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ABSTRACT  21 

The growth and composition of fleshy fruits depend on resource acquisition and distribution in the plant. 22 

In tomato, the pedicel serves as the final connection between plant and fruit. However, very few quan-23 

titative data are available for the conducting tissues of the pedicel, nor is their genetic variability known. 24 

In the present study, a histological approach was combined with process-based modeling to evaluate the 25 

potential contribution made by the anatomy and histology of the pedicel to variations in fruit mass. 26 

Eleven genotypes were characterized and the impact of water deficit was studied for a single genotype 27 

using stress intensity and stage of application as variables. The results highlighted extensive variations 28 

in the relative proportions of the different pedicel tissues and in the absolute areas of xylem and phloem 29 

between genotypes. The model suggests that the variations in the area of the pedicel’s vascular tissues 30 
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induced by differences in genotype and water-deficit environments partly contributed to fruit mass var-31 

iability. They therefore warrant phenotyping for use in the development of plant strains adapted to future 32 

environmental constraints. The results also demonstrated the need to develop non-invasive in vivo meas-33 

urement methods to establish the number and size of active vessels and the flow rates in these vessels 34 

to improve prediction of water fluxes in plant architecture. 35 
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1.  INTRODUCTION 42 

There is a pressing need to understand how we can adapt crops to the shifts in environmental constraints 43 

brought about by global change. For fleshy fruits, these constraints, in particular that of water availabil-44 

ity, have a direct impact on yield and product quality because they affect the acquisition and distribution 45 

of resources in the plant. Water and minerals are transported from a plant’s roots to its leaves and fruits 46 

mainly through the xylem vessels, while sugar and amino acids travel from the leaves to the sink organs 47 

through the sieve elements of the phloem [1]. Vascular tissues also transport molecules associated with 48 

the long-distance signaling system of the plant that play an important role in its response to stress [2,3]. 49 

Whereas the mechanisms involved in the regulation of water and carbon-assimilate distribution have 50 

been extensively studied, particularly in tomato (as one of the most-consumed fruit worldwide), the 51 

impact of the anatomical traits located in the conducting network has received less attention. 52 

The vascular system undergoes intensive development during the early phase of flower-bud and fruit 53 

development and the hydraulic conductance of the truss peduncle and fruit pedicel increases as the to-54 

mato develops by means of secondary growth and the formation of new vessels, a process reflected in 55 

increased pedicel and peduncle diameters [4,5,6]. In the pedicel abscission zone (AZ), vessel differen-56 

tiation and xylem lignification occur at a later stage, and the high hydraulic resistance at this point is 57 
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believed to result from the lower number of differentiated vessels, reducing the cross-sectional area of 58 

the xylem relative to the rest of the pedicel [4,5,7]. This has been proposed as an explanation for the low 59 

contribution made by the xylem to tomato fruit growth, since only 10-20% of the water entering the fruit 60 

is carried by the xylem, while the remaining 80-90% is carried by the phloem [8,9,10,11]. However, 61 

several studies have reported that more than 90 % of stem-to-fruit hydraulic resistance is located in the 62 

tomato pericarp itself, and that the xylem tissues are functional and continuous throughout the pedicel, 63 

including the AZ, remaining so throughout the development of the tomato fruit [12,13,14]. 64 

Resource availability and allocation to the fruit are greatly affected by non-optimal conditions. In the 65 

case of xylem and phloem flows to the fruit, it has been shown that environmental impacts may be 66 

mediated by changes in the water potential and osmotic gradients of the stem-pedicel-fruit continuum, 67 

while the contributions made by vessel number and size have been described less fully. Several studies 68 

show that xylem and phloem flows may be affected non-proportionally. For example, low light intensity 69 

may decrease the total sap flow and increase the relative contribution of the xylem to the import of fruit 70 

water [15]. Water deficit (WD) and high salinity can differentially affect sap influx through the phloem 71 

and xylem tissues of the pedicel, and fruit water efflux via transpiration and xylem backflow [1,16,10]. 72 

The role of the AZ in preventing xylem backflow in periods of WD has been widely discussed [7,12,17]. 73 

Indeed, the hydraulic resistance of the pedicel AZ increases in plants grown under WD, in contrast to 74 

the resistance levels observed on each side of the AZ, where new secondary vessels are formed [5]. In 75 

line with this, WD reduces the pedicel xylem area, but increases the proportion of functional vessels on 76 

either side of the AZ [18]. The impact of WD on fruit growth and composition is strongly dependent on 77 

genotype and is exacerbated in large fruit genotypes [19]. Taking into consideration the genetic diversity 78 

found in tomato responses to WD, a model-based study of the design of fruit ideotypes led to the hy-79 

pothesis that the conductance of the vascular tissues in the fruit pedicel could be of interest for the 80 

adaptation of plants to WD [20]. The virtual fruit used in this study is a generic process-based model 81 

that has been successfully applied to several species, including tomato [21,22]. This model simulates 82 

the accumulation of water and dry matter during fruit growth, treating the fruit as a single large cell 83 

connected to the stem by the pedicel vascular tissues and incorporates conductance values for each tis-84 
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sue. Conductance is estimated using a relationship between xylem conductivity and the segment diam-85 

eter of plant axes [23]. Despite the robustness of the model, this relationship, which was initially devel-86 

oped for peach trees, has never been tested using experimental data on herbaceous species such as to-87 

mato, which may limit its capacity to simulate fluxes under abiotic constraints [24]. Moreover, we lack 88 

data on the genetic diversity of pedicel anatomy although this has been shown to be a trait of interest in 89 

adapting plants to anticipated future water stress [20].  90 

In the present study, we investigated genetic and WD-induced variability in cross-sectional areas of 91 

tomato pedicel tissues, particularly those of the xylem and phloem, by developing an image analysis 92 

pipeline. We observed eleven genotypes, both with and without AZs. We used the virtual fruit model to 93 

further explore the extent to which this variability observed at the pedicel level might contribute to 94 

variations in the fresh and dry mass of fruit. The value for tomato breeding of screening pedicel histo-95 

logical properties is discussed, as are the limitations of destructive and invasive approaches to the quan-96 

tification of resistance along transport pathways, especially under WD. 97 

 98 

2. MATERIAL AND METHODS 99 

2.1 Plant material and growth conditions 100 

The study investigated 11 contrasting tomato (Solanum lycopersicum L.) genotypes: West Virginia 106 101 

(WVA106) a cherry tomato cultivar; the 8 parent genotypes of the MAGIC TOM population (Cervil, 102 

Criollo, Ferum, LA0147, LA1420, Levovil, PlovdivXXIVa (referred to here as Plovdiv); Stupicke Polni 103 

Rane (referred to here as Stupicke)) [25,19];  the wild type of the Heinz genotype; and a jointless mutant 104 

of Heinz with no AZ [26]. The Multi-parent Advanced Generation Inter-Cross population tomato 105 

(MAGIC TOM) population exhibits high allelic variability and includes small and large fruit genotypes 106 

from the Solanum lycopersicum cerasiforme group (Cervil, Criolo, Plovdiv, LA1420) and the Solanum 107 

lycopersicum lycopersicum group (LA0147, Ferum, Stupicke, Levovil) respectively. All plants were 108 

grown in a heated greenhouse (18 +/- 2 °C night / 22 +/- 4 °C day) in Avignon, in 5 L pots filled with 109 

humus (Klasmann, Substrat SP 15 %) and automatically watered with a commercial nutrient solution 110 

(Liquoplant Rose, Plantin, Courthézon, France) to match evaporative demand (control condition).  111 



5 

For the WD experiment, WVA106 plants were grown under three irrigation scenarios: the control sce-112 

nario and two reduced-water scenarios (reductions of 50 % (mild WD), and 65 % (severe WD) compared 113 

to the control). For the severe WD scenario, the reduction was applied either 15 days before truss an-114 

thesis (early severe WD) or 4 days after truss anthesis (late severe WD). For the mild WD scenario, the 115 

reduction was applied 15 days before truss anthesis only (mild WD). Treatments were applied to single 116 

rows of 12 plants surrounded by border plants and each treatment was applied to two different rows (24 117 

plants in total for each treatment). WD intensity was monitored in line with previous calibration exper-118 

iments performed in the same greenhouse for the same genotype, with soil humidity targets of 1.6 (con-119 

trol), 1.0 (mild WD) and 0.6 (severe WD) gH2O g-1 of dried soil as described in Koch et al. [27]. The 120 

volume and frequency of irrigation increased as plants developed and varied daily depending on poten-121 

tial evapotranspiration (with a minimum of four daily irrigations). Soil relative humidity was monitored 122 

every other day using moisture content sensors (WCM-control, Grodan, Roermond, Netherlands) that 123 

had been previously calibrated by measuring soil aliquot humidity. Side-shoots were removed and 124 

trusses were pollinated with a vibrator three times a week. Fruit trusses were pruned to 10 set fruits per 125 

truss so that the fruit load was comparable in the control and WD scenarios. The greenhouse was white-126 

washed to avoid thermal stress.  127 

 128 

2.2 Pedicel and fruit growth 129 

The pedicel and the fruit diameters of the second proximal fruits (second from the stems) of trusses that 130 

developed concomitantly on all genotypes were measured with a caliper (Digimatic AOS 500-161-30) 131 

throughout development (from fruit set to maturity) on 4 to 8 plants of each genotype. The pedicel 132 

diameter was measured at three locations: the abscission zone itself (AZ); 5 to 10 mm from the AZ on 133 

the stem side (AZs); and 5 to 10 mm from the AZ on the fruit side (AZf) (Fig. 1A). At the red ripe stage 134 

of fruit ripening, pedicels were sampled and immediately fixed for histological analysis. The fruits were 135 
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weighed and dried in a ventilated oven to determine their fresh mass (FM), dry mass (DM) and dry 136 

matter content (DMC).  137 

 138 

2.3 Histological pipeline to quantify the vascular tissue areas 139 

A histological pipeline was developed to characterize the vascular elements in the truss peduncle, fruit 140 

pedicel and main stem collar (Fig. 1). First, fresh samples were fixed in Clarke’s fixative solution (9 to 141 

1 absolute ethanol to acetic acid by volume) to keep the tissue structure. Samples were then embedded 142 

in a 5 % agarose gel (Ref. LE-8200-B Sigma) and transversally cut using a vibratome (Microm HM 650 143 

V). Slices were treated with a bleach solution (10 to 13 % available chlorine) to remove the cell content 144 

and increase contrast between tissues. Histological sections were stained overnight with a FASGA so-145 

lution diluted at 1/7 [28], then rinsed in a 50 % glycerol solution. The FASGA mother solution was 146 

composed of 2 mL of safranin solution at 1 %, 14 mL of alcian blue solution at 0.5 %, 1 mL of acetic 147 

acid, 30 mL of glycerin and 19.5 mL of distilled water. 148 

Glass slides were converted into high-resolution digital data with a Nanozoomer RS slide scanner 149 

(NanoZoomer Digital Pathology System, Hamamatsu, Japan). A plugin (PHIV_Tomate_toolset) was 150 

developed through Fiji [29] to measure the area of five anatomical zones corresponding to (from outer 151 

surface to center) the cortex, external phloem, secondary xylem, internal phloem and pith (Fig. 1C, D, 152 

E). Masks for the tissues were created semi-automatically using the plugin and then corrected manually 153 

(where necessary) before calculating the areas for each tissue. At least three slices from each pedicel 154 

were analyzed for each genotype and treatment. 155 

Because the image resolution was not sufficient for quantitative analysis of the small vessels in the 156 

pedicel, the number and dimensions of xylem vessels located at the peduncle and main stem of WVA106 157 

plants grown under control conditions were analyzed. Then, vessel diameter distributions were used to 158 

estimate a theoretical xylem conductivity, as described by the Hagen-Poiseuille equation [30]: 159 

𝑘ℎ = ቀ
𝜋

128𝜂
ቁ σ ቀ𝑑𝑖

4
ቁ

𝑖=1

𝑛

                                                            (1) 160 

where kh is the theoretical conductivity of the xylem vessels (m4 s-1 MPa-1), η is the dynamic viscosity 161 

of the sap (MPa s), d the diameter (m) of the ith vessel and n the number of vessels. We here assumed 162 
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the viscosity of the xylem sap to be equal to that of water (𝜂 = 10-9 MPa s at 20°C). These data were 163 

used to calibrate a relationship between segment diameter and xylem conductivity that was then extrap-164 

olated to the pedicel and applied in the modelling of the virtual fruit (see below). 165 

 166 

2.4 Virtual fruit model and its calibration 167 

A virtual fruit model was used to assess the potential impact of vascular tissues on fruit growth. This 168 

model predicts the changes in fruit water content over time resulting from the balance between xylem 169 

and phloem net influxes (including possible backflow), minus the water outflow due to fruit transpira-170 

tion. The fruit is considered as a large single cell connected to the plant by the pedicel. Water is trans-171 

ported from the pedicel to the fruit’s vascular system, which is composed of the fruit xylem and phloem, 172 

while sugars are transported from the pedicel phloem to the fruit phloem by mass flow. It is assumed 173 

that the phloem and xylem water potentials are the same and that local water exchanges can maintain 174 

this equilibrium [23]. The model also assumes that the quantities of water and sugars transported by the 175 

xylem and phloem are equal to the quantities of water and sugars that enter the fruit cells, i.e. it is 176 

assumed that water and sugars cannot be stored in the vessels [23].  In the pedicel, the phloem flow 177 

depends on pedicel phloem conductance (Lp1) and on the stem-to-fruit gradients of turgor pressure, 178 

while the xylem flow is driven by the difference in hydrostatic pressure between the stem and the fruit 179 

and depends on pedicel xylem conductance (Lx1) [23].  In the current version of the model, Lp1 and 180 

Lx1 are assumed to remain constant during fruit development. In the present study, Lx1 was estimated 181 

from the mean pedicel diameter for each genotype and treatment according to an experimentally ad-182 

justed power relationship between the stem and peduncle diameter and the xylem theoretical conduct-183 

ance calculated from the vessel diameter distribution using the Hagen-Poiseuille equation as described 184 

above (eq. 1; Fig. S1). Within the fruit, the xylem and phloem fluxes are calculated using non-equilib-185 

rium thermodynamic equations, which take into account the exchange surface area, which is assumed 186 

to be proportional to the fruit surface area. Other parameters are hydraulic conductivities, the solute 187 

reflection coefficient of the membrane separating the fruit from the vascular tissues, and hydrostatic and 188 

osmotic pressures calculated from the molar concentrations of osmotically active compounds (soluble 189 

sugars, organic acids, potassium…) [22]. 190 
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Other than Lx1, model inputs are two measured climatic variables: air temperature and humidity; and 191 

two plant variables: stem water potential and the phloem sap concentration in sugars. The stem water 192 

potential varied daily from -2 bars to -4.6 bars for control irrigation, and from -2 bars to -6.5 bars and -193 

8.0 bars respectively for mild and severe WD, based on experimental measurements taken before dawn 194 

and around noon from WVA106 using a pressure chamber (SAM Précis 2000 Gradignan, France). The 195 

phloem sap concentration was assumed to be constant and was taken from Liu et al [22]. 196 

The virtual fruit model was calibrated for each genotype. Eight parameters (Table 1), selected by sensi-197 

tivity analysis and taken as genotypic parameters, were estimated in order to optimize simulation of the 198 

measured FM and DM during fruit development. All other parameters were taken from the literature 199 

and were similar for all genotypes [22,20]. In the case of the WD treatments applied to WVA106, a first 200 

estimation was performed which assumed that pedicel conductance alone was treatment dependent. A 201 

second simulation was then performed that included the effects of WD on both pedicel conductance and 202 

plant water status. The effect of WD on plant water status was accounted for by a decrease in stem water 203 

potential at noon from -4.6 bars for the control to -6.5 bars for mild WD and -8.0 bars for severe WD. 204 

The eight estimated parameters relate to: (1) active uptake of sugars (nuM denotes maximal uptake rate, 205 

tstar and tauA determine, respectively, the time and rate of decrease in active uptake during fruit 206 

growth); (2) fruit plasticity (phiMax denotes maximal plasticity,  k determines plasticity decrease with 207 

fruit age) and (3) conductivity and conductance (Lx and Lp denote, respectively, xylem and phloem 208 

conductivity in the fruit, and Lp1 denotes phloem conductance in the pedicel). The genetic algorithm 209 

NSGA-II [31] was used to obtain the combination of parameters that best predicts experimental dry and 210 

fresh weights from 10 daa (days after anthesis) to maturity for the small fruit genotype, and 16 daa to 211 

maturity for the large fruit genotype (ie from the end of the division period onwards). Outputs from this 212 

algorithm depend on the random initial values selected, so the optimization process was repeated 10 213 

times.  214 

The model’s goodness of fit was evaluated through the Relative Root Mean Squared Error (RRMSE), a 215 

criterion commonly employed to quantify the mean difference between simulations and measurements: 216 

 𝑅𝑅𝑀𝑆𝐸 ሾ%ሿ =
100

𝑂𝑖തതത
ට

σ ሺ𝑂𝑖−𝑆𝑖ሻ2𝑛
𝑖=1

𝑛
  (2) 217 
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where Oi and Si are, respectively, the observed and simulated values of fruit fresh and dry masses, and 218 

n is the number of observations. 219 

 220 

2.6 Statistical analysis 221 

All data were analyzed using R software [32].  Kruskal-Wallis and Tukey’s range tests were used to 222 

compare the relative areas of vascular tissues, pedicel diameter, fruit fresh mass and dry matter content 223 

between genotypes and between the control and WD treatments. Statistical associations between the 224 

pedicel and fruit traits were assessed using the Kendal rank correlation coefficient. A Principal Compo-225 

nent Analysis (PCA, “ade4” package developed for R software) was carried out on the parameter values 226 

estimated for each genotype, and the pedicel and fruit traits were projected as supplementary variables. 227 

 228 

3. RESULTS 229 

3.1 Histological quantification of vascular tissues along tomato pedicel 230 

To assess the variability of conductive tissues around the abscission zone (AZ), the histological pipeline 231 

was first applied to the pedicels of two genotypes, Heinz wild type and Heinz Jointless, which differ in 232 

the presence (wild type) or absence (Jointless mutant) of an AZ. Average fruit differed significantly 233 

(P<0.001) between the two genotypes in terms of their final fruit fresh mass (FM was 73.1 g for the wild 234 

type and 52.4 g for the mutant) and dry matter content (DMC was 6.6 % for the wild type and 7.3 % for 235 

the mutant). No significant difference in the increase in pedicel diameter during fruit development be-236 

tween AZf and AZs was observed for any genotype (data not shown).  237 

Histological properties at different locations along the pedicel were measured at fruit maturity (Fig. 2). 238 

At the AZ location in the wild type, the xylem tissues were clearly non-lignified and the area of each 239 

tissue could not be quantified (Fig. 2A). By contrast, in the mutant, a continuous lignification of the 240 

secondary xylem was observed at the location of the theoretical AZ (defined by pedicel curvature) (Fig. 241 

2B). Comparing AZf and AZs, the proportion of secondary xylem to pedicel section was lower on the 242 

fruit side than on the stem side while the proportion of cortex was higher. This was observed both in the 243 

wild type (Fig. 2C) and the mutant (Fig. 2D), but these differences were significant for the wild type 244 

only (P=0.013). In the mutant, tissue proportions in the theoretical AZ were very close to those in the 245 
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AZs. For simplicity and given the lack of marked differences between AZs and AZf, in what follows, 246 

genotypic variability and environmental impact on tissue proportions were measured on AZf only. 247 

 248 

3.2 Assessment of the genotypic variability of pedicel diameter and vascular tissue areas  249 

Pedicel diameter and histology (AZf) were investigated in relation to fruit expansion in the two Heinz 250 

genotypes, in WVA106 (maturity only) and in the eight MAGIC TOM parent genotypes. In all geno-251 

types, the increase in pedicel diameter during fruit development was observed to follow similar trajec-252 

tories and ceased while the fruit was still rapidly expanding (Fig. 3). Observation of three classes of 253 

genotypes with significant differences in fresh mass (P<0.01; Fig. 4A) at fruit maturity (red ripe stage) 254 

showed that the smallest fruit had a significantly higher average DMC (P<0.01; Fig. 4B) and lower 255 

average pedicel diameter (Fig. 4C). The pedicel diameter correlated to the fruit FM (Kendal coefficient 256 

= 0.52; P<0.0001) and, to a lesser extent, to the fruit DMC (Kendal coefficient = -0.25; P<0.002). His-257 

tological analysis (see Fig. S2) showed that the cortex area was invariably the largest compared with 258 

other tissues in the pedicel section (33 to 67 % of the total section for all genotypes), followed by the 259 

secondary xylem (15 to 36 %) or by pith (10 to 30 %) depending on genotype. Meanwhile, the external 260 

(5 to 12 %) and internal (2 to 8 %) phloem areas were proportionally the lowest (Fig. 4D). In the vascular 261 

tissues, the proportion of the internal phloem was significantly lower in the small fruit class (4.5 %) 262 

compared to the medium and large fruit classes (5.9 %) (P<0.01). The proportions of the external phloem 263 

and secondary xylem were significantly higher in the medium fruit FM class (with averages of 8.9 % 264 

and 26.4 % respectively) compared to the two other classes (7.2 % and 21.6 % for the small fruit class 265 

and 7.3 % and 22.6 % for the large fruit class). 266 

The mean absolute areas of the conducting tissues varied by a factor 4 to 6 among genotypes. The 267 

secondary xylem was always the largest and the internal phloem always the smallest (Fig. 4E). On av-268 

erage, areas in the small fruit class were 3 times less for the internal phloem, 2 times less for the external 269 

phloem and 2 times less for the secondary xylem compared with the two other fruit classes (P<0.001). 270 

The ratio of internal phloem to external phloem was 0.64, 0.67, and 0.82 in the small, medium and large 271 

fruit classes respectively, with a significant difference between the two extremes (P=0.03). The total 272 

phloem (internal + external) to xylem ratio was, on average, 0.53, 0.58, 0.60 for the small, medium and 273 
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large fruit respectively, but these differences were not significant. Figure S2 depicts the genotypic var-274 

iability in pedicel histology and suggests that not only were the proportion and areas of the tissues af-275 

fected, but also the size and density of the vessels of the xylem tissue. These data have the potential to 276 

be highly important, but unfortunately, at this image resolution, it was not possible to distinguish be-277 

tween small vessels, tracheids and parenchyma rays. 278 

 279 

3.3 Impact of water deficit on pedicel diameter and on the vascular tissues of the tomato pedicel 280 

in relation to fruit growth 281 

The anatomy of the pedicel was observed under three WD scenarios applied to genotype WVA106. All 282 

of them significantly reduced fruit FM compared to the control (-13 %, -24 % and -27 %, for mild WD, 283 

early severe WD and late severe WD respectively), and significantly increased DMC (+24 %, +24 % 284 

and +16 %, for mild WD, early severe WD and late severe WD respectively) (Figs. 5A, 5B). Fruit DM 285 

was significantly reduced only in the late severe WD scenario (-15 % compared to the control) and was 286 

unchanged in the early deficit treatments. 287 

Early severe WD provoked a significant reduction in pedicel diameter (-25 %; Fig. 5C), which translated 288 

into a significant reduction in the absolute areas of the secondary xylem (-54 %), pith (-63 %), external 289 

phloem (-55 %) and internal phloem (-51 %), whereas cortex area was affected only slightly (Fig. 5D). 290 

This led to a significant decrease in the proportions of the secondary xylem (-18.6 %) and the pith (-291 

33.3 %), and a significant increase in cortex proportion (+21.3 %), while the proportions of the phloem 292 

tissues were not affected (Fig. 5E). The mild WD treatment did not affect pedicel diameter, but it pro-293 

voked a significant reduction in pith absolute area compared with the control (-53 %), also changing the 294 

tissue proportions in the pedicel section: cortex proportion increased (+12.8 %), while  pith (-39.4 %) 295 

and internal phloem (-16.6 %) proportions decreased.  Late severe WD did not significantly affect ped-296 

icel diameter or tissue areas; these were probably already fixed by the time of the WD treatment and 297 

correspond to the kinetics shown in Fig. 3A. The ratio of internal to external phloem areas was stable 298 

showing no significant effects from the treatments (mean of 0.75; P = 0.77), as was the total phloem to 299 

xylem ratio (mean of 0.58; P = 0.59). 300 

 301 
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3.4 Model-based analysis of the potential contribution made by pedicel anatomy to genetic and 302 

WD-induced variability in tomato fruit mass 303 

The virtual fruit model described above was used to analyse the contribution of pedicel growth to gen-304 

otypic and WD-induced effects on fruit fresh and dry masses. The xylem conductance of the pedicel 305 

(Lx1) was estimated on the basis of final pedicel diameter (mean value for each genotype and treatment) 306 

as described in Materials and Methods (Fig. S1). Because the pedicel diameter plateaued from the be-307 

ginning of the simulation (initiated after cell division was complete) a constant value was applied. As-308 

suming a pedicel length of 2 cm, the estimated values of Lx1 ranged from 1.6 x 10-8 m3 MPa-1 s-1 for 309 

WVA106, to 2.4 x 10-7 m3 MPa-1 s-1 for the Ferum genotype under the control irrigation regime. Values 310 

went down to 4.5 x 10-9 m3 MPa-1 s-1 under the early severe WD treatment but were barely affected under 311 

the other two WD treatments. Estimated values of the eight genotype-dependent parameters are given 312 

in Table S1.  313 

The model showed a fairly good fit for the genotypic variations in fruit mass under the control irrigation 314 

regime, with an average RRMSE of 6.4 % for FM and 8.3 % for DM (Fig. S3). In the WD scenarios, 315 

when the impact of WD on pedicel conductance (Lx1) alone was considered, the decrease in fruit fresh 316 

mass under WD was poorly predicted (RRMSE was 32 % and 20 % for FM and DM respectively, under 317 

mild WD; 51 % and 9 % for FM and DM under early severe WD; and 58 % and 1.3 % for FM and DM 318 

under late severe WD) (data not shown). The accuracy of FM predictions showed general improvement 319 

(RRMSE was 20 % for mild WD and 30 % on average for the two severe WD scenarios) when the 320 

combined effects of WD on both Lx1 and plant water status were included (Fig. S3A). These simulations 321 

suggest that, where WD is concerned, the primary constraint on the entry of water into the fruit is the 322 

plant water status rather than a decrease in pedicel conductivity. By contrast, fruit DM did not depend 323 

on Lx1 or stem water potential and was underestimated by the model except in the early severe WD 324 

scenario (Fig. S3B). These results are in fair agreement with experimental data, where early WD treat-325 

ments were shown to have no significant impact on fruit DM. 326 

A PCA was performed on the values for the eight parameters estimated for each genotype (Table 1), to 327 

which projections of the pedicel and fruit traits were added as supplementary variables (Fig. 6). The first 328 

two dimensions accounted for 56.4 % of the total variance. Parameter tauA, involved in both active 329 
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sugar uptake and the xylem conductivity of the fruit (Lx) and pedicel (Lx1), positively contributed to 330 

the first component, while parameter k, involved in cell expansion, negatively contributed to this com-331 

ponent. The second dimension mainly showed opposing values for phloem conductivity in the fruit (Lp) 332 

compared with that in the pedicel (Lp1), and between two parameters involved in active sugar uptake 333 

(nuM and tstar). Other parameters and traits, such as maximum cell wall extensibility and the phloem 334 

to xylem ratio did not generate differences. The three classes of fruit FM were clearly separated on this 335 

plane; small and large fruit were differentiated in the first component and medium fruit in the second 336 

component. Projections of fruit and pedicel traits on this plane suggest that large fruit FM was associated 337 

with large absolute areas of the xylem (secxyl_absval) and phloem (extphl_absval and intphl_absval) in 338 

the pedicel, high xylem conductivity in the fruit and pedicel, and a slower decrease in active sugar uptake 339 

during fruit ageing (tauA). Conversely, small fruit with high DMC were associated with a higher maxi-340 

mum active sugar uptake (nuM) and an earlier decrease in cell plasticity during fruit aging (k), which 341 

could be indirectly related to a shorter expansion phase in small-fruit genotypes compared with large-342 

fruit genotypes. Within these two classes, WVA106 and Ferum showed a contrasting distribution along 343 

the second component compared with the other genotypes of their respectively class. These genotypes, 344 

along with the genotypes from the medium fruit FM class, were associated with high values for the 345 

external phloem and secondary xylem relative areas (extphl_relval, intphl_relval and secxyl_relval), 346 

phloem conductance in the pedicel (Lp1), and a decrease in maximum active sugar uptake (tstar) in the 347 

course of fruit development, but exhibited low values for phloem conductivity in the fruit (Lp) and 348 

maximum active sugar uptake (nuM).  349 

 350 

 351 
4. DISCUSSION  352 

Xylem and phloem flows depend on pressure gradients in the whole plant system and on the anatomical 353 

and hydraulic properties of the network [33]. Vascular tissue has been shown to have both deterministic 354 

and plastic properties and could act as a primary driving force for plant diversification and adaptation 355 

to particular growth conditions [34]. The pedicel is the final structure connecting the fruit to the plant. 356 

In the present study, by coupling a histological approach with modeling, we showed that there is a wide 357 
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genetic variability in the pedicel vasculature, that has rarely been described for tomato or, more gener-358 

ally, for herbaceous plants, and we confirmed the interest of this trait for the selection of tomato cultivars 359 

adapted to water deficit conditions. 360 

 361 

4.1 The decrease in the vascular tissue area of the pedicel is not dependent on the presence of an 362 

abscission zone 363 

Many studies have focused on hydraulic resistance in the tomato pedicel and the impact of this on the 364 

supply of water and minerals (calcium in particular) to the fruit [35,12,5,6]. In the present study, a clear 365 

discontinuity in xylem lignification was observed at the abscission point, agreeing with the findings of 366 

a previous study on tomato [36], together with a decrease in the xylem proportion along the pedicel, 367 

which was independent of the presence or absence of an AZ. Pedicel sections and xylem and phloem 368 

tissue areas were very similar between the Jointless mutant and the wild type. However, despite the 369 

absence of an AZ, the Jointless mutant had a smaller fruit FM and a higher DMC. This is counter-370 

intuitive since the hydraulic resistance along the pedicel should be lower for the mutant than for the wild 371 

type [5]. When taken together, these results suggest that the increasing hydraulic resistance along the 372 

pedicel mainly results from the decrease in area of the conductive tissues, in agreement with previous 373 

studies [4,7,6], rather than from a local disruption. They also support the hypothesis that the non-ligni-374 

fication of xylem tissues in the AZ does not necessarily reduce the overall hydraulic conductivity to a 375 

significant degree, meaning that only the mechanical components of the xylem (the fibres and xylem 376 

parenchyma) are constricted [12] or that the role of xylem conductance is minor compared with phloem 377 

flow, as is suggested by the literature on water transport in tomato fruit [8]. However, this second hy-378 

pothesis is brought into question by the strong association observed between fruit mass and xylem con-379 

ductance in the pedicel, which was associated with a large absolute area of xylem tissue (Fig. 6). Having 380 

applied MRI at the truss peduncle level, Windt et al. [13] suggested that the contribution of the xylem 381 

to the import of water in tomato could be much greater than that commonly recorded using destructive 382 

methods. It may therefore be necessary for further experimental studies to revisit the relative contribu-383 

tion of the xylem and the phloem to water supply in tomato by integrating xylem backflow and xylem-384 

phloem exchanges within the pedicel. 385 
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 386 

4.2 Pedicel anatomical traits warrant phenotyping for the screening of genetic resources  387 

Constantinescu et al. [20] suggested that pedicel conductivity and active uptake of sugars could be traits 388 

of interest for tomato breeding as routes to maintain the fresh mass of large-fruit genotypes under WD 389 

and to increase their dry matter content under well-irrigated conditions. The present study revealed a 390 

high variability according to genotype in the absolute areas of the xylem and phloem that has never been 391 

previously reported. As expected, the largest fruit also have the largest pedicel sections overall. How-392 

ever, our data reveal variations in the different tissues. The internal phloem appeared to be the most 393 

variable tissue in the pedicel for the genotypes investigated. In tomato, fruit trusses are mainly supplied 394 

by the two leaves located below the truss through the upward movement of assimilates in the internal 395 

phloem [37], which is in line with the positive correlation observed between internal phloem area and 396 

FM (Fig. 6). However, FM was also associated with the absolute areas of the xylem and external phloem 397 

since in large fruit genotypes all vascular tissues increased more or less proportionally to the pedicel 398 

diameter. This agrees with reported lower levels of xylem production in the AZs of pedicels from mature 399 

cherry tomatoes compared to those in large-fruit cultivars [4]. Interestingly, the internal to external 400 

phloem ratio increased from small to large fruit genotypes, but the ratio between phloem and xylem 401 

areas remained relatively constant, at around 57 %. Additional genotypes should be investigated to con-402 

firm these results and it would be an easy matter to use the analysis pipeline developed in this study for 403 

further exploration of the genetic diversity found in pedicel histology. 404 

Without doubt, such variations in the area and proportion of tissues have an effect on water and carbon 405 

fluxes and therefore cannot be ignored in predictive models of fruit growth. In the virtual fruit model 406 

initially developed for peach trees, the xylem conductivity of the plant axis (stem, truss peduncle or fruit 407 

pedicel) is related to the segment diameter and this relationship was newly calibrated in the present study 408 

for tomato (Fig. S1). The values for xylem conductivity in the pedicel, estimated on the basis of the 409 

pedicel diameter, ranged from 3.1 x 10-10 m4 MPa-1 s-1 for cherry tomato (WVA106) to 4.9 x 10-9 m4 410 

MPa-1 s-1 for large fruit genotypes (Ferum). These values lie within the range reported in the literature 411 

for other species. In mango, pedicel conductivity values between 2.2 x 10-10 and 8.4 x 10-9 m4 MPa-1 s-1 412 

were measured using the flow meter method [38]. In cherry tomato, the conductivity of the functional 413 
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xylem, measured in the pedicel sections as the percentage of dye-stained bundles, was estimated to range 414 

from 4.3 x 10-9 m4 MPa-1 s-1 in AZf to 3.0 x 10-7 m4 MPa-1 s-1 in AZs [18]. Conductance values estimated 415 

using the suction method for the tomato pedicel range from 11 x 10-10 to 5.5 x 10-9 m3 MPa-1 s-1, depend-416 

ing on developmental stage and genotype [5,14]. Interestingly, in a detached cherry pedicel, conduct-417 

ance measured using pressure-volume curves was about three- to fourfold lower than predicted from the 418 

numbers and diameters of the xylem vessels [39]. 419 

Investigation at vessel scale is likely to provide more precise information, given the variability of vessel 420 

densities in the tissue (see Fig. S2). Experiments should not be confined to the investigation of the 421 

number and size of dye-stained vessels in excised organs, but should also examine the number of active 422 

vessels over time in the living plant, for instance through the use of MRI measurements [40,41,42]. 423 

When no such data is available, the pedicel diameter appears to be a valuable proxy for modeling. 424 

 425 

4.3 The effect of water deficit on pedicel histology only partly explains its effects on fruit mass and 426 

dry matter content 427 

Although many factors, such as stem water potential, sap sugar concentration and viscosity, osmotic 428 

accumulation, etc., are involved in the fruit water balance under WD [8,19,43,44], the present study was 429 

designed to assess the specific contribution of the pedicel anatomy per se. The early WD treatments 430 

affected the whole period of fruit development including cell division, while the late WD treatment 431 

impacted mostly on the cell expansion period. Indeed, in WVA106, cell division ends at about 10 daa, 432 

corresponding to the first third of the development period [45]. Assuming that the increase in pedicel 433 

diameter reflects the production of new vessels during secondary growth [5], then, according to Fig. 3, 434 

the number of vessels was fixed before fruit cell division ceased. This is confirmed by the reduction of 435 

both pedicel diameter and vascular tissue areas under the early severe WD scenario, but not under late 436 

severe WD. The reduction of the xylem area is not sufficient to state that the conductive vessel area has 437 

been reduced, because it is possible that the proportion of non-conductive xylem tissue has also varied 438 

[14]. However, several studies have shown that WD decreases the diameter of xylem vessels in tomato 439 

pedicel [18], grape [46] and maize [47]. Under severe WD, Lx1 estimated from pedicel diameter de-440 
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creased by 71 % compared to the control (Table S1). Despite this substantial reduction, the model sim-441 

ulations showed that it is mainly the inclusion of the water status of the plant, via the reduction of the 442 

stem water potential that provides a good fit for the reduction in the fruit’s final fresh mass. It is thus 443 

the water status of the plant rather than the xylem conductance of the pedicel that controls the supply of 444 

water to the fruit under WD, in accordance with the results of Li et al.  [14] obtained on detached fruit 445 

deprived of phloem flow using a jointless tomato genotype. It also confirms that the greatest resistance 446 

to water transport occurs in the fruit itself rather than in the pedicel, as reported for tomato [12] and kiwi 447 

fruit [48]. Supporting this, the estimated fruit conductivity in our study was more than 1000 times lower 448 

than pedicel conductivity (Table S1). Thus, a better understanding and improved description of the ar-449 

chitecture of the vascular tissues and their properties within the fruit will be a major requirement for the 450 

modeling of fruit growth and quality, as has previously been illustrated through X-ray micro-tomogra-451 

phy [48] and modeling [24].  452 

The phloem also undoubtedly plays a role in the fruit water balance under WD conditions. In our study, 453 

the severe stress treatment affected the internal and external xylem and phloem areas proportionally (-454 

53 % on average) while tissue ratios remained generally stable. It may be hypothesized that all conduc-455 

tivity pathways were affected proportionally. However, fruit dry weight was not affected by early WD, 456 

suggesting either that no marked reduction occurred in phloem flow or that phloem sap concentration 457 

increased [16]. These effects are difficult to quantify and model mechanistically due to the multiple 458 

factors involved other than tissue surface. Modeling of water flow through the pedicel and into the fruit 459 

has suggested that water import into the young growing tomato may be limited primarily by phloem 460 

conductivity in the pedicel, related to the size of the sieve tube elements and sap viscosity [43,50]. 461 

Another study used the virtual fruit model to suggest that bi-directional exchanges of water between 462 

phloem and xylem may regulate diurnal and nocturnal sugar flows to the fruit and buffer the variations 463 

of sugars in the pedicel, while xylem-to-apoplast recirculation of water through the fruit phloem may 464 

reduce xylem backflow at midday [51]. 465 

Additionally, although changes in tissue area are proportional, the relative contributions of the phloem 466 

and xylem tissue to water import may vary in response to WD. Indeed, a strong environmental effect on 467 

the relative contribution of the xylem to tomato fruit growth has been reported in different studies (e.g. 468 
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[15] for light; [16] for salinity). These variations may result from environmental effects on the constit-469 

uent number and size of xylem vessels determined during fruit development, but also from short-term 470 

reversible variations in the number of active vessels, i.e. when these are mobilized to transport water 471 

around the plant architecture in response to fluctuations in environmental conditions. As a consequence, 472 

there will be a need to carry out in vivo investigation and modelling of the number and diameter distri-473 

bution of the conducting elements that are functional at any given time. 474 

 475 

4.4 Concluding remarks and perspectives 476 

The present study has identified, for the first time, a high genetic variability in pedicel histology, i.e. 477 

xylem and phloem areas, which contributes to the genetic variability of fruit mass. This could be a trait 478 

of interest for the phenotyping of plants that are better adapted to WD. For modeling purposes, pedicel 479 

diameter provides a simple measurable proxy for the estimation of xylem conductivity, but major chal-480 

lenges are presented by the need to investigate hydraulic properties at vessel scale and in vivo under 481 

fluctuating environmental conditions if we are to improve understanding and modeling of the phloem 482 

and xylem flows to the fruit.  483 

 484 
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24 

Table 1: Description of the eight genotype-dependent parameters used in the calibration 624 

step.   625 

 626 

Parameter name Description of the role 

phiMax 

[bar-1 h-1] 
Maximum cell wall extensibility. Affects the cell expansion rate. 

k  
[h-1] 

Parameter determining the decrease in plasticity during fruit aging. The 
higher the k value, the earlier the decrease in phiMax during fruit develop-
ment 

Lp 

[m4 MPa-1 s-1] 
Conductivity of the composite membrane for water transport from phloem to 
fruit cell 

Lx 

[m4 MPa-1 s-1] 
Xylem conductivity for water transport within the fruit cell 

nuM 

[g sucrose gDM-1 h-1] 
Maximum active sugar uptake rate. Part of the active sugar uptake calcula-
tion.  

tstar 

[h] 
Part of the active sugar uptake calculation. The higher the value of tstar, the 
later the decrease in active uptake during fruit development  

tauA 

[h] 
Part of the active sugar uptake calculation. The higher the value of tauA, the 
slower the decrease in active uptake rate during the growth stage 

Lp1 

[m3 MPa-1 s-1] 
Phloem conductance for water transport in the pedicel 

Lx1 

[m3 MPa-1 s-1] 
Xylem conductance for water transport in the pedicel 

 627 

 628 

629 
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Figure captions 630 

Figure 1: (A) Flower and pedicel of a WVA106 tomato plant. (B) Schematic representation of a tomato 631 

plant with red ripe and growing fruits on several trusses along the stem. FASGA-stained transverse 632 

histological sections of a WVA106 tomato showing (C) fruit pedicel (fruit side, AZf), (D) truss peduncle 633 

and (E) main stem. Red/pink zones indicate cells with lignified walls (secondary xylem and support 634 

fibers). Blue zones indicate cells with non-lignified cellulosic walls (phloem and parenchyma). Yellow 635 

lines correspond to the segmentation of the different tissue types. Segmentation was carried out using a 636 

plugin (PHIV_Tomate_toolset) developed ad-hoc on the Fiji open-source image processing package. 637 

This plugin allows measurement of the area of each segmented histological zone. For (C) and (E), sec-638 

tion thickness: 60 µm. For (D), section thickness: 80 µm. For (C) and (D), scale bars: 1 mm. For (E), 639 

scale bar: 2 mm. 640 

 641 

Figure 2: Transverse histological sections (thickness: 60 µm) stained by FASGA (scale bars: 1 mm) 642 

along the tomato pedicel of Heinz wild type (A) and Heinz Jointless (B) and relative proportions of 643 

tissues (C and D). (A, B) Left: fruit side of the pedicel (AZf); middle: actual (wild type) or theoretical 644 

(jointless: at the location of the pedicel curvature) abscission zone (AZ); right: stem side of the pedicel 645 

(AZs). (C, D) Each point represents an experimental measurement (3 to 8 pedicels per genotype and 1 646 

to 8 microscopy samples per zone and pedicel).  Error bars represent the standard deviation among fruits. 647 

Stars indicate significant differences between tissue proportions in the AZs and the AZf: *p<0.05, 648 

**p<0.01. Transverse sections. 649 

 650 

Figure 3: Pedicel and fruit growth kinetics. (A) Pedicel diameter normalized bythe mean diameter value 651 

of each plant taken at the plateau as a function of fruit age normalized by age at maturity. (B) Fruit 652 

diameter normalized by the final diameter as a function of normalized fruit age (n=3 for each genotype). 653 

For (A) and (B) each point represents one plant/fruit at a given time, the different colors represent the 654 

different genotypes, and the black dashed line shows the time when pedicel growth reached a plateau. 655 

Measurements were carried out on reproductive plants bearing 7 to 10 fruiting trusses. 656 

 657 
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Figure 4: Fruit and pedicel traits according to genotype: (A) Final fruit fresh mass in g. (B) Final fruit 658 

dry matter content in g 100 g-1. (C) Final pedicel diameter in mm. (D) Mean area proportions of the 659 

different tissues in the pedicel section. (E) Area of the vascular tissues in the pedicel section in µm2. The 660 

Different shades represent the different tissues (see key). For (A), (B), (C), (D) and (E), genotypes are 661 

ranked from smaller to larger genotypes by fresh mass, from left to right. Three categories of fruit size 662 

are shown: small fruits (FM < 15g), large fruits (FM > 100g) and medium fruits (intermediate measure-663 

ments). Each point represents a fruit. Measurements were carried out on reproductive plants bearing 7 664 

to 10 fruiting trusses. 665 

 666 

Figure 5: Influence of water deficit (WD) treatments on fruit and pedicel traits: (A) Final fruit fresh 667 

mass in g. (B) Final fruit dry matter content in g 100 g-1. (C) Final pedicel diameter in mm. (D) Area of 668 

tissues in the pedicel section in µm2. (E) Mean area proportions of tissues in the pedicel section. The 669 

different shades represent the different tissues (see key). Early WD occurred 15 days before truss anthe-670 

sis, and late WD occurred 4 days after truss anthesis. Mild WD designates a 50 % reduction compared 671 

with the fully sufficient control irrigation regime and severe WD designates a 65 % reduction compared 672 

with the control. Each point represents a fruit. Stars indicate significant differences in the proportions 673 

of the different tissues between the designated treatment and the control treatment: *p<0.05, **p<0.01. 674 

Measurements were carried out on reproductive plants bearing 7 to 10 fruiting trusses. 675 

 676 
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Figure 6: Principal Component Analysis (PCA) of the virtual fruit parameters estimated for each geno-677 

type (active variables in red, see Table 1). Blue variables were projected as supplementary variables: 678 

fruit fresh mass (FM), fruit dry matter content (DMC), relative areas of the secondary xylem 679 

(secxyl_relval) and internal (intphl_relval) and external (extphl_relval) phloems, and absolute areas of 680 

the secondary xylem (secxyl_absval) and internal (intphl_absval) and external (extphl_absval) phloems.  681 

Variables are scaled to unit variance. Each genotype is represented by its barycenter. Cervil, WVA106 682 

and Criollo are small fruit genotypes (FM<15g), Ferum, La0147 and Levovil are large fruit genotypes 683 

(FM>100g) and LA1420, Plovdiv and Stupicke are medium fruit genotypes (15 g < FM < 100 g). The 684 

third and fourth axes each accounted for 10 % of the variance, but did not discriminate well between 685 

genotypes (not shown). 686 

687 
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