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Abstract Firmness is an indicator of fruit freshness

and a main component of tomato (Solanum lycoper-

sicum) fruit texture. In this work, the genetic variabil-

ity in fruit firmness and stiffness was analyzed in pre-

and postharvest periods and underlying anatomical

and biochemical traits were identified. Three tomato

contrasted parental lines and six derived quantitative

trait loci (QTL)-NILs harboring texture QTL on

chromosome 4 (QTL4) and 9 (QTL9) were analyzed;

the seasonal variability was assessed on two distant

trusses. Firmness and stiffness were measured by

compression and puncture tests at harvest and after

7-day storage at 20 �C. QTL4 poorly influenced the

textural variables, on the contrary to QTL9 which

increased firmness measured by puncture test and had

similar effects in the two genetic backgrounds.

According to this test, firmness increased along the

season, but ranks among genotypes and QTL effects

were hardly affected. Only some of the QTL effects

were still significant after storage and firmness losses

were not predicted by firmness at harvest. Fruit

firmness and stiffness measured by puncture tests

correlated with both morphological (locular number,

R = -0.89), histological (cell size, R \ -0.80) and

biochemical (dry matter (R [ 0.82) and soluble sugar

content (R \ -0.74)) fruit traits. In contrast, com-

pression test values hardly correlated with any of the

measured traits. This work provided an original

comprehensive approach to analyse fleshy fruit firm-

ness and paves the way for a future predictive model.
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Introduction

Understanding and controlling the texture of tomato

(Solanum lycopersicum L.) fruit is crucial for con-

sumer acceptance, shelf life, and transportability. After

flavour, texture is the first criteria of quality perception

by consumers (Causse et al. 2003; Sinesio et al. 2010;

Szczesniak 2002), which impacts on the whole orga-

noleptic quality (Seymour et al. 2002), and strongly

influences flavour and aroma perception (Causse et al.

Electronic supplementary material The online version of
this article (doi:10.1007/s10681-012-0760-7) contains
supplementary material, which is available to authorized users.

R. Aurand � B. Brunel � N. Bertin (&)

INRA, UR1115 Plantes et Systèmes de Culture
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2003). Texture is a complex trait that includes several

components, such as firmness, meltiness, mealiness,

juiciness and crunchiness (Harker et al. 2002). Due to

this complexity, quantifying texture through measure-

ments is not straightforward. It can be evaluated by

sensory analysis (Szczesniak 2002), or it can be

objectively measured by instrumental methods, includ-

ing mechanical measurements (Abotts 1999; Desmet

et al. 2002), magnetic resonance imaging, or sonic and

ultrasonic techniques (Abotts 1999; Musse et al. 2009;

Kim et al. 2009). The most common mechanical

methods are compression and puncture tests (Barrett

et al. 2010), which mainly evaluate fruit or tissue

firmness and elasticity, and usually correlate well with

sensory evaluation (Bourne 1979; Barrett et al. 1998;

Camps et al. 2005; Causse et al. 2002; Mehinagic et al.

2004).

Fruit firmness depends on several factors, such as

genotype (Saliba-Colombani et al. 2001), growth

conditions (Sams 1999; Rosales et al. 2009), harvest

and postharvest conditions (Ketelaere et al. 2004;

Moneruzzaman et al. 2008; Page et al. 2010). For

instance, water supply plays a major role, although

conflicting results have been reported (Van Hooijdonk

et al. 2007; Perez-Pastor et al. 2007). From the genetic

point of view, few studies have been directly oriented

towards fruit textural traits. Some of them revealed

several quantitative trait loci (QTL) of textural traits

(review by Labate et al. 2007 for tomato fruit), but most

of them have focussed on the characterization of

mutants affected in ripening related genes. For instance,

the tomato ripening inhibitor (rin) gene, non-ripening

(nor) gene, delayed-fruit deterioration (DFD) gene or

colorless non-ripening (Cnr) gene (Giovannoni 2004;

Saladié et al. 2007; Seymour et al. 2002). Also, QTL

detection for manual or instrumental firmness has been

performed on apple fruit (King et al. 2000; Longhi et al.

2012), melon (Obando et al. 2008), strawberry (Lerce-

teau-Kohler et al. 2004) and peach (Ogundiwin et al.

2007). In most cases, several QTL were detected, which

were spread out over the whole genome. In the case of

tomato, a few genome regions appeared as particularly

important for the control of fruit firmness (Chaib et al.

2007; Labate et al. 2007). A subtractive cDNA bank

was produced between near isogenic lines (NILs)

differing for QTL regions, which allowed the isolation

of genes putatively related to tomato fruit quality, but

full coincidence between functional genes and QTL has

been rarely shown (Page et al. 2008).

Mechanisms underlying fruit texture are complex

and partly species dependent (Goulao and Oliveira

2008). A great deal of work has focussed on the

molecular and biochemical mechanisms that lead to

fruit softening during ripening. In particular its

relation to the increased expression of numerous cell

wall modifying enzymes (Brummell and Harpster

2001; Toivonen and Brummell 2008; Goulao and

Oliveira 2008). However, fruit texture might already

be determined during the fruit growth period (Chaib

et al. 2007) and, thus, likely involves various mech-

anisms. Several works have focused on the importance

of fruit anatomical and histological properties (Barrett

et al. 1998). At the fruit scale, the proportion and

thickness of the different tissues determine fruit

texture (Bourne 2002). At the tissue scale, the cellular

structure is likely involved in fruit mechanical prop-

erties, such as firmness (Allende et al. 2004; Chaib

et al. 2007; Legland et al. 2009; Mann et al. 2005).

Moreover, cell turgor (Shackel et al. 1991; Vicente

et al. 2007), transport of solutes among cell compart-

ments (Almeida and Huber 1999), transpiration water

loss and cuticle structure (Saladié et al. 2007)

contribute to textural properties.

As during the expansion phase, several mechanisms

influence the postharvest evolution of fruit texture as

natural senescence continues after harvest. The effects

of temperature storage and atmospheric composition

have been primarily investigated. In particular, low

temperatures, used by retailers or consumers to extend

fruit shelf life, may trigger physiological disorders and

loss of quality, ultimately resulting in chilling injury

(Lyons 1973) and relative symptoms such as a rubbery

texture, watery flesh and irregular ripening (Stevens

et al. 2008). A recent study, which compared two

genotypes with contrasting firmness, outlined that

storage ability is not necessarily linked to fruit

firmness measured at harvest (Page et al. 2010).

In order to hierarchize and identify interactions

among key-factors of fruit textural traits, the present

study investigated tomato firmness and stiffness at

harvest and in the postharvest period in response to

genetic variations and to genetic, annual and seasonal

interactions. Variations in textural variables were

analyzed in relation to several anatomical and bio-

chemical parameters that are linked to growth pro-

cesses, such as cell division and expansion, carbon and

water accumulation, carbon partitioning among solu-

ble and insoluble compounds, soluble sugar
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accumulation, fruit conductivity and tissue propor-

tions. Firmness was measured by compression and

puncture methods. Nine genotypes were investigated,

including three parental lines presenting contrasted

textural properties in pre- and postharvest periods

(Lecomte et al. 2004; Chaib et al. 2007) and six NILs

carrying QTL for fruit texture. These QTL, involved in

physical and sensory components of tomato fruit

texture, are located on chromosomes 4 and 9, in two

genome regions where texture QTL have been also

detected in several other tomato crosses involving S.

peruvianum and S. pimpinellifolium (reviewed by

Labate et al. 2007). Finally, the present work provides

several important insights and perspectives for the

control of fruit texture variations, because it estab-

lishes a comprehensive network of the traits involved.

Materials and methods

Plant material

This study investigated nine genotypes which were the

following: three parental lines (Cervil, Levovil and

VilB) on which QTL of fruit quality traits have been

previously detected (Causse et al. 2001, 2002) and six

NILs that carry homozygous alleles from Cervil at

QTL bearing introgressed regions into the Levovil

(Lev) and VilB genetic backgrounds (Online Resource

1). Lev is a large-fruited line with low firmness, and

VilB is also a large-fruited line, but firmer and with

better postharvest performance than Lev. The initial

QTL analysis was performed on a population of

recombinant inbred lines (RILs) developed from an

intraspecific cross, between Cervil (cherry tomato)

and Levovil (large fruited tomato) (Causse et al.

2002). Based on the QTL map, two regions (located on

chromosomes 4 and 9) harboring QTL for fruit texture

(firmness, elasticity, mealiness, and meltiness) were

introgressed into the two genetic backgrounds (Chaib

et al. 2007). The introgressed lines were produced as

described in Chaib et al. (2006). NIL-L4, NIL-L9 and

NIL-B9 were obtained after three backcrosses on the

recipient line followed by three selfing generations

(Lecomte et al. 2004), where L and B indicate the

genetic background (Lev and VilB, respectively) and

the number, 4 or 9, indicates chromosome number.

Introgressed segments in NIL-L4, NIL-L9 and NIL-

B9 span over respectively, 19.7, 51.6 and 51.6 cM.

NIL-L4-1, NIL-L4-2 and NIL-L9-1 are sub-NILS

bearing shorter introgressed regions (10.9, 8.9 and

36.3 cM, respectively), which were obtained from a

fourth backcross with the recurrent parent followed by

a fourth selfing.

Cultural conditions

Two experiments were performed. The first one

(Exp.1) was carried out over 2 years in 2008 and

2009 with all genotypes. Its aims were as follows:

(i) studying QTL 9 genetic background interaction

effects on fruit firmness, and (ii) evaluating QTL

stability during fruit conservation. The second exper-

iment (Exp.2) performed in 2009, had the following

intentions: (i) evaluate QTL by season interactions,

and (ii) shed light on the correlations between fruit

firmness and several physical and biochemical traits.

Exp.2 focussed on the three parental lines and four

QTL-NILs (NIL-L4, NIL-L9, NIL-L9-1, and NIL-

B9).

The two experiments were carried out in the same

greenhouse in Avignon, Southern France. Plants were

grown during the spring season (from January to July)

at a density of 2.5 plants m-2. Day/night temperature

in the greenhouse was set-up to 20/18 �C. Nutrients

were provided by fertigation (EC 2.0, pH 6.5) and no

water stress occurred. Side shoots were removed once

a week. Flowers were shaken three times a week for

pollination and inflorescence size was naturally reg-

ulated by the plant (around five to eight flowers on all

genotypes except Cervil which can bear more than 20

flowers per inflorescence). Each genotype was repre-

sented by 10 plants.

Fruit sampling

In Exp.1, 15–35 red-ripe fruits from each genotype

were harvested on the second, third and fourth trusses,

avoiding the first and last fruits from each truss. Six

harvest dates were necessary over 2 weeks and

firmness was immediately measured at harvest (T0).

In 2009, at each harvest date half of the fruits were

stored at room temperature (20 �C) during 7 days,

after which postharvest firmness (T7) was determined.

In Exp.2, the seasonal variations in fruit firmness

and other physiological traits were investigated by

comparing fruits harvested on the first and fifth truss in

May and June, respectively. Seasonal effects included
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climatic factors and plant factors, such as the compe-

tition among growing fruits which increased during

plant development. Red-ripe fruits from each geno-

type were individually harvested on both trusses,

avoiding the first and last fruits. Firmness was

immediately evaluated on at least 10 fruits (20 fruits

for Cervil) that were randomly selected, and, then,

anatomical and biochemical measurements were per-

formed on the same and/or on other fruits of the same

truss. Each fruit was cut into two halves (except

Cervil) in order to measure several traits on a given

individual fruit (see below).

Biological measurements

Firmness evaluation

Firmness was measured with a texturometer (Texture

analyser TAplus: Ametek, Lloyd Instruments Ltd.,

Fareham, UK) through three rheological tests applied

either on whole fruits or on fruit slices. First, the

uniaxial compression test (CP test) measures the force

required to compress the fruit between two steel plates

until its diameter decreases by 3 % of its initial

diameter. This test evaluates the global fruit proper-

ties, including its hardness, elasticity and plasticity.

The resulting force/displacement curves were ana-

lyzed and two parameters were recorded: the maxi-

mum force (CPmax in N) associated with fruit

hardness, and the slope of the compression (CPslope

in N m-1) associated with fruit stiffness (Young’s

modulus), which has been often assimilated to fruit

elasticity in past studies. Second, a fruit puncture test

(FP test) was applied on the whole fruit using a

cylindrical probe of 2 mm diameter, which was placed

perpendicular to the main axis of the fruit (avoiding

septum) and displaced 7 mm. Data obtained from

force/displacement curves were expressed as the

maximum force (FPmax in N), the slope (FPslope in

N m-1) and the maximum deformation (FPdef in m)

necessary to punch the skin (cuticle and epidermis

layer) which are linked to, respectively, firmness,

stiffness and elasticity (Camps et al. 2005). Third, a

slice puncture test (SP test) was performed on fruit

radial slices (1 cm thick). For each slice, four replicate

tests were performed in the outer pericarp avoiding the

areas where the outer pericap joins the radial pericarp.

The average maximum force (SPmax in N) run into the

slice was recorded as an indicator of flesh firmness.

Anatomical and biochemical traits

In Exp.2, morphological and chemical fruit properties

were measured on individual fruits picked on the first

and fifth trusses. For each genotype, the locule number

was recorded, and the individual fruit fresh weight, dry

weight, soluble sugar (glucose, fructose, sucrose) and

alcohol insoluble solid (AIS) contents were measured

on six to eight fruits. On eight other fruits from each

truss, the water conductance was estimated by weight

loss of detached fruits stored in a controlled climatic

chamber, as described in Leonardi et al. (2000).

Proportions of the different tissues were assessed on

six fruits from each truss. The pericarp, gel, columella

and seeds were separated and their fresh weight and

dry weight were measured. The number and mean size

of pericarp cells were measured according to the

method described in Bertin et al. (2002). Finally, the

pericarp content in AIS and soluble sugars were

analysed on eight individual fruits.

Fruit or tissue dry weight was obtained after 72 h

desiccation in a ventilated oven at 80 �C. For sugar

analysis, tissues or fruits were immediately frozen in

liquid nitrogen after sampling, ground, and stored at -

20 �C. Soluble sugars (sucrose, fructose, glucose)

were extracted and measured by HPLC (Gomez et al.

2002). AIS content was measured on lyophilized

powder by extraction and elimination of soluble

molecules in an 80 % ethanol solution mix after

starch hydrolysis by amyloglucosidase (Quemener

et al. 2007).

Statistical analysis

The genetic, QTL, year, conservation and seasonal

effects on textural traits were evaluated by two-way

ANOVA using Sigmastat Jandel Scientific software

(V2.03, SPSS Inc., Chicago, IL, USA). These

ANOVA were first performed to compare the three

parental lines (Cervil, Levovil and VilB) among

themselves. Then, the QTL effects were analyzed in

each genetic background (L or B). When significant

effects were detected, Tukey or Dunnett’s tests were

applied to compare, respectively, the three parental

lines and the QTL-NILs with their parent in each

background. Significant effects were reported when

p values were lower than 0.05. On all of reported

figures, the data are presented as mean values with

vertical bars indicating standard errors.
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A principal component analysis was performed

(STATISTICA software) to track the genetic and

seasonal variability among anatomical, biochemical

and textural fruit traits measured in Exp.2. Then,

correlations among fruit traits were visualized and

analyzed by means of a correlation network. Pearson

product-moment correlations were calculated between

the genetic means of pairs of variables. For all pairwise

correlations, P-values were calculated and only sig-

nificant correlations (P \ 1 %, |r| [ 0.7, tested with

cor.test R-function) were plotted. The network was

constructed using the Pajek graph drawing software

version 2.02 (Batagelj et al. 2003), based on the

Fruchterman–Reingold algorithm. The network relied

on the correlation matrix resulting from four textural

variables and 30 morphological, histological and

biochemical variables, which were measured on six

genotypes (Lev, VilB, NIL-L4, NIL-L9, NIL-L9-1,

and NIL-B9) and two different trusses (Tr1 and Tr5).

Cervil was discarded to avoid bias, because of its huge

difference in some traits, such as fruit size. The

topological properties of the network were defined by

the betweenness centrality. Betweenness is a centrality

measure of a vertex within a graph, which represents,

for each node, the number of shortest paths between all

pairs of nodes that pass through this node (Freeman

1977). Betweenness centrality values were used to

identify some important nodes in the network. Nodes

that occur on many shortest paths between other

vertices have higher betweenness than those that do

not. Then, in order to better describe the dependence of

textural variables on anatomical and biochemical

variables, forward stepwise regressions were per-

formed (Sigmastat Jandel Scientific software (V2.03,

SPSS Inc., Chicago, IL, USA)).

Results

QTL and genetic background effects on several

indicators of fruit texture

Three rheological tests (compression and puncture

tests) were performed over 2 years (2008, 2009) on

nine tomato genotypes. Maximum forces and slopes of

the force/displacement curves were used to analyze

the genetic variation over 2 years (Fig. 1). The most

significant effects detected by ANOVA are summa-

rized in Table 1.

The three parental lines (Cervil, Levovil, VilB)

could be significantly (P \ 0.01, df = 65) discrimi-

nated with the three tests over the 2 years (Fig. 1).

Maximum forces and slopes measured on the VilB

fruits were the highest in contrast to those measured on

the Cervil fruits. On average, CPslope was higher

(P = 0.015, df = 65) and SPmax was lower

(P = 0.001, df = 65) in 2008 than in 2009, whereas

the FP test did not significantly discriminate between

the 2 years.

Within the L background, both year and QTL

effects on the textural variables were significant

(P \ 0.01, df = 254), but the significant interactions

between the two factors suggested that some of the

QTL effects were unstable (Table 1). Compared to

Lev, CPmax and CPslope were significantly decreased in

NIL-L9 fruits on both years, whereas CPslope was

significantly increased in NIL-L4-1 fruits in 2009

only. In contrast, FPmax was significantly higher for all

NILs except NIL-L4 and NIL-L4-1, independent of

the year. FPslope measured on NIL-L9 and NIL-L9-1

fruits were, respectively, significantly lower and

higher than on Lev fruits. On fruit slices, a significant

increase in SPmax was measured on NIL-L9-1 fruits

compared to Lev fruits on both years. In contrast,

SPmax was increased in NIL-L9 fruits and decreased in

NIL-L4 and NIL-L4-1 fruits, but only in 2009.

Within the B genetic background, FPmax and SPmax

were higher for NIL-B9 than for VilB (P \ 0.01,

df = 70; no significant interaction with the year

effect), whereas the opposite was observed for CPmax.

Whatever the year, a significant decrease in CPslope

and FPslope was measured in NIL-B9 compared to

VilB. No significant difference was measured between

the 2 years.

The comparison of NIL-L9 and NIL-B9 (Table 1)

indicated that the QTL9 had similar effects on the

textural variables in the two genetic backgrounds.

Over the 2 years, this QTL increased the SPmax value

by 24 % in the L background and by 64 % in the B

background.

Effects of QTL and genetic background on fruit

firmness loss in the postharvest period

In 2009, the three tests (CP, FP, SP) have been

performed on red-ripe fruit at harvest (T0), and then

after a 7-day period of fruit storage at 20 �C (T7) to

quantify the relative loss of firmness in the postharvest
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period (Fig. 2). Negative values resulted from the fact

that different fruit batches were used at T0 and T7, as

puncture tests are destructive. CPmax decreased much

more (from 28 to 41 %) than FPmax (from 2.0 to

22 %), whereas changes in SPmax were the most

heterogeneous (from -2 to 50 %). CPslope and FPslope

also decreased in the storage period (data not shown).

Two-way ANOVAs were run to evaluate absolute

variations in textural variables between T0 and T7 and

to see whether ranks among genotypes and QTL

effects were affected by storage (Table 1; Fig. 3).

After a 7-day period at 20 �C, fruits from the

parental lines lost on average 6 mg of fresh weight

(not significant). During this period, none of the

variables measured on Cervil fruits significantly

varied. On the other hand, significant decreases were

observed, for VilB fruits, in CPmax, FPmax and SPmax,

and, for Lev fruits, in CPmax, and SPmax (P \ 0.001,

df = 100). For both genotypes, CPslope and FPslope

decreased significantly during storage. Ranks among

genotypes were similar at T0 and T7. Despite

contrasted rates of evolution, maximum forces and

slopes were still the highest in VilB fruits after 7 days

of storage at 20 �C (Table 1).

In the L and B backgrounds, fruits lost on average 9

and 4 mg of fresh weight, respectively (not signifi-

cant). Regardless of the test, absolute variations in

textural variables during storage were significant for
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Fig. 1 Fruit textural parameters evaluated through maximum

forces, slopes and distance of the force–displacement curves

measured over 2 years by compression (CP) and puncture (FP

and SP) tests on red ripe tomato fruits. Compression test (a–

d) and fruit puncture test (b, e, f) were performed on whole fruit,

while slice fruit puncture test (c) was performed on 1 cm thick

tomato slice (not applied to Cervil because of the small fruits

size). Nine tomato lines were investigated in 2008 (grey bars)

and 2009 (black bars). Cervil was measured only in 2009. Data

are means of 15–20 fruits with vertical bars indicating standard

errors
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all genotypes (P \ 0.01, df = 394), except variations

in FPmax and SPmax measured on NIL-L4-1 fruits and

SPmax measured on NIL-L4 and NIL-L9-1 fruits.

Similarly, CPslope and FPslope significantly decreased

in the postharvest period for all genotypes. According

to the compression test (CP), ranks among genotypes

and QTL effects hardly changed during the storage

period, irrespective of the genetic background

(Table 1). In contrast, all QTL effects measured with

puncture tests (FP or SP) were lost in the postharvest

period, except in two cases: NIL-L9-1 and NIL-B9 for

which positive QTL effects on, respectively, SPmax

and FPmax remained significant. The relative

decreases in FPmax and SPmax during the storage

period were independent of the values measured at

harvest (Fig. 3a: R2 = 0.05 and Fig. 3b: R2 = 0.453).

Genetic and seasonal variability of textural,

anatomical and biochemical fruit traits

The seasonal variability in textural variables was

assessed by comparing fruits sampled on the first (Tr1)

and fifth (Tr5) trusses from seven genotypes (Cervil,

Lev, VilB, NIL-L9, NIL-L9-1, NIL-L4, NIL-B9). In

addition, several anatomical and biochemical fruit

traits were measured on the two trusses (Table 2 and

Online Resource 2) in order to analyze their genetic

variability and involvement in fruit textural properties.

The fruit fresh weight was significantly lower on

Tr5 than on Tr1 for all genotypes (-48 % in average)

except Cervil (?40 %), indicating that the competi-

tion for assimilates increased during plant develop-

ment. Except for Cervil, fruits sampled on Tr5

contained less and smaller pericarp cells than fruits

picked on Tr1, though differences were not significant

for NIL-L4 (cell number and size), NIL-L9-1 and NIL-

B9 (cell number). The final fruit fresh weight and the

pericarp cell number were significantly smaller in the

QTL-NILs than in their parents. A unique linear

relationship between the fruit fresh weight and cell

number was observed (Fig. 4a) accounting for both

genotype and seasonal effects, while the fruit fresh

weight was less correlated to the mean cell volume

(Fig. 4b) than to the cell number. Variations in dm,

AIS and soluble sugar contents were highly dependent

on the genotype and no clear trends could be drawn

(Table 2). Similarly, the fruit conductance was highly

variable. On Tr1, this might result from the high fruit

growth rate leading to micro-cracks at the fruit surface

(Gibert et al. 2010). For that reason, genetic differ-

ences in fruit conductance were considered on Tr5

only in the following analysis. Among the three

parental lines, the proportion of pericarp was signif-

icantly higher on Tr5 than on Tr1 (Online Resource 2).

On the contrary, the seed number (Lev only) and

proportions of columella (VilB only) and gel were

higher on Tr1 than on Tr5. The proportion of pericarp

was the lowest in Cervil (50 %) and the highest in

VilB (75 %). In contrast, the proportions of columella

and gel were significantly higher in Cervil fruits.

Within the L background, fruits sampled on Tr5

contained less seeds than fruits picked on Tr1, while

the relative proportion of columella was reduced on

Tr5 in each genetic background. QTL effects on tissue

proportions were weak, except the seed contribution

which was increased in NIL-L9 and NIL-B9 compared

to their respective parent. In the B background, QTL

introgression on chromosome 9 also had some nega-

tive effects on the proportion of columella.

Textural variables varied between the two trusses

depending on genotype and test. The general trend

Table 1 Summary of main effects of year, genotype, QTL and

genetic background detected by ANOVA

CP test FP test SP test

CPmax CPslope FPmax FPslope SPmax

Year

2008/2009 ns ns ns

Genotype

VilB/Lev

L background QTL

NIL-L9/L (2009)

NIL-L9-1/L ns ns

NIL-L4/L ns ns ns ns (2009)

NIL-L4-1/L ns (2009) ns ns (2009)

NIL-L4-2/L ns ns ns ns

B background QTL

Nil-B9/VilB

or indicate significant (P \ 0.05) increase or decrease of

the textural variables measured in 2008 compared to 2009, or

measured in VilB compared to Lev, and in NILs compared to

the corresponding parent. The comparison between 2008 and

2009 concerned only VilB and Lev. Within each background,

the year indicated in brackets means that the QTL effect was

significant only on 1 year. Arrows are underlined when genetic

and QTL effects were still significant after 7-day storage at

room temperature

ns non significant effect
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shows that CPmax was higher on Tr1 than on Tr5

(?24 % for VilB and NIL-B9), whereas CPslope was

lower (-18 % in the L background). On the opposite,

FPmax and SPmax were higher on Tr5 than on Tr1 (?8,

13 and 26 % for VilB, Cervil and Lev respectively),

whereas FPslope was lower (-15 and -23 % for VilB

and NIL-B9, respectively). However, ranks among

genotypes and QTL effects were not significantly

dependent on the truss position, except for the B

background because no significant QTL effect on

SPmax could be detected on Tr1.

A principal component analysis of the anatomical,

biochemical and textural (CPmax, CPslope, FPmax,

FPslope, FPdef and SPmax) variables was performed to

track the genetic (leaving Cervil out) and seasonal

variability (Fig. 5). The first two factors explained

69 % of the variation. Both textural, anatomical and

biochemical variables contributed to the first factor

(46 % of the variance), which opposed pericarp cell

volume, fruit or pericarp soluble sugar (glucose,

fructose and total) contents and number of locular

cavities to FPmax, SPmax, fruit or pericarp dry matter

content and to a lesser extend FPslope. Four textural,

biochemical and anatomical variables mainly contrib-

uted to the second factor (23 % of the variance), which

opposed CPmax and the pericarp cell number to the

fruit sucrose content. The third factor explained 11 %

more of the global variation; it was positively

correlated to fruit CPmax and CPslope and negatively

correlated to FPdef and fruit sucrose content (not

shown). Projection of the individuals separated both

the genotypes and truss position. The genetic back-

ground was mainly separated on the first axis, while,

within each background, the truss position was
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Fig. 2 Fruit firmness loss during postharvest storage measured

on the three parental lines and six QTL-NILs. Fruits were

harvested at red ripe stage in 2009 and stored at 20 �C during

7 days. Firmness was assessed at harvest (T0) and after 7 days

(T7) by fruit compression test (a), whole fruit puncture test

(b) and slice puncture test (c). The loss of firmness was

calculated as (T0–T7)/T0 from data measured on 35 (CP tests)

and 17 (FP and SP tests) fruits
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separated on the second axis. Within the B back-

ground, NIL-B9 negatively contributed to the first axis

and was thus characterized by high FPmax and SPmax,

high dm content, but low soluble sugar content (in %

dm), small cells, and low number of locular cavities.

Fruits picked on Tr1 positively contributed to the

second factor. This was especially true for VilB fruits

with high CPmax values, numerous cells and low

sucrose content. Within the L background, NIL-L4

and Lev (Tr1) had the highest positive contribution to

the first axis and were associated with low FPmax and

SPmax values, low dm content, large pericarp cells,

high soluble sugar content, and number of locular

cavities. Fruits picked on Tr5 negatively contributed to

the second factor; in particular NIL-L9 and NIL-L9-1

fruits picked on Tr5 could be characterized by low

CPmax values, low cell number and high sucrose

content. The third factor mostly opposed NIL-L9-1

Tr5 to NIL-L9 Tr1 (not shown).

Correlation network among textural, anatomical

and biochemical fruit traits

To better visualize and analyze the complex interac-

tions among fruit traits, a correlation network was

drawn based on mean data from the two trusses for

each genotype, except Cervil (Fig. 6). All textural

variables associated with the force/displacement

curves from compression and puncture tests were

included, as well as biochemical data (dm and sugar

content) measured at both fruit and tissue levels. In
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cell number (a) and mean cell size (b). Each point represents one
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and is a mean of six fruits. The determination coefficient of the

linear relationship between fruit fresh weight and cell number

(a) was R2 = 0.89 considering all genotypes and R2 = 0.80

excluding Cervil. The determination coefficient of the linear

relationship between fruit fresh weight and cell volume (b) was

R2 = 0.69 considering all genotypes and R2 = 0.41 excluding

Cervil
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this network only significant correlations (P-value

\0.01) were drawn using solid lines when positive

and dotted lines when negative, while the size of each

node reflected its centrality. Three nodes were highly

central in the network: the pericarp cell volume,

FPmax, and the fruit diameter, which indicated that

variations in other fruit traits were mainly correlated to

these traits. One cluster of high connection density was

observed involving FPmax and SPmax, which were

positively correlated to one another (R = 0.81). In this

cluster, FPmax and SPmax were positively and signif-

icantly correlated to the fruit or pericarp dry matter

content (R [ 0.82), whereas it was negatively and

significantly correlated to the mean pericarp cell

volume (R \ -0.80), to the fruit or pericarp soluble

sugar (glucose, fructose or sum of all soluble sugars)

contents (-0.87 \ R \ -0.74), and to the number of

locular cavities (R = -0.89 for the FP test only). A

second cluster of lower connection density included

FPdef, which was uncorrelated from all other textural

indicators measured in this work. FPdef was positively

correlated to the % dry matter in the columella

(R = 0.91) and to the contribution of seeds to the fruit

fresh weight (R = 0.74). It was negatively correlated

to the fruit fresh weight and diameter (R \ -0.71).

Other textural parameters were marginal to these

clusters. FPslope and CPslope were positively correlated

to FPmax or CPmax (0.74 \ R \ 0.88). FPslope was

Table 2 Anatomical and biochemical fruit traits measured in 2009 on red ripe tomato fruits from the first (Tr1) and the fifth (Tr5)

trusses

Genotypes Cervil Levovil NIL-L4 NIL-L9 NIL-L9-1 VilB NIL-B9

Fresh weight (g)

Tr1 4.8 (0.1)*** 196.2 (4.2)*** 143.4 (2.8)*** 116.4 (2.0)*** 153.6 (4.6)*** 168.0 (2.6)*** 66.9 (1.9)***

Tr5 7.2 (0.1) 99.0 (4.7) 96.5 (4.1) 65.3 (3.5) 93.2 (5.2) 111.0 (6.1) 46.6 (2.1)

Locule number

Tr1 2.2 (0.1) 3.9 (0.2) 3.9 (0.2) 4.1 (0.1) 4.2 (0.2) 2.6 (0.2) 2.0 (0.0)*

Tr5 2.3 (0.1) 3.8 (0.1) 4.3 (0.2) 4.2 (0.3) 5 (0.4) 2.5 (0.1) 2.4 (0.1)

Seed number

Tr1 47.5 (12.4)** 159.3 (40.0)** 143.2 (49.3)** 151.0 (26.4)** 149.8 (40.3)** 123.5 (15.5) 93.7 (18.8)

Tr5 70.0 (11.1) 93.8 (23.0) 51.8 (13.7) 76.8 (42.3) 75.7 (28.2) 98.7 (36.4) 82.8 (14.0)

Cell number (106)

Tr1 1.58 (0.11) 13.91(1.13) *** 9.71 (0.79) 7.83 (0.34)** 10.23 (0.35) 14.27 (0.36)*** 7.12 (0.20)

Tr5 1.64 (0.05) 7.57 (0.49) 7.36 (0.71) 5.50 (0.52) 6.40 (1.77) 7.58 (0.57) 7.19 (0.45)

Cell volume (nl)

Tr1 1.8 (0.1)*** 11.2 (0.5)** 11.9 (1.1) 11.6 (0.3)** 11.8 (0.3)*** 9.0 (0.1)** 7.7 (0.2) ***

Tr5 2.6 (0.1) 8.6 (0.2) 9.8 (0.6) 10.2 (0.2) 8.5 (0.4) 7.9 (0.3) 5.6 (0.3)

Fruit conductance (cm/h)

Tr1 14.9 (1.2) 47.2 (8.2)* 62.9 (9.8)** 21.2 (2.0) 75.6 (5.0)*** 22.1 (1.3) 14.4 (0.7)

Tr5 17.8 (1.2) 22.0 (5.4) 33.6 (3.4) 25.0 (4.7) 22.5 (2.7) 19.6 (2.0) 13.5 (1.3)

Dry matter (g/100 g FW)

Tr1 12.1 (0.1) 5.3 (0.1) 5.4 (0.0)** 6.3 (0.1)*** 6.0 (0.1)*** 7.3 (0.0)*** 6.7 (0.1) ***

Tr5 11.9 (0.2) 5.6 (0.2) 5.6 (0.1) 5.7 (0.1) 5.3 (0.1) 6.3 (0.1) 7.7 (0.2)

Soluble sugar (g/100 g DM)

Tr1 31.9 (0.9)* 38.9 (1.0)* 43.2 (0.8) 42.2 (1.5) 39.9 (0.8) 37.1 (0.8) 30.6 (3.0)

Tr5 38.1 (2.2) 42.0 (0.5) 44.8 (0.6) 40.3 (2.7) 38.7 (2.6) 39.1 (0.9) 33.0 (1.1)

AIS (g/100 g DM)

Tr1 25.7 (0.7) 23.4 (1.5) 23.6 (1.4) 26.9 (0.6) 24.3 (0.60)** 23.2 (1.1)* 26.4 (0.7)

Tr5 27.7 (0.9) 24.5 (0.8) 23.1 (0.9) 27.4 (0.8) 30.1 (1.07) 26.8 (0.9) 28.9 (1.0)

Data are means of minimum six fruits per genotype and truss and SD are given in brackets. Stars indicated significant differences

(*** P \ 0.001; ** P \ 0.01; * P \ 0.05) between the two trusses for each individual genotypes (Student t test)
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negatively correlated to the number of locular cavities

(R = -0.79) and to the contribution of locular gel to

the fruit fresh weight (R = -0.74). Interestingly,

CPmax was not significantly correlated to any bio-

chemical or anatomical fruit variables, and no signif-

icant correlation was observed among variables

measured by compression and puncture tests.

Other variables such as AIS content, cell or seed

numbers, fruit conductance and proportions of peri-

carp or columella were not directly correlated to fruit

textural traits as evaluated in this work with the three

tests. However, within the L genetic background,

positive linear correlations could be observed between

the pericarp AIS content and SPmax (R = 0.81) or

FPmax (R = 0.77) (not shown).

Forward stepwise regressions were performed in

order to better describe the dependence of textural

variables on the anatomical and biochemical vari-

ables. The proportion of pericarp, the cell number and

cell volume, the pericarp contents in soluble sugar, dm

and AIS, and the number of locular cavities were used

as independent variables. FPmax could be predicted

from a linear combination of the pericarp soluble sugar

content, locule number and cell volume (P \ 0.001,

R2 = 0.99), whereas the pericarp dm content was

sufficient to predict SPmax (P \ 0.001, R2 = 0.74).

CPmax could be predicted from a linear combination of

cell number and cell volume (P = 0.01, R2 = 0.56),

whereas CPslope and FPslope could be predicted from

the locule number alone (P = 0.02, R2 = 0.44 and

P = 0.002, R2 = 0.63, respectively).

Discussion

The understanding and control of fruit texture is

crucial to ensure postharvest handling and consumer

acceptance. However, large fluctuations of texture

occur during crop production and in the postharvest

period, which may be undesirable. Many studies have

investigated the genetic variability in fruit firmness.

Some genes involved in textural traits have been

identified (reviewed in Causse et al. 2011) and several

QTL have been detected (reviewed in Labate et al.

2007). Most biochemical studies on fruit texture were

devoted to maturation mechanisms and changes in

fruit firmness were linked to cell wall degradation

processes (Crookes and Grierson 1983; Rose et al.

2003). However, genotypic differences in fruit firm-

ness have been demonstrated at early stages of fruit

development far before the red ripe stage (Chaib et al.

2007). Indeed several mechanisms controlled at the

molecular, cell, tissue and organ levels likely interact

in the pre- and postharvest periods (Barrett et al. 1998;

Saladié et al. 2007). In this respect, global approaches

are required to better understand the genetic and

environmental variability in textural traits and to

identify interactions among key-determinant factors,

which could be used in an integrated fruit model

(Génard et al. 2007). This was a main objective of the

present work.
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Fig. 5 Principal component analysis of anatomical (blue),

biochemical (black) and textural (red) fruit traits performed

on six genotypes and two truss positions. Projections of traits

(upper graph) and individuals (lower graph) on the plane

defined by the first two principal components. Genotype names

are in italics when they refer to truss 1 and in bold characters

when they refer to truss 5. (Color figure online)
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Compression and puncture tests evaluate different

textural properties

A main difficulty of textural studies is to select

objective quantitative criteria, in part due to the

numerous physical or sensory properties underlying

the term texture (Barrett et al. 1998). This is partic-

ularly true in the case of tomato fruits that have a

specific organ structure with a complex anatomy and

various tissues. Sensorial assessment by trained pan-

elists certainly provides the most integrative evalua-

tion of fruit texture. However, instrumental

measurements are more objective and they can detect

small variations, for instance, among genotypes or

between cultural conditions. In this work the genetic

and seasonal variability in fruit textural variables have

been assessed by compression and puncture tests.

These tests have been shown to correlate well with

sensory evaluations of different fruit species (Bourne

1979; Causse et al. 2002; Harker et al. 2002; Mehin-

agic et al. 2004; Ross et al. 2009). In tomato, studies

based on compression tests, reported that fruit elas-

ticity (associated to CPslope) correlates negatively with

fruit juiciness (Causse et al. 2002), while firmness

(associated to CPmax) correlates positively with sen-

sory firmness and skin thoughness, and negatively

with juiciness (Chaib et al. 2007). The present work

clearly confirms that compression and puncture tests

Fig. 6 Correlation network of textural, anatomical and bio-

chemical fruit traits. Data were measured at red ripe stage on two

trusses (1 and 5) from two parental lines (Lev and VilB) and four

QTL-NILs (NIL-L9, NIL-L9-1, NIL-L4, and NIL-B9). All

textural parameters described in ‘‘Materials and methods’’

section and associated with the force/displacement curves from

compression (CP) and puncture tests (FP and SP) were taken

into account. Anatomical and biochemical data were measured

at the fruit or tissue level. In this network solid and dotted lines
represent respectively, positive and negative correlations among

variables (nodes). Only the significant correlations (P value

\0.01) were drawn. Line widths are relative to the correlation

coefficient values. The size of each node indicates the centrality

within the graph (betweenness). Nodes that occur on many

shortest paths between other nodes have higher betweenness

than those that do not. List of variables: maximum forces

(N) and slopes (N m-1) of the CP, FP and SP test: CPmax,

CPslope, FPmax, FPslope, SPmax. Maximum deformation in FP test

(m): FPdef. Fruit fresh weight (g) and diameter (mm): FWfr,

Diamfr. Fruit locule number: Locul. Fruit seed number: NbSeed.

Fruit conductance (cm h-1): Cond. Proportions of pericarp,

columella, locular gel and seeds (g 100 g-1 fruit fresh weight):

peri, colum, gel, seed. Pericarp cell number (106) and mean

volume (nl): NbCell, VolCell. Fruit, pericarp and columella

contents in dm and AIS (g 100 g-1 dm): DMfr, AISfr, DMper,

AISper, DMcol. Fruit and pericarp contents in glucose, fructose,

sucrose and total soluble sugars (g 100 g-1 dm): GLUfr, FRUfr,

SUCfr, SSfr, GLUper, FRUper, SUCper, SSper
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point to different fruit properties and provide comple-

mentary information. Indeed, firmness assessed by

maximum forces of the force/displacement curves

(CPmax, FPmax, SPmax) varied in opposite way accord-

ing to the compression and puncture tests (Table 1),

whereas stiffness measured by the slopes of these

curves (CPslope, FPslope) showed similar variations for

both compression and puncture tests. This suggested

that fruit stiffness can be well assessed by compression

test, while fruit firmness is better assessed by puncture

tests which account for local tissue properties. The

compression test has already been reported as rather

insensitive to tissue properties and more influenced by

fruit shape, size and proportion of different tissues

(Barrett et al. 1998). It is also less sensitive than

puncture tests to determine small differences in

textural properties of processed tomatoes (Barrett

et al. 1998).

QTL on chromosome 9 had major and stable

effects on tomato fruit texture

The present study investigated nine contrasted geno-

types, including three parental lines and six derived

QTL NILs. It completes previous results obtained on

part of this plant material (Causse et al. 2002; Chaib

et al. 2007; Zanor et al. 2009; Bertin et al. 2009; Page

et al. 2010; Quemener et al. 2007). It is well known

that textural traits strongly depend on environmental

factors (Sams 1999; Chaib et al. 2006; Chaib et al.

2007). In this work, the genetic effects on firmness

were, to a certain extent, conserved over 2 years,

although some interactions between year and QTL

effects could be detected within the L background

(Table 1, SPmax). In addition, ranks among genotypes

were hardly affected during the season (except the

absence of QTL effect on Tr1 in the B background),

while a recent study demonstrated that only a low

proportion of QTL for tomato fruit traits is stable at

two contrasted plant fruit loads (Prudent et al. 2009).

This supports the hypothesis that genotypic differ-

ences affect tomato fruit firmness more than growing

conditions (Carli et al. 2011).

The effect of QTL introgression on fruit textural

properties varied according to the region and the

genetic background. The texture QTL on chromosome

4 was initially detected in a RIL population within a

region of 20 cM, in the upper part of the chromosome.

It controls several textural traits, such as instrumen-

tal firmness and stiffness, and also sensory traits,

e.g. skin thoughness and mealiness. In the same

genome area, a QTL for firmness was also detected

by hand evaluation in an advanced backcross

population between S. lycopersisum and S. peruvia-

num (Fulton et al. 1997). Introgression of the QTL

region located on chromosome 4 (NIL-L4) did not

allow any improvements in firmness (Table 1) and

this is in accordance with a previous study (Chaib

et al. 2007). This suggested some strong interactions

between QTL and the genetic background. The two

sub-NILs were complementary lines, as NIL-L4-1

introgression corresponded to the upper part of the

QTL region and NIL-L4-2 to the lower part.

According to the FP test, NIL-L4-2 fruits were

firmer compared to Lev fruits, suggesting that genes

underlying the firmness QTL effect could be located

in this basal part of the genome region and that

antagonist epistatic interactions with genes located

in the upper part of the region could exist.

In contrast, the QTL on chromosome 9 strongly

improved firmness as measured by FPmax and SPmax.

The comparison of Lev, NIL-L9 and NIL-L9-1

(Table 1) suggested that the chromosome region

lacking in NIL-L9-1, was involved in the decrease of

fruit firmness and stiffness measured by compression

test (CPmax and CPslope). The increase of CPslope

measured on NIL-L9-1 fruits even suggested the

presence of several QTL with antagonistic effects in

the 50 cM region. Effects of the QTL introgressed on

chromosome 9 were very similar in the two genetic

backgrounds. Moreover, this QTL for firmness colo-

calized with other firmness QTL detected in S.

lycopersicum 9 S. peruvianum (Fulton et al. 1997)

and S. lycopersicum 9 S. neorickii (Fulton et al. 2000)

populations. However, as the introgressed genome

region represents up to about 50 cM for NIL-L9 and

NIL-B9, and about 36 cM for NIL-L9-1, many genes

alleles may vary between parental lines and NILs. It is

thus, now impossible to look for candidate genes using

genome information, but comparative analysis of

NILs differential expression has already established

some relations between the introgressed QTL bearing

regions and pericarp cell size and repartition (Chaib

et al. 2007), cell wall polysaccharides content (Quem-

ener et al. 2007) protein expression (Page et al. 2010),

and metabolite content (Zanor et al. 2009).
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Postharvest changes in fruit texture were

disconnected from texture at harvest

The evolution of texture in the postharvest period may

dramatically impact the transportability and distribu-

tion of fresh fruits. Since most fleshy fruits soften as

they mature, the stage of maturity at harvest directly

affects texture of the product to be purchased and

consumed. In apple, there is a significant correlation

between firmness at harvest and after storage (Knee

and Smith 1989), which was not observed in other

fruits, such as tomato (Ahrens and Huber 1990). The

absence of relationship between tomato fruit firmness

measured at harvest and its evolution during storage

was confirmed in the present work.

Due to contrasted rates of texture changes, positive

effects of QTL9 (NIL-L9 and NIL-B9) on fruit

firmness (FPmax and SPmax) were partially lost in the

postharvest period in both backgrounds (Table 1). In

agreement, a recent study showed that cold storage

reduces NIL-B9 firmness more dramatically and

rapidly than that of the parent VilB (Page et al.

2010). This loss of firmness was correlated with the

lower expression of genotype specific proteins, among

which some were heat shock proteins. More generally,

the fact that the relative loss of firmness strongly

differed according to the test and strongly varied

among genotypes suggested that several mechanisms

were involved at the fruit and pericarp levels, with

strong genetic variations.

Pericarp cell size and composition are strongly

correlated with fruit firmness as measured

by the puncture test

The contributions of tissue structure and composition

to fruit textural properties have been long reported,

although rare holistic approaches, including biochem-

ical and anatomical traits at the same time, have been

developed and the hierarchy among determining traits

remains unknown. The present work on tomato

suggested that firm fruits detected by puncture tests

(high FPmax and SPmax values) have small cells, low

soluble sugar content and low number of locular

cavities, but high dm content. On the other hand, fruit

stiffness also evaluated by puncture test (high FPslope

values) was negatively correlated to the number of

locular cavities and the relative proportion of gel. In

contrast, compression test variables were hardly

correlated to anatomical and biochemical fruit traits,

except high CPmax values that were associated with

high cell number. In the correlation network, the high

centrality of FPmax confirmed that the puncture test

accounts well for fruit textural properties related to

variations in anatomical and biochemical traits.

The negative correlation observed between fruit

firmness and locule number, might be spurious, since

firm tomatoes with high locule number exist (Chaib

et al. 2007). Indeed, in the present work, this

correlation was absent within each genetic back-

ground (not shown). Moreover, the number or radial

pericarp septa, which depends on the number of

locular cavities, is expected to impact on the resistance

to deformation. This may explain the negative corre-

lation between fruit stiffness and locule number. At

the tissue level, the impact of cell number, size, and

shape on textural properties of fleshy fruits has been

discussed by several authors (Abbott and Lu 1996;

Mann et al. 2005; Nardozza et al. 2011). In accordance

with the present study, most of these works converge

to the hypothesis that small cells with few intercellular

spaces would form compact texture, while large cells

would result in spongy texture (Reeve 1970) and are

associated with mealy fruit (Chaib et al. 2007). This

hypothesis has been put forward to explain intra-plant

variations in fruit texture, for instance between fruit in

the interior shaded areas and those in the outer sunlit

regions of an apple tree (Sams 1999). In tomato, intra-

plant variations in fruit texture could be expected in

relation to the competition for assimilates, which also

affects several fruit traits, such as cell size, cell

number or dm accumulation (Bertin et al. 2001; Bertin

2005). Accordingly, fruit firmness measured by punc-

ture test (FPmax and SPmax) was generally greater on

Tr5 than on Tr1.

From the biochemical point of view, most previous

studies focussed on cell wall metabolism, in particular

during ripening or in response to environmental

stresses (Toivonen and Brummell 2008). In addition,

fruit turgor and water status have been suggested to

influence the biochemical properties of fruit tissue as

well as fruit firmness (Shackel et al. 1991; Jackman

et al. 1992). For instance, 25–30 % of tomato soften-

ing during ripening was attributed to changes in cell

turgor (Jackman and Stanley 1995). Since cell expan-

sion results from cell wall relaxation and concomitant

decrease in cell turgor, the strong negative correlation

between cell size and fruit firmness likely reflected
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variations in cell wall elasticity and/or turgor regula-

tion. The cuticle properties and loss of water by

transpiration undoubtedly play an important role in the

regulation of cell turgor and were shown to allow

higher firmness maintenance in DFD mutants (Saladié

et al. 2007). However, in the present study, fruit

conductance could not be linked directly to textural

parameters. The accumulation of osmotically active

solutes, mostly hexoses and inorganic ions, and their

repartition between apoplast and symplast, also

significantly contribute to the cell turgor regulation

(Saladié et al. 2007). The present work provided

evidence for a negative link between soluble sugar

accumulation and fruit firmness, which may result

from osmotically driven changes in cell turgor.

Finally, the positive correlation between fruit dm

content and firmness observed in this work agreed

with the positive correlation between total soluble

solids (TSS) and firmness reported for tomato (Saha

et al. 2009) and with recent results on large-fruited

kiwifruit genotypes (Nardozza et al. 2011). As an

increase in dm content may result both from an

increased accumulation of solids (including soluble or

structural components) and from a decreased accu-

mulation of water (balance between influx and loss by

transpiration), the links with firmness is intricate. In

the present dataset, negative correlations between

pericarp dm content and cell volume, but also between

pericarp dm content and soluble sugar content,

suggested that high dm content was merely associated

with smaller cells and more cell structures, and, thus,

could explain higher mechanical resistance of tissues.

In that case one could have expected a positive

correlation between firmness and AIS content, which

was not evidenced in this work. The AIS fraction of

dm includes protein (8 % of fruit DM), pectic

substances (7 %), hemicelluloses (4 %) and cellulose

(6 %) (Davies and Hobson 1981). In tomato fruit, AIS

was reported to be correlated to viscosity, but not

highly associated with firmness (Barrett et al. 1998),

which is in agreement with the present study.

Conclusion

This work confirmed the presence of a QTL with

important and stable effects on tomato fruit firmness

on top of chromosome 9. The contrasted behavior in

the postharvest period and the absence of relation

between firmness at harvest and its postharvest evolu-

tion, outlined the importance to combine measure-

ments at both stages and to deeply investigate the

mechanisms involved at the fruit, tissue and cell levels.

Significant links between textural, anatomical and

biochemical fruit traits were emphasized in this study.

Altogether, the results suggested that the compression

test reflected an integrative fruit property poorly

correlated to the individual fruit traits, in contrast to

the puncture test. In this work, cell volume, locule

number and dm or soluble sugar contents appeared as

main factors underlying genetic and seasonal variabil-

ity in fruit firmness and stiffness, as measured by the

puncture test. They may be good screening indicators

for a breeding program on fruit texture.

Identifying functional links among traits or mech-

anisms is a challenge in several biological fields to find

the structure of potential regulatory networks. Meth-

ods based on correlations as applied in this work, do

not bring to light direct or functional links (Villers

et al. 2008), but can reveal proximities among

variables. Moreover the network topology is highly

dependent on the dataset, that is the genotypic and

environmental range of conditions, as illustrated for

instance by Zushi and Matsuzoeb (2011). Other

methods exist to emphasize functional links, however

they require much larger datasets, involving either the

measurements of multiple variables on a given fruit

which is not possible or limited when addressing

variables measured at different scales (cell, tissue,

fruit), or a very high number of contrasted situations/

treatments which is also difficult to achieve in

practice. In the future, statistical methods adapted to

such biological datasets will be necessary to improve

our capacity to infer regulatory networks that involve

variables measured at different scales.
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