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Abstract: The aim of this work was to determine the effect of saturating the irrigation solution with
air (MNBA) or oxygen nanobubbles (MNBO) on relevant agronomic, productive, and postharvest
parameters of tomato crops (Solanum lycopersicum L.) in greenhouses. As a control, conventional
management was established, without nanobubbles, under the best possible agronomic conditions
used in commercial greenhouses in southeastern Spain. No significant differences were found in the
soil properties analysed or in the ionic concentration of the pore water extracted with Rhizon probes.
Both MNBA and MNBO modified the root distribution and improved the N uptake efficiency and
field water uptake efficiency compared to the control. MNBA had the highest harvest index. The total
or marketable production was not affected, although it did increase the overall size of the fruit and
the earliness with which they were produced compared to the control. MNBA significantly decreased
titratable acidity and soluble solids content compared to the control in the last harvests. Both
nanobubble treatments improved postharvest storage under room-temperature (20–25 ◦C) conditions.

Keywords: root distribution; porewater; petiole sap; postharvest; water use efficiency; nitrogen
use efficiency

1. Introduction

Oxygen availability is considered one of the most important factors for plant growth,
after water and nutrient availability [1]. Low oxygen and high CO2 concentrations, such
as those that may occur in certain intensive irrigation systems, especially in heavy soils,
negatively affect plant growth and productivity [2–4] and may affect the architecture and
distribution of the root system [5,6]. In recent decades, many active techniques for soil
or substrate aeration have been introduced. Some inject pressurised air into the irriga-
tion water (oxygation [7–12]) or generate macro or micro air bubbles in the irrigation
solution [13,14]. Others add oxidising agents to irrigation solutions such as H2O2 [15,16],
K2O2 [17], CaO2 [18], urea hydrogen peroxide [19,20], or peracetic acid [21]. Most stud-
ies indicate that aerated irrigation improves yield and water use efficiency (WUE) by
improving the soil root zone environment and increasing crop water and fertiliser absorp-
tions [1,9,22,23]. But others [10,24] argue that the aeration of the solution not only does not
have a significant effect on yield but can even delay flowering and fruit set. The techniques
used for soil or substrate aeration are costly or have low efficiency [25], and what seems
certain is that none of them is being widely used in agriculture as a consequence of either a
lack of cost-effectiveness, a lack of experimentation, or a lack of consistent protocols for
their application at field scale [7,26,27].
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The use of nanobubbles (ultrafine bubbles with a diameter <1 µm, according to ISO
20480-1:2017) in high-frequency irrigation systems is presented as a promising method to
improve soil oxygenation, mainly around emitters where hypoxic conditions occur more
frequently [8,25,28–30]. Nanobubbles exhibit a large specific surface area, long residence
time, high gas–liquid mass transfer efficiency, high zeta potential, and hydroxyl radical
production [31–34] and allow for easy implementation in irrigation systems. Additionally,
they allow higher levels of dissolved oxygen to be maintained in the aqueous phase
compared to traditional aeration methods [35,36].

Our hypothesis is that, even under the best available agronomic conditions of soil and
crop management, the introduction of nanobubbles in the irrigation solution in intensive
greenhouse growing systems will improve the root distribution of the crop, especially in
the areas closest to the emitter where hypoxic conditions are frequent. This will lead to an
improvement in nutritional and crop production parameters and postharvest behaviour.
The gas composition of the nanobubble will be relevant to this effect.

The aim of this work was to determine the effect of saturating the irrigation solution
with air micro-nanobubbles (MNBA) or oxygen micro-nanobubbles (MNBO) on relevant
agronomic, productive, and postharvest parameters of tomato crops (Solanum lycopersicum
L.) in greenhouses. As a control, conventional management was established, without
nanobubbles, under the best possible agronomic conditions used in commercial green-
houses in southeastern Spain.

2. Materials and Methods
2.1. Experimental Site

A tomato crop (Solanum lycopersicum L) was grown in soil in a plastic greenhouse at the
experimental station ‘Las Palmerillas’ (Cajamar Foundation), located in El Ejido, Almería,
SE Spain (36◦ 48′ N, 2◦ 43′ W, and 151 m elevation). The greenhouse had a galvanised
steel multi-span structure, with 4.5 m to the ridge and a gable roof with an inclination of
30◦, covered with a trilaminated low-density polyethylene (LPDE) film (0.2 mm thick).
It had no heating and had passive ventilation by means of lateral side panels and flap
roof windows whose opening and closing were automatically managed with the climate
controller (PrivaWeatherStation. Priva. LC De Lier. The Netherlands).

The soil was an artificial layered ‘enarenado’ typical of greenhouses in the region [37]
composed by, from top to bottom, a coarse sand layer acting as an inorganic mulch (0–10 cm
depth), a loam soil layer imported from a quarry (10–40 cm depth), and a sandy clay loam
original soil (>40 cm depth) of low agronomic quality due to their high stoniness. Before
the start of the experiments, the imported soil was ploughed to a depth of 30 cm, with
two cross passes using a rigid five double coil tines chisel powered by a Pasquali Siena
K5.60 tractor. With ploughing, 3.6 kg m−2 of sheep manure (63% dry matter, 1.7% total
N content (over dry matter), and 0.7 Mg m−3 bulk density), 0.15 kg m−2 of agricultural
gypsum (CaSO4·2H2O; 23.3% Ca; 18.6% S), 0.4 kg m−2 of wheat straw, and 0.037 kg m−2 of
ammonium nitrate (33.5% N) were incorporated into the soil.

Above-ground drip irrigation was used for combined irrigation and fertigation. Table 1
shows the total volume of water (TVW) used during the crop cycle and the total amount of
nutrients supplied in fertigation per treatment. Supplementary Materials Table S1 shows
the composition of the fertigation solutions throughout the crop. Drip tape was arranged
in single lines with 2.0 m spacing between lines, and 0.25 m spacing between drip emitters
within drip lines, given an emitter density of 2 emitters m−2. The emitters had a discharge
rate of 1.1 L h−1. The irrigation doses and frequencies were calculated with the PrHo
program [38,39] considering the soil moisture content (Supplementary Materials Figure S1),
the phenological stage of the crop, and the internal climatic data of the greenhouse (Supple-
mentary Materials Figure S2), in order to optimise the irrigation volumes provided and
maintain a soil water tension between 10–20 kPa.



Horticulturae 2024, 10, 463 3 of 19

Table 1. Total volume of water (TVW) used during the crop cycle (m3 ha−1) per treatment and total
amount of nutrients supplied in fertigation (kg ha−1).

Control MNBA MNBO

TVW 5194 4825 5065
N-NO3 573.4 565.1 583.3
N-NH4 25.5 24.1 24.8

K+ 640.6 681.3 708.1
Ca++ 926.1 865.4 901.3
Mg++ 388.9 360.7 378.8
SO4

= 395.9 423.7 440.3
HCO3

− 126.5 126.6 131.0
Na+ 980.7 909.6 955.4
Cl− 2822.7 2618.0 2749.8
Fe 7.0 6.5 6.8
Mn 4.0 3.7 3.9
Zn 1.6 1.4 1.5
B 1.3 1.2 1.3

Cu 0.3 0.3 0.3

2.2. Crop

The indeterminate tomato crop (F1 hybrid ‘Harrison’) was transplanted as 6-week-old
seedlings on 15 September 2021 and grown until 1 June of 2022 (259 days from transplant
to end), with a density of 0.67 plants per square metre (0.75 m between plants on the same
row; 2.0 m between rows). The apical stem was pruned to obtain two productive stems
per plant (1.33 stems per square metre). The crop management practices (crop training,
pruning, and pest management) followed the established best local practices. Pollination
was conducted by introducing bumblebees into the greenhouse.

2.3. Experimental Design
2.3.1. Experimental Treatments

To compare the effect of the addition of nanobubbles of oxygen (MNBO) or air (MNBA)
in fertigation solutions optimised for tomato cultivation, against a control treatment (C)
consisting of the sole application of the nutrient solution, a randomised complete block
design was used. The greenhouse was divided into three blocks, each with three rows
and 24 plants per row. Two plants at the north and south ends of each row, as well as two
rows at the east and west ends of the greenhouse, were excluded from the trial as border
areas along the edges of the greenhouse. In each block, one replicate of each treatment was
randomly arranged (Supplementary Materials Figure S3).

2.3.2. Generation of Nanobubbles

Bulk nanobubbles were generated via cavitation using the generator equipment model
NB 100.6 from the company Nanobubbles S.L. Two reservoir tanks were used where the
fertigation solution was saturated with nanobubbles before being pumped into the green-
house in each irrigation event by means of independent pumping systems (Figure 1). At
the greenhouse inlet, a flow meter continuously and independently recorded the incoming
volumes for each treatment. Table 2 shows the results obtained from the analysis of five
samples of fertigation solutions saturated with nanobubbles of O2 or air, carried out by the
IESMAT company by means of Nanoparticle Tracking Analysis (NTA) (Nanosight NS300.
Malvern, UK), the most commonly used method for determining the size and concentration
of nanobubbles in water [32,40,41].
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Figure 1. Schematic layout of the nanobubble generation system and distribution of fertigation
solutions for the different treatments. EV: solenoid valve; P: pump; NB: nanobubble.

Table 2. Concentration and descriptive parameters of the size distribution of O2 (MNBO) and air
(MNBA) nanobubbles in fertigation solutions used in the experiments. Data show the means ±
standard error (MSE). D10, D50, and D90 percentile values indicate the size below which 10%, 50%,
or 90% of all particles are found.

MNBO MNBA

Mean (nm) 161.7 ± 4.5 174.1 ± 32.9
Mode (nm) 96.1 ± 2.8 125.2 ± 32.2
D10 (nm) 89.7 ± 2.9 110.6 ± 30.1
D50 (nm) 134.6 ± 3.8 144.3 ± 34.1
D90 (nm) 290.9 ± 8.4 268.8 ± 27.8

Concentration (particles mL−1) 2.5 × 108 ± 1.7 × 107 1.93 × 108 ± 4.09 × 107

To ensure the correct functioning of the system throughout the trial, the oxygen
saturation in the fertigation solutions, in the reservoir tanks, and at the outlet of the
drippers was periodically measured with Oxyguard’s Handy Polaris 2 TGP portable gas
pressure gauge.

2.4. Soil Measurements
2.4.1. Soil Sampling

Soil sampling was carried out twice: (T1) before starting irrigation and transplanting
and (T2) immediately before removing the crop. From each replication, three drippers
were randomly selected, in each of which three soil subsamples were taken with an auger
of 4.5 cm internal diameter at 0–30 cm depths in a triangular arrangement at a distance
of 10 cm with a centre in the dripper. All subsamples were mixed in a composite sample
per replication. The sand mulch layer was removed before sampling. Once collected, the
samples were kept field-moist in polyethylene bags sealed at 4 ◦C until required.

2.4.2. Soil Analyses

Field-moist samples were air-dried, ground, and sieved to 2 mm. Total organic
carbon (TOC) was determined in finely ground soil via wet oxidation [42]. Electrical
conductivity (EC, dSm−1) was measured in a 1:5 (w/w) soil/water suspension (UNE
77308:2001), with a Crison 522 conductivity meter. pH was measured in a 1:5 (w/w)



Horticulturae 2024, 10, 463 5 of 19

soil/water suspension (UNE-ISO 10390:2012) with a Crison basic 20-pH meter. Total
nitrogen (TN) was measured with an elemental analyser (Elementar Rapid N, Elementar
Analysensysteme GmbH. Hanau, Germany). Mineral nitrogen and fractions (Nmin, N-
NO3, and N-NH4) were determined accordingly Mulvaney [43] after extraction with KCl
2M. Available potassium was determined via flame photometry after extraction with
ammonium acetate 1N. Available phosphorus was determined according to the Olsen
standard operating procedure proposed by GLOSOLAN [44], after extraction with a dilute
solution of NaHCO3 at pH 8.5.

2.4.3. Soil Pore Water Sampling

Rhizon MOM samplers (10 cm long, 2.5 mm diameter. Rhizosphere research products
Wageningen, the Netherlands) were installed 8 cm from the plant, in the zone of influence
of the emitter at a depth of 10 cm measured from the surface of the imported soil. Samples
of pore water were collected every 15 days by applying vacuum with a syringe set from the
same manufacturer. No irrigation was made during the 24 h period of sample collection.

2.5. Crop Measurements
2.5.1. Root Sampling

The root length density was determined by taking three soil cores in each of the
treatment replicates. Root sampling was carried out using a hand auger with an internal
diameter of 4.5 cm. The full thickness of the imported soil layer, after the removal of the sand
layer, was sampled at two depth intervals (0–15 cm and 15–30 cm). Two sampling positions
were established in relation to representative plants and emitters: 10 cm perpendicular to
the plant, close to the emitter (P1) and 30 cm perpendicular to the plant (P2). Both positions
were established in the direction of the passage between crop rows.

The roots of each sample were gently washed to remove any soil particles and were
stained with a neutral red solution to obtain more contrast for subsequent scanning. Roots
were scanned (Epson Perfection V800. Seiko Epson Corporation. Nagano, Japan) at 400 dpi
in greyscale. The WinRhizo Reg 2021 software (Regents Instruments Inc. Quebec, Canada)
was used to determine the total root length [39].

The root length density (cm cm−3) was computed using the volume of soil sampled in
each layer. The relative root length distribution per soil layer was calculated as the root
length of a given soil layer divided by the root length of all layers.

2.5.2. Petiole Sap Nutrient Status

The nutrient content in petiole sap was determined every two weeks. The most
recently fully expanded leaves of eight randomly selected plants in each replication were
collected and refrigerated before processing in the laboratory within 6 h of sampling [45].
The petiole and fresh leaf blade were separated. Subsequently, the petioles were cut into
1 cm long pieces and then pressed to obtain the sap for analysis. The [N-NO3

−] and
[K+] were determined by means of selective electrodes LAQUAtwin (Horiba Instruments
Incorporated. Irvine, CA, USA) without dilution [46].

2.5.3. Above-Ground Dry Matter (Leaves and Stems) Production

All fresh material from the pruning and leaf removal of eight plants in each of the
replications was weighted and the dry matter content was determined by oven-drying
the representative subsamples at 65 ◦C to constant weight. At the end of cultivation,
all eight plants were removed and their fresh and dry weights, excluding residual fruit,
were determined.

2.5.4. Fruit Production and Quality

Replicate areas of 3.2 m2, one per treatment within the single block, each with four
plants (eight stems), were used to determine the fruit production. There were 23 fruit
harvests during cultivation. For each fruit harvest, the fruit fresh and dry weight per plant
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were determined. Fresh production was separated into marketable and non-marketable,
indicating the reason why the fruit is not marketable (Supplementary Materials Figure S4),
according to the Commission-delegated regulation (EU) 2019/428 of 12 July 2018. The
separation into classes and sizes was also carried out in accordance with the standard.

On two occasions, external and internal quality checks were carried out on the fruit.
(17 February 2022 and 5 April 2022, harvest numbers 11 and 16). In each of the two harvests,
for each replicate of each treatment, 10 fruits that had reached physiological maturity were
selected. For each fruit, height, diameter, (digital calibre 0–150 mm Inox Novatools) and
fresh and dry weights were measured. The fruit colour was determined via direct reading
using a chroma-meter CR-400 (Konica Minolta Sensing Americas) expressed using the CIE
L*a* b* system. The measurements were taken at three different parts of a fruit and averaged.
The colour index (CI) [47,48] was determined according to the following expression:

CI =
(1000 × a∗)
(L∗ × b∗)

(1)

The total colour change (∆E) [49,50] was calculated using the following expression:

∆E∗
ab =

√(
L∗

MNB − L∗
C
)2

+
(
a∗MNB − a∗C

)2
+

(
b∗MNB − b∗C

)2 (2)

where sub-index MNB represents the value for each nanobubble treatment and C represents
the values of the control treatment.

A Turoni BC-TR 53,215 hardness tester was used to determine the hardness of the
tomato skin. The hardness tester tip selected for the measurements was 0.25 cm2. Two
measurements were taken in the equatorial zone of each tomato. The fruit firmness was
measured in three positions using an Agrosta penetrometer (Penefel DFT 14), with a 0.5 cm2

tip surface on a fixed support. To evaluate the internal quality of the fruits, 10 fruits of
each replicate of each treatment were collected at random at physiological maturity, and a
homogeneous sample of tomato juice was obtained, on which the soluble solids content
(SSC, expressed in ◦Brix), was determined by means of digital refractometer Atago PAL-1.
The pH was measured by means of a pH meter HORIBA pH 1500, and titratable acidity
(expressed as the percentage of citric acid), was determined titrimetrically using a 0.1 N
NaOH solution in the presence of phenolphtalein.

The fruit maturity index [51] was calculated according to the following equation:

MI =
SSC(◦Brix)

Titratable acidity(%citric acid)
(3)

2.5.5. Weight Lost during Postharvest Storage

Ten fruits of each replicate of each treatment were randomly allocated at two storage
temperatures: 9 ◦C and 90% relative humidity (cooling chamber) and room temperature
(20–25 ◦C). The fruits were stored in a ventilated, dark and tempered room for 36 days and
their weight loss was assessed every 6 days. The weight lost during postharvest storage
was determined by subtracting sample weights from their previous recorded weights and
presented as % of weight loss compared to initial weight [52].

2.5.6. Indices

Harvest index (HI) is defined as the ratio between yield (Y) and total biomass produced
(yield and leaf and stem biomass, TB) [53]. Field water use efficiency (fWUE) is defined as
the yield produced per unit of water used (WU irrigation + fertigation) [54]. Agronomic
nitrogen use efficiency (ANUE) is defined as the yield produced per unit of nitrogen applied
(AN soil preparation + fertigation) [55]. Agronomic potassium use efficiency (AKUE) is
defined similarly.
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2.6. Statistical Analysis

Significant differences in tomato agronomic parameters and soil chemical properties
across nanobubble treatments were determined using a two-way analysis of variance (ran-
domised block design with block and nanobubble treatments as independent variables with
no interaction) and a Tukey test at the significance level of p < 0.05 for nanobubble treat-
ments. For those variables that allow comparisons over time, according to the experimental
design, an analysis of variance of repeated measures (RM-ANOVA) was used, followed
by post hoc least-square difference tests. For the analysis of root length density between
the three treatments, factorial ANOVA was used, with four factors: block, nanobubble
treatment, soil layer, and sampling position. SPSS software v.29 (SPSS Inc.) was used for
statistical processing. The tables and figures were edited with MS-EXCEL (Microsoft Corp.).

3. Results

Table 3 shows the average dissolved oxygen values found for each of the treatments
in the tank (MNBA and MNBO nanobubble-saturated treatments) or in the irrigation water
storage pond (control) before irrigation and those measured in soil irrigation solutions.

Table 3. Dissolved oxygen concentration (mg L−1) for each treatment. Data show means ± MSE
(n = 7).

Control MNBA MNBO

Tank or pond (before irrigation) 5.6 ± 0.7 7.6 ± 0.3 29.78 ± 1.17
Irrigation solution 4.51 ± 0.6 7.0 ± 0.2 24.2 ± 1.7

The concentration of dissolved oxygen in the different treatments was in line with the
values reported in other studies using air or oxygen nanobubbles for water aeration [56,57].
The dissolved oxygen values when gaseous oxygen was used as internal gas in nanobub-
bles were approximately 4 times higher than those achieved when the tank solution was
saturated with air nanobubbles and 5.5 times higher than those of irrigation water used as
a control.

3.1. Soil Measurements
3.1.1. Soil

The values of the measured edaphic properties, except pH, total nitrogen, and bioavail-
able potassium, decreased significantly (p < 0.001) for all treatments from the initial (T1) to
the final values (T2). No significant differential effect was observed between the different
treatments applied (Table 4) at the end of the crop.

Table 4. Soil properties at (T1) before starting irrigation and transplanting, and (T2) immediately
before the removal of the crop. Data show means ± MSE (n = 3).

Sampling Time
T1

Sampling Time T2

Control MNBA MNBO

TOC (g kg−1) 10.49 ± 2.77 a 6.7 ± 1.3 b 6.3 ± 1.2 b 4.4 ± 1.8 b

pH 8.53 ± 0.31 8.57 ± 0.21 8.53 ± 0.15 8.53 ± 0.12
EC (dS m−1) 0.77 ± 0. 4 a 0.53 ± 0.09 b 0.60 ± 0.02 b 0.52 ± 0.0 b

P (g kg−1) 0.21 ± 0.11 a 0.16 ± 0.01 b 0.14 ± 0.04 b 0.15 ± 0.03 b

K (g kg−1) 2.40 ± 0.69 2.33 ± 0.58 2.83 ± 0.58 2.17 ± 0.29
Ntot (g kg−1) 1.19 ± 0.29 1.08 ± 0.15 0.93 ± 0.11 1.00 ± 0.26

Nmin (mg kg−1) 25.62 ± 17.7 a 14.62 ± 5.79 b 15.45 ± 6.86 b 13.89 ± 4.46 b

N-NO3 (mg kg−1) 17.48 ± 15.84 a 8.37 ± 7.67 b 8.51 ± 5.04 b 7.64 ± 2.21 b

N-NH4 (mg kg−1) 8.14 ± 5.69 a 6.25 ± 3.67 b 6.94 ± 2.18 b 6.25 ± 3.7 b

NO3s
− (mg L−1) 351 ± 134 a 317 ± 61 b 330 ± 157 b 277 ± 55 b

Ks
+ (mg L−1) 62.5 ± 41.0 a 27.3 ± 1.5 b 24.0 ± 5.1 b 26.3 ± 5.7 b
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Table 4. Cont.

Sampling Time
T1

Sampling Time T2

Control MNBA MNBO

Sand (% w/w) 45.3 ± 2.8 - - -
Silt (% w/w) 34.3 ± 3.0 - - -

Clay (% w/w) 20.4 ± 1.0 - - -
Different letters in the same row indicate significant differences (p < 0.001) between treatments. TOC: total organic
carbon; EC: electrical conductivity; P: available phosphorus; K: available potassium; Ntot: total nitrogen; Nmin:
mineral nitrogen; NO3s: pore water NO3; Ks: pore water K. Sand, silt, and clay expressed in % w/w according to
the USDA’s classes.

3.1.2. Soil Pore Water

The N-NO3 concentration in soil pore water evolved in a similar way in all treatments,
with no statistically significant differences between them (Figure 2, left column). Values
were high at the beginning of the crop, during vegetative development, and tended to
decrease over time in a similar way in all treatments. The potassium concentration in soil
pore water (Figure 2, right column) showed no significant differences between treatments.
In all cases, the potassium concentration tended to increase towards the end of the crop.
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Figure 2. Left column: evolution over time of pore water N-NO3
− obtained via Rhizon MOM

samplers and sap N-NO3
− concentrations in each treatment. Right column: evolution over time of

K+ concentrations. Data show means ± MSE. DAT stands for the date after transplanting.

3.2. Crop Measurements
3.2.1. Root Length Density

The root length density decreased from the plant’s main stem outwards in the three
treatments (Figure 3). The total root length density, considering all sampling positions and
depths, was significantly lower for the control treatment (0.22 m3 m−3 ± 0.02 MSE) than for
the MNBA (0.73 m3 m−3 ± 0.08 MSE) and MNBO (0.89 m3 m−3 ± 0.08 MSE) treatments.

The root length density was significantly higher in nanobubble treatments in all sample
positions except in the surface layer of the sampling position P2, the furthest from the plant
stem, for which we did not find significant differences.
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At position P1, the differences between both nanobubble treatments and the control
were at their maximum in the entire profile. At this position, in the deepest layer, the
nanobubble treatments differed from each other, with the highest root length density for
the MNBO treatment. The MNBA treatment showed intermediate values of root length
density between the control and MNBO at this position.
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Figure 3. Root length density per soil layer sampled in the two sampling positions (P1, 10 cm from
the plant; P2 30 cm from the plant). C, control; MNBA: micro-nanobubbles of air; MNBO micro-
nanobubbles of oxygen. Different lowercase letters in each graph show significant differences among
treatments (p < 0.05). Data show means ± MSE.

At sampling position P2, in the deepest layer, the nanobubble treatments showed
significantly higher root length density than the control but did not differ from each other.

Relative root length distribution showed a shallower distribution of the root system
for the control treatment (Figure 4, left): 92.1% of the root length density was in the upper
15 cm, compared to only 75.8% in the MNBO treatment. However, it was distributed further
away from the main stem: 67.2% of its root length density was at the sampling position P2,
compared to 24% in the nanobubble treatments. (Figure 4, right).
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The average root diameter was larger for the control treatment (0.394 ± 0.127 mm) than
for the MNBA (0.352 ± 0.063 mm) and MNBO (0.385 ± 0.067 mm) treatments, although
there were no statistically significant differences between them.

3.2.2. Petiole Sap

The concentration of N-NO3 in sap decreased significantly (p < 0.001) as the growing
season progressed, for all treatments, and presented a similar evolution, desynchronised
in time, with the values of N-NO3 found in the pore water obtained using Rhizon probes.
(Figure 2). The average concentration of N-NO3 in sap in the control (720 ± 76) was
significantly lower (p < 0.05) than that obtained for the MNBA (819 ± 23) and MNBO
(830 ± 40) treatments. No differences were observed for the N-NO3 concentration in sap as
a function of the gas used in the nanobubbles.

The evolution of the potassium concentration in sap (Figure 2) was similar for all
treatments, with no significant differences between treatments throughout the season.

3.2.3. Above-Ground Fresh and Dry Matter (Leaves and Stems) Production

The production of above-ground (leaves and stems) fresh and dry matter was higher
in the MNBO treatment. (Figure 5, left), with the lowest values found for the MNBA
treatment. The differences in accumulated production were noticeable from the first
sampling, although it was from the middle of the season (150 DAT) that they became more
evident (Figure 5, right).
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3.2.4. Fruit Production and Quality

There were no significant differences between treatments for either total or marketable
production (Table 5), although the nanobubble treatments obtained higher average values
than the control in both cases. However, the MNBO treatment showed lower values of
non-marketable fruits (p < 0.1) compared to the control treatment. The main cause of fruit
rejection was Blossom-End Rot (BER). The percentage of fruit affected by BER with respect
to the total rejected fruit was 74.2% in the control treatment, compared to 63.6% for the
MNBA treatment and 61.2% for the MNBO treatment (Supplementary Materials Figure S4).

The Class I/Class II ratio was in favour of the control treatment (2.33) compared to
MNBA (2.14) and MNBO (2.21).

Although there were no significant differences in total dry matter production, the
control treatment produced more total dry matter per unit of fresh weight, as expressed by
the fresh-to-dry total weight ratio.
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Table 5. Yield parameters expressed in Mg ha−1. Data show means ± MSE. Data are expressed as
fresh weight unless otherwise stated.

Control MNBA MNBO

Total 113.02 ± 2.43 118.79 ± 6.97 117.79 ± 3.8
Marketable 97.2 ± 3.82 103.65 ± 8.73 103.57 ± 5

Non-marketable 15.82 ± 2.01 15.14 ± 1.88 14.21 ± 1.44
Class I 67.14 ± 4.1 68.94 ± 5.63 70.91 ± 3.9
Class II 28.08 ± 3.14 32.18 ± 3.62 31.99 ± 3.2

Total Dry weight 10.57 ± 0.87 10.43 ± 0.50 10.18 ± 0.68
Ratio Fresh/Dry weight 10.69 11.39 11.57

The cumulative production classified by category showed a significant increase in
the proportion of G-size fruits (size code 8, >67 ≤ 82 mm) in the nanobubble treatments
compared to the control treatment (Figure 6). The control treatment ceased to produce G-
size fruits 139 days after transplanting, while the G-size fruit production in the nanobubble
treatments was maintained until 155 days after transplanting. The MNBA treatment
showed a higher proportion of MM-size fruit (size code 6, >47 ≤ 57 mm), while the MNBO
treatment showed a higher proportion of MMM-size fruit (size code 5, >40 ≤ 47 mm). The
differentiation in the production of these sizes with respect to the control occurred in the
final third of the production period. It was the nanobubble treatments that maintained the
highest production levels towards the end of the season.
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Figure 6. Cumulative commercial production expressed by category for each treatment. Bottom right,
average fruit weight at each harvest for each treatment. DAT: days after transplanting.

Table 6 shows the average results of the comparison of different parameters used for
the evaluation of the internal and external quality of the fruit carried out for two specific
harvests. The fresh fruit weight tended to decrease between the two harvest dates in general
for all treatments. The MNBO treatment consistently showed significantly higher fruit
weight than the control treatment. The MNBA treatment produces fruit with significantly
higher fruit weight in the second harvest. Fruit acidity generally decreased over time,
although there were no significant differences in acidity between the different treatments.
However, in the later harvest, the fruits from MNBA showed lower titratable acidity than
the control. The MNBO treatment occupied an intermediate position.
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Table 6. Mean values (n = 30; mean ± MSE) for internal and external quality parameters in tomato
fruits. Fresh weight (g); titratable acidity (% citric acid); soluble solid (º Brix); axial diameter (mm);
equatorial diameter (mm); hardness (shore); firmness (kg); wall thickness (mm). n.d., no data.
Different letters for each treatment in the same row indicate significant differences between treatments
(p < 0.05) for the same time.

Time 1: 18/2/2022 Time 2: 5/4/2022
Control MNBA MNBO Control MNBA MNBO

Fresh weight 116.36 ± 3.2 b 107.5 ± 2.47 b 145.42 ± 7.91 a 67.22 ±3.75 b 78.84 ± 4.50 a 72.00 ± 7.10 ab

pH 3.87 ± 0.15 3.81 ± 0.12 3.88 ± 0.12 4.36 ± 0.04 4.44 ± 0.1 4.36 ± 0.05
Titratable acidity 0.47 ± 0.04 0.47 ± 0.02 0.46 ± 0.02 0.54 ±0.03 a 0.49 ± 0.02 b 0.53 ± 0.03 ab

Soluble solids 5.43 ± 0.15 5.57 ± 0.20 5.20 ± 0.06 6.68 ± 0.17 a 5.48 ± 0.39 b 6.33 ± 0.44 ab

Maturity index 11.8 ± 1.12 11.86 ± 0.79 11.27 ± 0.41 12.35 ± 0.34 11.21 ± 0.63 11.8 ± 0.34
Axial diameter 60.35 ± 1.27 60.04 ± 0.95 61.71 ± 1.52 52.44 ±1.06 b 57.36 ± 1.89 a 53.19 ± 2.31 b

Equatorial diameter 58.48 ± 0.64 b 56.45 ± 0.84 b 63.8 ± 1.18 a 47.95 ±1.18 b 50.24 ± 1.31 a 47.97 ± 2.07 b

Hardness 67.00 ± 1.5 70.40 ± 1.5 72.40 ± 3.5 85.80 ± 3.9 88.00 ± 1.7 89.10 ± 1.9
Firmness 3.30 ± 0.08 3.55 ± 0.1 3.71 ± 0.27 4.15 ± 0.09 4.08 ± 0.11 4.15 ± 0.11

Wall thickness 6.13 ± 0.39 b 6.67 ± 0.43 a 6.48 ± 0.47 ab

L 37.55 ± 0.5 37.28 ± 0.56 37.05 ± 0.57 37.72 ± 1.6 38.42 ± 1.25 36.09 ± 2.37
a 15.64 ± 1.09 15.95 ± 1.36 17.48 ± 1.04 21.55 ± 1.16 22.72 ± 0.22 20.5 ± 1.25
b 15.28 ± 0.64 15.86 ± 0.35 15.69 ± 0.25 16.65 ± 0.56 17.03 ± 0.36 15.48 ± 1.23

Colour index 27.88 ± 2.72 27.39 ± 2.72 30.47 ± 2.21 34.4 ± 1.43 34.9 ± 1.49 37.73 ± 4.13
∆E MNBx-Control 1.47 ± 0.28 3.34 ± 0.82 4.06 ± 2.2 2.28 ± 1.95

The soluble solids content, expressed as ºBrix, tended to increase over time, although
only in the second harvest did we find significant differences. The MNBA treatment had
significantly lower values for this parameter, and the control had the highest. The maturity
index did not show significant differences between treatments.

The equatorial diameter of the fruit decreased with time for all treatments. The MNBO
treatment showed significantly higher values than the others in the first harvest evaluated,
while the MNBA treatment showed the highest values in the second harvest. In this harvest,
the fruits from the MNBA treatment also showed significantly greater axial diameters.

Both the hardness and firmness of the fruits tended to increase with time in all treat-
ments but without significant differences between them.

The colour index increased in the second harvest compared to the first one in a general
way for all treatments, so that the fruit colours were closer to deep red. The MNBO
treatment showed a higher colour index, but not significantly different from the other
treatments, in both harvests. However, the results obtained from analysis ∆E showed
that the differences in colour between the fruits obtained from the MNBO treatment with
respect to the control were perceptible to the human eye at a glance (∆E > 2) already in the
first harvest. In the case of the colour difference between MNBA and the control, estimated
according to ∆E, it could only be perceived after careful observation (1 < ∆E < 2). In the
second harvest evaluated, both treatments showed colour differences perceptible to the
human eye at a glance compared to the control.

3.2.5. Weight Lost during Postharvest Storage

The weight loss of fruit stored at room temperature (20–25 ◦C) was higher than that of
fruit stored in a cooling chamber (Figure 7). The rate of weight loss at room temperature
was 0.39% ± 0.01 per day and in the cooling chamber was 0.31% ± 0.05 per day. At room
temperature, the nanobubble treatments showed a significantly (p < 0.01) lower postharvest
storage weight loss than the control (Figure 7), with no differences depending on the type of
gas used in the nanobubbles. In cold storage, the weight loss was similar for all treatments,
with no significant differences.
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3.2.6. Indices

The harvest index, field water use efficiency (fWUE), N agronomic use efficiency, and
K agronomic use efficiency are shown in Table 7. The MNBA treatment showed the highest
values for all calculated indices, followed by the MNBO treatment, with the exception of
the harvest index, for which the control treatment showed better values than MNBO.

Table 7. Harvest index, agronomic nitrogen use efficiency (ANUE), agronomic potassium use
efficiency and field water use efficiency for each treatment.

Harvest Index ANUE AKUE fWUE (kg m−3)

Control 73.69 123.44 111.37 21.76
MNBA 74.25 131.11 112.54 24.62
MNBO 71.71 127.36 111.83 23.26

4. Discussion

The number of field studies in intensive horticulture that are focused on the effect
of the use of nanobubbles through fertigation is still limited, and even more so for those
that present data on root distribution or have been carried out in comparison with controls
under non-production-limiting conditions, although their number in incubation, column
or pot, and substrate conditions is growing.

4.1. Soil Measurements

The use of nanobubbles in the irrigation water has not resulted in significant differ-
ential changes in soil properties at the end of the crop, between the different treatments
(Table 4), nor in the differential evolution of the N-NO3

− or K+ content in the pore water
extracted with Rhizon throughout the season (Figure 2), which seems to depend on the
ionic concentration of the nutrient solution supplied with the irrigation, common to all
treatments (Supplementary Materials Table S1). These results coincide with those obtained
by Bonachela et al. [24] in tomato oxyfertigation on rockwool slabs for which the ionic
contents of the leached nutrient solution were similar in all treatments. Wu et al. [58], on the
contrary, in soil column studies with tomato crops, argue that the use of aerated solutions
with nanobubbles significantly increases N release when organic fertilisers are added to
the soil. The decrease in the average organic carbon values found in the MNBO treatment,
although it does not show statistically significant differences with respect to the control, is
higher than that found by authors such as Chen et al. [59] in greenhouse tomato cultivation
using nanobubbles.

4.2. Crop Measurements
4.2.1. Root Length Density and Petiole Sap

The nanobubble treatments showed a higher root length density than the control
treatment (Figure 3), colonising more densely the areas closer to the emitters and the deeper
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horizons. This effect was greater when the gas used was oxygen. Similar results have been
obtained by Jin et al. [5] in pumpkins with aerated irrigation, or by Wang et al. [20], who
found that oxygenation significantly promoted root development, mainly in the form of
longer root length and increased root surface area.

The control treatment distributes its roots proportionally further away from the water
emission zone and more superficially than the treatments incorporating nanobubbles.
This root distribution in the control management has already been described by Padilla
et al. [39] in greenhouse pepper cultivation in the province of Almería and may be due
to situations of continued hypoxia as a result of the combined effect of the decrease in
air-filled porosity due to the high relative saturation of the soil maintained constantly
throughout the crop (Supplementary Materials Figure S1) [60,61] and low dissolved oxygen
in irrigation water [62] Hypoxia conditions, which weaken the aerobic respiration of roots,
modify root distribution [6,23,63,64] and can result in decreased energy metabolism and
reduced crop yield. The presence of nanobubbles with low buoyancy, high persistence
in the irrigation solution, and strong gas mass transfer ability allows air or oxygen to be
continuously dissolved in the soil pore water which will favour root respiration in the
moisture-saturated zones around the emitter and at depth, increasing the efficiency of
water and nutrient uptake [22,63,65]. This effect seems to translate into higher values of the
ANUE (agronomic nitrogen use efficiency) and fWUE (field water use efficiency) indices
obtained for the nanobubble treatments (Table 7). This increase in nitrogen use efficiency
may account for the significantly higher nitrogen concentrations in sap found in treatments
incorporating nanobubbles, despite the fact that the ionic contents of pore water in the soil
do not differ between treatments throughout the crop.

Petiole sap analysis in conducting tissue is considered to be a sensitive indicator that
reflects crop status at the time of sampling [45]. These authors propose a threshold value
for optimal crop N nutrition of tomatoes of 1050 mg of NO3-N L−1. This threshold value
does not include the early establishment and final fruit production phases. According to
this threshold, N-NO3 values in sap have been below the optimum in the final stages of the
crop, which, according to these authors, indicates insufficient nitrogen fertilisation, which
has been partially mitigated through the application of nanobubbles in the irrigation water.

The reduction in the incidence of Blossom-End Rot (BER) compared to the control for
the nanobubble treatments (Supplementary Materials Figure S4), especially in the MNBO
treatment, may also be related to the greater efficiency in water use and access to the wettest
areas of the soil where water is available at lower tension at times when evapotranspirative
demand is higher [66]. In this sense, Wang et al. [67] indicate that changes in root system
architecture as a consequence of high oxygen concentrations in irrigation solutions treated
with nanobubbles reduce the environmental stress suffered by the roots, thereby improving
their ability to obtain nutrients over longer distances. This aspect could be determinant
in a differential calcium absorption that would mitigate the appearance of BER. Another
hypothesis that could contribute to explain a lower tendency to suffer BER when using
oxygen nanobubbles in irrigation is derived from studies carried out by Baram et al. [25],
in which they found a significant reduction in the membrane leakage and osmotic potential
of lettuce leaf cells when the concentration of dissolved oxygen is increased in irrigation
solutions as a result of the incorporation of oxygen nanobubbles. Further studies seem
necessary to confirm these results.

4.2.2. Above-Ground Fresh and Dry Matter (Leaves and Stems) Production

The production of above-ground leaf and stem fresh and dry weight is higher in the
MNBO treatment (Figure 5). Similar results have been obtained in tomato pot culture by
Niu et al. [64]; by Wu et al. [58] in soil column culture, who also find greater differentiation
in the early stages of the crop; and by Liu et al. [57] in soil culture in greenhouses. However,
Bonachela et al. [24] found no significant differences in biomass production in rockwool
cultivation. The MNBA treatment shows significantly lower biomass production than the
MNBO treatment, although its harvest index is the highest of all treatments.
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4.2.3. Fruit Production, Quality, and Weight Lost during Postharvest Storage

In contrast to most of the reviewed studies, which indicate that irrigation with
nanobubbles increases tomato yields [22,25,57,58,68], we found no significant differences
in total or marketable production, although the average values of marketable production
obtained with the nanobubble treatments are 6.6% higher than those obtained with the
control (Table 5). However, the nanobubble treatments result in changes in crop quality
parameters: size 8 production is higher for the nanobubble treatments, especially for the
MNBO treatment, is earlier than the control, and lasts for a longer period of time (Figure 6).
Towards the end of the crop, fruit sizes decrease in all treatments, although the MNBA
treatment produces significantly larger fruit sizes than the control. However, it is the control
treatment that has the lowest fresh/dry weight ratio. There is a traditional controversy as to
whether the regulation of dry matter accumulation in fruit is sink- or source-dependent [69],
but some authors argue that lower nitrogen contents, such as those found in the control
treatment in the sap analysis, can enhance the sink strength of the fruit, leading to the
increased accumulation of dry matter [70]. This, together with the smaller size reached by
the fruits of the control treatment, could explain the lower fresh/dry weight ratio found in
the control treatment.

In the last harvests, the MNBA treatment shows the lowest titratable acidity and
soluble solids values and the highest fruit wall thicknesses, only slightly higher than those
found for MNBO (Table 6). This characteristic may contribute to explaining the better
postharvest preservation performance under room temperature of the fruit treated with
nanobubbles (Figure 7). Pavan et al. [71] find a positive correlation between fruit self-life
and pericarp thickness, mediated via yield/plant, titratable acidity, fruit firmness, and
soluble solids. Cvikic et al. [72] also indicate that the increased thickness of the pericarp
allows the shelf life and postharvest preservation of tomato fruits to be extended.

The colour of the fruit is also affected by the nanobubble treatments, especially in the
last harvests. The differences in colour, towards a deeper red, are accentuated between
the nanobubble treatments and the control, being more intense in the MNBO treatment,
which may influence the commercial value of the fruit [73]. Several authors have found a
significant increase in redness in tomato fruits due to oxygation [74,75] but the final mecha-
nism by which the increase of dissolved oxygen in the irrigation solution modifies fruit
colour has not been satisfactorily explained. The effect of water and mineral nutrient use
efficiency on fruit colour has been studied, but the results obtained are contradictory [76].
Only recently, Yao et al., [77] using hydrogen-rich water irrigation, provide a plausible
explanation indicating that the increase in fruit redness may be linked to an enhanced
activation of carotenoid-producing genes, especially lycopene.

4.3. Recommendations and Limitations

This study was carried out over one season on a long-cycle tomato crop (256 days
duration and 148 irrigation events). The experimental design is valid to draw conclusions,
but some of the soil quality indicators evaluated may have a different response in the long
term if the oxidising conditions are maintained over time. Therefore, it will be interesting
to study the effect of continuous irrigation with nanobubbles on the properties that define
soil quality in a long-term field study.

5. Conclusions

This study demonstrated that the introduction of nanobubbles in the irrigation solution
modifies the root distribution of tomato roots grown in soil in Mediterranean greenhouses,
especially in areas close to the dripper and in the deepest horizons. It also improves the har-
vest index, the agronomic N uptake efficiency, and the field water uptake efficiency. In this
sense, air as the internal gas of the nanobubble is more efficient than oxygen. However, this
effect does not translate into a significant increase in total harvest, although it does increase
the overall size of the fruit and the earliness with which they are produced compared to
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the control. The use of nanobubbles modifies quality parameters relevant to the commer-
cialisation of the fruit and improves postharvest storage at room-temperature conditions.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/horticulturae10050463/s1: Table S1. Ion concentration of irrigation
water and irrigation solutions (mmol/L). DAT: Days after transplanting. Expresses time interval with
the same concentration; Figure S1. Evolution of the relative saturation (Q) of the soil at 5 cm from the
emitter, towards the corridor, and 15 cm deep. DAT: Days after transplanting. Data are expressed
as percentages of saturation. Error bars indicate ± MSE; Figure S2. Evolution of mean temperature
(◦C. top) and mean relative humidity (%. bottom) both inside and outside the greenhouse over the
time period of the trials. DAT: Days after transplanting; Figure S3. Schematic of randomised complete
block experimental design; Figure S4. Relative percentage of each of the causes of fruit rejection in
the unmarketable production for each treatment.
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