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Abstract

Glasshouse experiments on long-term common deficit irrigation (DI) and alternating deficit irrigation
causing partial root-zone drying (PRD) were performed on fresh tomato plants. The treatments
started after the appearance of fruits on the first cluster and lasted about 100 days. Special split-root
pots were used, enabling root growth of each plant into two halves of the pot. The root system of
fully irrigated plants (FI) was irrigated at 100% of evapotranspiration (ET1o); in PRD plants 50 or 60%
of ET100 was irrigated to only one half of the pot and the irrigation was shifted every 6 days; DI plants
were irrigated using the same amount of water as PRD plants but it was delivered to the whole pot.
Both PRD and DI decreased leaf area and dry weight of shoots, size of fruits, and particularly yield
of fresh fruits by 30% as compared to FI, but they increased water use efficiency, especially in PRD —
by 9%. PRD and DI significantly (p < 0.05) increased dry matter content and total acidity in fruits by
1.2% and 30%, respectively, as compared to FI. PRD and DI also significantly (p <0.05) increased total
content of antioxidants in fresh fruit sap by 7 and 4%, respectively, as compared to FI. The results
obtained in this study clearly suggest that both PRD and particularly the cheaper DI may be used in
future sustainable horticultural production not only to save water but also to manipulate
concentrations of key bioactive and health-promoting compounds in vegetables and fruits.

Keywords: antioxidant activity; deficit irrigation; fruit quality; partial root-zone drying; PRD;
Solanum lycopersicum L.

1. Introduction

Future protected plant production should be energy- and water-saving as well deliver safe,
healthy, and functional food. Tomato is one of the most important vegetable crops grown in
glasshouses and polyethylene plastic tunnels. Tomato fruits play an important role in human diet
worldwide as a source of, among others, antioxidant biomolecules like lycopene, ascorbic acid,
phenolics, flavonoids, and vitamin E [1-4]. As with other vegetables, tomato production under cover
on a big scale near huge metropolises more and more frequently encounters the problem of fresh
water shortage and its resultant high price in many regions of the world. Therefore, research into
improving irrigation water use efficiency for glasshouse tomato production is urgently needed.

Strategies improving water use efficiency (WUE) of plants which are most often investigated
nowadays include common (regulated) deficit irrigation (DI) and alternating deficit irrigation
causing partial root-zone drying (PRD) [5-10]. PRD and DI represent two irrigation strategies which
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differ in soil water dynamics, PRD being more dynamic than DI due to the smaller soil volume to
which irrigation is applied as compared to DI. Under DI reduction in nutrient transport to root
surfaces may be induced due to periods of low soil water content for the whole root zone. Under PRD
the radial flow rate of nitrate to root surfaces may be enhanced by higher local soil water content, a
result of extended wetting/drying processes under PRD. The impact of both deficit irrigation
strategies on plant physiology, WUE, and yield of tomato has lately been intensively investigated
[11-19]. There are also some reports about increased tomato fruit quality in terms of dry matter
content, sugar content, skin colour, and total soluble solid content under deficit irrigation, especially
in processing tomatoes [11,17,20-23]. Increase of antioxidant content in field-grown cultivars of
potatoes [24,25] and in tomatoes [26-28] under drought stress or deficit irrigation has been
discovered; in the latter case there was also an increase in the content of carotenoids, vitamin C, and
phenolics. Deficit irrigation may be regarded as a regulated way of imposing slight soil water stress
by withholding irrigation water. Thus it has the potential to increase the amount of tissue secondary
metabolites including antioxidant content [29,30]. However, until now no information was available
on how different deficit irrigation treatments affect antioxidant content in tomato fruits. In addition,
the most detailed investigations about the effects of DI and PRD on tomato have only been
undertaken for a period of a few weeks during the growing season - it is therefore difficult to draw
conclusions about the long-term effects of those irrigation treatments on the crop. To complement the
aforementioned research, the objective of the present study was to determine the effects of long-term
DI and PRD treatments under glasshouse conditions on yield and quality of fresh tomato fruits with
special emphasis on their antioxidant content as an important property of these fruits for human diet.
Additionally, the study aimed at a comparison of these two different deficit irrigations with respect
to the benefits of their implementation in crop production.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

The experiments were performed on tomato plants (Solanum lycopersicum L., cv. Cedrico) in a
glasshouse during two growth seasons in Cracow, Poland. The seeds were obtained from J.H. Planter
Aps, Ingersvej 4, 2640 Hedehusene, Denmark. Cedrico is a hybrid cultivar of fresh tomato with an
undeterminate growth habit. The seeds were sown into containers filled with peat substrate and then
germinated in a growth chamber at 25°C and at light intensity of 250 pmol m? s, photoperiod 15h
(Scheme 1). After 14 days the seedlings were planted into small pots filled with the starting soil for
tomato seedlings, and then the plants were grown in a glasshouse at 26/20°C day/night. After two
weeks the seedlings were replanted into special 12 L split-root pots (Scheme 1) filled with a mixture
of peat substrate, clay soil and sand (4:1:1 v/v/v). The split-root pots were vertically divided into two
equal halves with a PVC plate and the partition was water sealed with a gap filling adhesive to
prevent water movement between the two halves. In the middle of the upper part of the partition
plate, a piece of PVC was removed, which made it possible to plant the seedling to a depth of 7 cm.
While transplanting, the root system of the seedling was distributed equally to both parts of the pot
so that further root growth of each plant proceeded into both parts of the pot (Scheme 1). This split-
root pot, separating the root system into two halves, made it possible to maintain different water
conditions in each half during PRD treatment. After being transplanted into the split-root pots, the
plants grew in a glasshouse with a regulated temperature ranging from 22 to 30°C (day, 16h) and
from 15 to 20°C (night). Air humidity was monitored only and it changed following the natural
fluctuation. During heavily clouded days the plants were illuminated by lamps (Philips P83 SON-T
AGRO 400) with light intensity of ca. 300 pmol m? s on the top of the canopy. The plants were
fertilized every two weeks with fertilizer Agrecol (20 g per pot) designed for tomato plants
(www.agrecol.pl). During the experimental period, all side shoots were removed. The stem growth

apex was removed after the appearance of one leaf above the 5th flower cluster.
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Scheme 1. Stages of presented experiments on tomato plants in a greenhouse.

2.2. Irrigation Treatments

Until the appearance of fruits on the first cluster and flowering on the second and third clusters,
all plants were watered to 25% of volumetric water content (0), which equalled ca. 80% of water
holding capacity (WHC) of the soil mixture used. The limit of 80% of WHC was chosen to avoid
flooding roots in the pots. Next the plants were subjected to three irrigation treatments: full irrigation
(FI), in which the whole root system was irrigated daily to 25% of O; alternating deficit irrigation,
causing partial root-zone drying (PRD), in which 50% (Experiment 1) or 60% (Experiment 2) of the
irrigation water used in FI was applied to one half of the root system, and the irrigation was shifted
every 6 days when 0 of the drying side decreased to about 6%; and common deficit irrigation (DI), in
which 50% (Experiment 1) or 60% (Experiment 2) of the irrigation water used in FI was applied to the
whole root system. During the whole treatment period, there were 7 and 16 PRD cycles in experiment
1 and 2, respectively. For each treatment 16 plants in four blocks were used. 0 of both halves of all
pots was measured every day before irrigation by TDR system and mean daily O (Figure 1A) for all
treatments was calculated based on 0 of present and previous day as well as the amount of water
added to individual pots or pot halves. Then the plants were irrigated manually based on daily
measurements of 0 in both pot halves of FI plants and the calculation of their mean daily water loss.
Control plants were irrigated to obtain 80% of WHC (0 WHC = 30%) of the pot soil, i.e., O control
plants was set in calculations to 24%. The deficit irrigated plants received 50% (Experiment 1) or 60%
(Experiment 2) of the mean daily water loss of control plants, which was added to only one pot half
(PRD) or spread equally to both pot halves (DI).
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Figure 1. Mean daily volumetric soil water content (A) and cumulative
water use by 16 plants of each treatment (B) under different irrigation
regimes during glasshouse pot experiment on tomato plants.

FI — full irrigation, root system irrigated at 100% of evapotranspiration
(ET); PRD — alternating deficit irrigation, 60% of ET g, irrigated to
only one half of the root system, with the irrigation shifting every 6 days;
DI — common deficit irrigation, 60% of ET,y, irrigated to the whole root
system.

2.3. Measurement of Soil Water Content

Volumetric water content (0) was measured daily in the middle of both halves of all pots by
manual Time Domain Reflectometry (TDR) system CS620 HydroSense® Water Content Sensor with
CD620 HydroSense Display Unit (http://www.campbellsci.com/cs620). The measurements were
performed for the whole profile of the soil in pots by means of 20 cm rods. The CS620 HydroSense
system was calibrated by the manufacturer for typical agricultural soils by the adoption of
appropriate calibration coefficient transforming probe outgoing signals to volumetric water content
values (Instruction manual, HydroSense, Campbell Scientific, Inc.,
http://www.campbellsci.com/cs620). The time course of 0 is presented in Figure 1A as daily mean 6
for pots of FI and DI or for halves of pots of PRD, where every point was calculated as a treatment
mean of O from the previous day after watering (e.g., F1 24%) and the measured 0 of the current day.
To check the reliability of CS620 HydroSense readings obtained for soil mixture used in our
experiments, additional tests were performed, in which water content was measured simultaneously
by CS620 HydroSense and by gravimetric methods. The correlation coefficient between 0 values
obtained by CS620 HydroSense and water content obtained by weighting and drying was high,
statistically significant (at p < 0.05) and amounted to 0.80. Thus, the O determined by CS620
HydroSense for the soil mixture was reliable.

2.4. Harvest of Fruits and Sampling for Quality Determination
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In order to determine yield, fruits were harvested from the first three (Experiment 1) or five
(Experiment 2) clusters of all 16 plants for each treatment. The harvests took place every three days
during the ripening time beginning from the 36th day after the start of the treatment. The fruits were
plucked at the stage of full maturity and their fresh weight was individually determined. Afterwards,
the fruits were dried for 7 days at 60°C and weighted again to determine their dry weight (DW).
Samples of fruit sap were taken from three similarly sized fruits of each tomato plant representative
for the 1st, 2nd and 3rd cluster (Experiment 1) as well as for 2nd, 3rd and 4th cluster (Experiment 2).
After squeezing out, the sap was immediately frozen in liquid nitrogen and stored in deep freezer
at -40°C until measurements. Similarly, three entire fruits per plant were frozen in deep freezer for
quality determination.

2.5. Determination of Plant Growth Parameters

The area, fresh weight (FW) and DW (after 3 days at 60°C) of ten top leaves as well as FW and
DW of stems of 5 plants for each treatment were determined. The leaf area was measured by an area
scanner connected with a computer equipped with the software for plant leaf area determination
(Delta-T SCAN ver. 2.04nc, Delta-T Devices Ltd.).

2.6. Determination of Fruit Quality

The quality of fruits was evaluated on the basis of (A) total content of antioxidants (total
antioxidant activity) in fresh fruit sap as well as in dry matter of the fruits; (B) content of reducing
sugars in fruits; (C) titratable acidity, osmolarity and pH value of fruit sap. The samples of fruit sap
after thawing were centrifuged for 20 min at 18,000 g in a cooled (4°C) centrifuge (MPW-350R,
Poland) and the supernatants were used for measurements of total antioxidants, titratable acidity,
osmolarity and pH value. Whole fruits were used for measurements of total content of antioxidants
in freeze-dried matter (DM) and of reducing sugars in fresh matter. For measurements of total
antioxidant content in dry matter of the fruits, 50 mg of DM of each fruit were extracted for 3 hours
in the dark at room temperature on a shaker (Yellow Line Basic 5.0, 480 cycles/min) in 1.5 mL
Eppendorf vials with 1 mL of 50% ethanol. Next the samples were centrifuged for 20 min at 18,000 g
in a centrifuge (MPW-350R, Poland) and the supernatants were used for determination of total
antioxidants.

2.6.1. Determination of Total Antioxidant Content in Sap and in Dry Matter Of Fruits

The total content of antioxidants (total antioxidant activity) in fresh fruit sap as well as in the
extracts from dry matter of the fruits was measured by DPPH (2,2-Diphenyl-1-picrylhydrazyl)
method according to Brand-Williams, et al. [31] with some modifications [32]. The DPPH protocol
was adapted to 96-well microtitre plates and to the measurement of absorbance by ELISA reader [33].
A 0.5 mM solution of DPPH in methanol was used. Into wells of microtitre plate (flat polystyrene 96-
microtitre plates, Equimed, Poland) first aliquots of 16,5 pL of fruit sap or AA standards (40 uL of 3,
2.5,2,1.75,1.5,1.25,1 and 0.75 mM L-ascorbic acid (AA, SIGMA) or 20-33 uL of 50% ethanol extracts
of DM and next 250 uL 0.5 mM DPPH were pipetted. 0.5 mM solution of DPPH in methanol was also
pipetted to determine the initial absorbance of the DPPH solution. Each sample was pipetted into
three wells. The plate was then covered by a lid and put into the thermostat DTS-2 (Biokom, USA)
for incubation at 37°C for 30 min. The absorbance of each well was determined at 490 nm using ELISA
reader (Bio-Rad Laboratories, Model 680). The results were expressed as mg of AA equivalents per 1
kg DM or 1 L fruit sap, i.e., the quantity of AA required to produce the same scavenging activity as
that in the extract of 1 kg of DM or 1 L of fruit sap. All measurements were performed three times.

2.6.2. Determination of Reducing Sugar Content In Fruits

For measurement of reducing sugar content (RS), 10 g of homogenised pulp were used for each
fruit. Then after 50 ml of water were added and the mixture was boiled for 3 min, RS was measured

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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colorimetrically according to the Samogyi-Nelson method [34,35] and the norms PN-90/75101/07 for
sugar measurements in plant products. Absorbance of samples and glucose standards were
measured by spectral colorimeter (Specol, Carl Zeiss Jena, Germany) at 500 nm.

2.6.3. Determination of Titratable Acidity, Osmolarity and pH Value of Fruit Sap

The total titratable acidity was measured by the titration of 0.5 mL fruit sap with 0.1 N NaOH
after adding the indicator phenolphthalein and the results were expressed as milliequivalents of
alkali per 1L of sap [36]. The pH value of fruit sap was measured by pH-meter pH 211 using a
microelectrode HANHI1330B (Hanna Instruments, Germany). The osmolarity of fruit sap was
measured by osmometer Marcel 0s3000 (Marcel, Poland).

2.7. Statistical Analyses

Both experiments were arranged in a randomized complete block design. For each treatment 16
plants divided into four blocks were used. Both experiments gave similar results, especially regarding
fruit quality. Although both experiments had similar design, they could not be calculated as a two-
year series of experiments because of the different treatment parameters. Thus, in this paper, mainly
the data from experiment 2 is presented as representative for the whole research. Only the yield and
content of antioxidants in sap and DM of fruits from both experiments are presented. The values
presented in the figures for the treatments are mean values of at least 16 measurements of eight
samples collected from different plants. Analyses of variance and comparisons of the treatments
according to Tukey’s test were performed by data analysis software system STATISTICA 12, StatSoft,
Inc., www.statsoft.com.

3. Results

3.1. Soil Water Content During Different Irrigation Treatments

Fully irrigated plants (FI) were watered at 100% of evapotranspiration (ETwo) to 24% of
volumetric water content (0). Therefore, the mean daily O of FI ranged between 20 and 25% during
the whole treatment period (Figure 1A). In alternating deficit irrigation causing partial root-zone
drying (PRD) 60% of ETio was irrigated to only one half of the root system and the irrigation was
shifted every 6 days. Cycles of watering and drying periods caused enormous fluctuations in mean
daily © of both (P and N) halves of the pot ranging from 6 to 34%. Thus in the middle of each cycle
the roots of PRD-treated plants were exposed simultaneously to soil drought on one side of the pot
and to ample irrigation on the other side. In common deficit irrigation (DI) 60% of ET100 was irrigated
to the whole root system. The mean daily © ranged between 12 and 20% during the first seventy days
of the treatment. However, during further treatment, they were close to the values of FI in spite of
the reduced irrigation volume (Figure 1A). Such effect was not observed during the shorter (42 days)
DI treatment in the Experiment 1 (data not shown).

3.2. Characteristics of Tomato Plants Under Different Irrigation Treatments

The tomato cultivar Cedrico used in the experiments has an undeterminate growth habit so the
stem growth apex of all plants was cut after the appearance of one leaf above the 5th cluster. At the
end of the treatment, the ten upper leaves of FI plants had a bigger area and significantly higher dry
weight than those of PRD and DI plants (Table 1). The total water use for FI at the end of the treatment
amounted to about 40% more than that for PRD and DI (Table 1, Figure 1B), and PRD plants had the
highest water use efficiency, significantly exceeding that of FI and DI (Table 1).

Table 1. Characteristics of tomato plants and water use under different irrigation conditions during glasshouse

experiment. FI — full irrigation, root system irrigated at 100% of evapotranspiration (ETi0); PRD - alternating

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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deficit irrigation, 60% of ET1o irrigated to only one half of the root system, with the irrigation shifting every 6

days; DI — common deficit irrigation, 60% of ET1w irrigated to the whole root system.

\4%
Area of ten DW of ten upper . -ater tse
Total water use efficiency (g FW
Treatment  upper leaves of leaves and stem s T
lants (m?) (®) (L plant?) of fruits L-
P water)
FI 1,610 a* 166,8 a 99,4 a 27,8b
PRD 1,096 a 112,5b 61,0b 30,3a
DI 1,224 a 121,8 b 61,9 b 28,1b

*Means within each parameter which do not have letters in common are significantly different at p < 0.05

according to Tukey’s test.

3.3. Quality of Tomato Fruits Under Different Irrigation Treatments

The yield of fruits in FI was about 30% higher in comparison to PRD and DI (Figure 2A), while
the yield in PRD was 5% higher compared to DI though the difference was not statistically significant.
A similar reduction of 26% in fruit yield in PRD and DI as compared to FI was observed during an
experiment with deficit irrigation at the level of 50% of ETiw (Figure 2A Inset). Similarly, the mean
fresh weight of individual fruits was significantly higher in FI in comparison to PRD and DI (Figure
2B). However, the fruits in FI had significantly lower DW content than those in PRD and DI, and the
difference exceeded one per cent, which constitutes above 12% of the whole DW (Figure 2C).

PRD plants had significantly higher content of antioxidants in fresh fruit sap (Figure 3A) as well
as in dry matter of the fruits (Figure 3B) in comparison to FI plants in both experiments performed.
In experiment 2 the differences amounted to 7% and 2%, respectively. Interestingly, DI plants in this
experiment had higher content of antioxidants in fresh fruit sap (Figure 3A) but lower in dry matter
of the fruits (Figure 3B) in comparison to FI plants. However, the differences were not statistically
significant.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Characteristics of tomato fruits harvested from plants growing under different irrigation regimes
during glasshouse pot experiment. Total yield of edible fruits from the first five clusters (A; inset presents the
yield of three clusters in an experiment with deficit irrigation at the level of 50% of ET100), mean FW of individual

fruits (B), content of dry weight (DW) in fruits (C).
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Figure 3. Total content of antioxidants (total antioxidant activity) in equivalents of ascorbic acid (AA) in sap (A)
and in dry matter (B) of tomato fruits harvested from plants growing under different irrigation regimes during

two glasshouse pot experiments.

FI - full irrigation, root system irrigated at 100% of evapotranspiration (ET1iw); PRD — alternating
deficit irrigation, 60% of ETiw irrigated to only one half of the root system, with the irrigation shifting
every 6 days; DI - common deficit irrigation, 60% of ET1 irrigated to the whole root system.

Means which do not have letters in common are significantly different at p < 0.05 according to
Tukey’s test.

Both PRD and DI caused an increase in the content of reducing sugars in fruits in comparison to
FI (Figure 4A). This rise was particularly marked in PRD and amounted to 12%. Parallel to the
increased content of reducing sugars in fruits, a significant rise in osmolarity was observed in fruit
sap in both PRD and DI, by 17 and 14%, respectively, as compared to FI plants (Figure 4B). Similarly,
the total titratable acidity of fresh fruit sap increased significantly in both DI and PRD in comparison
to FI (Figure. 5A). The increase in acidity of sap was immense in both deficit irrigation treatments
and amounted to above 30%. Parallel to the increase in acidity there was a significant decrease in pH
value of fruit sap in both PRD and DI treatments in comparison to FI (Figure 5B).

FI - full irrigation, root system irrigated at 100% of evapotranspiration (ETiw); PRD — alternating
deficit irrigation, 50% (Experiment 1) or 60% (Experiment 2) of ETw irrigated to only one half of the
root system, with the irrigation shifting every 6 days; DI — common deficit irrigation, 50%
(Experiment 1) or 60% (Experiment 2) of ET1o irrigated to the whole root system.

Means which do not have letters in common are significantly different at p < 0.05 according to
Tukey’s test.
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Figure 5. Total titratable acidity as milliequivalents of alkali per 1L of sap (A) and pH values (B) of sap from
tomato fruits harvested from plants growing under different irrigation regimes during glasshouse pot

experiment.

FI - full irrigation, root system irrigated at 100% of evapotranspiration (ET100); PRD - alternating
deficit irrigation, 60% of ETw irrigated to only one half of the root system, with the irrigation shifting
every 6 days; DI — common deficit irrigation, 60% of ET1w irrigated to the whole root system.

Means which do not have letters in common are significantly different at p <0.05

FI - full irrigation, root system irrigated at 100% of evapotranspiration (ET1iw); PRD — alternating
deficit irrigation, 60% of ETiw irrigated to only one half of the root system, with the irrigation shifting
every 6 days; DI — common deficit irrigation, 60% of ET1w irrigated to the whole root system.

Means which do not have letters in common are significantly different at p < 0.05 according to
Tukey’s test.

4. Discussion
4.1. Plants Growth and Water Use Efficiency

According to the literature, there is almost no doubt that all kinds of deficit irrigation inhibit
vegetative growth of plants [5,37-40]. Also in our experiments both PRD and DI decreased the size
of tomato plants by reducing their leaf area and DW by 32 and 33% (PRD) and 24 and 27% (DI),
respectively, as compared to FI (Table 1). Very similar reductions by about 30% of the total tomato
plant dry mass for both types of deficit (50%) irrigations compared with the control were reported by
Tahi et al. (2007). In turn, Campos et al. (2009) observed that three different levels of PRD reduced
the size of tomato shoots proportionally to the amount of available water during different PRD
treatments. Conversely, the effect of different modes of deficit irrigation on the yield of tomato fruits
has not been unequivocally elucidated up to now. Several studies found no significant yield
reductions under PRD or DI conditions [11,21] but other reports showed significant decrease of yield
in comparison to FI plants [41,42]. In the current study, PRD and DI treatments, in which there was
a significant decrease in fresh fruit yield, saved 40% of irrigation water in comparison to FI (Figure
1B, 2A). The yield reduction was slightly smaller in PRD than in DI. The yield reduction in PRD and
DI plants was due mainly to the decreased size of tomato fruits (Figure 2B). However, the fruits in
PRD and DI had significantly higher dry matter content, exceeding that of FI fruits by ca. 1.2% (Figure
2C), which partly compensated for their lower yield of fresh matter of fruits. Additionally, the fruits
in PRD plants were produced with significantly higher WUE in comparison to FI or DI plants (Table
1). WUE was increased by about 9% in PRD and 1% in DI plants compared to FI plants. Thus, PRD
irrigation may be a promising technique for saving water especially in the regions where fresh water
is highly expensive.

4.2. Quality of Tomato Fruits and Level of Antioxidants

The quality of fruits plays a crucial role in the production of fresh and processing tomatoes
because of the important function of tomato fruits in human diet as a source of bioactive molecules
like lycopene, ascorbic acid, phenolics, flavonoids and vitamin E [1-3]. So apart from yield and
production costs, the most important factor for future tomato production to be considered is the
quality and the content of these bioactive plant molecules. It is of great interest that in the present
study almost all investigated parameters of fruits” quality were higher in PRD and DI than in FI. The
total content of antioxidants in fruit sap in PRD plants was significantly higher than in FI plants
(Figure 3A), and the same was observed in dry matter of fruits, although the difference was not
statistically significant (Figure 3B). Antioxidants are thought to be important in the prevention of
some diseases such as cancer and cardiovascular disease. Their content in tomato fruits depends on
genetic and environmental factors as well as on the agricultural techniques used [26,43-45]. The
presented results show clearly and for the first time that deficit irrigations, especially alternating
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deficit irrigation causing PRD, significantly increase the level of total activity of antioxidants in fresh
tomato fruits in comparison to FI. Earlier studies have shown that decrease in soil water availability
caused an increase in the content of the main antioxidants in tomato fruits such as carotenoids
(lycopene), vitamin C and phenolics [20,26,40,42,46-48]. In our experiments common deficit irrigation
(DI) increased the level of antioxidants in fruit sap compared to FI but the increase was not significant,
while in DM of fruits the content of antioxidants increased slightly in experiment 1 and even
decreased in experiment 2 (Figure 3). The bio-physiological mechanisms underlying the significantly
higher level of antioxidants in fruits in PRD and partly in DI than in FI remain unknown and merit
further investigation. One explanation for this phenomenon in PRD might be that it is an adaptation
mechanism to alternating stress conditions of the root system, namely deep water shortage of one
side of the root system and relatively good water availability of the other side. These conditions may
have amplified secondary metabolism and caused the accumulation of secondary metabolites, mainly
of phenolics, which have antioxidant properties. The differences between PRD and DI are seemingly
connected to the higher soil water dynamics under PRD compared to DI and may result in both
altered root ABA production and nutrient uptake under similar level of water saving [39,49]. In the
literature there are some reports about the increase of antioxidant activity under PRD conditions in
strawberry [50], potato [25] and grape [51]. In the latter case the increase in antioxidant activity in
response to PRD treatment was associated with an increase in anthocyanin and phenolic
concentration.

Other characteristics of internal quality of fresh tomato fruits such as content of reducing sugars
(Figure 4A), total acidity (Figure 5A), and dry matter content (Figure 2A) were significantly higher in
fruits in PRD than in FI. All these parameters are important for the taste and nutritive value of tomato
fruits [20,36,52]. A similar increase in some parameters of tomato fruit quality in DI or PRD compared
to FI plants was observed by Zegbe-Dominguez et al. [21] and Xu, et al. [53] for processing tomato
and by Campos et al. [11] for salad-type tomato. In turn, the increase in osmolarity of fruit sap,
observed under PRD and DI conditions in the present study (Figure 4B), may contribute to tolerance
against salinity stress, which often occurs during long-term tomato growth in pots or soilless systems
[54].

5. Conclusions

Long-term common (DI) and alternating (PRD) deficit irrigations of tomato plants saved 40% of
irrigation water while reducing fruit yield but increasing WUE — by as much as 9% in the PRD
treatment. PRD and DI increased dry matter content in fruits by 12% and their total acidity by 30%
as compared to FI. PRD and DI also increased total content of antioxidants in fresh fruit sap by 7 and
4%, respectively, as compared to FI. Thus alternating and common deficit irrigations were proved to
have evident advantages in tomato plants, improving WUE, fruit quality, and especially the content
of antioxidants. The results obtained in this study clearly suggest that PRD and especially the
technically cheaper DI may be used in future sustainable horticultural production not only to save
water but also to manipulate concentrations of key bioactive and health-promoting compounds in
vegetables and fruits.
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Abbreviations

The following abbreviations are used in this manuscript:
AA  L-ascorbic acid
DI common deficit irrigation

DM  freeze-dried matter

DPPH 2,2-Diphenyl-1-picrylhydrazyl
DW  dry weight
ET100 100% of evapotranspiration

FI fully irrigated plants

FW  fresh weight

PRD alternating deficit irrigation causing partial root-zone drying
RS reducing sugar content

TDR Time Domain Reflectometry

WHC water holding capacity

WUE water use efficiency

0 volumetric water content
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