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Abstract: Microbes can establish a pathogenetic or symbiotic relationship with plants in soil and
aquatic ecosystems. Although change in bacterial and fungal community in soil and their interaction
with plants have been widely studied, little is known about their community structure in hydroponic
systems across plant growth stages under different nutrient treatments. This study used next-
generation sequencing analysis to assess the temporal changes in melon rhizosphere bacterial and
fungal community structure across six different nutrient treatments. We found significant changes in
the microbial community composition (especially for bacteria) between growth stages (R = 0.25–0.63,
p < 0.01) than nutrient treatments. Proteobacteria dominated the bacterial community at the phylum
level across melon growth stages (59.8% ± 16.1%). The genera Chryseobacterium, Pseudomonas, and
Massilia dominated the rhizosphere in the flowering and pollination stage, while Brevibacillius showed
the highest relative abundance in the harvesting stage. However, the rhizosphere was dominated
by uncultured fungal taxa, likely due to the application of fungicides (Ridomil MZ). Further, linear
regression analysis revealed a weak influence of bacterial community structure on melon yield and
quality, while fruit weight and quality moderately responded to Mg and K deficiency. Nevertheless,
the relative abundance of bacterial genus Chryseobacterium in the vegetative stage showed a strong
correlation with fruit weight (R2 = 0.75, p < 0.05), while genera Brevibacillus, Lysobacter, and Bosea
in late growth stages strongly correlated with fruit sweetness. Overall, temporal variability in
the microbial (especially bacterial) community structure exceeds the variability between nutrient
treatments for the given range of nutrient gradient while having little influence on melon yield.

Keywords: bacteria; diversity; fungi; hydroponic; nutrient; melon

1. Introduction

The use of closed hydroponic systems (CHS) for fruit and vegetable production has
become widespread in recent decades because of its many advantages over soil cultures
(open loop systems) [1,2]. In conventional farming, nutrients in soil (e.g., ammonium and
nitrate) that are at levels exceeding those required by plants and usually leach down from
the root zone, threatening the environment and aquatic ecosystem [3,4]. By contrast, in a
CHS, nutrient effluent is not discharged, resulting in substantial nutrient recycling and
a consequent increase in potential yield per unit input; this is because nutrient recycling
does not typically affect plant growth and quality [5,6]. However, water recycling in a
CHS carries various challenges; these include first, the accumulation of cations (e.g., Ca+2,
Na+, and NH+

4 ) and anions (Cl− and NO−3 ) in the root zone due to accumulated plant
water consumption (UC) over a long period of plant growth [7–10] and second, rapid
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microbial spread (including pathogens), where such contamination threatens the viability
of a crop [11,12] and blunts the benefits of a CHS.

Microbes play various direct or indirect roles in carbon and nitrogen dynamics [13,14],
and plant morphogenesis [15,16] at different stages of plant growth. Microbes are capable
of detecting the plant host and colonizing the rhizosphere, and plants are capable of recog-
nizing microbe-derived compounds and initiating their defense and growth strategies de-
pending on the type of microorganisms encountered [17,18]. This change in communication
results in different plant–microbe interactions ranging from pathogenesis to symbiosis [19].
Moreover, the addition of plant growth-promoting microorganisms (PGPMs) has been
reported to improve plant quality and productivity, probably by stabilizing the microbial
community in the root zone, competing with pathogens, and enhancing plant tolerance to
stress conditions [20,21]. By contrast, the strong competition between plants and microbes
for nutrients can reduce plant productivity and yield. For instance, the contamination
of a CHS with ammonia oxidizers and denitrifiers can potentially reduce the amounts of
ammonia and nitrate that are available for plant growth [22–24].

The abundance and diversity of microbial groups in a CHS are affected by multiple
factors such as the crop type, the source of microbial contamination (e.g., substrates
or irrigation water) [12], and the presence or absence of PGPMs [21]. In addition, the
taxonomic diversity of fungi and bacteria is substantially affected by both abiotic and
biotic variables and exhibits contrasting diversity patterns in response to environmental
variables in various niches [13,25]; these may affect nutrient dynamics and, to some extent,
pathogen survival (bacterial–fungal antagonism) in a CHS. Furthermore, literature suggests
adapting the different composition of the nutrient solution at least three times during the
cropping period of melon is recommended [26]. Therefore, change in salt and nutrient
accumulation in the root zone can result in the environmental filtering of specific microbes
in a CHS due to the differential responses of microbial communities to nutrient and salt
availability [27,28]. However, no studies have examined the cumulative effect of nutrient
concentration along melon growth stages on temporal changes of microbial communities
in CHS system.

In this study, we used 16S rRNA- and ITS-targeted sequencing to assess changes in
bacterial and fungal community structures in a CHS, which had a recirculating nutrient
solution, along the nutrient treatments and growth stages of a melon crop. Melon was
selected due to its relatively low sensitivity to salt accumulation among food crops when
grown in a recirculated irrigation [7,29]. We hypothesized that: (1) bacterial and fungal com-
munity would be influenced by both nutrient treatments and melon growth stages, and (2)
melon yield and quality would be affected by change in rhizosphere microbial community.

2. Materials and Methods
2.1. Experimental Design

Experiments were conducted at National Taiwan University from April to July. We
selected muskmelon (Cucumis melo var. reticulatus Naud.) as the crop, which is commonly
grown by local greenhouse farmers in Taiwan. Each hydroponic circuit had continuous
recirculation, measured 9.7 m in length and 0.28 m in width, and accommodated 14 melon
plants per season. Polyvinyl chloride and polyethylene plastic were used for tubing and
solution reservoir and growth tray. To understand the effect of different nutrient levels,
six nutrient solution (NS) concentrations were applied. For each treatment, N and K
concentrations varied from 0% to 100% for each growth stage (Table 1). In each hydroponic
circuit, a single catchment tank was used to supply and collect the returning NS. Deionized
water without sterilization was used to prepare nutrient solution. Water loss through
evaporation was negligible (data are not shown). The average greenhouse temperature
over the growing season was 28.63 ◦C. The samples for molecular analysis were collected
from rhizosphere (water surrounding the root zone).
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Table 1. Composition of NS solution used to replenish the water in the CHS among different growth stages.

Stage Growth Stage Treat.1 Treat.2 Treat.3 Treat.4 Treat.5 Treat.6

1 Vegetative

NH+
4 36 36 27 27 27 27

NO−3 620 620 465 465 465 465

K 195 195 146 146 146 146

Mg 50 25 50 25 50 25

2
Flowering and pollination

I + flowering and pollination M

NH+
4 36 36 27 27 27 27

NO−3 620 620 465 465 465 465

K 195 195 244 244 244 244

Mg 50 25 50 25 50 25

3 fruiting I + fruiting M + Harvesting

NH+
4 36 36 36 36 36 36

NO−3 620 620 620 620 620 620

K 195 195 48 48 0 0

Mg 50 25 50 25 50 25

All measurements are in mg/L

Regarding melon sowing and transplantation of seedling, the seeds were soaked in
the water for 3 h and then put on the rinsed filter papers on the glass petri dishes in the
growth chamber with 28/25 ◦C, RH 70%~85% and darkness. When the radicals reached
to 2.0~2.5 cm long, the seeds were transferred to 4 × 4 × 4 cm3 polyurethane sponges
and then to the tubes in the plastic boxes. Light emitting diode with photosynthetic active
radiation of 300~400 µmol·m−2·s−1 with light and dark interval for the period of 16 h and
8 h, respectively. The sponges were kept wet with water. On the 7th day, 1/2 concentration
of Sheen′s formula [30] was applied and the nutrient was replaced every 4 days and then
transferred to greenhouse. To prevent damping-off, vine blight and silver-leaf whitefly,
the melon crop was sprayed with difenoconazole, pymetrozine, polyoxins, thiophanate-
methyl, acetamiprid, azoxystrobin, pyriproxyfen, procymidone, deltamethrin at four-week
rotation, and treated with, metalyxyl, mancozed at two-week rotation, while Ridomil MZ
at low concertation were used as fungicide.

2.2. Analytical Methods

The nutrient solution was collected every 4 days from the planting to fruit harvesting
stages and stored at 4 ◦C. Each sample was diluted 10- and 100-fold in a 1.5-mL sample vial
for cation or anion analyses, respectively. All chemicals were of high purity and prepared
per supplier′s guidelines. Standard solutions of anions and cations (High Purity Standards,
North Charleston, SC, USA) were prepared to plot calibration curves, and they were com-
posed of a blank solution and constituents with at least six different concentrations. Eluents
were prepared daily, and an aqueous solution containing 9 mM sodium carbonate (Na2CO3;
Sigma-Aldrich, St. Louis, MO, USA) was used for anions and 20 mM methanesulfonic acid
(CH3SO3H; Sigma-Aldrich) was used for the elution of cations in Milli-Q water (18.2 MΩ;
Merck Millipore, Burlington, MA, USA).

All analyses were performed using a Dionex Aquion ion chromatography system
(comprising a Dionex AS-AP Autosampler; ThermoFisher Scientific, Sunnyvale, CA, USA).
Separation for anions was conducted on a Dionex IonPac AS9-HC analytical column
(250 msubsetsm × 4 mm i.d.) with an associated Dionex IonPac AG9-HC guard column
(50 msubsetsm × 4 mm i.d.); separation for cations was conducted on a Dionex IonPac
CS12A-HC analytical column (250 msubsetsm × 4 mm i.d.) with an associated Dionex
IonPac CG12A guard column (50 msubsetsm × 4 mm i.d.). The eluents were suppressed
using a Dionex AERS 500 (4 mm) suppressor for anions and Dionex CDRS 600 (4 mm)
suppressor for cations. The analytes were detected in terms of suppressed conductivity
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at 30 ◦C. All retention data were collected at a column temperature of 30 ◦C and an
eluent flow rate of 1.0 mL/min. An injection volume of 25 µL was used throughout this
work. Windows-based Thermo Scientific Dionex Chromeleon chromatography data system
software (version 7.2.9) was used for instrument control and data acquisition. Fruits were
collected at the end of the mature stage, which is when they are completely ripe and when
clear juice can be extracted from each fruit. Furthermore, we placed a drop of the fruit
sample on a refractometer prism, PAL-1 (ATAGO, Tokyo, Japan), and then measured the
Brix value (%). The ascorbic acid level was measured by placing a drop of the sample on an
ascorbic acid test strip (Reflectoquant, EMD Millipore, Burlington, MA, USA), and the strip
was then inserted into the reflectometer (RQflex 10, EMD Millipore). Flesh thickness (cm),
expressing the thickness of the largest pulp, were measured with a pachymeter. Shape
index was calculated by using ratio between the maximum height to maximum width of
melon fruit. The complete procedure about experimental design and analytical analysis
can be found in previous study [31].

2.3. DNA Extraction and Molecular Analysis

Nutrient solution samples were used to isolate total DNA by using a Qiagen′s DNeasy
PowerWater Kit (Qiagen, Hilden, Germany). The concentration and purity of the total DNA
isolate in the samples were measured using a NanoDrop 1000 spectrophotometer (Ther-
moFisher Scientific, Carlsbad, CA, USA). For bacterial 16S rRNA gene sequencing, the V3–
V4 region was amplified using a specific primer set (319F: 5′-CCTACGGGNGGCWGCAG-
3′, 806R: 5′-GACTACHVGGGTAT CTAATCC-3′), producing a fragment of 488 bp; this was
conducted per the 16S metagenomic sequencing library preparation procedure (Illumina).
The PCR products of bacteria were examined on 1.5% agarose gel, and samples were
purified using the AMPure XP beads. The sequencing library was prepared according
to the 16S metagenomisc sequencing library preparation procedure (Illumina). In brief,
a secondary PCR was performed using the 16S rRNA V3–V4 region PCR amplicon and
Nextera XT Index Kit with dual indices and Illumina sequencing adapters (Illumina). The
quality of the indexed PCR product was assessed on the Qubit 4.0 Fluorometer (Thermo
Scientific) and Qsep100TM system. An equal amount of the indexed PCR product was
mixed to generate the sequencing library. Finally, the library was sequenced, and paired
300-bp reads were generated using an Illumina MiSeq platform. Sequences with ≥97%
similarity were assigned to the same operational taxonomic units (OTUs).

For the fungi, ITS sequences (ITS1 region) were amplified using the forward primer of
ITS5-1737F (5′-GGAAGTAAAAGTCGTAACAAGG-3′) and reverse primer of ITS2-2043R
(5′-GCTGCGTTCTTCATCGATGC-3′). Amplicon sequencing was performed by using 307
bp paired-end raw reads and the entire paired-end reads were assembled using FLASH
(v.1.2.11, Center for Computational Biology, College Park, MD, USA). Sequences were
chimera-checked using UCHIME to obtain the effective tags and filtered from the data set
before the OTUs clustering at 97% sequence identity using the UPARSE function in the
USEARCH v.7 pipeline. To analyze the sequence similarities among different OTUs, multi-
ple sequence alignment was conducted by using the PyNAST software (v.1.2.2-4) against
the core-set dataset in the UNITE database v.8.2. A phylogenetic tree was constructed with
a set of sequences representative of the OTUs using FastTree.

The complete procedure for 16S rRNA and ITS gene amplification was the same as
that used by Mukhtar et al. and Lin et al. [13,14].

2.4. Statistical Analysis

Change in bacterial and fungal community composition was quantified using two
axes of a nonmetric multidimensional scaling procedure performed on the Bray-Curtis
dissimilarity matrix of bacterial and fungal communities in R software by using the vegan
package (V-2.5-6, https://CRAN.R-project.org/package=vegan accessed on 8 April 2021).
Analysis of similarities (ANOSIM) was used to determine the effect of nutrient treatments
and melon growth stages on microbial beta diversity. Fist order (linear) regression analysis

https://CRAN.R-project.org/package=vegan
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was used to determine the correlation between change in relative abundance of microbial
taxa and fruit yield and quality. All statistical analyses were performed in R software
unless mentioned otherwise.

3. Results
3.1. Cumulative Water Uptake

The water uptake in relation to time expressed as cumulative water uptake per plant
(n = 14) is shown in Figure 1. The continuous recycling of the nutrient solution (NS) with
the lower Mg concentration (25.0 mg/L of Mg) reduced the cumulative water consumption
by melon plants by about 6.57 to 21.97% compared to the high Mg treatments (50.0 mg/L
of Mg). Moreover, the highest and lowest cumulative water uptake per plant was ob-
served for treatment 3 and 4, experiencing similar N and K treatments but different Mg
concentrations (50 and 25 mg/L, respectively). Correspondingly, the water consumption
was approximately 80 and 62 L/plant, respectively, over the growth period of 68 days.
However, the water consumption by plants experiencing a lack of potassium in the final
growth stages (see Figure 1) showed no considerable difference among Mg treatments.

Agronomy 2021, 11, x FOR PEER REVIEW 5 of 14 
 

 

2.4. Statistical Analysis 
Change in bacterial and fungal community composition was quantified using two 

axes of a nonmetric multidimensional scaling procedure performed on the Bray-Curtis 
dissimilarity matrix of bacterial and fungal communities in R software by using the vegan 
package (V-2.5-6, https://CRAN.R-project.org/package=vegan accessed on 8 April 2021). 
Analysis of similarities (ANOSIM) was used to determine the effect of nutrient treatments 
and melon growth stages on microbial beta diversity. Fist order (linear) regression analy-
sis was used to determine the correlation between change in relative abundance of micro-
bial taxa and fruit yield and quality. All statistical analyses were performed in R software 
unless mentioned otherwise. 

3. Results 
3.1. Cumulative Water Uptake 

The water uptake in relation to time expressed as cumulative water uptake per plant 
(n = 14) is shown in Figure 1. The continuous recycling of the nutrient solution (NS) with 
the lower Mg concentration (25.0 mg/L of Mg) reduced the cumulative water consumption 
by melon plants by about 6.57 to 21.97% compared to the high Mg treatments (50.0 mg/L 
of Mg). Moreover, the highest and lowest cumulative water uptake per plant was ob-
served for treatment 3 and 4, experiencing similar N and K treatments but different Mg 
concentrations (50 and 25 mg/L, respectively). Correspondingly, the water consumption 
was approximately 80 and 62 L/plant, respectively, over the growth period of 68 days. 
However, the water consumption by plants experiencing a lack of potassium in the final 
growth stages (see Figure 1) showed no considerable difference among Mg treatments. 

 
Figure 1. Cumulative water consumption per plant (n = 14) over time in melons grown by closed hydroponic system 
treated with different nutrient concentrations. 

Figure 1. Cumulative water consumption per plant (n = 14) over time in melons grown by closed
hydroponic system treated with different nutrient concentrations.

3.2. Nutrient Accumulation in the Root Zone

The mean NO−3 accumulation level in NS solution were 691.4 and 656.6 for treatment
1 and 2, respectively, and varied from 490.6 to 549.1 for the remaining treatment experience
the 25% reduction in NO−3 concentration from vegetive to flowering growth stages. The
accumulation of Mg linearly increased with time for all treatments. Moreover, despite
receiving a high application rate of K at the second growth stage, the K concentration
in drainage solution significantly decreased for treatment 3 to 6 experienced little or no
application of K in the final growth stages (Figure 2).
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3.3. Shift in Microbial Community Composition in the Melon Plant Rhizosphere

The community compositions of bacteria and fungi significantly (p < 0.01) differed
between growth stages. However, the difference was more obvious between the middle
and final growth stages. Moreover, bacteria (R = 0.63) exhibited a more distinct community
pattern than fungi (R = 0.25) did across melon growth stages (Figure 3). By contrast,
bacterial and fungal community compositions did not significantly (p > 0.05) differ between
nutrient treatments (Figure 3).

3.4. Shifts in the Relative Abundances of Specific Microbial Taxa

Bacterial communities were dominated by the following three phyla: Proteobacteria,
Firmicutes, and Bacteroidetes (Figure 4). By contrast, fungal sequences consisted of largely
unclassified sequences at the phylum level except for the harvesting stage, where the phyla
were majorly dominated with Ascomycota and Basidiomycota (Figure S1).

The bacterial community in the recycling solution considerably differed over time and
mildly differed across nutrient treatments. We found a significant (p < 0.05) increase in the
relative abundance of Proteobacteria from vegetative to harvesting stages, whereas a signif-
icant decrease was observed for the relative abundance of Bacteroidetes for treatments 1, 2
and 3. However, the relative abundance of fungal communities only significantly (p < 0.05)
differed between the harvesting and early growth stages and not among vegetative, and
pollination, and fruiting stages. Moreover, the relative abundance of Ascomycota and
Basidiomycota significantly differed between nutrient treatments in the harvesting stage.
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At the genus level, bacterial communities were dominated by genera Chryseobacterium,
Pseudomonas, and Massilia in early growth stages, whereas Brevibacillus and Lysobacter
were dominant at the fruiting and harvesting stages (Figure 5). The relative abundance
of Brevibacillus increased with the growth stage; the relative abundance was the highest
in the harvesting stage and lowest in the vegetative and pollination stages. Fungal taxa
primarily consisted of Rhodotorula and Trichoderma in the vegetative stage. Although the
fruiting and harvesting stages were dominated by uncultured taxa of fungi at the genus
level, Trichoderma and Fusarium exhibited the highest relative abundance compared with
other taxa in the fruiting and harvesting stages, respectively (Figure 6).

Agronomy 2021, 11, x FOR PEER REVIEW 7 of 14 
 

 

 
Figure 3. Nonmetric multidimensional scaling of the community structure of bacteria (a,c) and fungi (b,d). 

3.4. Shifts in the Relative Abundances of Specific Microbial Taxa  
Bacterial communities were dominated by the following three phyla: Proteobacteria, 

Firmicutes, and Bacteroidetes (Figure 4). By contrast, fungal sequences consisted of largely 
unclassified sequences at the phylum level except for the harvesting stage, where the 
phyla were majorly dominated with Ascomycota and Basidiomycota (Figure S1). 

The bacterial community in the recycling solution considerably differed over time 
and mildly differed across nutrient treatments. We found a significant (p < 0.05) increase 
in the relative abundance of Proteobacteria from vegetative to harvesting stages, whereas 
a significant decrease was observed for the relative abundance of Bacteroidetes for treat-
ments 1, 2 and 3. However, the relative abundance of fungal communities only signifi-
cantly (p < 0.05) differed between the harvesting and early growth stages and not among 

Figure 3. Nonmetric multidimensional scaling of the community structure of bacteria (a,c) and fungi (b,d).



Agronomy 2021, 11, 719 8 of 14

Agronomy 2021, 11, x FOR PEER REVIEW 8 of 14 
 

 

vegetative, and pollination, and fruiting stages. Moreover, the relative abundance of As-
comycota and Basidiomycota significantly differed between nutrient treatments in the 
harvesting stage. 

At the genus level, bacterial communities were dominated by genera Chryseobacte-
rium, Pseudomonas, and Massilia in early growth stages, whereas Brevibacillus and Lysobac-
ter were dominant at the fruiting and harvesting stages (Figure 5). The relative abundance 
of Brevibacillus increased with the growth stage; the relative abundance was the highest in 
the harvesting stage and lowest in the vegetative and pollination stages. Fungal taxa pri-
marily consisted of Rhodotorula and Trichoderma in the vegetative stage. Although the fruit-
ing and harvesting stages were dominated by uncultured taxa of fungi at the genus level, 
Trichoderma and Fusarium exhibited the highest relative abundance compared with other 
taxa in the fruiting and harvesting stages, respectively (Figure 6). 

 
Figure 4. Change in dominant rhizosphere bacterial taxa at the phylum level across different nutri-
ent treatments and melon growth stages. The data on fungal taxa can be found in supplementary 
material (Figure S1). 

Figure 4. Change in dominant rhizosphere bacterial taxa at the phylum level across different nutrient
treatments and melon growth stages. The data on fungal taxa can be found in Supplementary
Material (Figure S1).

Agronomy 2021, 11, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 5. Change in dominant rhizosphere bacterial taxa at the genus level across different nutrient treatments and melon 
growth stages. 

 
Figure 6. Change in dominant rhizosphere fungal taxa at the genus level across different nutrient treatments and melon 
growth stages. 

3.5. Melon Yield and Fruit Quality 
The highest fruit weight with maximum flesh thickness and sugar contents was ob-

served for treatment 3, which experienced the highest level of K concentration (244 mg/L) 
during the flowering and pollination stage and the highest level of Mg concentration (50 
mg/L) throughout the growth period. However, K concentration at zero mg/L in the sup-
plied NS in the final growth stage reduced the average melon weight by approximately 8 

Figure 5. Change in dominant rhizosphere bacterial taxa at the genus level across different nutrient treatments and melon
growth stages.



Agronomy 2021, 11, 719 9 of 14

Agronomy 2021, 11, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 5. Change in dominant rhizosphere bacterial taxa at the genus level across different nutrient treatments and melon 
growth stages. 

 
Figure 6. Change in dominant rhizosphere fungal taxa at the genus level across different nutrient treatments and melon 
growth stages. 

3.5. Melon Yield and Fruit Quality 
The highest fruit weight with maximum flesh thickness and sugar contents was ob-

served for treatment 3, which experienced the highest level of K concentration (244 mg/L) 
during the flowering and pollination stage and the highest level of Mg concentration (50 
mg/L) throughout the growth period. However, K concentration at zero mg/L in the sup-
plied NS in the final growth stage reduced the average melon weight by approximately 8 

Figure 6. Change in dominant rhizosphere fungal taxa at the genus level across different nutrient treatments and melon
growth stages.

3.5. Melon Yield and Fruit Quality

The highest fruit weight with maximum flesh thickness and sugar contents was
observed for treatment 3, which experienced the highest level of K concentration (244 mg/L)
during the flowering and pollination stage and the highest level of Mg concentration
(50 mg/L) throughout the growth period. However, K concentration at zero mg/L in the
supplied NS in the final growth stage reduced the average melon weight by approximately
8 to 15% compared to other treatments that experienced a partial or no reduction in K
concentration (except for treatment 1). Moreover, the decrease in Mg concentration in
NS further reduced the melon yield (treatment 4 and 6), while the opposite trend was
observed for treatment 2. However, fruit weight significantly different (p < 0.05) only
among treatment six and treatment 2 and 3. On the other hand, sugar content showed a
slight difference among different treatments except treatments 1 and 2, which showed a
significant decrease (p < 0.05) in sugar content with a 50% decrease in Mg concentration in
NS (Table 2).

Table 2. The change in fruit weight and quality (n = 6) among different nutrient treatments. * p < 0.05.

Treatments
Weight Shape Index Flesh Thickness Sugar Content Ascorbic Acid

(kg) (cm) (Brix) (mg·L−1)

Treat. 1 1.56 ± 0.06 0.92 ± 0.06 3.92 ± 0.24 11.21 ± 1.63 * 155 ± 32.06
Treat. 2 1.84 ± 0.27 * 0.98 ± 0.02 4.05 ± 0.31 9.11 ± 0.67 * 91.50 ± 39.98
Treat. 3 1.85 ± 0.27 * 1.01 ± 0.06 4.19 ± 0.21 11.35 ± 1.88 112.50 ± 44.37
Treat. 4 1.79 ± 0.13 1.04 ± 0.03 4.10 ± 0.15 10.95 ± 0.77 136.00 ± 46.04
Treat. 5 1.63 ± 0.20 1.00 ± 0.05 4.00 ± 0.16 10.82 ± 0.60 120.33 ± 39.95
Treat. 6 1.51 ± 0.09 * 1.00 ± 0.04 4.00 ± 0.17 11.00 ± 1.38 132.17 ± 21.92

We measured the extent to which relative abundance of bacterial genera influence
the melon fruit weight and sweetness (Figure 7). The relative abundance of Chryseobac-
terium in the vegetative growth stage showed a positive correlation with fruit weight.
Moreover, fruit weight decreases with the increasing relative abundance of genus Burkholde-
ria_Caballeronia_Paraburkholderia (R2 = 0.70, p < 0.05). In addition, the relative abundance of
Lysobacter in the initial flowering and pollination stage and Allorhizobium_Neorhizobium_Pa-
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rarhizobium_Rhizobium in the final fruiting growth stage showed a strong and positive
correlation with fruit weight (Figure S2, Table S1).
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Linear regression between all top ten dominated bacterial genera and fruit weight and fruit sweetness can be found in
Figure S2 and S3 (Supplementary Material), respectively.

The relative abundance of Lysobacter and Bosea in the fruiting and harvesting stage
negatively correlated with fruit sweetness. In contrast, fruit sweetness showed a strong and
positive correlation with genus Brevibacillus (R2 = 0.78, p < 0.05). The remaining bacterial
genera showed a weak or non-significant correlation with both fruit weight and sweetness
(Table S2, Figures S2 and S3).

4. Discussion

The mean plant water consumption was reduced by a decrease in Mg concentration
in continuous recycling of the nutrient solution (NS). This observation was true for both
treatments experienced partial or no change in macronutrients such as N and K concen-
tration among different growth stages. These changes are likely due to the essential role
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of Mg in stomatal conductance of plants [32] and root growth, which could be influenced
by the decrease in Mg concentration in NS [33,34] and photosynthetic carbon assimila-
tion [35]. However, we found the negligible effect of Mg on plant water consumption for
treatments, which also experienced a 100% decrease in K concentration in the final growth
stages. These changes are likely associated with the cumulative effect of both K and Mg
deficiency on plant growth, resulting in a similar shift in plant water consumption over the
growth period.

The nitrogen concentration in the root zone over the crop cycle followed a hyperbolic
function: it decreased from the vegetative stage to the fruiting and pollination stage and
then increased toward the harvesting stage. These changes in the nutrient level over time
are similar to that reported in a previous study on the melon crop [36]. The hyperbolic
response of nitrate level could be attributed to: (1) high demand of N by the plant in the
early and middle growth stages or (2) deficiency of K in final growth stages, which reduced
the N uptake by the melon crop since K promotes energy generation which is required
for moving nutrients in the plant, and protein synthesis [37–39]. Although the reduction
of Mg concentration in NS reduced the melon yield as suggested previously, a partial
decrease in K concentration in the final growth stage did not significantly affect the melon
yield. This is because the continuous nutrient recycling in CHS enhances the nutrient
concentration in NS. Hence, the reduction in K concentration in the final growth stages may
be accommodated by K accumulated from previous stages. Therefore, splitting nutrient
applications among different growth stages can optimize the nutrient use efficiency in CHS.

The dominance of bacterial (Proteobacteria, Firmicutes, and Bacteroidetes) and fun-
gal (Ascomycota and Basidiomycota) phyla detected in our CHS was the same as that
observed in a hydroponic system [21] and soil ecosystems [13,14,40] analyzed in previous
studies. This similarity in results can be associated with the (1) high dispersion rate of the
aforementioned phyla, which successfully colonized our CHS, or (2) the phyla′s behavior,
which is typical of generalists, in relation to nutrient availability and their habitat.

The melon growth stage significantly affected microbial beta diversity. The harvesting,
fruiting, and early stages (of vegetation to pollination) harbored significantly distinct micro-
bial communities, especially for bacteria. The unique clustering of the harvesting stage and
fruiting stage apart from the early stages was due to the change in the relative abundance of
different taxa likely due to resource competition between and within the phyla, their ability
to colonize the rhizosphere, bacterial-fungal antagonism [25], plant defense and growth
strategies (plant-microbiome interactions), and presence of root exudation. For instance,
the relative abundance of Massilia significantly changed over the growth period. These
results in accord with those of a previous study, where Massilia was found at very early
germinated stages, but the population declined rapidly in the following growth stages [41].
The genus Massilia is a type of copiotroph, and it can rapidly grow in conditions with
sufficient carbon and energy [41]. Therefore, the decrease in the abundance of Massilia
during muskmelon′s late growth period is potentially due to the paucity of carbon sources
in nutrient solutions (or competition with other microorganisms). Our study found that
the major bacteria in nutrient solutions changed to the Brevibacillus group at the harvesting
stage. The increase in melon root size and nutrient availability over time might increase
the relative abundance of Brevibacillus group since it has reported to dominant in wetlands
and treatment tanks [42,43].

In this study, the fungal taxa were majorly dominated by uncultured phyla. The
application of fungicide Ridomil MZ is likely to suppress the major fungal phyla which
may result in the domination of other fungal taxa in CHS. Moreover, the application of
Ridomil MZ is reported to enhance bacterial diversity (You et al., [44]), which further
enhances the competition between fungal and bacterial taxa for resources and survival.
For instance, the abundance of Trichoderma group, which is reported to be opportunistic by
nature, antagonists of many phytopathogenic fungi and protect plant from diseases [45],
significantly reduce toward harvesting stage. In addition, among fungal taxa at genus level,
the major population at the harvesting stage was Fusarium. Yang et al. [46] reported that
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the muskmelon root exudate functions to stimulate Fusarium oxysporum spore germination
and mycelial growth. Plant age as well as plant cultivars, and environmental factors are
important factors that affect the composition and quantity of root exudates [47,48]. This
might result in age-dependent responses of the Fusarium population, which exhibits an
increased abundance toward the harvesting stage.

5. Conclusions

Plant-associated bacterial community was shown to be highly dynamic over time
and developmental stage. Moreover, application of fungicide (Ridomil MZ) resulted in
the domination of uncultured fungal taxa. However, melon yield and quality showed
little response to change in observed microbial community structure; only melon weight
and sweetness were correlated with bacterial taxa in final growth stages. Alternatively,
melon yields moderately responded to Mg and K deficiency, while a partial decrease in
K concentration in the final growth stage showed a negligible influence on melon yield.
Though the effect of microbial community on melon yield requires further testing and de-
velopment, these results would be of great value for the potential pathogen management (if
contaminated) and nutrient management for the melon crop in a closed hydroponic system.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy11040719/s1, Table S1. Square of the correlation between relative abundance of
bacteria genera and fruit weight. * p < 0.05, Table S2. Square of the correlation between relative
abundance of bacteria genera and fruit sweetness. * p < 0.05, Figure S1: Change in dominant
rhizosphere fungal taxa at the phylum level across different nutrient treatments and melon growth
stages, Figure S2: Linear regression between selected bacterial genera and fruit weight, Figure S3:
Linear regression between selected bacterial genera and fruit sweetness.
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