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Abstract: The quality-oriented fruit production in well-controlled enclosed hydroponic systems
has been greatly enhanced by the technology of precision agriculture. Over-fertilisation has been
commonly applied to the traditional hydroponic culture of fruit crops, without considering different
nutrient demands during development. Adjusting the nutrient formulations depending on crop
developmental stages could enable efficient fertilisation to increase yield quality. In this study,
N-reduced and K-modified nutrient solutions were applied for a two-step nutrient manipulation
experiment, to improve the fruit quality (Experiment I) and optimise the fertilisation schemes
(Experiment II) of hydroponic netted melon (Cucumis melo L. var. reticulatus). The N-reduced and
K-modified treatments, before fruiting stage in Experiment I, obtained higher fruit quality with
increased fruit weight, dry matter ratio, flesh thickness, and total soluble solids. In Experiment
II, fruits cultured under treatment II-3 (applied with 100-75-100% N and 100-125-75% K during
VG-PYF-FEM) had the highest overall preferences, with ‘rich’ aroma, ‘dense’ texture, and ‘perfect’
sweetness, compared to all other experimental treatments. Our study successfully improved the
fertilisation schemes for a hydroponic netted melon with precise N- and K-nutrient formulations
specific to different developmental stages. Our study promotes the future advancement of precise
fertilisation to improve fruit quality and reduce environmental pollution from farming activities.

Keywords: precise fertilisation; muskmelon; soilless cultivation; nitrogen and potassium
manipulation; nutrition

1. Introduction

Hydroponic fruit production has extensively expanded globally in recent decades, due to the ease
of nutrient management and increased efficiency of water and fertiliser use. Additionally, manipulating
the nutrient levels in hydroponic solutions were effective in controlling the plant growth, yield,
and fruit quality [1–5]. In recent years, with the rapid development of precision agriculture, crop
cultivation in the closed hydroponic systems has become the best choice for well-maintaining stable
cultivation conditions through fertiliser management and nutrient monitoring. Accumulated studies
have confirmed the success of hydroponic culture for several vegetable crops, such as tomato, lettuce,
and netted melon, through improving water use efficiency and optimising both plant growth and yield

Agronomy 2020, 10, 816; doi:10.3390/agronomy10060816 www.mdpi.com/journal/agronomy

http://www.mdpi.com/journal/agronomy
http://www.mdpi.com
https://orcid.org/0000-0001-8304-0320
https://orcid.org/0000-0002-3383-2570
https://orcid.org/0000-0002-9840-1835
http://dx.doi.org/10.3390/agronomy10060816
http://www.mdpi.com/journal/agronomy
https://www.mdpi.com/2073-4395/10/6/816?type=check_update&version=2


Agronomy 2020, 10, 816 2 of 21

quality by finer adjustments on macronutrients, including nitrogen (N), phosphorus (P), potassium
(K), calcium (Ca), or magnesium (Mg) [6–11]. N and K are the two most important macronutrients
determining the plant growth, yield production, and quality [6,8,12–14]. This has encouraged more
research effort on establishing the precise N and K fertilisation schemes for crop plants to improve
yield quality and efficiency of fertiliser use, and reduce the wastage of fertilisers and associated
environmental pollution.

N is one of the most important macronutrients for promoting crop growth and yield by playing
multiple roles in biochemical and physiological functions in plant development [13,15–17]. Previous
studies on cucumber, tomato, pineapple, and watermelon have confirmed that the insufficient supply
of N to vegetable crops resulted in the retardation of plant development and fruit production related to
a decrease in photosynthetic rate through reduction of leaf number, leaf sizes, leaf chlorophyll content,
and lowering of fruit yield and biomass [16,18–23]. High N fertilisation enhanced vegetative growth in
plants, but yield losses were found associated with N over-fertilisation in crop plants, such as lettuce,
pineapple, watermelon, sweet cherry, and strawberry [20–25]. Additionally, excess N could be toxic
to plants by changing the biochemistry and accumulating in the plants, which caused imbalances of
different nutrients and poor fruit quality [26,27].

K is one of the major nutrients for the normal growth and development of plants and fruit
production, and it is involved in important vital functions, including enzyme activation, charge balance
and osmoregulation [28–32]. Maintaining an adequate K supply for fruit crops, including netted melon,
tomato, or cucumber could enhance their yield and fruit quality [33–36]. Increased total soluble solids
and vitamin C content were determined in netted melon with regular foliar K applications [29,34].
Additionally, K plays important roles in mitigating biotic and abiotic stresses such as diseases, saline,
or cold stresses, promoting crop yield and production [32,37]. Additionally, plant K+ ion transporters
and channels can transport excess K+ in exchange of NH4

+ for reducing N uptake as alleviation of N
toxicity in plants [38].

Netted melon (Cucumis melo L. var. reticulatus) is originated from tropical northern Africa near
the equator, and has become widespread worldwide, in particular in the Middle East, Central Asia, and
East Asia [39,40]. Being extremely popular in Japan, netted melon is regarded as noble fruit, because of
its great appearance and the excellence of its fruit quality [41]. In 2017, a total of 12.2 kilotons netted
melon was produced in Japanese nationwide markets, with the total gain of USD 562,000 in the whole
year, accounting for ~6% of the Japanese fresh fruit market [41]. In Taiwan, netted melon is one of
the most important fruit crops in local markets, with an annual production of 35 kilotons in 2018,
bringing the total market value of USD 40,000 [42]. However, the high sensitivity of plant growth and
production due to environmental conditions and fertilisation schemes has caused great difficulties of
maintaining the fruit quality, and this is considered the main challenge for the cultivation of netted
melon [43–45]. Therefore, cultivation in the closed hydroponic systems in the controlled greenhouse
environment has become an increasingly common practice for growing netted melon, to minimise
external abiotic interferences and enable precise nutrient management [3,46,47].

In Taiwan, the greenhouse culture of hydroponic netted melon using Sheen nutrient solution
modified from Yamazaki formula has successfully produced this important economic fruit in subtropical
regions in recent decades [48–50]. However, the success of precision agriculture for netted melon
would require the improvement of the previously used nutrient formulations for soilless cultivation for
two reasons. First, applying the previous nutrient formulations to modern hydroponic systems could
lead to over-fertilisation for crop plants and environmental pollution. Compared to the hydroponic
systems developed 30 years ago, the increased effectiveness of maintaining water levels in the modern
well-controlled, enclosed hydroponic systems could successfully prevent water and nutrient loss due to
leakage or evaporation, and enhance the efficiency of water and fertiliser use by crop plants [1–5,49,50].
Second, previous formulations did not consider the different nutrient uptake by plants during different
developmental stages, such as vegetative or fruiting stages. Due to the inconsistent demands of N
and K nutrients during plant development [6,12], adjustment for the fertilisation schemes, depending
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on precise nutrient requirement during different developmental stages, would be a crucial step for
agricultural advancement.

In this study, we attempted to optimise the yield and fruit quality of a netted melon by manipulating
the nutrient formulations at different developmental stages. We performed two consecutive experiments
to determine the best nutrient formula for netted melon cultivated in hydroponic systems. We divided
the plant growth into three developmental stages, including vegetative growth (VG), pollinated
young fruit (PYF), and fruit enlargement and maturation (FEM), and then designed different nutrient
formulations for the experiments. For Experiment I, two N-reduced treatments were designed to
examine the effects on plant growth and fruit quality. For Experiment II, the nutrient formulations
were finer N and K adjustments, to optimise fruit quality and develop the precise N and K nutrient
formulations for hydroponically produced netted melon. During the two experiments, the nutrient
levels and water chemistry in the hydroponic systems were regularly monitored, to investigate the
nutrient utilisation by plants. Additionally, the major traits of plant growth and fruit quality, such as
growth rates, leaf chlorophyll content, fruit morphology, or chemical contents of netted melon plants
were measured to reveal the growth responses and fruit quality among the different nutrient treatments.
Additionally, blind tasting tests by random respondents were conducted to evaluate the preferences of
netted melon fruits cultivated from the different nutrient treatments, for determination of the cultivated
fruits for meeting the quality demands of market. Finally, we compared the results of plant growth,
fruit quality, and customers’ opinions among the different treatments, to appraise the feasibility of
N-reduced and K-adjusted nutrient fertilisation for the hydroponic culture of netted melon.

2. Materials and Methods

2.1. Hydroponic Systems and Plant Materials

The present study was conducted during summer–autumn 2018 and spring–summer 2019 in
the experimental greenhouse situated at the Experimental Farm of National Taiwan University, in
northern Taiwan (N25.012957, E121.546937). The cultivar of netted melon (Cucumis melo L. var.
reticulatus cv. Summer Line 2) was used in the experiments. All experimental individuals of netted
melon plants were grown following standing culture supported by nylon ropes under natural light
conditions in the hydroponic systems (Figure 1). Each hydroponic system was established from one
960 cm (L) × 28 cm (W) × 18 cm (H) channel, connecting to a 500-L buffer tank with a water pumping
device maintaining the circulation of nutrient solution. One fruit per plant was maintained throughout
the study.
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Netted melon seeds of the study cultivar were commercially available and imported from The
Yokohama Nursery Co., Ltd. in Kanagawa, Japan. Seeds were germinated in a growth chamber with an
artificial light source of light emitting diode (photosynthetic active radiation in 300–400 µmol·m−2

·s−1)
for 16 h photoperiod. Twenty-two-day-old seedlings were then transplanted to the hydroponic
channels in the greenhouse for the following experiments for growth, until the fruits were harvested.
The number of days after transplanting was denoted as DAT, and seedlings of netted melon were
planted in the hydroponic channels with 48 cm apart from each other. Nutrient solutions were
replenished every 4 days (except for DAT0 to DAT8), based on the nutrient formulations in different
treatments (refer to Sections 2.2 and 2.3 for details of the experimental treatments) to maintain the
appropriate water levels and nutrient concentrations according the experimental design. Nutrient
solutions were only replenished once at DAT8 for the first 8 days, due to the small amount of water
absorbed by the newly transplanted seedlings. Moreover, the pH of the hydroponic solution was
adjusted for all treatments every 2 days, to avoid any pH fluctuation during the cultivation periods.
The maximum height of all experimental individuals was maintained at 180 cm by pinching at the 25th
node. Artificial pollination was undertaken during early PYF, and only flowers located between 12th
to 15th nodes were pollinated to maintain the consistency of fruits among all plants. To ensure that
every fruit obtained maximum nutrients from their parent plants, only one “good-shape” fruit in each
plant was retained at later PYF. During FEM, sodium chloride (NaCl) was added 3 times at the earlier-
(275 g), middle- (275 g), and later-stage of FEM (550 g) in each hydroponic channel for taste enrichment
of the fruits, as it is common to eat melon flesh with sprinkled salt in Taiwan. Water temperatures in
the hydroponic systems were controlled at 28–31 ◦C (mean = 30) during the whole cultivation period
(Figure 2). Moreover, the pesticide was applied once a week in the greenhouse environment to control
pests, such as white flies or aphids. Continuous monitoring of pest insects was carried out by installing
4 to 6 yellow sticky papers (21.5 × 15.0 cm) in each experimental treatment.
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control treatment in the greenhouse during the experimental periods, (A) 8 August–25 October 2018;
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2.2. Experiment I: Reducing N and Modifying K Fertilisers

The first N-reduction experiments were conducted from August to October 2018. Seedlings of
netted melon were transplanted to the hydroponic channels on 7 August 2018 (DAT0). Nutrient
solutions were prepared based on the modified Sheen nutrient formula [49]. In this experiment,
the nutrient levels were maintained at different concentrations during three developmental stages,
vegetative growth, pollinated young fruit, and fruit enlargement and maturation with different
formulations (Table 1). The full-strength modified Sheen nutrient solution (100% N, 100% P, and 100%
K) contained 168, 31, and 195 mg/L N, P, and K, respectively, in the nutrient solution. Treatment I-1 was
designed for N-reduction with 75-75-100% N during VG-PYF-FEM. K was manipulated in 75-125-100%
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K for I-1 during VG-PYF-FEM (Table 1). Treatment I-2 was designed for full-period N-reduction with
75-75-75% N during VG-PYF-FEM. Increased K during FEM was considered to avoid the negative
effects caused by N-reduction, so that K was applied in 75-125-100% K for I-2 during VG-PYF-FEM.
In the control treatment (CT), the hydroponic channels were applied with full-strength solution during
the whole cultivation period. In Experiment I, the VG, PYF, and FEM stages lasted for 25 (DAT0–24),
13 (DAT25–37), and 42 (DAT38–79) days, respectively, and the nutrient solutions were changed on
the first day of each stage for all treatments. The netted melon fruits were manual harvesting during
21–25 October 2018.

Table 1. Nutrient solution formulations of the three different treatments for the three developmental
stages, including vegetative growth (VG), pollinated young fruit (PYF), and fruit enlargement and
maturation (FEM) of hydroponic netted melon in Experiment I during summer–autumn 2018. Nitrogen
(N), phosphorus (P), and potassium (K) concentrations (percent) in mg/L.

Treatments

Plant Developmental Stage

VG PYF FEM

N P K N P K N P K

CT 168 (100) 31 (100) 195 (100) 168 (100) 31 (100) 195 (100) 168 (100) 31 (100) 195 (100)
I-1 126 (75) 31 (100) 146.25 (75) 126 (75) 31 (100) 243.75 (125) 168 (100) 31 (100) 195 (100)
I-2 126 (75) 31 (100) 146.25 (75) 126 (75) 31 (100) 243.75 (125) 126 (75) 31 (100) 243.75 (125)

2.3. Experiment II: Optimisoptimisation of the Plant Growth and Fruit Quality by Finer Adjustments

The second N and K adjustment experiments were conducted from April to June 2019. Seedlings of
netted melon were transplanted to the hydroponic channels on 8 April 2019 (DAT0). Nutrient solutions
were prepared based on the results of Experiment I (refer to Section 3 for details). The best fruit quality
was obtained from treatment I-1 with nutrient formulations of 75-75-100% N and 75-125-100% K during
VG-PYF-FEM. The other three treatments were designed for finer N and K adjustments in Experiment
II, for optimising the fruit quality and developing the precise nutrient formulations for hydroponic
netted melon.

N and K levels were maintained at 75-75-100% N and 75-125-75% K for II-1, 100-75-100% N and
100-125-100% K for II-2, 100-75-100% N and 100-125-75% K for II-3 during VG-PYF-FEM (Table 2).
Treatment I-1# was the control treatment for Experiment II with the same nutrient formulation of I-1 in
Experiment I. The “#” was denoted to distinguish the control in Experiment II from treatment I-1 in
Experiment I. In Experiment II, VG, PYF, and FEM stages lasted for 24 (DAT0–23), 14 (DAT24–37), and
46 (DAT38–83) days, respectively, and the nutrient solutions were changed on the first day of each
stage for all treatments. The netted melon fruits were manually harvested during 24–30 June, 2019.

Table 2. Nutrient solution formulations of the four different treatments for the three developmental
stages, including vegetative growth (VG), pollinated young fruit (PYF), and fruit enlargement and
maturation (FEM) of hydroponic netted melon in Experiment II during spring–summer 2019. Nitrogen
(N), phosphorus (P), and potassium (K) concentrations (percent) in mg/L.

Treatments

Plant Developmental Stage

VG PYF FEM

N P K N P K N P K

I-1# 126 (75) 31 (100) 146.25 (75) 126 (75) 31 (100) 243.75 (125) 168 (100) 31 (100) 195 (100)
II-1 126 (75) 31 (100) 146.25 (75) 126 (75) 31 (100) 243.75 (125) 168 (100) 31 (100) 146.25 (75)
II-2 168 (100) 31 (100) 195 (100) 126 (75) 31 (100) 243.75 (125) 168 (100) 31 (100) 195 (100)
II-3 168 (100) 31 (100) 195 (100) 126 (75) 31 (100) 243.75 (125) 168 (100) 31 (100) 146.25 (75)

2.4. Nutrient Solution Monitoring and Water Chemistry Analysis

Regular monitoring for water chemistry parameters including specific conductivity (spEC, µS/cm),
salinity (ppt), dissolved oxygen (DO, mg/L), oxidation-reduction potential (ORP, mV), total dissolved
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solid (TDS, g/L), pH, and water temperature (◦C) of the nutrient solutions were carried out using
multiparameter-meter (YSI Pro Plus, Yellow Springs, OH, USA) during the cultivation periods for both
Experiment I and II. The monitoring of nutrient levels in the hydroponic channels was performed
simultaneously with the day of nutrient solution replenishment, by collecting 100 mL water samples
with 3 replicates in each treatment. The collected water samples were stored at 4 ◦C until analyses for
nutrient and mineral contents (Ca, Mg, Na, K) in laboratory.

In the laboratory, nutrient analysis including phosphate-phosphorus (PO4-P, mg/L), nitrate-
nitrogen (NO3-N, mg/L), and ammonium-nitrogen (NH4-N, mg/L) were conducted using test
kits (Merck Spectroquant® Tests: No. 114848, No. 109713, and No. 114752 respectively) by
spectrophotometer (Merck Spectroquant® Pharo 100, Darmstadt, Germany), following the standard
protocols. Any suspended particle in the water samples was removed by passing through nylon
syringe filters (pore size: 0.22 µm) for the analysis of mineral contents of the nutrient, using inductively
coupled plasma optical emission spectrometry (ICP-OES). Mineral contents including Ca, Mg, Na,
and K (in mg/L) were detected using ICP-OES spectrometer (Agilent 5110, Santa Clara, CA, USA),
following manual instructions.

2.5. Plant Growth and Fruit Quality

Plant height at DAT5, 10, 15, and 20 were measured (to nearest 0.01 cm) to the determine
growth rates of the different treatments during VG. After pinching terminal buds, the width (mm) of
stem between 4th and 5th true leaves were measured by electronic vernier caliper (AnBomb, Japan).
The relative leaf chlorophyll content and maximal quantum efficiency of PSII photochemistry (Fv/Fm)
were measured in all experimental plant individuals during VG, PYF, and FEM, to assess the efficiency
of photosynthesis during the whole experimental period of Experiment I and II. The relative chlorophyll
content was measured on 10th or 11th true leaf, using the Chlorophyll Meter SPAD-502 (Konica Minolta,
Tokyo, Japan) at DAT14, 32, 37, 56, and 69 for Experiment I, and measured at DAT25, 38, and 63 for
Experiment II. Fv/Fm was measured by the Pocket PEA Chlorophyll Fluorimeter (Hansatech, Norfolk,
UK) at DAT21, 32, 37, 56, and 69 for Experiment I, and measured at DAT25, 38, and 63 for Experiment
II. During FEM, four plants in each treatment were randomly selected for leaf area (cm2) measurement
of leaves located in the fruiting nodes using the software Easy Leaf Area [51].

The harvested fruits were examined for the characteristics, including fruit length (mm) and width
(mm). Additionally, fruit quality traits, such as fruit weight (g), flesh thickness (mm), dry matter ratio
(%), and pulp firmness (N·m2) were evaluated. Flesh thickness was the distances between seed cavity
and rind. Dry matter ratio was represented by the ratio of 3-day 80 ◦C oven-dried pulp over fresh fruit
pulp. Pulp firmness was measured by TA.XT plusC Texture Analyser (Stable Micro Systems, Surrey,
UK), and the values were presented in the averages of stem-end, equatorial part, and stylar-end of
fruits. In addition, fruit compositions, including total soluble solids (TSS, ◦Brix), total salt content
(TSC, mg/g), ascorbic acid (mg/L), and nitrate (mg/L) were analysed from pureed mesocarp samples.
TSS and TSC were detected by the digital refractometers (TSS: Atago PAL-1, Tokyo, Japan; TSC: Atago
PAL Easy Salt, Tokyo, Japan). Ascorbic acid and nitrate contents were measured from 1-mL pureed
liquids by Reflectoquant® test kits (Merck Tests: No.116981 and No.116971 respectively), following
the standard protocols. Moreover, 0.5 g oven-dried fruit samples were digested with 5-mL 65% nitric
acid for 3 hours at 100 ◦C, using a graphite digestion block (DigiPerp Jr, Quebec, Canada), following
standard protocols. The digested samples were neutralised to a total volume of 25 mL by ultra-pure
water. Any suspended particles in the digested samples was removed by passing through nylon
syringe filters (pore size: 0.22 µm) for further analysis of fruit mineral contents, including Ca, Mg,
Na, and K (in mg/100 g FW), using an ICP-OES spectrometer (Agilent 5110, Santa Clara, CA, USA),
following manual instructions.
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2.6. Blind Tasting Tests for Customers’ Preferences

A questionnaire was designed for the blind tasting test on the overall preference, fruit aroma,
texture, sweetness, and savoury flavour, as an evaluation of the customers’ preferences of fruits
cultivated from the different treatments, based on the personal perception of different fruit characteristics
by random respondents as “customers’ opinions”. The results were used for determining the extent of
fruits cultivated from the different treatments for market preferences. The respondents in Experiment
I (N = 31) and II (N = 27) were asked to answer the questions after tasting the netted melon fruits
cultivated from the unknown treatments. Each question included 3 to 5 grades from the lowest to the
highest levels. The overall preferences were ‘no’, ‘weak’, ‘normal’, ‘high’, and ‘strong’. Fruit aroma
was classified to ‘no’, ‘plain’, ‘normal’, ‘rich’, and ‘over’. Fruit texture included ‘watery’, ‘too soft’,
‘soft’, ‘dense’, ‘tough’. Five grades of sweetness were ‘no’, ‘not enough’, ‘normal’, ‘perfect’, and ‘over’.
Three grades of savoury flavour were ‘no’, ‘good’, and ‘too much’.

2.7. Statistical Analysis

One-way ANOVA with Tukey’s post hoc test was used to determine the difference in all water
chemistry parameters, plant growth parameters, and fruit traits during the three developmental stages
(VG, PSF, and FEM) among the different nutrient treatments for Experiment I and II. Moreover, best
subset regression was performed, to search for the subset of the most influential nutrient characteristics
of the hydroponic solutions, explaining the highest variability of the growth response and fruit quality
of netted melon in Experiment I and II. All statistical analyses were performed using Minitab® software
(version 16).

3. Results

3.1. Changes in Water Chemistry of Nutrient Solution for the Hydroponic Culture

Total N in nutrients for CT were 173.8 mg/L (NH4-N = 27.1 ± 2.9, NO3-N = 146.7 ± 6.6 mg/L) for
VG and 166.8 mg/L (NH4-N = 16.3 ± 3.7, NO3-N = 150.5 ± 13.9 mg/L) for PYF showing balanced N
uptake by plants and N replenishment (100% N = 168 mg/L) for CT (Figure 3A,B). However, total
N in nutrient for CT was 257.6 mg/L (NH4-N = 17.8 ± 1.9, NO3-N = 239.8 ± 45.1 mg/L) for FEM,
suggesting less N absorption by plants than N replenishment during fruit development. There were
135.0 mg/L (NH4-N = 29.5 ± 3.0, NO3-N = 114.5 ± 11.3 mg/L) and 130.4 mg/L (NH4-N = 21.1 ± 4.2,
NO3-N = 109.3 ± 8.0 mg/L) total N in nutrient solutions for I-1 and I-2, respectively, during VG,
also showing balanced N absorption by plants and N replenishment (75% N = 126 mg/L) for
treatment I-1 and I-2 (Figure 3A,B). However, total N were 78.3 and 92.4 mg/L during PYF for I-1
(NH4-N = 4.4 ± 3.4, NO3-N = 73.9 ± 10.8 mg/L) and I-2 (NH4-N = 7.9 ± 3.0, NO3-N = 84.5 ± 9.8 mg/L),
respectively, demonstrating a reduction in 26.7–37.9% N compared to N replenishment of 75% N
(126 mg/L) during PYF. Increased total N levels in nutrient solutions for both I-1 (NH4-N = 7.4 ± 4.0,
NO3-N = 171.3 ± 43.5 mg/L) and I-2 (NH4-N = 2.2 ± 1.7, NO3-N = 142.2 ± 28.2 mg/L) during FEM,
thus indicated reducing N demands during fruit development.

K concentrations of CT in Experiment I were 227.2 ± 14.9, 229.5 ± 26.0, and 373.7 ± 58.7 mg/L
during VG, PYF, and FEM, respectively, indicating low K uptake efficiency by plants for CT, due to
accumulation in the nutrient solution (100% K = 195 mg/L, Figure 3C). However, increasing K uptake
efficiency was observed for both I-1 and I-2, which were applied for 125% K (243.75 mg/L) during
PYF. There were 176.5 ± 42.8 and 194.9 ± 45.1 mg/L K in nutrient solutions for I-1 and I-2, respectively,
suggesting high K uptake by plants during PYF (Figure 3C). However, K uptake was reduced during
FEM, for both I-1 (349.5 ± 45.6 mg/L) and I-2 (398.8 ± 66.1 mg/L), which were replenished in 100%
K and 125% K nutrient solutions, respectively. P concentrations showed constant levels among
the three treatments during VG (34.7–41.9 mg/L), PYF (31.3–39.1 mg/L), and FEM (29.6–38.2 mg/L),
demonstrating no effects on P uptakes by adjusting N and K among CT, I-1, and I-2 (Figure 3D, one-way
ANOVA, p > 0.05).
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Figure 3. Mean (+ sd) of (A) NH4-N, (B) NO3-N, (C) K, and (D) PO4-P concentrations of the hydroponic
solutions measured during VG, PYF, and FEM from the three different nutrient treatments in Experiment
I. Bars of different colours represented different nutrient treatments. Statistical significances tested with
one-way ANOVA were denoted by asterisk: p < 0.05 *, p < 0.01 **, p < 0.001 ***. Codes and details for
the experimental treatments refer to Table 1.

The results revealed higher N uptake efficiency for both I-1# and II-1 than both II-2 and II-3. Total
N during VG, PYF, and FEM revealed 99.8, 61.5, and 113.6 mg/L for I-1# and 108.1, 76.3, and 126.0 mg/L
for II-1, indicating reduced 14–21%, 39–51%, and 25–32%, respectively, compared to replenished N
levels in 75-75-100% N (Figure 4A,B). In contrast to I-1# and II-1, relatively low N uptake efficiency
was shown for both II-2 and II-3. Total N in the hydroponic solutions measured during VG, PYF,
and FEM were, respectively, 146.5, 115.9, and 163.4 mg/L for II-2 and 153.1, 127.3, and 186.0 mg/L
for II-3, demonstrating consistent N levels, corresponding to the nutrient replenishment from the N
formulation of 100-75-100% N. However, NH4-N for all treatments remained at low concentrations in
the hydroponic solutions during PYF and FEM ranging from 0.3–2.4 mg/L, indicating the prior use of
NH4-N as N sources by plants.
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Figure 4. Mean (+ sd) of (A) NH4-N, (B) NO3-N, (C) K, and (D) PO4-P concentrations of the hydroponic
solutions measured during VG, PYF, and FEM from the four different nutrient treatments in Experiment
II. Bars of different colours represented different nutrient treatments. Statistical significances tested
with one-way ANOVA were denoted by asterisk: p < 0.05 *, p < 0.01 **, p < 0.001 ***. Codes and details
for the experimental treatments refer to Table 2.

High efficiency of K uptake was shown for all treatments at VG and PYF than FEM in Experiment
II. Nutrient solutions were applied 75–125% K for both I-1# and II-1, 100–125% K for both II-2 and
II-3 during VG-PYF. Treatment I-1# and II-1 showed 98.9–106.8 and 104.6–105.1 mg/L K, respectively,
indicating reduced 28–32% and 56–57% K during VG and PYF, respectively, in nutrient solutions,
compared to the hydroponic solutions with replenished K (Figure 4C). Treatment II-2 and II-3 showed
130.5–131.9 and 138.3–144.7 mg/L K, respectively, indicating a reduction of 29–32% and 41–46% K
during VG and PYF, respectively, in nutrient solutions, compared to the hydroponic solutions with
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replenished K (Figure 4C). However, K uptake was highly reduced during FEM for all treatments and K
remained excessive in the hydroponic solutions. During FEM, only ~6% of K was constantly absorbed
during I-1# (183.9 ± 46.6 mg/L), but no clear evidence of K absorption was observed from the other
three nutrient treatments. P concentrations showed constant levels among the four treatments during
VG (31.1–32.8 mg/L) and PYF (21.6–33.7 mg/L), demonstrating no effects on P uptakes by adjusting N
and K levels among I-1#, II-1, II-2, and II-3 during VG and PYF (Figure 4D, one-way ANOVA, p > 0.05).

3.2. Plant Growth and Fruit Quality

In Experiment I, the difference in plant growth responses including plant height and relative leaf
chlorophyll content were shown among the three treatments (Figure 5A). Mean values (± sd) of plant
height were 7.2 ± 1.9, 10.6 ± 4.0, and 8.2 ± 2.5 cm for CT, I-1, and I-2 respectively at DAT5, and the
statistical analysis revealed that the highest plant height in I-1 compared to I-2 and CT (Figure 5A;
1oneway ANOVA, p < 0.01). Additionally, plants for I-1 (46.6 ± 7.4 cm) were taller than both I-2
(44.2 ± 6.4 cm) and CT (40.5 ± 6.7 cm) at DAT10 (one-way ANOVA, p < 0.05). The results thus revealed
the application of 75% N and K during VG did not retard plant growth for I-1 and I-2 but taller
plants instead particularly during earlier VG. Additionally, the overall growth rates between DAT5–20
remained similar among the three treatments, i.e., CT, I-1, and I-2, ranging from 9.94–10.22 (cm/d;
one-way ANOVA, p > 0.05).
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Figure 5. The growth characteristics of netted melon from different nutrient treatments in Experiment
I and II. (A) Plant height, PH (cm); and (B) relative leaf chlorophyll content, SPAD-502, measured
from Experiment I. (C) Plant height (cm), PH; and (D) relative leaf chlorophyll content, SPAD-502,
measured in from Experiment II. Statistical significances tested with one-way ANOVA were denoted
by asterisk: p < 0.05 *, p < 0.01 **, p < 0.001 ***. Codes and details for the experimental treatments refer
to Tables 1 and 2.

In Experiment I, relative leaf chlorophyll content was measured highest for CT at DAT14
(42.5 ± 1.4 SPAD-502) and DAT32 (36.9 ± 2.2 SPAD-502), compared to I-1 and I-2 (Figure 5B, one-way
ANOVA, p < 0.05), demonstrating reduced photosynthetic efficiency for both I-1 and I-2, which applied
75% N during VG and PYF. However, relative leaf chlorophyll content was not significantly different
among the three treatments ranging from 36.9–39.7 at DAT56 and 40.1–40.4 at DAT69 (Figure 5B,
one-way ANOVA, p > 0.05). The results thus indicated that, although there was lower photosynthetic
efficiency for I-1 and I-2 during plant growth, there were no effects on later fruit development by
adjusting N and K levels. Moreover, the leaves located at the fruiting nodes showed no significant
difference in surface area (524–550 cm2) among the three treatments (one-way ANOVA, p > 0.05).
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In Experiment II, only relative leaf chlorophyll content showed significant difference among the
four treatments (Figure 5C). Similar plant heights which ranged from 5.7–6.1 cm at DAT5 to 105–119 cm
at DAT20 were observed from all treatments, and the growth rates were 6.8–7.6 cm/day. The results
demonstrated no retardation in plant growth for both I-1# and II-1 with 75% N and K, compared to both
II-2 and II-3 (with 100% N and K). However, relative leaf chlorophyll content of plants were 37.7–39.4
and 34.7–38.0 SPAD-502 for I-1# and II-1, respectively, during DAT25–63, showing significantly lower
content than both II-2 (38.7–42.1 SPAD-502) and II-3 (39.3–40.7 SPAD-502) in Experiment II (Figure 5D,
one-way ANOVA, p < 0.01). This indicated that photosynthetic efficiency was lower for both I-1# and
II-1, compared to II-2 and II-3. Moreover, the leaves located at fruiting nodes showed areas ranging
from 637 to 747 (cm2) for all treatments, but the largest for I-1# and the smallest for II-2 (one-way
ANOVA, p < 0.05).

In Experiment I, fruits of netted melon required 1.2–2.4 more days for development into
harvestable status under the reduced-N hydroponic treatments, i.e., I-1 and I-2, compared to CT
(mean = 54.0 ± 1.3 days, Table 3). The fruit traits, including fruit weight (1506.9 ± 143.7 g), flesh
thickness (39.28 ± 3.24 mm), and dry matter ratio (10.76 ± 0.35%) were 9.0%, 9.3%, and 41.0% higher,
respectively, for I-1 compared to CT. However, fruit weight was 1356.4 ± 131.1 g for I-2, which was 2%
lighter than CT. The dry ratio for I-2 was 9.45± 1.02%, which was 23.9% higher than CT. The morphology
of the netted melon showed no difference among the three treatments in Experiment I, with the shape
index ranging from 0.99–1.00 (Table 3). Higher TSS, TSC, and K contents were shown in fruits from
both I-1 and I-2 compared to CT, and this indicated the modified N and K levels in fertilisation scheme
effectively changed the chemical contents in netted melon fruits. TSS increased by 8–13% for both
I-1 and I-2, compared to CT (12.51 ± 1.19 ◦Brix). TSC was increased by 2–8% for both I-1 and I-2,
compared to CT (0.49 ± 0.06 mg/g). Moreover, modifying K fertilisers resulted in an increase of 23–25%
K contents in fruits from I-1 and I-2, compared to CT (327.8 ± 33.6 mg/100 g FW). Both the ascorbic
acid (Experiment I = 76.7–86.7; Experiment II = 1.3–3.8 mg/L) and the nitrate contents (Experiment
I = 76.7–86.7; Experiment II = 1.3–3.8 mg/L) of the fruits showed no difference among treatments in
Experiment I and II (Table 3). Additionally, the levels of Ca, Mg, and Na in the fruits were similar
among the three treatments, ranging from 1.2–1.5, 9.7–12.6, and 24.2–28.8 mg/100 g FW, respectively
(one-way ANOVA, p > 0.05).

In Experiment II, the netted melon plants required a similar number of days for developing fruit
into harvestable status across all treatments, i.e., I-1#, II-1, II-2, and II-3 (54.3–55.1 days, Table 3). Fruit
weights also exhibited no difference among treatments ranging from 1107.4–1203.2 g. However, fruits
from all treatments in Experiment II in 2019 weighed lighter than Experiment I in 2018. Additionally,
fruit shapes, flesh thickness, and dry matter ratios showed no statistical significance among the four
treatments. Netted melon fruits from II-3 were 5.07 ± 0.35 N·m2, revealing a significantly softer texture
than the other three treatments, i.e., I-1#, II-1, and II-2 (one-way ANOVA, p < 0.01). Chemical contents
including TSS, TSC, ascorbic acid, nitrate, and K contents of fruits had no statistical difference among
the four treatments in Experiment II (one-way ANOVA, p > 0.05).

The results of the best subsets regressions revealed that combined N and K manipulations in two
experiments contributed to different traits of plant growth and fruit traits (Figure 6). For plant growth,
the nutrient manipulations in Experiment I made a major contribution to plant height at DAT5–15 with
R-square ≥ 50%. However, nutrient adjustments in Experiment II showed fewer effects on plant height.
The nutrient treatments in both experiments contributed >35% (R-square) in relative leaf chlorophyll
content of plants. For fruit traits, reduced N and adjusted K in Experiment I explained >50% effects on
TSS, dry matter ratio, and mineral contents, including Ca, K, and Mg in netted melon fruits. Therefore,
nutrient manipulations in Experiment I significantly improved fruit quality, especially sweetness and
mineral contents. N and K adjustments in Experiment II contributed to fruit traits such as fruit weight
and length, TSC, ascorbic acid, and nitrate contents with >40% R-square. Thus, fruit morphology and
chemical contents, i.e., TSS, ascorbic acid, and nitrate, were significantly improved compared to the
nutrient treatments in Experiment II.
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Table 3. Fruit morphological and chemical characteristics of netted melon fruits cultured from different nutrient treatments in Experiment I and II. The superscript
letters indicated the results of post hoc tests. Statistical significances tested with one-way ANOVA were denoted by asterisk: p < 0.05 *, p < 0.01 **, p < 0.001 ***.
Codes and details for experimental treatments refer to Tables 1 and 2.

Treatments
Days to
Harvest

(d)

Fruit Weight
(g)

Fruit Shape
Index

(Length/Width)

Flesh
Thickness

(mm)

Pulp
Firmness

(N·m2)

Dry Matter
Ratio
(%)

TSS
(◦Brix)

TSC
(mg/g)

Ascorbic
Acid

(mg/L)

Fruit K
(mg/100 g FW)

Nitrate
(mg/L)

Experiment I, summer–autumn 2018
Day length: decreasing trend from 13.18 to 11.28 h/d

CT 54.0 c
± 1.3 1383.1 ab

± 118.8 0.99 ± 0.04 35.95 b
± 1.92 2.58 ± 0.44 7.63 c

± 0.61 12.51 b
± 1.19 0.49 b

± 0.06 76.8 ± 18.1 327.8 b
± 33.6 3.0 ± 6.2

I-1 56.4 a
± 0.7 1506.9 a

± 143.7 1.00 ± 0.03 39.28 a
± 3.24 2.51 ± 0.88 10.76 a

± 0.35 14.09 a
± 0.93 0.50 ab

± 0.03 86.7 ± 26.2 410.3 a
± 22.0 1.3 ± 4.6

I-2 55.2 b
± 1.1 1356.4 b

± 131.1 0.99 ± 0.02 36.50 b
± 2.90 2.15 ± 0.78 9.45 b

± 1.02 13.55 a
± 0.57 0.53 a

± 0.05 82.5 ± 29.1 402.0 a
± 22.3 3.8 ± 5.8

F ratio 14.99 *** 4.47 * 0.09 ns 5.08 * 1.14 ns 33.94 *** 9.00 ** 3.36 * 0.47 ns 8.80 * 0.59 ns

Experiment II, spring–summer 2019
Day length: increasing trend from 12.60 to 13.68 h/d

I-1# 54.7 ± 2.1 1192.0 ± 88.6 1.02 ± 0.03 35.43 ± 1.95 5.77 ab
± 0.73 11.27 ± 0.74 0.49 ± 0.04 176.3 ± 37.5 523.8 ± 46.0 12.4 ± 14.8

II-1 54.4 ± 3.0 1107.4 ± 84.6 1.00 ± 0.03 34.22 ± 2.26 6.07 a
± 0.62 10.78 ± 0.72 13.52 ± 0.71 0.53 ± 0.05 156.1 ± 42.1 508.9 ± 71.4 8.8 ± 6.0

II-2 54.3 ± 2.1 1194.8 ± 63.7 1.02 ± 0.04 35.31 ± 3.07 5.27 ab
± 0.41 10.44 ± 1.12 13.44 ± 0.82 0.53 ± 0.02 135.6 ± 20.8 598.9 ± 119.4 4.4 ± 5.3

II-3 55.1 ± 2.1 1203.2 ± 122.1 1.03 ± 0.02 34.71 ± 2.40 5.07 b
± 0.35 10.93 ± 1.12 13.61 ± 0.98 0.50 ± 0.05 140.3 ± 33.1 554.9 ± 25.2 8.0 ± 9.0

F ratio 0.19 ns 2.13 ns 0.97 ns 0.47 ns 4.79 ** 1.18 ns 0.33 ns 2.07 ns 2.59 ns 0.86 ns 1.06 ns
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3.3. Blind Tasting Tests for Customers’ Preferences

In the blind tasting test in Experiment I, netted melon fruits from I-1 obtained >50% ‘high’ and
‘strong’ in overall preferences from all respondents, and this demonstrated a 1.7–3.4 times higher
preference than that from CT (33%) and I-2 (16%, Figure 7A). For fruit aroma, 45.16% of respondents
considered fruits from I-1 as having a ’rich’ aroma, but only 29.03% and 16.13% of respondents preferred
CT and I-2 as a ‘rich’ aroma (Figure 7B). However, fruits from I-2 were ranked as a ‘plain’ aroma by
35.48% of the respondents, compared to CT (29.03%). The same number of respondents agreed with
the ‘dense’ texture of fruits from I-1 and CT (35.48%), compared to I-2 (19.35%; Figure 7C). There were
45.16% of respondents who indicated that fruits from I-2 were ‘soft’ in texture, rather than ‘dense’.
More than a half of respondents (51.61%) perceived fruits from I-1 as ‘perfect’ sweetness, and this
was 1.5–3.2 times higher than those from CT (35.48%) and I-2 (16%) (Figure 7D). However, the fruit
sweetness from II-2 did not improve by adjusting N and K in the hydroponic solutions, with 54.84%
of the respondents ranking fruits as being of ‘normal’ sweetness. For a savoury flavour in netted
melon fruits, the same proportion of 41.94% of respondents ranked CT and I-2 as a ‘good’ savoury
flavour, which was higher than I-1 (35.48%; Figure 7E). However, more respondents indicated ‘too
much’ savoury flavour for I-2 (9.68%) compared to CT (6.45%) and I-1 (0%).

In the blind tasting test for Experiment II, netted melon fruits from II-3 obtained 56.00% ‘high’
and ‘strong’ in overall preferences from all respondents, which was higher than from I-1# (36%), II-1
(35%), and II-2 (33%; Figure 7F). The aroma of fruits from II-3 were considered as having a ‘rich’ aroma
by 44.44% of respondents, compared to II-1, II-2, and II-3 (11–30%; Figure 7G). A total of 44–56% of
respondents agreed with a ‘dense’ texture in I-1# and II-3, which was higher than both II-1 and II-2,
with 30–33% (Figure 7H). The highest proportion of respondents considered fruits from II-1 to have a
‘tough’ texture (14.81%), compared to the other three treatments, i.e., I-1#, II-2, and II-3 (4–7%). A total
of 48.15% of respondents perceived fruits from II-3 as being of ‘perfect’ sweetness, and this was higher
than that from I-1# (37.04%), II-1 (33.33%), and II-2 (33.33%) (Figure 7I). There were 46.15% of the
respondents who indicated a ‘good’ savoury flavour of fruits from II-2, which was better than the other
three treatments, i.e., I-1#, II-1 and II-3 (31–35%, Figure 7J).
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4. Discussion

The present study included a two-step nutrient manipulation experiment for the hydroponic
cultivation of netted melon. In Experiment I, nutrient solutions were applied to N-reduction and
K-adjustment to investigate the effects of plant growth and fruit quality. In Experiment II, nutrient
solutions were further finer adjusted in N and K to optimise the plant growth and fruit quality. Since
N nutrients played important roles in protein metabolism, nucleic acid synthesis, or chlorophyll
production, traditional farming practice tended to use fertilisers with excessive N to avoid any adverse
effects on yield, due to N deficiency in plants. For soilless cultivations, Hoagland and solution and
Cooper nutrient solution, which contained >200 mg/L of N-based nutrients, have been widely applied
to many fruit crops, including strawberries and tomatoes [52,53]. However, the excessive N for
hydroponic vegetative crop changed in plant growth such as reduced leaves and stunt roots, e.g.,
lettuce, which applied for 300 mg/L N [10]. Additionally, the NH4-N fraction of total N in the nutrient
solution reached 0.15 (NH4-N/total-N), which could restrict vegetative growth, fruit yield, and quality,
and the excessive NH4-N is commonly known as nitrogen toxicity for many hydroponic crops, such
as tomato and lettuce [54,55]. Moreover, excessive N fertilisation caused environmental problems,
such as release to nearby water bodies, leading to eutrophication and algal blooms. The nutrient
demands of plants vary through the whole cultivation period depending on their developmental stages.
Highest fruit yield was obtained from an optimisation experiment of N application for hydroponic
cultured tomato with 50, 60, 90, 140 mg/plant/day at vegetative, early, middle and late reproductive
stages, respectively, in Sri Lanka [56]. It would be essential to develop precision fertilisation schemes
for vegetable crops. In this study, we designed a series of fertilisation schemes based on modified
Sheen nutrient solution with reduced N levels and different levels of K manipulation in the growth
experiments of hydroponic netted melon in the greenhouse environment [49]. The water chemistry of
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the nutrient solutions of each treatment was continuously monitored during the whole experimental
period. Parameters of plant growth, fruit yield and quality under different experimental treatments
were also measured to reveal the plant responses to different fertilisation schemes.

4.1. Changes in N Levels of Nutrient Solutions for Hydroponic Melon Culture

Our full-strength nutrient solution contained a total of 168 mg/L N (including NO3-N and NH4-N),
and the nutrient levels for CT reveal balanced N uptake and N replenishment during VG (173.8
mg/L) and FEM (166.8 mg/L). However, excessive N was observed for CT during FEM, with a total of
257.6 mg/L in nutrient solutions. Both I-1 and I-2 had reduced N to 75% (i.e., 126 mg/L N) during VG
and PYF, and N levels were significantly decreased 26.7–37.9% in the nutrient solutions, due to an
increase in N uptake from plants, in particular for PYF. The total N concentration for both I-1 (with
100% N during FEM) and I-2 (with 75% N during FEM) increased for FEM with 6.3% and 14.5%,
respectively, also representing excessive N in nutrient solutions. Similar trends of N contents in the
hydroponic solutions were observed in Experiment II, with more efficiency on total N uptake for
both treatment I-1# and II-1 which applied for 75-75-100% N. N was absorbed in 14–51% during the
whole cultivation period for I-1# and II-1 in Experiment II. However, the relatively low efficiency of N
uptakes was observed for both II-2 and II-3, which applied for 100-75-100% N. There were 9–12% N
absorbed by plants during VG for both II-2 and II-3. There was only absorbed in 3–8% during PYF
and FEM for II-2, demonstrating a relatively balanced N uptake and N replenishments. Moreover,
accumulated 1–10% for II-3 during PYF and FEM indicated excessive N for II-3. Additionally, NO3-N
revealed increasing trends in nutrient solutions for Experiment I and II, with 30–63% and 31–42%,
respectively, higher during FEM than VG. However, gradually decreasing in NH4-N for all treatments
were measured in Experiments I, and dramatically decreased NH4-N for all treatments from VG to
PYF in Experiments II. The results suggested an unbalanced uptake of different forms of N nutrients
by plants. The preference of N absorption was different among vegetables, and netted melon (Earls
Favourite) tended to absorb NH4-N more easily than NO3-N [57]. NH4-N could be more efficient for
supporting N utility for photosynthesis in plants because of its higher Rubisco content or activity and
regeneration of ribulose-1,5-bisphosphate [58]. However, excessive NH4-N from fertilisers would be
toxic to plants, because the uptake of excessive cations could increase plant acidity leading to yield
depression, and even mortality [59]. Therefore, using N nutrients with a combination of both NO3-N
and NH4-N during plant cultivation was found to be better for promoting plant growth, yield, and
photosynthesis in several crop plants, such as sweet corn, eggplant, and netted melon [49,60,61].

Better fruit quality of netted melon associated with higher TSS and fruit weight could be effectively
controlled by maintaining the NO3-N/NH4-N ratios at 5:1 in nutrient solutions in Taiwan [38]. In our
study, we maintained NO3-N/NH4-N ratios of nutrient solutions in 5:1 during the whole cultivation
periods for both Experiment I and II, but extremely low NH4-N levels remained in nutrient solutions
during PYF and FEM (<2.5 mg/L) in Experiment II. The results indicated higher use of NH4-N for
photosynthesis in plants in Experiment II than Experiment I. In Experiment II, day length was gradually
increased from 12.6 to 13.7 h/day [62], and mean day length was 1.5 h/day longer than that for
Experiment I from PYF to FEM, which suggested that higher nutrient demands of netted melon were
required for photosynthesis in Experiment II.

There was no significant difference in K levels of the hydroponic solutions among the four
treatments at FEM, and this indicated that similar K concentrations remained in the hydroponic
solutions among treatments. A significant difference in NO3-N levels of hydroponic solutions at FEM
was detected among these four treatments, despite the same N-fertiliser concentrations with constant
ratio of NO3-N/NH4-N being applied to the four nutrient treatments at PYM and FEM in Experiment
II (Table 2). This suggested that N uptake at fruiting stage of netted melon could be affected by the
N-fertiliser concentration at VG. The N uptake by plants from Treatment II-2 and II-3 were lower than
Treatment I-1# and II-1, as significantly higher NO3-N levels were measured from the hydroponic
solutions from Treatment II-2 and II-3. However, in this study, both the pulp firmness of fruits and



Agronomy 2020, 10, 816 15 of 21

results of blind tasting test on fruit texture did not demonstrate a consistently softer texture of fruits
from Treatment II-2 and II-3 than the other two treatments. A better understanding of the change in
fruit quality of netted melon with respect to nutrient management specific to the developmental stages
deserves further evaluation.

4.2. Plant Growth and Nutrient Manipulations

Poor plant growth was not demonstrated by netted melon under the reduced-N treatments from
both Experiment I and II. The growth rates of plants in Experiment I ranged from 9.94 to 10.22 cm/day
during DAT5–20 (VG), with no difference among the three treatments. Experiment II also revealed
similar growth rates among the four treatments with 6.75–7.61 cm/day. Moreover, similar heights were
recorded for all netted melon plants at DAT20 (Experiment I: range = 158 to 161 cm; Experiment II:
range = 105 to 119 cm), regardless the differences in nutrient treatments. There was no significant
difference in plant growth rate among all treatments for both experiments. Hence, this suggested that
netted melon plants were not retarded in growth in the nutrient solutions with 75% N. Our results also
confirmed that 75% N did not affect the N uptake of netted melon, and this supported the present
N-reduced nutrient formulations as being the more precise fertilisation schemes for netted melon.

Accumulated studies have suggested that N, as an important nutrient contributing to plant
growth and agricultural productivity, particularly for the hydroponic cultivation, has profound effects
on vegetative growth of various crops such as netted melon, water melon, cucumber, tomato, and
lettuce [18–20,58,63,64]. However, excessive N applications could increase vegetative growth at the
expense of reproductive growth, resulting in the hindrance of reproductive growth and fruit yield.
These effects could be worsened when hydroponic crops are subjected to high ammonium concentrations
of nutrient solutions, due to the development of ammonium toxicity symptoms [19,26,27,55,59,63–65].
In the present study, the reduced-N treatments did not affect growth rates of netted melon plants during
VG, but such manipulations led to significantly slower fruit development, with the fruit ripening time
delayed for 1.2–2.4 more days in Experiment I. This slight delay of the reproductive growth of netted
melon was inconsistent with other studies on the crop response of N fertilisation, e.g., [19]. In addition,
the overall growth rates of netted melon plants decreased by 24–34% in Experiment II, compared to
Experiment I. Such detected differences could be primarily due to the differences in air temperature and
day length during different growing seasons. Previous studies confirmed that light intensity and air
temperature were key factors influencing water uptake and, thus, the absorption of nutrient solution
by plants [42–44]. Mean air temperature during VG for Experiment II in spring 2019 was 24.3 ± 3.0 ◦C,
which was lower than the Experiment I in summer 2018 (29.0 ± 1.3 ◦C). Netted melon is a warm-season
crop, and the growth rates were reported as being 1.9 times faster at 34 ◦C than at 22 ◦C [44,46].

Previous studies indicated that leaf chlorophyll content of plants (SPAD values) were linearly
correlated with leaf N concentrations, and this relationship has been commonly used to evaluate and
manage N fertilisers for vegetative plants [22,66]. In Experiment I, the SPAD values in plants for
I-1 and I-2 showed significantly lower than C1 particularly before DAT37 (VG and PYF), suggesting
low N contents in plants for N-reduced treatments. However, the SPAD values were not different
among treatments during FEM (DAT56 and 69), revealing no difference in leaf chlorophyll content
during fruiting stages. Therefore, N-reduced treated plants for I-1 and I-2 had lower photosynthesis
in Experiment I, particularly during VG. In Experiment II, lower photosynthesis effects also showed
in plants under N-reduced treatments during VG for I-1# and II-1, compared to II-2 and II-3,
which were treated with full-strength nutrients during VG. Thus, our results suggested that N-reduced
manipulation in nutrient solutions caused lower photosynthesis effects in plants. To sum up, the nutrient
manipulations explained 39–70% of the variation of leaf chlorophyll content corresponding to the
overall plant growth in both Experiment I and II. This highlighted the strong influence of nutrient
regulations on the plant photosynthetic effects.



Agronomy 2020, 10, 816 16 of 21

4.3. Fruit Quality and Nutrient Manipulations

Sufficient N fertilisers for vegetative cultivations could enhance fruit quality, such as yield and fruit
mass [19,20,67]. However, excessive N could result in poor quality of netted melon fruits by reducing
flesh ratios, due to the increased central cavity and the decreased edible part [19,45]. Our results in
Experiment I revealed higher weight, flesh thickness, and dry matter ratios of fruits from I-1 than that
of CT, thus this represented better fruit quality grown with N-reduced nutrient solutions before fruiting
stages. Additionally, increasing TSC was shown in I-1 compared to CT, suggesting positive effects of
N-reduced manipulation on fruit sweetness. Despite the increased dry matter ratio and TSC in netted
melon fruits from I-2 compared to CT, I-1 revealed the highest fruit quality among the three treatments,
rather than I-2. Therefore, instead of consistent N-reduction treatment throughout the cultivation
period, i.e., 75-75-75% N, it was important to raise N fertilisation to 100% at FEM, after maintaining
reduced-N treatments at 75% during VG and PYF for the production of good-quality fruits.

K modification of the nutrient solutions was conducted during PYF and FEM in Experiment I.
Although K element was reported for its important roles in regulating enzyme activities in plants,
the effects of K fertilisation for the fruit quality of netted melon was not consistent in previous studies.
Inadequate K fertilisation could result in poor fruit quality with lower TSS and ascorbic acid [33].
However, the decline in fruit yield, TSS, and ascorbic acid was not observed with restricting K supply
for netted melon cultivation [65]. In our study, we modified K contents to 125% during PYF for both
I-1 and I-2, to ensure sufficient K for fruit growing. We manipulated K only during PYF for I-1 and
during PYF and FEM for I-2, to investigate the precise timing for increasing K fertilisation. Our results
showed higher TSS of fruits from I-1 and I-2 than CT. However, smaller fruits and lower dry matter
ratios were observed for I-2 compared to I-1, indicating that increasing K fertilisers during FEM did
not improve the fruit quality of netted melon.

Based on the best fruit quality from I-1 in Experiment I, the nutrient solutions were applied
with finer N and K adjustment in Experiment II. N and K were more finely adjusted during VG and
FEM aiming to further improve the quality of hydroponic netted melon fruits. As K plays important
role in ion transportation in cells, excessive K could result in unbalanced absorptions of the other
nutrients, such as Ca in plants [68–70]. Additionally, reducing K contents in netted melon fruits could
offer another diet option for chronic kidney disease patients, which affects more than 750 million
people globally [8]. Our results revealed only pulp firmness were statistically different among the four
treatments in Experiment II. A simple correlation between texture firmness and K contents in fruits
suggested that higher K could lead to an increase in fruit firmness [71]. However, our results did not
show a linear correlation between K-reduced fertilisation and a decrease in fruit firmness. Additionally,
Ca levels in the hydroponic solution could influence the fruit firmness, since Ca plays important roles
in plants by stabilising cell walls of fruits [72]. Levels of Ca was recorded in highest concentrations in
nutrient solutions for II-3 during whole cultivation periods (VG: 144.1 ± 14.4, PYF: 176.2 ± 14.6, FEM:
264.4 ± 48.7 mg/L), compared to the other three treatments (VG: 132.3–138.9, PYF: 159.9–162.9, FEM:
225.5–235.9 mg/L), indicating less Ca uptake by plants for II-3. Additionally, excessive N was reported
as being undesirable for decreased fruit firmness [73,74]. Thus, fruit softening was observed for II-3
(100–75–100% N) compared to both I-1# and II-1 (75-75-100% N) in Experiment II.

To sum up, among the overall fruit quality in two experiments, the manipulations in Experiment I
contributed the most in terms of TSS, dry matter ratio, and mineral contents in netted melon fruits.
By the first N-reduction test, we selected the precise nutrient manipulation for fruit quality with a high
TSS and dry matter ratio. Then, finer adjustments on nutrient solutions in Experiment II contributed to
the modifications of fruit traits, including fruit weight, length, TSC, ascorbic acid, and nitrate.

4.4. Blind Tasting Tests for Customers’ Preferences

In Experiment I, netted melon fruits from I-1 obtained the highest overall preferences from
respondents, with the highest proportion on ‘rich’ aroma, ‘dense’ texture, and ‘perfect’ sweetness,
compared to CT and I-2. Fruit from I-1 with a ‘dense’ texture could correspond to the highest dry matter
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ratios and flesh thickness, with no difference in pulp firmness compared to CT and I-2. Additionally,
a high proportion of respondents suggested the most perfect sweetness fruits from I-1 correspondent
to the highest TSS in fruit. In Experiment II, fruits from II-3 obtained the highest overall preferences
from all respondents, with the highest proportion on ‘rich’ aroma, ‘dense’ texture, ‘perfect’ sweetness.
However, the fruit traits, including flesh thickness, dry matter ratios, or sweetness, did not show
a difference among the four treatments. Thus, there could be other minor effects on physiological
mechanisms in plants after finer nutrient adjustments in Experiment II, leading to different customers’
preferences. In this study, we added the same amount of salt for each treatment during FEM, to cater
to Taiwanese taste, and TSC showed 0.49–0.53 mg/g in fruits for each treatment in both experiments.
However, our results of blind tests revealed no consistent savoury flavour among all treatments.
There were 6% more respondents indicated ‘good’ savoury for CT and I-2 than I-1 in Experiment I,
and 12–16% more respondents ranked ‘good’ savoury for II-2 than I-1#, II-1, and II-3.

Moreover, previous studies applied the addition of NaCl to the hydroponic cultivation of netted
melon, which was intended to help investigate the change of water use efficiency and yield with saline
irrigation, e.g., [75,76]. Hence, our study was the first research examined the enhancement of fruit
flavour to match the taste-quality demand of Taiwan populations by NaCl addition during netted
melon cultivation. Although the present results revealed that salt addition to the hydroponic solutions
was not an effective method to consistently control the savoury flavour of fruits among the different
treatments, our study provided important information for the taste enhancement investigation of
hydroponic netted melon in the future.

5. Conclusions

Our findings confirmed that the N nutrient level of full-strength Sheen nutrient solution could
be excessive for the hydroponic culture of netted melon in Taiwan [49], and the over-fertilisation of
N could result in a reduction in the fruit weight, dry matter ratio, or TSS of fruits. N-reduced and
K-modified treatments for plants before fruiting stage (I-1) in Experiment I obtained high fruit weight
and higher fruit quality, including dry matter ratio, flesh thickness, and TSS. Additionally, I-1 plants
met the most customer taste preferences, with ‘rich’ aroma, ‘dense’ texture, and ‘perfect’ sweetness,
compared to plants that were treated with full-strength nutrients or full-period N-reduction. Hence,
we suggested that it would be essential to adjust the precise fertilisation schemes for hydroponic
crops with respect to different developmental stages, rather than maintaining consistently excessive
nutrient levels during the whole cultivation period. In Experiment II, finer nutrient adjustments in the
hydroponic solutions based on the results of Experiment I indicated that netted melon fruits cultured
under treatment II-3 (100-75-100% N and 100-125-75% K) had the highest overall preferences, with ‘rich’
aroma, ‘dense’ texture, and ‘perfect’ sweetness, compared to all other experimental treatments in the
present study. Therefore, our study successfully improved the traditional fertilisation schemes with
different formulation for N- and K-fertilisers at the three developmental stages, i.e., VG, PYM and FEM,
of hydroponic netted melon for enhancing plant growth and fruit quality. Additionally, our results
provide important details for the future advancement of hydroponic netted melon culture, based on
the precise fertilisation schemes to improve fruit quality and reduce environmental pollution due to
farming activities.
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