percent soluble solids, have often been noted
to have lower heritability (Souza and Byrne 2000; Ro-
driguez-Burruezo et al. 2002). The population displayed
large variations in k values and no unfavorable rank
correlation was found between the k values and the flesh
fresh mass at maturity. Simulations with low k values
always resulted in enhanced CTS, whatever the growth
pattern. Accordingly, selection for low k values should be
efficient to improve CTS whatever the fruit growth pat-
tern. However, efficiency of selection for low k values on
CTS increase will depend on the fruit growth pattern and
duration, for two reasons. First, the distributions of the
k values differed between the early- and late-maturing
genotypes. For the early-maturing genotypes, k values,
even though high, displayed enough variation to make
genetic gain. For the late-maturing genotypes, the k val-
ues tended to be low and variations were slight, so that a
more limited genetic advance is expected from selection
of low k values. Second, simulations showed that al-
though minimal k values always corresponded to the high-
est CTS values, the actual level reached by CTS depended
on the growth pattern. For the early-maturing genotypes,
higher CTS values were observed for high growth, where-
as for the late-maturing genotypes, higher CTS values
were observed for low growth. Further investigations will
be necessary to analyze the effect of interactions between
k value and the fruit growth pattern on CTS variation.
Since the model variables (dry flesh growth rate, fresh
flesh mass at maturity, growth duration,� � �) result from
numerous processes and are significantly affected by
environmental factors, we suggest that a similar modeling
approach may be applied to each of these variables. In-
deed, models of dry and fresh fruit growth could be used
to describe the elaboration of the input variables and

identify genotypic parameters that may be independent of
the environment.

The model appeared useful to analyze CTS genotypic
variation. None of the three components, S, D or M, were
highly correlated to CTS. Indeed, differences in CTS be-
tween the genotypes at maturity resulted in a balance
between the three components. Low simultaneous varia-
tion of these components led to substantial variations in
CTS. From a practical point of view, this result can rapidly
be applied to improve experiments. It underlines the ne-
cessity for evaluation of test plants under controlled con-
ditions of fruit growth to make it possible to compare CTS
values between genotypes and years. Furthermore, it ap-
pears extremely important to consider the three compo-
nents equally when studying variation in sugar contents.
Most of the studies on sugars concern metabolic trans-
formation and much is known about the metabolic path-
ways involved in sugar accumulation in plants (Ho 1996;
Vizzotto et al. 1996; Grof and Campbell 2001). In con-
trast, few studies take into account assimilate supply and
dilution. Metabolic control study (Kacser and Burns
1981) has been successfully used for theoretical genetic
studies of metabolism (Bost et al. 1999). In the same way,
detailed studies of the mechanisms involved in assimilate
supply to fruit and in dilution are necessary to improve
the understanding of the variation in sugar content in
fruits. Such studies are required to dissect assimilate sup-
ply and dilution into components and parameters that
might be under simpler genetic control.

Testing of the model on independent databases re-
vealed the limitations of the model. Indeed, even though it
allowed us to predict the rank of the genotypes from the
BC201 database for CTS at maturity, the predictions were
underestimated. Moreover, tests of the observations dur-
ing fruit growth (the kin01 and kin02 databases) were not
accurate. Various reasons can be invoked to explain these
limitations. First, the k estimations were not precise en-
ough because of the lack of CTS observations for each
genotype, especially for observations during fruit growth.
Considering the high within-tree variation in CTS com-
monly observed, more observations, even if made only at
maturity, would allow a more accurate estimation of the k

Fig. 7a–c Relationships between the different components of the
equation CTS � CTS

ini = S-D-M, where CTS � CTS
ini is the total

sugar content accumulated during the monitored period, S the cu-
mulated assimilate supply, M the cumulated metabolic transfor-

mation of carbon into compounds other than sugars and D the
cumulated dilution attributable to the change in fruit volume.
Spearman correlation coefficients between the plotted components
are indicated
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values. Second, the model is perhaps too simple, since it
does not take into account the possible variation of k dur-
ing fruit growth. Using the Suncrest cultivar G�nard et al.
(2003) showed that the relative rate of synthesis of
compounds other than sugars increased with increasing
relative mesocarp growth rate. This relationship arises
from the synthesis of new cellular structures such as cell
walls during periods of intense relative growth (Bouranis
and Niavis 1992; Fishman et al. 1993). Lastly, some un-
controlled factors were probably involved in the variation
of CTS. Through the input variables, we took into ac-
count the main environmental factors that influence fruit
growth. However, other factors, such as fruit microcli-
mate may be involved in the variation of CTS. Fruit micro-
environment modifications are often studied through fruit
bagging treatments that modify humidity, light intensity
and ambient temperature. Such micro-environment mod-
ifications can change physiological process in fruits. For
example, bagging often reduces the soluble fruit solids at
harvest (Kikuchi et al. 1997). Li et al. (2001) reported
changes in various fruit quality traits in response to bag-
ging of peach fruits.

The work presented above is a simple illustration of
the joint use of an ecophysiological model and of a
breeding population displaying large variation for a trait.
This approach is in keeping with the potential contribu-
tion of crop modeling, suggested by Hammer et al.
(2002), to understand genetic regulation and to help crop
improvement. This approach revealed an interesting out-
look for both biological understanding and selection. It
benefits from the modelling of decomposition of the CTS
elaboration, and from the enhanced CTS variation in a
breeding population. More knowledge must be integrated
in the model to take into account the effect of environ-
mental factors on the processes involved in the elabora-
tion of a trait. Similar conclusions were drawn by Hunt et
al. (2003), who failed to identify stable genotypic char-
acteristics of wheat growth over successive seasons. They
suggested the need to devote efforts to model improve-
ment and interdisciplinary cooperation. However, such
approaches may be extended towards the use of molecular
tools and genetic analysis. The ecophysiological model
makes it possible to identify the parameters explaining
most of the variation of a trait of interest in the breed-
ing population. These parameters could be considered as
quantitative traits and used to characterize the genotypes.
Thus, detection of quantitative trait loci (QTL) of these
parameters may be performed. It is therefore expected
that these QTL and their effects will not be environment-
dependent. This interdisciplinary approach has already
been tested with success to analyze the genetic variability
of the responses of maize leaf growth to temperature and
water (Reymond et al. 2003). It was also applied by Yin et
al. (1999) in barley. Such a QTL analysis approach to
ecophysiological variables that stem from models should
make it possible to cope with the limitations of quality
trait improvement.
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