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Controlled comparisons between soil and hydroponic systems reveal e
increased water use efficiency and higher lycopene and f-carotene contents
in hydroponically grown tomatoes

Salvatore Gaetano Verdoliva, Dylan Gwyn-Jones, Andrew Detheridge, Paul Robson *

Institute of Biological, Environmental and Rural Sciences (IBERS), Aberystwyth University, Gogerddan, Aberystwyth, Wales, SY23 3EE, United Kingdom

ARTICLE INFO ABSTRACT

Keywords: There are many different types of systems used to grow food that are distinguished by ideology or the technology
Deep Water culture used. It is often difficult to directly compare yield and quality in different growth systems due to the complicated
Fertilization interactions between genotype, physiology and environment. Many published comparisons do not identify and
E;f;;:s:lc acknowledge confounding factors. However, there is urgency to undertake controlled comparisons to identify the
Tomato most efficient and effective food production systems, because the world faces considerable challenges to food

supply with population rise, ongoing environmental degradation and the threat of climatic change. Here we
compared soil with two hydroponic growth systems, drip irrigation and deep-water culture (DWC). It is often
claimed that such systems differ in water use, yield and crop quality; however, such comparisons are often
confounded by assessing plant and system parameters in different growth environments or where factors that are
difficult to standardise between systems, such as nutrient status, are not controlled. We grew tomato (Solanum
lycopersicum L.) in the three growth systems in two replicated experiments, in either a polytunnel or glasshouse.
We controlled and monitored water use and nutrient levels across all systems as different fertilizer applications
can influence the nutritional values of produce. Plants in the two hydroponic systems transpired less water and
were more water-efficient with a lower product water use than plants grown in soil. Fruit yield was similar and
total soluble solids and sugar levels were not significantly different between the three growing systems. However,
levels of lycopene and B-carotene were either similar or significantly higher in DWC compared to growth systems
using soil or drip irrigation. Our results identify hydroponic systems as more water use efficient with DWC also
capable of producing higher quality produce.

Water use efficiency

1. Introduction (Jensen, 1999). Controlled environment agriculture (CEA) may be

considered as an extension of covered crop production and horticulture

Food production is facing many global challenges such as adapting to
climate change and the resulting extremes of weather, the increasing
and increasingly urbanised human population, challenges to the supply
of macronutrients such as phosphorus and the need to reduce the impact
of agrochemicals on the environment. These challenges occur at a time
when there is a potential slowdown in improvements in yield per unit
area for some crops and large-scale degradation of land used for food
production for example from irrigation and the increase in saline land
(Brekke et al., 2011). There are many possible solutions to specific
challenges, one is to produce more food within controlled environments

but includes hydroponics and the application of novel technologies such
as light-emitting diodes (LEDs) (Darko et al., 2014), robotics and im-
aging and some speculative high tech approaches including intensive
urban vertical farming (Despommier, 2013; Touliatos et al., 2016). Such
approaches do not always require hydroponics but growing plants in the
absence of soil has many potential benefits. One example is that the
harvested products (leaves or fruits) contain fewer soil particles (Gon-
nella et al., 2004) which leads to less soil-borne disease and fewer
washing treatments with a consequent saving in water and energy.
Furthermore, closed hydroponic systems can substantially reduce the

Abbreviations: DI, drip irrigation; DW, dry weight; DWC, deep water culture; EC, electrical conductivity; NFT, Nutrient Film Technique; PWU, product water use;
S, soil; TAA, total antioxidant activity; TSS, total soluble solids; WUE, water use efficiency; CEA, Controlled environment agriculture.
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pollution of water sources, while contributing to a reduction in water
and fertilizer consumption (Carmassi et al., 2005; Bar-Yosef, 2008).

In general, hydroponic systems allow flexibility and intensification,
providing high crop yield and high-quality products, even in areas with
adverse growing conditions (Grillas et al., 2001). In hydroponic systems,
soil preparation and weed control are avoided and land not suitable for
conventional soil-based cultivation can be used. Horticulture using
conventional soil systems is facing new challenges, for example soil
sterilization is becoming difficult (Matthiessen and Kirkegaard, 2006)
due to international efforts to reduce the use of ozone depleting sub-
stances such as Methyl Bromide (Marcotte, 1998). This compound not
only increases the levels of ammonium while altering the soil microbial
community (Yamamoto et al., 2008), but also is harmful to humans and
banned in several countries (The Montreal Protocol on Substances that
Deplete the Ozone Layer, 1987). The application of hydroponics using
artificial substrates could minimise the need for chemical pest control
(Polycarpou et al., 2005). Hydroponics is also ideal for holistic control of
crop development, quality and uniformity (Ho, 2004; Gruda, 2009) and
yield has been reported to be up to 20 times higher (per area) than
equivalent open field systems (Jensen, 1999).

Crop quality has attracted increasing interest recently and for some
consumer’s the choice of food includes consideration of health values
along with taste (Ho, 2004). Some plant compounds have been linked to
potential health benefits, for example, anthocyanin showed
anti-carcinogenic activity in cell culture models and in animal model
tumour systems (Wang and Stoner, 2008). Levels of other pigments have
been suggested to be important, leading to the general advice to eat a
more varied and colourful diet (WHO, 2005). More specifically, some
pigments can protect lipoproteins and vascular cells from oxidation
which is the widely accepted theory for the genesis of atherosclerosis
(Willcox et al., 2003).

The tomato is a staple product in many different countries and is the
second most important vegetable crop next to potato in terms of pro-
duction quantity (FAOSTAT, 2018). In fact, current world production is
about 100 million tons fresh fruit from 3.7 million ha (FAOSTAT, 2001)
with an annual value estimated to be around $65.4 billion (FAOSTAT
2016). Tomatoes contain high levels of important pigments such as
lycopene and the inclusion of tomatoes in the diet can be linked to a
lower risk of cancer (Giovannucci, 1999). Tomatoes are routinely grown
in both soil and hydroponic systems and produce has been compared
from these different production systems. For example, Kunsch et al.
(1994) found that tomatoes grown hydroponically had a higher sug-
ar/acid ratio compared to tomatoes grown in soil and tomatoes grown
hydroponically by Nutrient Film Technique (NFT) were firmer and
higher in vitamin C (Benoit and Ceustermans, 1987). Tomatoes grown
using NFT had higher levels of titratable acids and potassium levels
compared to tomatoes grown in peat bags (Cronin and Walsh, 1983). In
some studies tomatoes grown in soil were reported to have improved
quality characteristics, for example, Granges (1980) found that
soil-grown tomatoes had a higher dry matter. Levels of ascorbic acid
were increased by growing tomatoes on organic substrates when
compared with peat-perlite (Premuzic et al., 1998) and during
post-harvest storage, hydroponic-grown tomatoes synthesised lycopene
at a lower rate compared to soil-grown tomatoes (Ajlouni et al., 2001).

The comparisons of quantity, quality or efficiency of production
between culture systems is complicated by inappropriate control of
factors that differ between systems. For example, the quality of tomatoes
is influenced by the environment in which the crop is grown, this in-
cludes light levels and the nutrient content in the feed. High proportions
of potassium in the nutrient solution can increase the production of
lycopene and total soluble solids (TSS) (Fanasca et al., 2006) and a
higher presence of sulphur can increase the production of lycopene
(Zelena et al., 2009) while low N results in a positive effect on vitamin C
and some phenolics (Erba et al., 2013). Thus, a number of comparative
studies may have been confounded by the complex environmental in-
teractions that impact tomato crop quality and some studies simply
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made comparisons of marketed produce between different production
systems (Hernandez Suarez et al., 2007, 2008). Decisions to adopt ap-
proaches in agriculture should include controlled comparisons between
production systems in which factors that may impact on crop quantity or
quality are as far as possible monitored and standardised between
growing systems. One example of the potential for confounding factors
to obscure accurate conclusions is the recent interest in the relative
benefits of organic and conventional growth systems. Some of the dif-
ferences reported for example in TSS attributed recently to growing
systems may actually be attributed to varieties, disparities in agronomic
practices and differences in harvest stages (Pieper and Barrett, 2008).

The aim of our experiments was to provide a controlled comparison
between three different growth systems to reduce the impact of con-
founding factors. We compared the production of tomatoes growing at
the same location in either soil, deep water culture or drip irrigation.
Similar levels of key nutrients N, P, K, Ca, Mg and S were supplied across
all three growing systems and we examined the uptake of nutrients by
the crop and water use efficiency between systems. We replicated ex-
periments in two different growth environments, a polytunnel and
glasshouse. This ensured that our conclusions were generalisable across
the most popular growth environments for tomatoes. We compared total
yield and growth rates and recorded environmental variables including
temperature and relative humidity (RH) throughout the experiments.
The nutritional quality of the harvested tomatoes was compared in terms
of levels of lycopene, the total antioxidant activity (TAA) and TSS in
harvested fruit.

2. Materials and methods

The study took place at the Institute of Biological, Environmental and
Rural Sciences (IBERS), Aberystwyth University Gogerddan Campus
(Wales, United Kingdom) during late summer 2018 and spring 2019
using seeds of round tomato cv. Forticia F1 (Rijk Zwaan seeds, Holland).
Seeds were sown in low nutrient soil plugs (S) (Bulrush Horticulture
Ltd), in 2 em® cubes rockwool (Grodan Rockwool B.V., Holland) with
drip irrigation (DI) and in 2 cm? cubes inert growing sponge (Changzhou
Dengyue Sponge Co., Ltd.) for deep-water culture (DWC). However, the
inert sponge was found to perform poorly in the first experiment in the
polytunnel and subsequently rockwool was used in both soilless systems.
Plants were grown to seedling stage in the two environments and
watered with the standard nutrient solution used in the rest of the
experiment. After 3 weeks the established seedlings were transferred to
the larger growing units, either into a larger soil volume or inserted into
the polystyrene float or rockwool slab as described below for the two
hydroponic systems. The seedlings were transferred on 06/08/2018 in
the polytunnel experiment and on 04/03/2019 in the glasshouse
experiment to allow comparisons from contrasting temperature profiles
in the two environments. The experimental design within each envi-
ronment was fully randomized with 7 replicates per treatment. Plants
were grown until the first truss and the vegetative growth was stopped
on the 8th week and only 3 leaves were maintained after the first truss
(Jiang et al., 2017). Once per week side shoots were removed. Fruit were
pruned to four per truss (Fig S1), following the commercial practice as
discussed in Wu and Kubota (2008) and fruits were harvested on the
same day from all the three treatments. During the whole growing
period, temperature (minimum and maximum) and relative humidity
were recorded using data loggers placed in the growing area (Tinytag
Ultra 2, Gemini Data Loggers, UK). At the end of the experiments the
numbers of fruit harvested was recorded; in the polytunnel experiment
low night temperatures during the ripening stage resulted in the loss of
some fruit, but losses were never more than one fruit per truss.

Soil treatment (S).

In the polytunnel experiment, the growing unit was a 35 L pot and in
the glasshouse experiment, the growing unit was a 14 L pot. The soil
media used was Bulrush compost (Bulrush Horticulture Ltd, Magher-
afelt, UK) which has a negligible nutrient content as measured by the
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manufacturer (Table S1). During the experiment each plant was irri-
gated by a dripper that supplied nutrient solution. The soil treatment
was provided with the same nutrient solution as the other treatments.

Drip irrigation (DI) treatment.

Seedlings were established in 2 cm?® rockwool (Grodan Rockwool B.
V., Holland) which were inserted into larger rockwool slabs. Rockwool is
inert and lacks nutrients providing only mechanical support. The
Rockwool slabs were placed on top of a rounded container in order to
collect the excess flow of the nutrient solution after each irrigation
event. The excess solution was collected along with previous irrigations
to further irrigate the plants, making a complete closed-loop from which
total nutrient supplied and water use could be determined.

Deep water culture (DWC) treatment.

Seedlings were sown in the polytunnel into 2 cm® growing sponge
cubes (Changzhou Dengyue Sponge Co., Ltd.) and placed in a poly-
styrene disc floating on the liquid surface in a 35 L pot. In the glasshouse
experiment the same size rockwool cube was used and the seedlings
were placed in a polystyrene disc floating on the liquid surface ina 14 L
pot. In both cases the liquid was the nutrient solution of the same
composition as other treatments. The polystyrene float in both cases
covered most of the liquid surface. The pot was covered internally with a
plastic film to prevent leakage and at the bottom was placed an air stone
to keep the solution oxygenated and avoid root anoxia.

The nutrients supplied were the same across all three treatments and
both experiments. The fertilization formula was based on Kaya and
Higgs, 2002 (Table S2) and was adjusted to account for nutrients in the
compost (Table S1). The nutrient solution was periodically checked, and
pH and electrical conductivity (EC) were recorded and adjusted. The pH
was maintained between 5.5 and 6.0. EC was kept low during the initial
4 weeks to aid acclimation and subsequently, to reach the desired levels
of nutrients, EC was increased to 2.4 mS cm™ . The nutrient levels were
measured using ion exchange chromatography on a Metrohm IC 700
series system fitted with Metrosep A sup 5 anion column and a Metrosep
C4 250/C4 cation column (Metrohm AG, Switzerland). These samples
were collected on a weekly basis for DI and DWC in the polytunnel
experiment (2018) and on a bi-weekly basis in the glasshouse experi-
ment (2019).

Crop parameters were estimated as detailed in Hussain Shah et al.,
2011 and briefly as follows. Plant height was measured from the media
surface to the uppermost leaf node weekly until vegetative growth
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stopped. Biomass was measured as the fresh weight of aerial biomass
including all pruned parts. Dry weight was estimated after drying the
aerial biomass at 80 °C until constant weight was achieved. Yield (fresh
weight of fruit per plant in grams) was measured as the weight of tomato
fruit without the vine which was considered part of the aerial biomass.
Fruit were harvested only when at least three out of four fruits per truss
reached the “Red” stage of the U.S. Tomato Grades and Standards
(United States Standards for Grades of Fresh Tomatoes, 1991) (Fig. 1).

Water consumed was recorded on a weekly basis in both soilless
systems as the water required to refill each independent growing unit to
a pre-set maximum level. The water consumed in the soil system was
estimated from the flow rate of the drippers (L h™!) and number of
irrigation events per day. In both experiments were placed three
growing units with soil without plants and three hydroponic units
without plants. These growth units were treated the same as those
containing plants and used to estimate evaporative loss. By subtracting
the averaged evaporative loss from the total water used in the soil and
hydroponic systems in growing each plant, total transpired water was
estimated which was used to calculate water use efficiency (WUE). The
WUE was calculated as the fresh weight of fruit produced per litre of
transpired water. Product Water Use (PWU) was estimated as the total
volume of evapotranspired water used to produce one kilogram of fresh
produce (Nederhoff and Stanghellini, 2010).

Total soluble solids (TSS) were determined from the refractive index
using a refractometer (HI-96,801 Hanna Instruments Ltd. USA) ac-
cording to the methodology of Patane et al. (2017). All four fruits from
each plant were homogenized to produce a representative sample purée.
A drop of the tomato purée was placed on the prism of the refractometer
and the reading was recorded in °Brix (AOAC, 1990).

To estimate total antioxidant activity (TAA) a modified colorimetric
assay using DPPH (2, 2-diphenyl-1-picrylhydrazyl) was used (Barbagallo
et al., 2013). Each analysis comprised 3 technical replicates. To 2 mL of
freshly prepared DPPH stock solution (25 mg in 100 mL methanol) was
added 100 pL of tomato extract (1 g mL™! in methanol) or 100 pL of
methanol (control) and mixed thoroughly. After incubation at room
temperature for 30 min in the dark the absorbance was measured at 517
nm using a UV-vis spectrophotometer compared with the control assay
lacking tomato extract. When a solution of DPPH is mixed with a sub-
stance that can donate a hydrogen atom it gives rise to the reduced form
with the loss of violet colour (Molyneux, 2004), therefore total

Fig. 1. Example of the different ripening stages of tomatoes. At 9 weeks after transplant stage 2 “BREAKERS” (A) and at the harvest stage 6 “RED” (B) (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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antioxidant activity was calculated from the absorbance using the
following equation:

T.AA. (%) = (Control absorbance

— Sample absorbance) / Control absorbance

To estimate lycopene and f-carotene contents of the fruit a 4:6
mixture of acetone:hexane (10 mL) was added to one gram of tomato
sample in a 15 mL test tube and the mixture was homogenized. The
optical density of the polar extract supernatant was determined at 663,
645, 505 and 453 nm in a glass cuvette (1400 pL). The values of lyco-
pene and p-carotene (mg 100 mL ') were calculated using equations 2
and 3 respectively (Nagata & Yamashita, 1992):

Lycopene(mg 100mL™") = — 0.0458 * A663 + 0.204  A645 + 0.372
* A505 — 0.0806 * A453

Bearotene(mg 100mL ") = 0.216 * A663 — 1.22 x A645 — 0.304 x A505
— 0.452 %« A453

Where A453, A505, A645 and A663 are the absorbance values at 453,
505, 645 and 663 nm respectively.

All results were analysed using R version 3.0.3 (The R Development
Core Team, 2010). Equality of variance was tested using Levene’s test
and a one-way ANOVA was used to test for significant differences be-
tween the treatments.

3. Results

The polytunnel and glasshouse environments combined with the
later sowing time in the polytunnel provided quite different environ-
ments in which to test the three growing systems (Figure S2). In the
polytunnel experiment the minimum night temperatures were low
especially in October and in November (Table 1). In October the mini-
mum monthly average was 6.5 °C + 0.8, but for several days in the last
week minimum temperature values of below 0 °C were recorded
(Fig. S2B). Although the daily averages in the first month of growth
(vegetative stage) were quite similar in both the experiments (21.1 °C +
0.5in 2018 and 21.9 °C + 0.2 in 2019), the daily temperatures differed
by around 5 °C during the first stage of fruit set (18.0 °C + 0.5 in 2018
and 23.0 °C % 0.3 in 2019). These differences were more than 8 °C in the
3rd month (15.0 °C & 0.6 in 2018 and 23.7 °C 4 0.2 in 2019), and more
than 11 °C during the last part of the ripening stage in the 4th month
(12.2°C + 0.6 in 2018 and 23.6 °C + 0.3 in 2019).

In the polytunnel experiment no significant differences in any
nutrient contents of the fertigation solution were detected; however, in
the glasshouse experiment and more specifically during the 4th week of
growth, there were differences in phosphate levels (Fy 13 = 12.01, p =
0.00467). Across the whole experiment in the glasshouse, higher levels
of ammonium were measured in solution from the DI system (Fy 13 =
12.91, p = 0.0037)) (Fig.2). However, these levels of ammonium were

Table 1

Monthly averages of relative humidity (RH), minimum (Tmin) and maximum
(Tmax) temperature recorded during both experiments in a polytunnel (2018)
and glasshouse (2019).

Month Polytunnel (2018) Month Glasshouse (2019)
Tmin Tmax RH Tmin Tmax RH
August 12.8 29.1 51.5 March  18.1 28.8 59.1
+ 0.6 + 1.0 +29 + 0.1 + 0.7 + 1.4
September 9.9 + 27.1 57.9 April 18.5 30.5 62.1
0.6 + 0.9 +27 +0.2 +0.7 +1.6
October 6.5 £ 23.9 66.8 May 19.3 30.0 64.7
0.8 + 0.9 +29 + 0.2 +0.5 +1.3
November 57 + 17.9 71.6 June 19.8 30.5 67.8
0.6 + 0.9 + 2.8 +0.1 + 0.9 + 1.5
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very low (<1 ppm) and are likely to be of negligible significance.

There was a significant effect of cultivation system on total water
consumed in both the polytunnel (Fy 15 = 46.79, p = 7.39 X 1078 and
the glasshouse experiments (Fp 18 = 65.41, p = 5.54 x 10°) and the
ranked order was similar in both experiments. In the polytunnel, plants
grown in soil consumed the highest amount of water (87.44 + 3.97 L)
and DWC the lowest (41.70 + 8.14 L) whilst plants in the DI system
consumed intermediate amounts of water (70.34 & 12.55 L). Similarly,
in the glasshouse, plants grown in soil consumed the highest amount of
water (102.89 + 4.14 L) and DWC the lowest (48.07 + 8.3 L) and again
plants growing in the DI system were intermediate in their water con-
sumption (92.53 + 13.64 L). When comparing the two experimental
settings, polytunnel and glasshouse, plants in the DWC system consumed
a similar amount of water (Fy,12 = 2.09, p = 0.173), this was despite
there being very different climatic conditions especially in the latter part
of the growth cycle (Figure S2, Table 1).

In the polytunnel experiment WUE was not significantly different
between the three growth systems (Fo18 = 2.007, p = 0.163) but the
ranked order in WUE was DWC > DI > S; however, in the glasshouse
experiment there was a significant effect of cultivation system on WUE
(F2,18 = 10.61, p = 0.0009) (Table 2). The trend in WUE in the glass-
house was the same as in the polytunnel, plants grown using DWC
(0.0129 + 0.005 Kg L ~1) and DI (0.0099 =+ 0.0039 Kg L ~) were
significantly more water efficient than those grown in soil (0.0044 +
0.0008 Kg L. ~1).

In the polytunnel experiment the product water use (PWU) was
significantly lower in the DI than S cultivation systems (Fo,15 = 4.831, p
= 0.0209) but in DWC the PWU was not significantly different from
either system. In the glasshouse experiment there was also a significant
effect of cultivation system on PWU (F2,18 =41.36, p =1.86 x 1077) and
each system was significantly different with the trend of decreasing
PWU being DWC < DI < S (Table 2), meaning that soil cultivation
required more water in both experiments to produce the same amount of
fruit.

Vegetative growth in the two experiments stopped at different times
as seen from stem growth because plants reached maturity and devel-
oped the truss at different rates (Fig.3). Although the different flowering
times affected the length of the vegetative stage, the final heights were
not significantly different either when comparing the two experiments
or the three growth systems (Fig. 3), except plants growing in DWC in
the polytunnel experiment due to relatively poor establishment of the
seedlings in this system as described previously.

Total fresh weights and dry weights of vegetative biomass were not
significantly affected by cultivation system in the glasshouse experiment
(Fa,18 = 0.66, p = 0.53; Fo 18 = 1.946, p = 0.172 F W and DW respec-
tively). In the polytunnel experiment, even though plants growing in the
DWC system established slowly, a similar fresh weight was generated in
all three cultivation systems (Fy 15 = 1.458, p = 0.259). However, dry
weight (DW) was significantly different (Fp13 = 4.133, p = 0.033)
(Table 3), and soil grown tomatoes produced significantly more DW
biomass (57.6 + 12.5) than tomatoes grown in DWC (41.7 + 9.9) and
DW values from tomatoes grown with DI were intermediate (49.8 4+ 7.9)
and not significantly different from the other two growth systems. The
variance in biomass values, especially FW, from all three cultivation
systems was considerably higher in the polytunnel experiment than the
glasshouse experiment (Table 3).

Lycopene content, TSS and TAA content were significantly affected
by cultivation system in the polytunnel experiment but these differences
were largely derived from low values associated with the poor initial
growth in the DWC system due to use of growth sponge. The composi-
tion of fruits from plants grown in DI and S were similar. In the glass-
house experiment, cultivation system did not significantly affect TSS and
TAA although values were always lowest in tomatoes cultured in soil
and more similar in the two hydroponic systems. There was a significant
effect of growth system on lycopene content (F3 153 = 32.59, p = 1.04 x
107%) in the glasshouse experiment and fruit of soil grown tomatoes
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Fig. 2. Nutrient levels (ppm) in the hydroponic solutions of tomatoes growing in either deep water culture (DWC) (black line) or using drip irrigation (DI) (light grey
line); the sampling was on a weekly basis in polytunnel grown plants (2018) and bi-weekly in glasshouse grown plants (2019).

Table 2

Total water consumed, water use efficiency (WUE), product water use (PWU) and transpired water in tomatoes growing in soil (S), deep water culture (DWC) and drip

irrigation (DI) in a polytunnel (2018) and glasshouse (2019).

Parameter Growth environment

Growth environment

Polytunnel experiment (2018)

Glasshouse experiment (2019)

DWC DI S DWC DI S

Water Consumption (L plant~?) 41.7 + 8.14° 70.34 + 12.55" 87.44 + 3.97° 48.07 + 8.3° 92.53 + 13.64° 102.89 + 4.14°
WUE (KgL™%) 0.0059 -+ 0.0050 0.0072 + 0.0029 0.0035 + 0.0022 0.0124 + 0.0046° 0.0099 -+ 0.0033° 0.0044 + 0.0008"
PWU (LKg™ ) 325.1 + 89.9%° 192.5 + 68.5° 497.7 + 298.4° 120.2 + 23.7° 224.98 + 30.7° 275.9 + 41.1°
Water Transpired (L plant™?!) 31.8 + 15.3° 57.16 + 9.9° 70.83 + 3.24% 35.83 +11.38° 49.77 + 30.28° 87.64 + 5.65%

Lower case letters indicate significant differences after Tukey’s post hoc test (significance level p < 0.05). Means with standard errors were calculated from 7 replicates.

were significantly lower in lycopene content than fruit grown in both
hydroponic systems (Table 4). An additional quality parameter was
assessed in the glasshouse experiment and there was a significant effect
of growth system on p-carotene content (F3 13 = 10.8, p = 8.29 x 10
and tomatoes grown in DWC had significantly higher levels of f-caro-
tene and the lowest levels were produced by plants grown in soil.

4. Discussion

The benefits of hydroponic culture systems have often been stated
but rarely are cultivation systems compared directly while trying to
control as far as possible environmental variables that may confound
comparisons, particularly when comparing crop quality. Different
growth environments may impact variables more or less significantly for
example warm and cool environments impact vapour pressure deficit
and therefore evaporative stress (Lu et al., 2015) and may reduce or

exaggerate differences in water use (Leonardi et al., 2000). Therefore, it
is useful to compare different environments to allow more generalisable
conclusions. Other environmental parameters may influence nutritional
comparisons. High electrical conductivity (EC) levels can increase TSS in
the tomato fruits (Rodriguez et al., 2019), and nutrients can affect total
antioxidant capacity (Fanasca et al., 2006). To overcome these limita-
tions and potential confounding or obfuscating factors we tested the
three growth systems in both a polytunnel and a glasshouse, two
different growth environments commonly used for tomato cultivation.
The sponge used as support medium in the DWC system in the pol-
ytunnel experiment in 2018 resulted in relatively poor establishment of
the seedlings although once established plants displayed similar growth
rates across all three systems (Fig.3), biomass accumulation was not
significantly different and fruit production was completed in all three
growth systems. The two experiments exposed tomatoes to quite
different average temperatures, 8.7 °C + 0.4 in the polytunnel and 18.9
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Fig. 3. Stem growth of tomato plants growing in soil (light grey line), and two hydroponic systems, drip irrigation (DI) (black line) and deep-water culture (DWC)

(dark grey line) in either a polytunnel (A) or glasshouse (B).

Table 3

Fresh weight of biomass (FW), total dry weight (DW) and total fruit per plant and fruit weight (Yield) per plant of tomatoes growing in soil (S), and two hydroponic

systems; deep water culture (DWC) and drip irrigation (DI).

Parameter Growth environment Growth environment

Polytunnel experiment (2018) Glasshouse experiment (2019)

DWC DI S DWC DI S
FW (g) 594.69 + 172.5 649.8 + 128.4 739.4 +£174.9 405 + 67.6 351 + 48.4 389.9 +132.4
DW (g) 41.7 £ 9.9° 49.9 + 7.9 57.6+12.5% 24.9+8.6 17.1+4.7 23.5+9.4
Yield (g) 138.1 + 52.5° 399.5 + 127.3% 247.1 + 159.2%° 401.3 +14.8 411.1 +£15.7 379.4 £ 51.8
Fruit per plant 3.0 +0.0° 3.7 £0.5% 3.3 +0.5% 4.0 + 0.0 4.0 + 0.0 4.0 +0.0

Means with standard errors were calculated from 7 replicates. Each replicate comprised a maximum of 4 but sometimes 3 fruits.

Table 4

Composition of lycopene, p-carotene, total soluble solids (TSS) and total anti-
oxidant activity (TAA) content of tomatoes growing in soil, and two hydroponic
systems; deep water culture and drip irrigation.

Parameter Growth environment Growth environment
Polytunnel experiment (2018) Glasshouse experiment (2019)
DWC DI S DWC DI S
Lycopene 0.008 + 0.02 + 0.016 0.16 + 0.14 + 0.06 +
(mg/100m  0.007°  0.006°  + 0.03* 0.01? 0.02°
LY 0.01%°
B-carotene n.d. n.d. n.d. 0.098 0.039 0.028
(mg/100 m +0.03°  +0.03® +0.01°
L
TSS (Brix®) 2.9 + 4.2 + 3.6 + 34+ 3.7 £ 3.0+
0.9 0.3 0.6 0.6 0.24 0.8
TAA (%) 20.2 + 532+ 67.3 + 79.1 + 77.3 £ 65.9 £
10.1° 26.1% 9.0* 9.1 16.7 25.1
n.d. = p-carotene levels in tomatoes were not assessed in the polytunnel

experiment. Means with standard errors were calculated from 7 replicates.

+ 1.0 in the glasshouse (Fig. S2). High and low temperatures are abiotic
stresses that can damage horticultural crops and tomato is a warm
season crop, air temperatures lower than 10 °C will delay seed germi-
nation, inhibit vegetative development, reduce fruit set, and impair fruit
ripening (Haghighi et al., 2014). Therefore, we may expect that some
results from the polytunnel experiment in 2018 might be influenced by

low temperature. For example, water use was generally lower in the
polytunnel perhaps due to higher humidity in cooler air and thus lower
vapour pressure gradient. The variance in data was higher and lycopene
levels lower (Table 4) and different to some published values (Barba-
gallo et al., 2013) in the cooler polytunnel grown tomatoes perhaps
reflecting the slower and less complete ripening of the fruit. Light and
temperature have no significant effect on final sugar content of tomatoes
(Gautier et al., 2008), this was reflected in similar TSS values (Table 4)
despite the environmental differences between the two experiments and
in the similarity in TSS levels to those published in other studies (Nasrin
et al., 2008).

Despite the contrasting environments used there were several con-
sistencies between experiments, the main one being the difference in
water use between cultivation systems. Soil-grown tomatoes used more
water than either hydroponic system and DWC used less than DI
(Table 2). DWC was the only growing system to use a similar amount of
water in both experiments, despite the different climatic conditions,
suggesting that water use in this growing system is less susceptible to
variation in climate. Product water use (PWU) was always higher for
soil-grown plants in both experiments, meaning that it required more
water to produce the same yield. Although we anticipated the design of
the two hydroponic systems would limit evaporation the difference in
WUE (based on transpired water) and PWU (based on total water use)
was consistent and water use efficiency was not due to difference in
evaporation only. The significant reduction to transpired water, partic-
ularly in DWC, may be caused by the partial induction of responses that
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are common in flooded plants which include stomatal closure
(Kozlowski, 1984) and in tomatoes flooding induces stomatal closure
due to leaf dehydration linked to a low root hydraulic permeability
(Dell’Amico et al., 2001).

Using less water may reflect a lower yield or lower biomass accu-
mulation and therefore less leaf transpiration but this was not the case
and yields and biomass accumulations were not significantly different
except for DWC in the first experiment (Table 3). Most nutrient use was
similar between cultivation systems, especially in the polytunnel; how-
ever, some differences in nutrient levels in the solution were noted such
as levels of phosphate, potassium and ammonium (Fig.2); however,
these differences were either not consistent, occurred only at a specific
date of sampling or were negligible due to a very low amounts e.g.
ammonium concentration was below 1 ppm. Therefore, we anticipate
that any differences in nutritional content (Table 4) were not caused by
variation in nutrient content (Simone Fanasca et al., 2006; Zelena et al.,
2009; Erba et al., 2013).

There is a common perception that soil grown tomatoes have better
taste or are healthier. The taste of tomato fruit is determined by ripening
conditions, and when tomatoes are ripened off-the-vine the palatability
decreases significantly (Sorrequieta et al., 2013). Together with
breeding that has focused on yield rather than quality (Klee and Tieman,
2013), this may contribute to the perception of poor taste in tomatoes.
Thus the ‘lack of taste’ may be more about early harvesting and the
ripening conditions during shipping and less about growth conditions.
We demonstrated that the soilless cultivation systems tested produced at
least as good tomatoes as the soil system with similar sugar levels
particularly in the glasshouse experiment. Fruit quality represents the
complex interactions of many chemicals and the analysed parameters in
this study might not be fully representative; however, lycopene and
fB-carotene levels were significantly lower in tomatoes growing in soil in
the glasshouse experiment representing a lower nutritional value from
this system. The higher levels of these pigments in hydroponically grown
plants, particularly those plants growing in DWC, may be induced by
increased levels of reactive oxygen species often experienced by flooded
plants (Rasheed et al., 2018). Whatever the stomatal and stress response
mechanisms responsible for improved WUE and nutritional contents,
these did not limit biomass accumulation in hydroponically grown
plants. We demonstrate that with a similar fertilization regime provided
to quite different cultivation systems, it is possible to produce similar or
better crop quality in hydroponic systems compared to soil and to pro-
duce the crop using significantly less water.
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