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HIGHLIGHTS
* Anatomy of the tomato epidermis for determining the quality at the point of harvest.
» Evaluation of the anatomy of tomato fruits for processing.

* Use of microphotographs with the aid of the ImageJ software.

Abstract: The effect of the anatomical structure of tomato skin may be significant for quality determination
at the harvest point, but the definitions of cells that constitute the skin of fleshy fruits, such as tomato, are still
unclear, providing contradictory descriptions. The aim of this study was to evaluate the epidermal tissue of
different genetic materials of tomato processing (IT761, U2006, TC2736, CVR2909 and F3060) and
maturation stage, in order to compare and choose genetic materials with morphological characteristics of the
epidermis region more appropriate for the bulk transport. Micrographs were used for cell measurements using
the Image J software. Cuticle undergoes thickening during fruit growth, and reduction in full maturation.
Genetic materials presenting fruits with thicker cuticle at the harvest stage (CVR2909, F3060 and IT761)
were more advantageous due to their mechanical resistance. Cuticle deposition ends before full fruit
maturation, resulting in a decrease in the amount of cutin per surface unit, consequently decreasing cuticle
thickness in the ripe fruit. The characteristics observed in the tomato fruit mesocarp clearly showed the
disruption of the cell wall during the fourth maturation stage related to loss of fruit firmness. Among the new
genetic materials, F3060 has a greater potential to become cultivated for industrialization due to its
morphological characteristics, such as elevated cuticle thickness and high values for width, height, perimeter
and area of epidermal cells in full maturation stage, which make it suitable for bulk transport.
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INTRODUCTION

Tomato is an important vegetable in the human diet and has special nutritional properties that help in the
prevention of cancer, cardiovascular degenerative diseases and cataract, and also improves the immune
system [1]. Tomato fruits develop from the ovary, and are anatomically divided into five parts: exocarp,
mesocarp, endocarp, seed and locular tissues [2]. After fertilization of ovules, the walls of this organ become
the pericarp, which comprises most of the fruit and surrounds the locules containing placenta and seeds [3].
The cellular structure of fruits is usually related in studies on fruit size and shape, mechanical and sensory
properties, and can be described by the size, shape and spatial organization of cells within tissues. In berries
such as tomatoes, the cell structure can vary with type and location within the tissue, for example, the distance
from the epidermis, pedicel or vascular bundles [4].

The cell structure of plant tissues is generally investigated using microscopy to quantify the size and
shape of cells [5]. This approach leads to several problems regarding the field-of-view size in the microscopic
acquisition because fruit cells are generally large.

Berries are characterized by a protective exocarp or epicarp, mesocarp and fleshy endocarp. Exocarp
plays a fundamental role in fruit growth and development, in particular, high cell division and metabolic
activity, and this tissue also plays an important role in fruit quality and in fruit / environment interaction [6].
One of the obstacles still to be overcome in this type of fruit is the precise interpretation of the exocarp and
its function in fruit biology, and the difficulty in defining the boundary between epicarp, mesocarp and
endocarp [7,8].

The coating and filling tissues of fruits are of fundamental importance for quality determination at the
harvest point. The exocarp consists of a well-defined layer of collenchymatous tissues, while the mesocarp
consists of thin-walled cells with numerous intercellular spaces?. Coating tissues determine the external
appearance, color, brightness and limit the internal and external environments of the product, being important
after harvest [9], because coating tissues directly influence the exchange of gases, such as water vapor,
oxygen and carbon dioxide, resistance to insect and pathogen attack, and resistance to mechanical injuries
during handling, as well as filling tissues [10]. The latter, located more internally, store large volumes of water,
minerals and carbohydrates, important for diet [11]. Both tissues vary widely among genetic materials and
are responsible for the determination of fruit volume and maintenance of important characteristics for market
such as texture, soluble solids content and aroma [12].

Cuticle is a lipid extracellular membrane that covers the outer surface covering the primary surface of
aerial organs of all terrestrial plants, including fruits, acting as a true interface between the plant organ and
the environment [13], and although it is central for limiting non-stomatal water losses, it plays several roles,
and is an effective barrier against pests and pathogens [14], and also plays a key role in fruit development
through the establishment of boundaries between young organs [15].

Skin and pulp firmness are the most relevant properties in the characterization of tomato processing and
are related to maturation rate and fruit susceptibility to mechanical damage during harvesting, transportation
and processing. Ripe fruits are often soft and break easily due to lack of firmness. Fruit growth and maturation
are complex processes involving several metabolic alterations, so fruit maturation is a qualitative measure,
difficult to be determined [16]. Firmness is a mechanical property inversely proportional to fruit maturation
and therefore can be used as maturation indicator [17].

There is a great variety of tomato processing, and it is important to know the anatomy of fruits, as there
is lack of information on the subject. In the present study, photomicrographs analysis and statistical tools
(Anova factorial and Tukey test) were used in order to evaluate the epidermal tissue of different genetic
materials of tomato processing (IT761, U2006, TC2736, CVR2909 and F3060) at different maturation stages,
in order to compare and choose genetic materials with morphological characteristics of the epidermis region
more appropriate for the bulk transport.

MATERIAL AND METHODS

Material

Fruits from tomato processing (IT761, U2006, TC2736, CVR2909 and F3060), the first two commercial
cultivars (IT761 and U2006) and the others experimental genetic materials ((TC2736, CVR2909, F3060)),
used in the present study were donated by the experimental unit of Cargill, located at the municipality of
Hidrolandia, Goias, Brazil.
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Experimental design

Completely randomized design was used, with 5x4 factorial scheme, five genetics materials (IT761,
U2006, TC2736, CVR2909 and F3060) and four maturation stage (green, green-yellow, yellow-red, red), and
four replicates, totaling 80 experimental units (eighty samples with 10 tomatoes each). Five fruits were
evaluated for each experimental unit. Sampled fruits were always the third and fourth of the third plant bunch,
because they present higher uniformity.

Cultivation, harvest and sample preparation

Soil analyses were carried out on October before crop implantation in soil with pH of 5.8, aluminum of
0.0 cmolc dm-3, calcium of 3.1 cmolc dm-3, magnesium of 1.0 cmolc dm-3, potassium of 0.30 mg dm-3,
phosphorus of 53.1 mg dm-3, cation exchange capacity (CEC) of 6.57 g dm-3, organic matter of 17.4 dag
dm3, sand, silt and clay percentages of 300.0 g kg-1, 80.0 g kg-1, 620.0 g kg-1 in the 0-20 cm layer, and in
the 20-40 cm layer, pH of 5.4, aluminum of 0.0 cmolc dm-3, calcium of 1.6 cmolc dm-3, magnesium of 0.5
cmolc dm-3, potassium of 0.23 mg dm-3, phosphorus of 27.3 mg dm-3, CEC of 5.26 g dm-3, organic matter
of 19.0 g dm-3, sand, silt and clay percentages of 280.0 g kg-1, 75.0 g kg-1; 650.0 g kg-1, respectively.

Soil fertility and acidity correction was performed with dolomitic limestone (3 t ha-1), and soil was
prepared with a cross harrow. Mineral fertilization of 4-39-16 NPK formulation (1,300 kg ha-1) was distributed
in plants. Secor (0.8 L ha-1) and Boral (0.1 L ha-1) herbicides were also used. Sprinkler irrigations occurred
on April 7, 23 and 28; on May 4, 8, 15, and 18 and 24, June 3, 10, and 18, totaling 147.60 mm, being uniform
in all plots. Seedling production occurred in greenhouses using coconut fiber as substrate. Foliar fertilization
was carried out, as well as weekly sprays with fungicides and insecticides. Seedling transplanting was carried
out on March 15. Mospilan was sprayed for the control of white fly and Bravonil fungicide was used for the
control of septoriosis. Manual harvesting occurred from June to September. Fruits were collected at four
maturation stages: fully green, yellow-green, yellow-red, red or full maturation. Tomatoes were packed in low-
density polyethylene bags (LDPE), coded, and transported to the Laboratory of Processing of Plant Origin
Products, School of Agronomy - Federal University of Goias, Goiania, GO. Fruits were then selected for
appearance, absence of injury, rot and maturation stage, submitted to manual washing, and sanitization with
150 mg L-1 sodium hypochlorite solution for 20 min and naturally dried.

Anatomical characteristics of fruits

Samples of 1.0 g of tomato pulp, 1 x 1 x 0.5 cm (length x width x height) were collected from the equatorial
area of intact fruits using a scalpel, and immediately fixed in 70 g 100 g-1 FAA (formaldehyde at 40 g 100 g-
1, 5 mL; ethyl alcohol at 70 g 100 g-1, 90 mL, glacial acetic acid, 5 mL) for 72 h, and subsequently stored in
glass vials containing 70 g 100 g-1 alcohol according to technique described by Johansen [18]. Sections
(cross-sectional and longitudinal) were performed by hand with the aid of a razor blade and stained with astra
blue and basic fuchsin dyes. Sections were mounted on semipermanent slides with 50 g 100 g-1 glycerin
solution. Analysis and photographic recording were performed in optical microscopy (Leica Microsystems,
LAD EZ, Wetzlar, Germany). In the histochemical characterization, sections were submitted to reagents
sudan Il to determine the presence of lipids, cutin, and suberin lugol to detect starch. For the study of fruit
surface, sections were stained with safranin (alcoholic solution). Anatomical analyses were performed at the
Laboratory of Plant Anatomy of the Department of Botany, Biological Sciences Institute - Federal University
of Goias. Skin measurements were performed on microphotographs at 40 X magnification using the ImageJ
software, public domain software developed by National Institutes of Health, and created by W. S. Rasband
[19]. Cuticle thickness, width, height, area and skin cell perimeter were automatically measured after scale
calibration. Thirty readings were obtained using the freehand selection tools of the Image.

Analysis of results

Data obtained in anatomical analyses were submitted to analysis of variance (Anova factorial), using the
Assistat 7.7 Beta software, and means were compared by the Tukey test (p < 0.05). Before performing
analysis of variance, normality data and variance homogeneity were tested by applying the Shapiro-Wilk and
Bartlett tests, respectively.

RESULTS

The growth and maturation of tomato processing are complex, development processes that involve
several metabolic alterations, representing, therefore, a good system of anatomical study. The epicarp or
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skin of fruits includes the cuticle and the epidermis, and is of fundamental importance for fruit firmness. In the
photomicrographic analyses carried out on tomatoes at all maturation stages, it was observed that the cuticle
extends between anticline walls of epidermal cells, presenting flange. Epidermal isodiametric cells are below
the cuticle, after parenchyma cells, which increase in size as they move away from the epidermis (Figure 1).

Flange of cuticle S“bfv'dﬂﬂhil parenchyma

Anticinal wall

Epsdermal cells

Figure 1. Cross-section of tomato processing fruits (Solanum lycopersicum) (green maturation stage), treated with
reagent Sudan lll, highlighting cuticle with flange, epidermis and subepidermal parenchyma.

The effects of the maturation stage, genetic material, and maturation stage x genetic material interaction
were significant (p < 0.05) in relation to cuticle thickness, according to the factorial Anova. Cuticle thickness
of genetic materials varied at all maturation stages, and was 91.54% in the first maturation stage (green fruit);
the highest value was verified for F3060, and the lowest for CVR2909 and IT761, and the other genetic
materials presented intermediate values. The coefficient of variation (CV) value for cuticle thickness of the
different genetic materials at each fruit maturation stage ranged from 17.3 to 22.8%, being highest at red
stage (Table 1).

Tablel. Cuticle thickness (um) of tomato processing (Solanum lycopersicum) at different maturation stages. Goiania,
GO, Brazil.

Genetic material Green Green-yellow Yellow-red Red
IT761* 7,180c+1 1 10,0Ab+1,2 10,072+1,3 6,88ab+1 7
U2006 7,6A0+1,7 6,578c+1,1 5,885+1,6 5,38b¢+0,9
TC2736 6,28¢+1,0 8,57+1,3 5,18Cb+1 0 5,0¢c+0,8
CVR2909 5,7B¢+0,8 5,28¢+0,4 8,542+0,9 7,342+1.8
F3060 10,978a+1 7 13,27242 6 9,2BC+1 9 7,2%2+17
CV? 17,5 17,3 17,8 22,8

1 Means followed by different lowercase letters in the same column, and upper case letters on the same row differ from
each other by the Tukey test (P < 0.05); 2 Variation Coefficient (%).

The effects of maturation stage and genetic material x maturation stage interaction were not significant
(p < 0.05) for the width of epidermal cells (p = 0.051 and p = 0.056, respectively), while the effect of genetic
material was significant (p < 0.01). The width of epidermal cells varied among maturation stages from 23.7
Mm to 69.0 um (190.85%) at the first maturation stage of fruits. The CV value for epidermal cells width of the
different genetic materials at each fruit maturation stage ranged from 17.3 to 22.8%, being highest at green
stage and lowest at red stage (Table 2).
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Table 2. Epidermal cells width (um) of tomato processing (Solanum lycopersicum) at different maturation stages.

Goiania, GO, Brazil.

Anatomy of the tomato epidermis for processing

Genetic materials Green Green-yellow Yellow-red Red

IT761t 26,880+2.0 29,380+2.3 28,685+2,4 39,5%2+2.1
U2006 38,8%+2,3 28,0°+3,0 23,9°+2,1 31,9°+3,2
TC2736 25,580+1.8 28,080+2 2 28,78+2 5 36,420+2 0
CVR2909 23,780+1 4 31,17ab+1 7 31,040+1,2 32,8ra0+2 1
F3060 69,072+£32,7 45,542+38,0 51,442+21 4 37,5%+14,8
Cv? 74,2 68,6 40,7 31,3

1 Means followed by different lowercase letters in the same column and upper case in the same row differ by the
Tukey test (P < 0.05); 2 Variation Coefficient (%).

The effect of maturation stage was not significant (p = 0.057) probability due to the epidermal cells height,
while the genetic material x maturation stage interaction and the genetic materials effect were significant (p
< 0.01). The CV value for epidermal cells height of the different genetic materials at each fruit maturation
stage ranged from 16.1 to 74.2%, being highest at green stage and lowest at red stage. The epidermal cells
height as a function of maturation stages, varied significantly among genetic materials (from 15.5um to 45.6
pum) (193.68%), both values obtained at the first maturation stage of fruits (green fruit). F3060 had the highest
epidermal cell height value, while CVR2909, TC2736 and IT761 the lowest, and U2006 did not differ (p >
0.05) from the others (Table 3).

Table 3. Epidermal cells height (um) of tomato processing (Solanum lycopersicum) at different maturation stages.
Goiéania, GO, Brazil.

Genetic material Green Green-yellow Yellow-red Red
IT761* 17,980+3 4 17,580+3,9 21,1437 20,9%2+3 6
U2006 26,07a0+2 6 20,380+3 5 20,880+3,2 23,6720+3,0
TC2736 16,5B+3,2 23,1Aab+3 9 23,6A0+3 3 22,6Mab+3 4
CVR2909 15,580+3,9 19,2Ab+4,3 20,670+4,5 15,580+7,7
F3060 45,6454 44, 772+2 7 33,77%+3,4 28,872+8 4
CV? 74,2 38,7 47,6 16,1

1 Means followed by different lowercase letters in the same column and upper case in the same row differ by the Tukey
test (P < 0.05); 2 Variation Coefficient (%).

At the first maturation stage (green fruit), it measured between 66.6 pm and 132.4 um, with variation of
98.94%, and F3060 presented the highest epidermal cell perimeter value, not differing (p > 0.05) from U2006
(Table 4). At the second stage (green-yellow fruit) the epidermal cell perimeter of continued highest for F3060,
while TC2736 showed intermediate value, not differing (p >0.05) from the others. At the third stage, F3060
also obtained the highest cell perimeter value, and at the fourth stage, the highest value was observed for
IT761 and F3060, and the lowest for TC2736 and U2006. For IT761, the highest epidermal cell perimeter
value was observed at the red stage, and there was no significant difference from the others.

Table 4. Epidermal cells perimeter (um) of tomato processing (Solanum lycopersicum) at different maturation stages.
Goiania, GO, Brazil.

Genetic material Green Green-yellow Yellow-red Red

IT761* 78,585+8,7 82,58+9.9 84,58°+7,0 108,5%2+£10,4
U2006 89,54Bab+10,8 84,078b+9 4 79,385+11,6 96,3/ab+7,1
TC2736 72,000+7,2 89,1820+9,0 87,485+6,6 99,2Aab+7 2
CVR2909 66,680+7,1 84,47+9,7 87,37+10,5 83,57°+16,1
F3060 132,4%247.5 120,8246,7 123,7%444.5 108,3%2+5,4
CVv? 38,7 30,8 21,9 12,0

1 Means followed by different lowercase letters in the same column and upper case in the same row differ by the Tukey
test (P < 0.05); 2 Variation Coefficient (%).

The CV value for epidermal cells area of the different genetic materials at each fruit maturation stage
ranged from 17.0 to 23.3%, being highest at green stage and lowest at red stage (Table 5). At the green
stage, F3060 presented the highest epidermal cell area value, not differing from U2006 and IT761, while the
lowest values were observed for CVR2909 and TC2736.
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Table 5. Epidermal cell area (um) of tomato processing (Solanum lycopersicum) at different maturation stages. Goiania,
GO, Brazil.

Genetic material Green Green-yellow Yellow-red Red

IT7611 409,4820+93 8 419,48°+89,14 487,68c+83,9 678,072+91,8
U2006 434,2Bab+73 7 456,5Bab+78,22 401,28B¢+67,5 586,742+100,3
TC2736 336,7¢¢+48,3 538,98a0+84,09 544,785+76,1 643,6%2+84,0
CVR2909 288,8°c+56,4 466,3/820+93 46 511,8¢+91,0 397,58Cv+125,0
F3060 492,783+148,2 568,1482+161,8 686,5+129,4 685,742+103,7
CVv? 23,3 21,6 17,5 17,0

1 Means followed by different lowercase letters in the same column and upper case in the same row differ by the Tukey
test (P < 0.05); ? Variation Coefficient (%).

Cross sections, stained with astra blue and basic fuchsin and test with sudan l1ll, show the of tomato
processing cuticle and the epidermis, and below them, the hypodermis and part of the mesoderm (Figure 2A
to H).

Figure 2. Cross sections, after test with Sudan Il and staining with Astra Blue and Fuchsin of the following tomato
(Solanum lycopersicum) genetic materials: CVR2909 (A, B and C) (1st and 2" maturation stages, respectively); F3060
(D, E, Fand G) (1, 2" and 3@ maturation stages, respectively); and U2006 (H) (4" maturation stage). Cross-sectional
details (fl = flange, me = mesocarp, co = colenchyma, pa = parenchyma, hi = hypodermis, ep = epidermis, cc = collapsed
cell).

Figure 3D, E, F, G, H and | show (asterisks) starch granules, which are synthesized during fruit
development, and the younger the fruit, the higher the starch content, which accumulates in the form of
granules in cells closest to the endocarp (asterisk) (Figure 3E). Of the five genetic materials analyzed, U2006,
Figure 3D, E and F, was probably the youngest of all because it presented higher starch content and was the
only one to present starch in the second maturation stage analyzed (Figure 3F).
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Figure 3. Cross sections stained with Astra Blue and Basic Fuchsin, and reaction with lugol test of the following tomato
(Solanum lycopersicum) genetic materials: TC2909 (A), F3060 (B and C) vascular bundles, U2006 (D, E, F and G),
F3060 (H and 1) starch granules. Details of cross sections (* = starch granules; fv = vascular bundles; cm = mesocarp
layer around the beam; en = endoderm).

DISCUSSION

For CVR2909, F3060 and IT761 (an interesting characteristic for industry), and the lowest value was
verified for TC2736 and U2006. In the second maturation stage (yellow-green fruit), cuticle thickness varied
153.84%, being also higher value for F3060 than CVR2909 and U2006, with intermediate value for IT761
and TC2736. At this stage, IT761 and TC2736 underwent cuticle thickening (40.67% and 36.99%,
respectively). At the third stage (yellow-red fruit), the highest cuticle thickness value was observed for IT761,
F3060 and CVR2909, and the lowest for TC2736 and U2006. At this stage, cuticle thickness remained the
same as the previous stage for IT761 and U2006, increased for CVR2909 (64.53%), and decreased for
TC2736 and F3060 (65.30% and 43.84%, respectively). At the fourth stage (red fruit), the variation of this
characteristic among genetic materials was 46.97%, and the highest values were found.

Cuticle thickness value of IT761 was highest at green-yellow and red-yellow stages and smallest for
those at green and red stages; for U2006 cuticle thickness was highest at the green maturation stage, and
smallest at the yellow-red and red stages, and intermediate at the yellow-green stage; for TC2736 the highest
cuticle thickness was observed at the green-yellow stage, followed by the green stage and the lowest in the
red stage. At the yellow-red stage, cuticle thickness did not differ between green and red stages. Cuticle
thickness value of CVR2909 was highest at yellow-red and red maturation stages, and smallest at green and
yellow-green maturation stages. For F3060, the highest cuticle thickness was found in the yellow-green stage
and the lowest in the red stages, and the green stage did not differ from yellow-green to yellow-red nor from
red-yellow to red stages.

Saladié and coauthors [20] found cuticle thickness measuring 12, 11, 8, 9 and 7.8 um for ripe tomato,
values well above those found in this research for fruits at the same maturation stage; but different genetic
material have different cuticle thicknesses. The increase in cuticle thickness of fruits in this research did not
present linear behavior, not corroborating results found by Bargel and Neinhuis [21], who reported that the
biosynthesis of cuticle components declined with maturation.

Cuticle thickness data may be important for understanding fruit firmness. During maturation, many fruits,
including tomato, undergo degradation of cell wall components, with cuticle thickness significantly decreasing
from immature fruits to full maturation fruits [22], a fact verified in most genetic materials analyzed in this
research, except for CRV2909. Differences related to fruit resistance could be explained by the fact that some
genetic materials have more or less thick cuticle (7.3 and 5.0 um) at the ideal maturation stage for harvest.

Cuticle is synthesized by the epidermis forming a cover, being the first barrier against the biotic and
abiotic conditions in which the fruit develops [23], and also plays a fundamental role in skin development, in
water loss control, fruit integrity, firmness and resistance to various disturbances [13]. According to Dvir and
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coauthors [24], tomato fruits have no stomata or lenticels, being covered by a cuticle that effectively acts in
the prevention of dehydration.

The main function attributed to cuticle is to minimize water loss, with consequent maintenance of fruit
turgescence and firmness, also limiting the loss of substances from internal tissues, protecting against
physical, chemical and biological injuries, also providing support to maintain fruit integrity. The preservation
of all these functions requires the maintenance of the structural integrity throughout the cuticle extension
during fruit development [25].

Post-harvest water loss results from fruit transpiration and diffusion through the cuticle. Although the
water potential gradient from inside to outside of the fruit varies according to temperature and relative air
humidity, and this variation results from a combination of fruit maturation, environmental conditions and
genetic factors [26]. Therefore, the thicker the cuticle at the harvest stage, the more advantageous for the
fruit, with lowest post-harvest losses.

Some studies address cuticle biosynthesis during fruit development, mainly from the morphological or
guantitative point of view. Cuticle deposition probably terminates early during the development of apples and
oranges before the maturation process, and often, before the fruit reaches its maximum size, resulting in a
decrease in the amount of cuticle per surface unit, and therefore, cuticle thickness in the ripe fruit [27,28].
This fact was also observed in most tomato genetic materials evaluated in the present study. However,
Kosma and coauthors [29] reported that in mutant tomatoes, a continuous increase of cuticular waxes (cutin
monomers) was observed during fruit development. This was not verified in this study because, in general,
there was an increase followed by a decrease in cuticle thickness.

At the green stage, F3060 showed the greatest width of epidermal cells, while the lowest values were
observed for CVR2909 and TC2736, and U2006 presented intermediate value. At the second stage (green-
yellow fruit), epidermal cell width value was highest for F3060, lowest for U2006, TC2736 and IT761, while
CVR 2909 presented intermediate value, not differing from the others. At the third stage, F3060 also obtained
the highest cell width value, and the other genetic materials showed smaller values.

At the fourth stage, IT761 showed the highest epidermal cell width, U2006 presented the lowest, and
intermediate values were found in the other genetic materials, not differing from each other, nor from the
others already mentioned. Comparing maturation stages, IT761 had the highest epidermal cell width value
at the red stage, and the other stages did not differ among themselves; for U2006 and F3060, maturation
stages were not significant (p > 0.05), while for TC2736, the largest epidermal cell width value was verified
at the red stage and for CVR2909, the lowest value was observed at the green stage.

The quality of fruits is closely related to the structure of the skin, especially epidermis that forms a barrier
between internal and external environments. Konarska [30], studying three apple maturation stages, verified
for the first stage, epidermal cell width of 13.1 ym (21 days after anthesis), at the second stage 22.8 um (pre-
climacteric) and at the third stage 26.3um (after harvest), and also observed an increase in the width of these
cells throughout fruit development and maturation. However, the present study showed linear increase in the
epidermal cells width at different maturation stages only for TC2736 and CVR2909.

At the second and third stages the epidermal cell height was higher for F3060 than for IT761, CVR2909
and U2006, while TC2736 did not differed (p > 0.05) from the others. At the fourth stage, the highest value
was also observed for F3060, and the lowest for CVR2909, and the others did not differ among themselves
nor from those already mentioned. Comparing maturation stages for IT761, the highest epidermal cell height
values were observed at red-yellow and red maturation stages; for U2006, at the green stage, while for
TC2736, the lowest value was observed at the green stage. For CVR2909, the highest epidermal cell height
value was obtained at yellow-red and yellow-green stages, while for F3060, no difference in relation to this
characteristic was found. According to Hammami and Rapoport [8], anatomical measurement provides a
means to precisely examine the epidermis cell dimensions, which can contribute with valuable information
about the cellular patterns in this region. Thus, this pattern was observed in this study for each genetic
material evaluated at different maturation stages.

Comparing maturation stages and genetic materials, differences were observed in the epidermal cell
perimeter, according to ANOVA factorial. The CV value for epidermal cells perimeter of the different genetic
materials at each fruit maturation stage ranged from 12.0 to 38.7%, being highest at green stage and lowest
at red stage.

For U2006, the highest epidermal cell perimeter value was also verified at the red stage, which did not
differ from fruits at green and yellow-green stages. For TC2736, as in previous ones, the highest perimeter
value occurred at the red stage, not differing from tomatoes at yellow-green and red-yellow stages. For
CVR2909, the smallest epidermal cell perimeter was found at the green stage, while for F3060, maturation
stages did not affect epidermal cell perimeter.
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Casado (2006) studied the anatomy of table tomato fruits at green-ripe and ripe maturation stages and
observed that at the ripe stage, epidermal cells increase in length and slightly decrease in width, which
increases perimeter, and accompanied by a change in their morphology, epidermal cells become flatter. In
this research, this change was also observed, mainly at the full maturation stage. F3060 presents larger cells
than the others genetic materials. According to Bargel and Neinhuis [21], during tomato growth and
maturation, the epidermis morphology is subject to considerable changes. According to these authors, cuticle
was the most important structural component for the integrity of ripe tomato. For Cao and coauthors [31], the
epidermis biomechanics is mainly affected by size, number and arrangement of subepidermal cells. In this
sense, fruits with thicker cuticle would be more viable for bulk transport.

The epidermal cell area ranged from 492.74 um2 to 288.82 ym2 (70.60%) during the first maturation
stage.

At the green-yellow stage, variation of 35.45% in the epidermal cell area was observed, and the highest
value was verified for F3060, which did not differ (p > 0.05) from TC2736, CVR2909 and U2006. At the yellow-
red stage, variation was 71.10%, and F3060 also showed the highest epidermal cell area value. At the red
stage, the smallest epidermal cell area was verified for CVR2909. The area of epidermal cells changed
according to genetic material, maturation stage and interaction between both. For IT761, U2006 and TC2736,
the largest epidermal cell area was verified at the red stage. For CV2909, the smallest area was found at the
green stage, as well as for F3060, which did not differ only at the green-yellow stage.

In the present study, the epidermal cell area increased from yellow-red to red stages for IT761, U2006
and TC2736, from green to yellow-green stages for CVR2909 and from yellow-green to yellow-red for F3060.

Hammami and Rapoport [8] evaluated different growth stages in olive and observed that epidermal cell
area and height increased linearly with fruit size, while epidermal cell width reduced, which corroborates with
results found in the present study. Although the cellular activity of the epidermis is considered a relevant
component for fruit development, it has generally not been taken into account in fruit growth studies, but
rather its importance of fruit interaction with environmental factors [6, 32].

According to Casado [33], width, height, perimeter and cell area are indicators of the size and morphology
of epidermal cells.

The tomato processing epidermis is composed of small cells hermetically sealed in the outer layer. The
surface of tomato fruits is smooth and waxy, which reduces friction between fruits and other surfaces.

The hypodermis is under the epidermis, with three to four layers of colenchyma cells, which contribute
to resistance of tomato epidermis [34], which was also observed in fruits of this research (Figure 2A, C and
D). However, other authors consider all cells below the epidermis as subepidermal parenchyma?.

In green tomato, well-defined parenchyma cell walls are observed (Figure 2A, B and C); in green-yellow
fruits, cell integrity was verified (Figure 2D and E); in red-yellow fruits, cellular integrity was also verified
(Figure 2F); but at the red maturation stage, when fruits are fully ripe, the cell walls of parenchyma cells
began to collapse (Figure 2G and H).

The cellular characteristics of tomato are important for the understanding of injuries that occur to fruits.
Colenchyma cells are more elastic, smaller, and have thicker wall, which resist more to forces applied than
parenchyma cells, commonly interpreted as being structurally specialized as a tissue support [35]. While
colenchyma cells have primary wall with irregular thickening, rich in pectin, which have the function of
supporting growing parts [36], parenchyma cells are larger and comparatively have thinner walls, as can be
seen in Figure 2F.

Colenchyma cells exhibit smaller intercellular spaces and thicker walls (Figure 2D), which makes them
more resistant to compression, combining tensile strength with flexibility and plasticity [37]. Parenchyma is a
metabolically active tissue, with air-filled spaces in the corners of cells. Intercellular spaces may be relatively
large, which reduces cell-to-cell contact, thus weakening the tissue, resulting in areas vulnerable to damage
by external forces [36], which can be observed in Figure 2F.

Small cells near the epidermis correspond to the region where cell divisions occur [38], as can be seen
in Figures 2C and D. Fruit epidermis does not present stomata, and cuticle thickness increases with fruit
growth until maturation begins [39] (Figure 2B).

The mesocarp of fruits (me in Figure 2A and B) is composed of large cells with thin walls and vascular
bundles (fv in Figures. 3A, B and C), which are connected to the vascular tissue of the peduncle [40]. The
vascular bundles of tomatoes are centralized in the mesocarp, and cells close to them are isodiametric and
smaller. Bundles are of fundamental importance for fruit development and quality, especially fleshy ones,
since they carry water, minerals and photoassimilates, which compose them [41,42,43].

The growth of fleshy fruits involves a balance between the supply of water by roots through vascular
tissue and losses with transpiration through air organs (leaves and fruits) [44,45], affecting fruit resistance
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during post-harvest operations. Endocarp is a single-celled layer at the border of the locular cavity Figure 3E.
Septa divide locular cavities, filled with placental tissue and attached seeds [39].

According to Gillaspy and coauthors [46], tomato growth and development can be divided into four
phases, and the latter occurs when fruits reach their final size, are still green and have most of their final
mass, but small development still occurs during maturation, when starch is converted into carbohydrates [47]
and color change from green to orange and finally to red [48].

Simultaneously with color changes, metabolic changes also occur, disintegration of the inner and central
layers of the carpel, and placental tissue softens, as a consequence of the enzymatic degradation of cell
walls, which become gelatinous. As opposed to Gillaspy and coauthors [46], Colombié and coauthors [49]
distinguish the development of tomato fruit into three major periods: cell division, growth and maturation
phase, the first two are important in determining the final fruit size, and in this study, only growth and
maturation were observed.

Starch granules accumulate in cells when the synthesis rate exceeds the degradation rate (Luengwilai
and Beckles) [50]. Thus, the starch content of tomatoes depends on maturation, cultivar and ripening
conditions. Yu and coauthors [51] studied the composition of tomato fruits at different maturation stages and
observed that starch accumulates until the yellow-green phase, then decreased rapidly, which was also
observed in the present study. The starch content is very low in the last maturation stage [52]. In the present
study, the presence of starch was not observed at the red stage, the last maturation stage.

The mechanism through which the starch granule is degraded during fruit development is unknown; it is
known that the mechanism is complex, with action of interconnected enzymes [53], but this knowledge is of
commercial interest, because these metabolic processes can influence the sugar availability in the fruit. In
addition, if the starch granule is degraded during its synthesis, the tomato fruit may offer a new insight into
this process [50]. However, Luengwilai and coauthors [54] suggest that starch synthesis or degradation can
be regulated differently among cultivars, which was observed in the present study through anatomical
analysis. Starch accumulation in green fruits may be one of the many factors that contribute to the pool of
sugars in ripe fruits.

CONCLUSION

The photomicrographs analysis and statistical tools were effective to evaluate the epidermal tissue of
different tomatoes to processing at different maturation stages and to choose that with morphological
characteristics of the epidermis region more appropriate for the bulk transport. Tomato cuticle undergoes a
thickening process during fruit growth and reduction at full fruit maturation. Cuticle deposition ends before full
fruit maturation, resulting in a decrease in the amount of cutin per surface unit, and therefore, there is a
decrease in cuticle thickness in the ripe fruit. Cuticle thickness is a good parameter of tomato quality in order
to understand the fruit resilience to various stressors. The characteristics observed in the mesocarp of tomato
fruits clearly showed the disruption of the cell wall during the fourth maturation stage of cells related to loss
of firmness. Among the new genetic materials, F3060 has a greater potential to become cultivated for
industrialization due to its morphological characteristics, such as elevated cuticle thickness and high values
for width, height, perimeter and area of epidermal cells in full maturation stage, which make it suitable for
bulk transport.
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