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Abstract

The demand for healthier foods has been increasing worldwide. Associated with this trend, it is crucial to
optimize the use of inputs for ensuring the sustainability of production. The fruits of tomato are important
sources of minerals, vitamins, and especially of carotenoids such as the lycopene. This carotenoid plays
biological activities that are crucial such as the antioxidant function, besides its proven action in the prevention
of cancers and degenerative diseases. The irrigation seems to play a fundamental role in the biosynthesis of
lycopene. Thus, it is fundamental to establish levels of irrigation that might provide higher content of lycopene,
productivity, and efficiency in the use of water in the production of tomato. The objective of this study was to
establish adequate levels of irrigation for the obtainment of higher content of lycopene, productivity of fruits,
and higher efficiency in the use of water in the production of salad tomato. For this, two experiments were
carried in different cropping seasons. The treatments consisted of the application of four irrigation depths,
corresponding to 50, 100, 150 and 200% of the tomato evapotranspiration. The estimates of maximum
productivity corresponded to the application of the irrigation depth of 112% ETc, while the maximum content of
lycopene and the higher efficiency in the use of water corresponded to 50% ETc. The irrigation depth of 100%
ETc is recommended as the best irrigation depth to obtain higher content of lycopene, productivity, and
efficiency in the use of water jointly.
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1 Introduction

The tomato (Solanum lycopersicum L.), is worldwide one of the most important vegetables in terms of fresh
consumption and in industrialized forms. The tomato plays an important nutritional role as a source of nutrients
such as vitamin C and precursors of vitamin such as the vitamin A (Leiva-Brondo et al., 2012). A remarkable
nutritional aspect in this crop is the high number of nutritional components on its fruits, important to human
health, especially those with antioxidant activity (Ilahy et al., 2011). The antioxidant activity related to the
consumption of tomato stems from the presence of components on its fruits such as Vitamin C, carotenoids as
B-carotene and lycopene, besides phytonutrients such as flavonoids (Pernice et al., 2010; Perveen et al., 2015).

The lycopene is responsible for the reddish coloration of mature fruits of tomato and represents most of the
carotenogenic content on its fruits. Although this carotenoid has not provitamin A activity, it has a pronounced
antioxidant capacity that protects the cell layer against free radicals (Aidoud, Ammouche, Garrido, & Rodriguez,
2014). Several studies have been conducted in order to investigate the antioxidant capacity resulting from the
consumption of tomato, and they have associated the consumption of lycopene to the prevention of degenerative
diseases, certain cancers and cardiovascular diseases (Caliman et al., 2010; Kong et al., 2010; Perveen et al.,
2015).

The content of lycopene on fruits of tomato is related to innumerous factors such as the cultivated variety,
cropping region, maturation stage, besides agronomic practices as irrigation and fertilizing (Ilahy et al., 2011).
Among these factors, the irrigation seems to have a pronounced effect in the biosynthesis of lycopene (Navarro,
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Botia, & Pérez-Pérez, 2015; Navarro, Pérez-Pérez, Romero, & Botia, 2010; Pék et al., 2014). Associated to this,
the tomato is known for the high requirements of water during its cultivation (Patané, Tringali, & Sortino, 2011).

In general, the studies investigating the effect of irrigation in the content of lycopene in tomato show that the
reduction of irrigation and the imposition of water stress in this crop has resulted in an increase in the content of
carotenoid in fruits (Pék et al., 2014). On the other hand, some studies showed that water deficit decreased the
content of lycopene in fruits of some varieties of tomato (Liu et al., 2011). The disagreement between these
results stems from the edaphoclimatic differences between the regions of study and probably, from the different
methods of irrigation adopted, as well as from the contrast in the responsive capacity of the studied genotypes to
the different hydric conditions. This points out to the need to study the establishment of the ideal management of
irrigation in each region of cultivation.

Already consolidated in the cultivation of salad tomato, the drip irrigation system became crucial in this crop for
resulting in a lower incidence of aerial diseases. Other attractive aspect in the use of drip irrigation is the greater
uniformity in the application of water that it provides (Ozbahce & Tari, 2010). Corroborating this, The reduced
availability of water and the global concern with this resource (Li, Shi, Simtnek, Gong, & Peng, 2015;
Loépez-Mata, Tarjuelo, de Juan, Ballesteros, & Dominguez, 2010), corroborates the importance of studies
targeting strategies that might result in greater efficiency in the use water in agriculture (Navarro et al., 2015). In
this context, the water use efficiency index (WUE), represents a valuable tool for guiding the planning of
irrigation and the decision making, targeting a more efficient use of water in agricultural production (Karatas,
Akkuzu, Unal, Asik, & Avci, 2009). Thus, the objective of this study was to evaluate the productivity of tomato,
the content of lycopene in fruits, and the WUE in this crop at different levels of irrigation.

2. Materials and Methods
2.1 Seasons and Experimental Conditions of the Experiments

Two field experiments were carried in two different seasons in order to test the response of the treatments in
contrasting and representative seasons of cultivation. The first experiment was conducted from June to
November 2013 (Winter/Spring), and the second, from January to May 2014 (Summer/Autumn), both in the
Department of Plant Science, in the Federal University of Vigosa, in Vigosa, Minas Gerais, Brazil. The
experiments were located at 20°45' S latitude and e 42°52’ W longitude.

The analysis of soil texture was carried out before setting the experiments. The soil in the first experiment was
classified as clay soil in the layer (0-40 cm), and as frank-clay-sandy (0-20 cm). In the second experiment, the
soil was classified as clay-sandy (20-40 cm). This classification was based on the classification of Lemos and
Santos (1996), and the informations are shown in (Table 1).

Table 1. Physical properties of the soil in the experimental areas in the two cropping seasons Winter/Spring and
Summer/Autumn. Vigosa, Minas Gerais state, Brazil. 2013/2014

Experiment Winter/Spring Summer/Autumn
Depth (cm) 0-20 20-40 0-20 20-40
Brc (m® m™)! 0.49 0.53 0.44 0.44
Bywp (m® m™) 0.34 0.39 0.26 0.27
Clay (kg kg)* 0.41 0.42 0.32 0.37
Silt (kg kg™)? 0.20 0.19 0.05 0.12
Sand (kg kg")* 0.39 0.39 0.63 0.51

Note. ' Field capacity (0rc), wilting point” (Owp), and *textural classification according to the Brazilian Society of
Soil Science.

2.2 Genotype Information, Prepare of Seedlings and Cultivation Management

We evaluated the commercial hybrid Carina TY, which is commercialized by the Sakata Seed-Brazil. This hybrid
is a salad tomato with undetermined growth, widely cultivated in Brazil, with a high productive potential and a
high quality of fruits.

The seedlings were produced in polystyrene trays with 128 cells using the commercial substrate Golden Mix
(Amafibra), made of coconut fiber. The seedlings were transplanted when they had 3 to 4 fully expanded leaves.
The arrangement of plants resulted in a density of 2.5 plants m™, and a population of 25.000 plants ha™. The
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agricultural management was performed on a weekly basis, and pests and diseases were controlled whenever
necessary according to the recommendations of (Valenciano & Toril, 2015).

The acidity of the soil was corrected before the experiments were set and the fertilizing was performed according
to the recommendation of fertilizing used in the state of Minas Gerais, Brazil, known as the Quinta Aproximagdo
(Ribeiro et al., 1999). The soil pH was adjusted applying 410 kg ha" of dolomitic limestone, RPTN = 85%, in
the first experiment, and 395 kg ha in the second. The limestone was applied at 20 cm, one week before the
transplanting, in both experiments.

The initial fertilizing was not performed in the experiments and the application of fertilizing was divided into 18
sessions in both experiments. The doses of nutrients was the same among the treatments and the fertilizing was
gradually applied in the irrigation pipe with a venturi injector, from the first week of transplanting. The fertilizers
used in both experiments were mono-ammonium phosphate (MAP), calcium nitrate (Ca3(NO),), potassium
chloride (KCl), and magnesium sulfate (MgSO,) (Table 2).

Table 2. Recommendation of fertilizing used in the state of Minas Gerais, Brazil, adapted from the Quinta
Aproximagdo, Ribeiro et al. (1999)

Planting Fertilizing
Availability of P and K Doses
N P,Os K,0
kg ha™
Low 0 900 80
Medium 0 800 60
Good 0 600 40
Excellent 0 400 0
Post Planting Fertilizing
Doses
Period of application
N P,0;s K,0
1" to 4" Week 30 80 40
5" to 8™ Week 60 48 70
9" to 14™ Week 90 36 130
After the 15" Week 120 0 180

2.3 Irrigation Management

A drip tape with a flow rate of 1.39 and 1.10 Lh™" and a Christiansen uniformity coefficient (CUC) of 96.1 and
97.8% was used in the Winter/Spring and Summer/Autumn experiments, respectively. The drip tape worked at a
pressure of 9.0 mca in both experiments. The flow rate in each experiment was determined based on the
sampling of 16 random points in the experimental area. For this, we measured the flow rate from 4 drip tapes,
collecting from 4 points in each drip tape. The CUC was calculated according to the equation below:

CUC = [1 - —Zij'qx'q’q'] x 100 )

The irrigation was carried out based on a two-to-three day frequency, and the water demand was calculated by
estimating the evapotranspiration (ETc) for the crop of tomato. The water demand of the crop was determined by
adjusting the coefficients to the evapotranspiration reference (ET,). The net irrigation depth was calculated by
the water balance, considering the water intake for irrigation and precipitation as well its output by
evapotranspiration.

The crop evapotranspiration was estimated based on the Equations 1 and 2:
ETc=ET, x K, 2)
Kc = (ch x Ks) + Ke (3)

Where, ETc = crop evapotranspiration (mm d™), ET, = reference evapotranspiration (mm d), K. = crop
coefficient, K, = crop basal coefficient, K. = soil evaporation coefficient, and K = stress coefficient (Allen et al.,
1998).
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The cycle of the crop was divided into phenological stages, and a different value of Kcb was assumed for each
one. This was necessary because the values of Kcb in tomato change according to the stages of development of
this crop and according to the edaphoclimatic conditions (Allen & Pereira, 2009). Thus, the ETc was determined
based on the initial, intermediate, and final values of the K., which corresponded to 0.15, 1.15, and 0.70,
respectively (Allen et al., 1998).

The first phenological stage initiated soon after the transplanting of seedlings and lasted until the crop covered
10% of the area. This stage comprised a period of nine days in the Winter/Spring experiment and nineteen days
in Summer/Autumn experiments. The second stage lasted 31 days in the first experiment, and 15 days in the
second, and it was completed when the crop covered about 75% of the area. The third stage began with the
harvesting of fruits, when the crop had covered about 75% of the area, and lasted 45 days in the first experiment,
and 30 days in the second. The last stage lasted until the end of harvesting and corresponded to a period of 57
days in the first experiment, and 62 days in the second.

The application of the irrigation treatments initiated 19 days after transplanting (DAT), when the plants had 119
Degree Days (DD), and continued during the phases of development, production and harvest. The values of DD
used as a reference to these three phases corresponded to 306, 661 and 1246.

The irrigation frequency and the total volume of water for each treatment (irrigation + precipitation) are
described in the Table 3.

Table 3. Rain and irrigation applied during the conduction of the experiments in the two cropping seasons:
Winter/Spring and Summer/Autumn

Experiment Irrigation (% ETc)  Rain (mm) Irrigation (mm) Rain and Irrigation (mm)
Winter/Spring 50 257 123 (44)* 380
100 257 236 (44) 493
150 257 348 (44) 605
200 257 461 (44) 718
‘Summer/Autumn so 317 ety 408
100 317 171 (21) 488
150 317 235 (21) 552
200 317 306(21) 623

Note. * The values in parentheses are the number of irrigation events.

2.5 Experimental Design

The treatments were evaluated in rows 14 m long. The experimental plot consisted of rows 3 m long, with 15
plants distributed in a 0.2 X 2.0 m spacing. During the evaluations, only the four central plants were considered
as the useful area.

The experiment was conducted in a randomized block design, with three replications. The treatments consisted
of irrigation depths corresponding to 50, 100, 150 and 200% of the crop ETc.

2.6 Experimental Analyses

The fruits were collected and classified into three commercial classes (large: those with diameter greater than 60
mm, medium: diameter between 50 and 60 mm, and small: diameter between 40 to 50 mm). Samples were
collected from five fruits randomly chosen from each treatment. Outer parts of these fruits were taken by
transversal cuts and were processed together on a blander in order to obtain representative samples. The samples
were kept under refrigeration, at -80 °C, for two days before the analysis.

The content of lycopene of each treatment was estimated by spectrophotometric analysis of tree samples, after
thawing them. Samples with 15 mL acetone were macerated in a mortar and filtered through a Buchner funnel
with vacuum. This operation was repeated four times until the residue became colorless, and then 25 mL of
petroleum was added to the separatory funnel. Carotenoids were transferred to a separatory funnel, discarding
the lower phase. The samples were washed four to five times to completely remove the acetone. The petroleum
ether solution of the pigment was transferred to a volumetric flask. The volume of this flask was brought to 25
mL with petroleum ether. The absorbance spectrophotometer (BEL PHOTONICS, SP1105), was read at a
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wavelength of 470 nm (Kubola, Meeso, & Siriamornpun, 2013; Rodriguez-Amaya, 2001; Xue et al., 2018). The
lycopene concentration in the 25 mL flask exceeded the upper limit, and thus, the solution was diluted by
pipetting approximately 0.5 mL to a 5 mL flask. The volume was completed with petroleum ether and the
readings were made. The Lycopene content was obtained by the following Equation (4).

Lycopene = A x V x 10.000 x D/(m x E}2 S

Where, A = absorbance of the solution at a wavelength of 470 nm, V = final volume of the sample (mL); D =
dilution of the sample, m = sample weight (g), EL2, = specific coefficient of molar absorptivity of 3450 for

lycopene in petroleum ether (Rodriguez-Amaya, 2001).

The estimates of water use efficiency was based on the relationship between productivity (P) and the volume of
water applied (V), according to the following Equation (5):

WUE =P/V 5)
Where, WUE = water use efficiency (kg m™), P = productivity (kg), and water volume = V (m?).
The results of productivity, lycopene content, and water use efficiency were analyzed by regression and the

significance of the coefficient regression was submitted to the ¢ test at 0.1 to 5% probability with the statistical
software R.

3. Results and Discussion
3.1 The Effect of the Irrigation Depths on Yield

As shown in Figure 1A, the highest yields of fruits in the Winter/Spring (134 t ha™) was obtained with the
irrigation depths of 534 mm and for the Summer/Autumn experiment (106 t ha™), with the irrigation depth of
534 and 491 mm. A lower yield of fruits with the application of 50% of ETc, agreed with the results reported
from similar studies with tomato and potato (Jensen et al., 2010). This also is in agreement with results reported
from studies with tomato in different regions such as India (Mukherjee, Sarkar, & Chakraborty, 2012), Italy
(Marino, Aria, Basso, Leone, & Alvino, 2014), and Saudi Arabia (Al-Harbi, Al-Omran, Alenazi, & Wahb-Allah,
2015).
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Figure 1. Productivity (A), lycopene content in fruits (B), and water use efficiency (C), in two cropping seasons
and under different levels of irrigation depths. Significant at 0.1%" , 1% and 5% by “¢” test

The water stress is known to reduce the growth of plants, affecting their anatomy, morphology, biochemical
processes, as well as the uptaking and translocation of nutrients (Guang-Cheng, Na, Zhan-Yu, Shuang-En, &
Chang-Ren, 2010; Karimi & Hasanpour, 2014). On the other hand, in conditions of higher availability of water,
the expenditure of energy for its absorption is lower. This allows the plant to allocate more resources for
photosynthesis and for the accumulation of carbohydrates, which allows the increase of productivity (Ismail &
Ozawa, 2007; Singh et al., 2011). Furthermore, some studies with crops such as tomato and alfalfa reported
increase in the distribution of roots in conditions of higher availability of water (Ismail & Ozawa, 2007; Singh et
al., 2011). As a consequence, this affects the growth, development and the production of plants.

3.2 The Effect of the Irrigation Depths on the Content of Lycopene in Fruits

The application of the irrigation depth corresponding to 50% of ETc resulted in volumes of 380 and 409 mm in
the Winter/Spring and Summer/Autumn experiments, respectively. This irrigation depth resulted in contents of
lycopene of 66.6 ug g in the first experiment, and 86.6 pg g™ in the second (Figure 2B).
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Some studies have reported that the content of lycopene in fruits varies according to the cultivar and the season
of cultivation (Dumas, Dadomo, Di Lucca, & Grolier, 2003; Garcia & Barrett, 2006). In terms of temperature, it
has been demonstrated that the synthesis of lycopene is higher at temperatures from 16 to 21 °C, and lower at
temperatures above 30 °C (Brandt, Pék, Barna, Lugasi, & Helyes, 2006). As shown in the Figure 2A, the average
temperature was 18.5 °C in the first experiment, and 20.9 °C in the second, and corresponded to temperatures
adequate to cultivation of tomato (Ohnishi, Miyoshi, & Shirai, 2010; Tarchoun, M’Hamdi, & Silva, 2012). The
total precipitation corresponded to 257.4 mm in the first experiment, and to 315.4 mm in the second (Figure 2A).
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Figure 2. Average, minimum and maximum critical temperatures, precipitation (A); solar radiation, specific solar
radiation, and relative humidity (B), during the experiments in Vigosa, Minas Gerais, Brazil

Pernice et al. (2010), reported a maximum production of tomato with the reduction of the irrigation depth, in
Salerno, Italy. Corroborating this, other studies have associated the increase in the synthesis of lycopene and
other carotenoids to conditions of water stress (Dorais, Ehret, & Papadopoulos, 2008). According to Dorais et al.
(2008), the limitation in the supplying of water favors the synthesis of the abscisic acid on roots, which distribute
this component to the entire plant, increasing the synthesis of ethylene and carotenoids.

3.3 The Effect of the Irrigation Depths on the Water Use Efficiency

The maximum efficiency in the water use was recorded with the application of 380 mm and 409 mm (50% ET¢).
This first volume corresponded to a WUE of 31.0 kg m™ and the second to 31.0 kg m™ (Figure 2C). The higher
WUE of plants at 50% ETc agreed with the results obtained with the application of lower irrigation depths in this
crop in Turkey (Topcu et al., 2007), Southern Italy (Patan¢ et al., 2011) and Saudi Arabia (Al-harbi et al., 2015).

The estimates of WUE with the application of 50% of the irrigation depth in this study (31.0 and 24.1 kg m™)
where higher than the values reported by Ismail and Mousa (2014), which observed WUE values of 19.2 kg m™.
However, the results found in the present study are similar to the ones obtained by Marino et al. (2014) and
Al-harbi et al. (2015), which reported WUE values of 35.1 and 31.4 kg m>, respectively. According to some
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studies, the greater use of water in conditions of water deficit stems from the reduction of losses by evaporation
(Geerts & Raes, 2009; Steduto & Albrizio, 2005). Additionally, water deficit can stimulate the development and
distribution of roots, which promotes a higher absorption of water and nutrients, resulting in higher productivity.

As shown in Figure 3, the best combination of the three components (productivity, content of lycopene and WUE)
was recorded with the application of 100% ETc (Figure 3). The market does not pay for the content of lycopene
in the fruits of tomato, thus, the irrigation depth of 100% ETc, capable of providing higher productivity, should
be used as reference in the production of tomato. The content of lycopene of fruits with this irrigation depth

corresponded to 59.1 in the Winter/Spring and to 75.9 pg g in the Summer/Autumn, experiments.
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Figure 3. Productivity, content of lycopene in fruits, and water use efficiency in the two cropping seasons
Winter/Spring (A), and Summer/Autumn (B), under different irrigation depths

4. Conclusion

The levels of irrigation affected the productivity, the content of lycopene in fruits and the water use efficiency.
The yield of fruits was higher with the application of 112% of the irrigation depth recommended for this crop.
The content of lycopene and the water use efficiency were maximum with the application of 50% of the
irrigation depth recommended for this crop. The irrigation depth of 100% provided the best combination of the
components under study (higher productivity, higher lycopene content, and higher water use efficiency).
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