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Abstract

Lescourret and Génard (2003) developed a multi-leVéheory of competition
for resources applied to fruit production, considemg that any collection of unit
parts (cells or seeds in a fruit, fruits in an infuctescence or in a tree,...) can form a
population and the population is subject to competion, whatever the level of
organization. The principles of the theory are thatthe mass of each unit decreases
when the number of units in the population increasg and that the total mass of the
population increases as the number of units increas until it reaches a maximum,
after which it decreases. A three-parameter modeldsed on that theory was used to
analyze the level of density-dependence, i.e. thH#eet of the population size on its
mass. Comparing the number of cells and the meanltgolume in mesocarp of fruits
from peach genotypes showed a strong and undercompsating density-dependence
that revealed competition between cells. Similarlywhen comparing populations for
different fruit species, similar results or exact ompensation were observed for
several levels (fruit, infructescence, tree...). Beoge undercompensating or exact
density-dependence were found in most of the casassimpler two parameter model
was proposed by Prudent et al. (2013). This two pameter model was used to
analyse the genetic control of competition betweeseeds in multi-seeded fruits.

INTRODUCTION

In cultivated species, fruit mass is an importantedon of attractiveness to
consumers and it is one of the main criteria inedrining the grower's benefit. In
addition, fruit yield is essential for the groweasd the requirements of the human
population. The processes of plant domesticatiahkaereding have placed emphasis on
the selection for big fruits and high yield. Fruttass and yield are modulated by
competition for resources. This competitive processcurs at several levels of
organization. Indeed, the yield of an orchard & sult of yield per tree, itself resulting
from fruit growth, which is the result of cell grélw A population can be defined at each



level, for example, a fruit can be viewed as a patpn of cells or a population of seeds
and the associated flesh. Similarly, an infructeseeor a plant can be viewed as a
population of fruits.

Lescourret and Génard (2003) and then Prudent. §2@13) have developed a
simple theoretical framework dealing with competitifor resources, which is valid
regardless of the level of organization. Accordiiog this theory, the mass of each
individual of the population decreases when the memof individuals increases within
the population, because of competition for resairtais theory is clearly situated within
the framework of density-dependent effects of sexific competition, which have been
studied for various vegetal and animal organisnegy(® et al., 1996).

The aim of this paper is to give an overview of theearch undertaken in this
field since 10 years (see Lescourret and Génaf@B;2Quilot and Génard, 2008; Prudent
et al. 2013). The usefulness of the theory to desdhe competition on various scales
and for different species will be first present€de competition for resources will be then
analysed for contrasted carbon supplies and geestyp

MATERIALS AND METHODS

The theory developed by Lescourret and Génard (2@B3erves two main
principles: (i) given a population of n units (¢cedkeed, fruit,...), the mass of each unit
decreases when the number of units in the populatioreases, because of increasing
competition for resources, possibly after a plateand (i) the total mass of the
population increases as the number of units ineseastil it reaches an optimum level,
after which it decreases because of excessive ddarapdetween units.

These two principles are described through two gopsmwith three parameters:

M =M, (1= (=)
nmax
TM=nM
where M is the mean unit mass and TM the populati@ass M .x andnnux are the
maximal mass per unit and the maximal number ofsunespectivelya is positive and
gives the shape of the relationship (Fig. 1a). Thwer « is, the more competition
between units is. When n increases towaxgs M decreases towards zero. In practice, n
never reache®m. The maximal population mass TMx is reached for an optimal
number of units,
n
nopt - max I
(a+1)”
When the population is a collection of individu#mts, the numbers per unit area
are considered, in which casemax and Ry are densities. Accordingly, TM and T
are expressed per unit area.
Because TM does not reach a maximum in most ofcHses, the initial three-
parameter model was simplified to a model with paoameters (Prudent et al., 2013),
M X
M :n—";;‘
Here tooMnaxis the maximum weight of an individual agtreflect the level of
competition (Fig. 1b).

RESULTS AND DISCUSSION



The multi-level theory applies to a large range oplant and organizational levels

Figure 2 shows that our multi-level theory of conmpen could be applied to a
large range of plant and organizational levels.i®portant feature of the theory is that
the mass of the units of the population can deereash the number of units, which is
observed most of the time (Fig. 2). This means tiette is a strong density-dependence
effect and a competition for resources betweersunit

From a theoretical point of view, when density-degence occurs, three distinct
situations of density-dependent effects appearderg to the number of units (Fig. 1).
The first one is undercompensating density-deperelenith increases in the number of
units leading to increases in total fruit massspite of competition (Begon et al., 1996).
The second one is exactly compensating densityraipee, where the total fruit mass is
maintained at a constant level. In Fig. 1, thisaregstrictly speaking, is restricted to a
maximum obtained for a number of units calleg.riThe third situation, which begins
when the number of units exceedg,ns overcompensating density-dependence, with a
greater competition effect, leading to decreadetal fruit mass.

When considering available data, it appears thatersompensation density-
dependence was encountered in most cases, a possédypretation being that “normal”
ranges of unit numbers (i.e., those observed inreabr fields) are unable to lead to
overcompensation. Undercompensation means eitlagrtile resource is always large
enough to allow the increase of the population neagkat the population can act on the
availability of resources. For example, at thetftewvel, the seed number could influence
the translocation of assimilates through a hormaaltrol of the differentiation of
vascular tissues (Antognozzi et al., 1991).

However, overcompensation was shown, mainly at gdlaat collection level.
Indeed, plant competition for resources can bé atithis level. For example, Génard et
al. (2000) showed that photosynthetic levels incheaees, planted at a density of 2,500
trees/ha, was only 50 to 70% the rate of photo®gishof an isolated tree, due to the
mutual shadow of leaves able to be critical at hptdnt density. Clearly, some trends
toward an optimal number of units appear to eristpredicted by the theory.

Resource availability and genotypes affect compeititn

1. Leaf:fruit ratio affects differently grape and tomato. The leaf:fruit ratio was
manipulated in grape and tomato in order to vagy @havailability. Generally, lower
leaf:fruit ratio resulted in smaller berries fog@en seed number (Fig. 3). Using the two
parameter model of Prudent et al. (2013) we hawevsithat the decreasing grape berry
size with increasing fruit load in a particular desumber group was accounted for by
decreases in the maximal size of a Whitx, whereass was largely unaffected. On the
opposite,S which reflects the level of competition is largeiffected in tomato fruit. The
underlying mechanism responsible for the differenicethe response to carbon supply
between grape and tomato remains unknown.

2. Genetic control of competition.We studied, using the three parameters model of
Lescourret and Génard (2003) four groups of peamhotypes which display large
variations in fruit size related to the percentag&vild species genomé>( davidiana) in
their own genome. According to our results, largféeecence of fruit size resulted from
variations in cell number, whatever the genotyperédver, the mean cell volume was
decreasing with the increase of the number of cellsich provided evidence for
competition between the cells. The maximal celunod Mo was not dependent on the



percentage of wild species genome. On the contteymaximal size of the population
Nmax Was smaller forP. davidiana, than for the other three groups, indicating fewer
competitive units in the wild species. The parametelisplayed smaller values fét.
davidiana, indicating higher competition between cells thanthe commercial cultivar
group. Most of the data are located in the regidnundercompensating density-
dependence,qp being higher than most of the cell number obse(fegl 4).

3. QTLs of competition. A previously described tomato population (Prudental.,
2009), comprising 20 introgression lines derivednirthe introgression ofolanum
chmielewskii into S. lycopersicum cv. Moneyberg has been used. Paramgteas been
estimated for each line using the Prudent et &l1382 model, and a QTL detection was
done following this estimation.Most of the QTLs for fresh weight were colocalizeith
QTLs for g which indicates that susceptibility to competitifox resources may be an
important process underlying fruit fresh weightomato (Fig.5).

CONCLUSIONS

We have proposed a simple theory of fruit mass yetan that considers organs
pertaining to a population, which compete for reses. The theory is applicable to a
large range of plants and of scales from the cellhe plant population. Our analysis
shows that general trends exist whatever the scalehe plant species. Firstly, the mass
of the units of the population decreases almosaygdwvith the number of units. It means
that there is competition for the resource betwtbenunits of the population. A second
important tendency is that the mass of the poparatisually increases with the number
of its elements. It means that there is under-corsgeng competition: the resource is
always rather large to allow the increase of theuttion mass in spite of the
competition. The theory is useful to analyse tHeatfof resources and genetic control on
competition for fruit growth.
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Fig. 1. Plots of fruit mass against number of uaitsording to the theory of Lescourret
and Génard (2003). Axes are normalized by the malximmber and mass of units.
Circles indicate # values.
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Fig. 2. Plots of number of units in the populategainst either fruit mass per unit (left
column) or total fruit mass of the population (tiglelumn). Circles are real data and lines
are Lescourret and Génard (2003) theory predictidie three lines on each graph
correspond to maximal, mean and minimal valuesavmpeteM .x. The graphs refer to



"Royal Gala' apple fruits (a), ‘Muscat' grape laesriib), "Summered' apple trees (c) and
“Yanco Queen' peach populations (d).
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Fig. 3. Fruit load affects the relationship betwseed number and berry size for several
berry positions in grape. Observed values (poiate)compared with the Prudentagt
(2013) model predictions (lines).
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Fig. 4. Relationships between the number of cellspeéach mesocarp and (A) the
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levels from wild species genome. The lines represiem predictions calculated from
Lescourret and Génard (2003) model.
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Fig. 5. Tomato genetic map for 3 lines (C8a, C8ad)Cshowing the locations of QTLs
for the parametef detected in tomato genotypes carrying a singl®gnessed fragment

of the wild S. chmielewskii tomato. QTL previously detected on fruit fresh gvei (FW)

in Prudent et al. (2009) are indicated. (-) andif#)jcate negative and positive effects,
respectively, of the wil& chmielewskii alleles on the trait.



