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Abstract: Citrus fruits have a distinctive flavor and can convey health benefits because of their unique
phytochemicals. Phytochemical profiles are influenced by many factors, including variety and envi-
ronmental growing conditions; however, the effect of the cultivation methods on the phytochemical
profile of Satsuma mandarin (Citrus unshiu) has received little attention. In this study, we examined
the relationships between the cultivation conditions, sensory quality, and phytochemical profiles of
C. unshiu cultivated using four methods: open field, greenhouse, film mulching, and tunnel farming.
The soil water content differed significantly between the cultivation methods and showed a strong
positive correlation with sourness, bitterness, and astringency and a strong negative correlation with
sweetness. The metabolites of C. unshiu were not associated with the soil water content but with
the soil mineral content, including nitrogen (N+), phosphorus (P+), and potassium (K+). The soil P+

and K+ content was positively correlated with most secondary metabolites. The relative abundance
of sugars did not differ significantly between the cultivation methods; however, the sweetness was
higher under film mulching than under the other cultivation methods because of the suppression of
sweetness by bitter compounds. We did not investigate the effect of other growing conditions, such
as sunlight; however, the results improve our understanding of the effect of cultivation methods on
the quality of C. unshiu and may inform crucial decisions concerning citrus cultivation.

Keywords: Citrus unshiu; cultivation methods; metabolomics; phytochemicals; soil characteristics

1. Introduction

Citrus fruits, which are among the most important fruit crops globally [1], have a
distinctive flavor profile and have attracted research attention with regard to their potential
health benefits, including improved gut health, obesity management, diabetes mitigation,
and cardiovascular disease prevention [1–3]. These flavor attributes and health-promoting
properties are attributed to phytochemicals, including sugars, organic acids, flavonoids,
limonoids, and terpenes [4]. The phytochemical profiles of citrus fruits depend on numer-
ous factors, including the variety [5], growing region [6], postharvest treatment [7], storage
conditions [8], and environmental growing conditions [2]. Factors such as the cultivation
method, lighting conditions, fertilization, temperature, and soil moisture markedly affect
the phytochemical profiles of citrus fruits [9–11]. In particular, cultivation methods such as
open field, film mulching, greenhouse, and tunnel farming have been shown to influence
the quality of many fruits, including oranges [12], melons [13], strawberries [14], and red
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bayberries [15]. Greenhouse, film mulching, and tunnel farming increase the sugar content
in red bayberries [15], oranges [12], strawberries [16], and blueberries [17] and improve the
phytochemical profiles of strawberries [14] compared to open-field cultivation. Variations
in environmental factors during fruit growth, such as the temperature and humidity, influ-
enced the activity of numerous enzymes associated with sucrose–phosphate and secondary
metabolite synthesis [15,18]. These alterations ultimately resulted in shifts in the sugar con-
tent, acidity, and phytochemical profiles of fruits. So far, however, the effects of the various
cultivation methods on the flavor quality and phytochemical profile of Satsuma mandarin
(Citrus unshiu) are unclear, even though this crop has a significant market presence owing
to its consumer-friendly traits, such as its easy peeling and seedlessness, as well as its high
productivity [19].

Recently, “omics” approaches such as transcriptomics, proteomics, and metabolomics
have been used to elucidate the factors associated with fruit quality and the phytochem-
ical profiles of various fruits, including strawberries [20], oranges [21], melons [22], and
mangoes [23]. In particular, metabolomics, which utilizes nuclear magnetic resonance
spectroscopy and mass spectrometry (MS), has been used to compare the phytochemical
profiles of citrus fruits between varieties [6], growing regions [24], fruit development [5],
and storage [25]. However, metabolomics has rarely been applied to assess the effects of
cultivation conditions on citrus quality.

Therefore, to investigate the effects of cultivation methods on the sensory quality
and phytochemical profiles of C. unshiu, we examined the phytochemical profiles of C.
unshiu cultivated using four methods: open field, greenhouse, film mulching, and tunnel
farming. To this end, we employed gas chromatography (GC)-MS, ultra-performance liquid
chromatography-quadrupole-time-of-flight (UPLC-Q-TOF) MS, and high-performance
liquid chromatography (HPLC). Moreover, a citrus metabolomic pathway associated with
the cultivation methods is proposed here, and the correlations of the phytochemical profiles
and sensory and soil characteristics are discussed. Our results help to understand the
effect of cultivation methods on C. unshiu quality and provide useful information for C.
unshiu cultivation.

2. Materials and Methods
2.1. Citrus Samples

The greenhouse was covered with two layers of semi-transparent polyvinyl chloride
(PVC), while the tunnel farming used PVC only on the roof. The film mulching involved
applying white high-density polyethylene fiber to the entire surface of the citrus farm.
The citrus trees were cultivated using conventional methods, maintaining a planting
distance of 2.5–3 m, and a standardized fertilizer composition (N+, 21%; P+, 17%; K+, 17%).
The open field, film mulching, and tunnel farming relied on natural conditions (Figure
S1), excluding tunnel farming, which involved irrigation. The greenhouse and tunnel
farming had controlled irrigation (germination–flowering stage: 10 t/1000 m2/4–5 day;
fruit development stage:1 t/1000 m2/7–10 day). The greenhouse conditions also included
temperature control (germination-flowering stage: 24–25 ◦C/day, 16–18 ◦C/night; fruit
development stage: 30–31 ◦C/day, 22–24 ◦C/night). C. unshiu fruits cultivated using four
cultivation methods, including open field (n = 104 farms, December 2021), greenhouse
(n = 17 farms, June 2021), film mulching (n = 25 farms, December 2021), and tunnel farming
(n = 21 farms, January 2022), were purchased from the Citrus Agricultural Cooperative
Federation in Jeju, Korea. Three kilograms (n = 28–32 fruits per farm) of C. unshiu fruits,
randomly selected from the entire farm, were used. After peeling, the flesh samples were
randomly mixed and immediately used for measurement of the soluble solids content
(SSC), titratable acidity (TA), sensory evaluation, and analysis of volatile terpenes. The
remaining samples were crushed, freeze-dried, and stored at −80 ◦C until use.
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2.2. Determination of Water, pH, and Minerals in Soil

Using the Obreza method [26], soil samples were collected from six open-field farms,
eight greenhouse farms, five film-mulching farms, and eight farms using tunnel farming.
The water content was determined through oven-drying at 105 ◦C for 24 h. The soil
was mixed with water at a ratio of 1:5 (g/w), and the pH of the mixed samples was
measured using a pH meter. For the soil mineral analysis, soil samples were digested
using nitric acid, filtered, and adjusted to 100 mL using distilled water. The P+ and K+

contents of the soil were measured using an inductively coupled plasma-optical emission
spectroscopy device (OPTIMA 8300DV, PerkinElmer, Waltham, MA, USA), and the N+

content was measured using a macro elemental analyzer (vario MACRO cube, Elementar,
Langenselbold, Germany).

2.3. SSC and Titratable Acidity

The squeezed samples were centrifuged at 14,000× g and 4 ◦C for 15 min to measure
the SSC and TA. The SSC (%) in the supernatant was assessed using a handheld refrac-
tometer (Daihan Scientific Co., Wonju, Republic of Korea). For the TA determination, 1 mL
of the supernatant, 1 mL distilled water, and 200 µL 1% phenolphthalein were mixed
and subsequently titrated with 0.1 N NaOH to the endpoint (red color). The TA value is
expressed as the percentage of citric acid on a fresh-weight basis.

2.4. Sensory Evaluation

Sensory evaluation was carried out by nine trained panelists aged 24–34 years, follow-
ing approval by the Human Research Ethics Committee of Gyeongsang National University
(approval number GIRB-G22-Y-0063). All the panelists had been trained for more than
1 year in citrus sensory evaluation, and they discussed a series of taste reference solutions,
including sucrose (8%) for sweetness, citric acid (0.3%) for sourness, quinine (0.0025%) for
bitterness, and tannins (0.2%) for astringency. Purified water was provided between evalu-
ations to eliminate any residual taste from the tongue. Each taste intensity was marked on
a 15 cm line scale with 0.5 cm anchors, labeled “very weak” on the left and “very strong”
on the right [27].

2.5. Citrus Metabolomic Analysis
2.5.1. GC-MS Analysis

Non-volatile and volatile citrus metabolomics analyses based on GC-MS were car-
ried out as described in our previous study, with some modifications [27]. Non-volatile
metabolites from the lyophilized samples were extracted with 70% methanol contain-
ing dicyclohexyl phthalate as an internal standard (IS). After drying, the metabolites
in the dried sample were derivatized using 70 µL pyridine containing methoxyamine
hydrochloride (20 mg/mL) at 37 ◦C for 90 min, followed by treatment with 70 µL N,O-
bis(trimethylsilyl)trifluoroacetamide with 1% trimethylchlorosilane at 70 ◦C for 30 min. The
derivatized samples (1 µL) were injected into the GC-2010 plus system (Shimadzu, Kyoto,
Japan), equipped with a DB-5ms capillary column (30 m × 0.25 mm, 0.25 µm; Agilent
Technologies, Santa Clara, CA, USA) with a split ratio of 1:50. The gas flow rate and injector
temperature were maintained at 1 mL/min and 200 ◦C, respectively. The oven gradient
program was set as follows: maintain at 70 ◦C for 2 min; increase to 150 ◦C at 5 ◦C/min, to
210 ◦C at 3 ◦C/min, and to 320 ◦C at 8 ◦C/min; and hold for 8 min at 320 ◦C.

To analyze the volatile terpenes, the sample was extracted using methyl tert-butyl
ether containing 2-methyl-1-pentanol as an IS. Thereafter, 1 µL of the extract was injected
into the GC system (Shimadzu), equipped with a DB-WAX column (30 m × 0.25 mm,
0.25 µm; Agilent Technologies) with a split ratio of 1:10. The injector temperature was set to
250 ◦C. The oven gradient program was set as follows: maintain at 40 ◦C for 3 min; increase
to 160 ◦C at 8 ◦C/min, to 240 ◦C at 10 ◦C/min; and hold for 3 min at 240 ◦C.
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The eluted non-volatile and volatile metabolites were detected using a TQ 8030 MS
(Shimadzu) with electron ionization at 70 eV, an ion source temperature of 200 ◦C, and an
interface temperature of 250 ◦C. Data were collected in the mass range of m/z 45–550.

2.5.2. UPLC-Q-TOF MS Analysis

Metabolites extracted with 70% methanol containing terfenadine as an IS were ana-
lyzed using a UPLC-Q-TOF MS device (XevoTM G2-S; Waters, Milford, MA, USA) equipped
with an Acquity UPLC BEH C18 column (2.1 × 100 mm, 1.7 m; Waters). The column was
equilibrated with water containing 0.1% formic acid (FA), and the metabolites were eluted
with a gradient of acetonitrile containing 0.1% FA. The eluted metabolites were detected
using Q-TOF-MS in the positive electrospray ionization mode. The optimized MS condi-
tions were 800 L/h desolvation gas flow, 400 ◦C desolvation temperature, 100 ◦C ion source
temperature, 3 kV capillary voltage, and 40 V sampling cone voltage. Data were collected
in the range of 100–1500 m/z. The MS/MS spectra were obtained using a collision energy
ramp from 10 to 30 eV or 20 to 40 eV. The QC sample was analyzed between the sets of
samples [27].

2.5.3. Vitamin C Quantification Using HPLC

Vitamin C was extracted from the lyophilized samples using 5% aqueous meta-
phosphoric acid. The extract was analyzed using an HPLC device (Shimadzu) equipped
with a Triart C18 column (250 × 4.6 mm, I.D., 5 µm; YMC Co., Ltd., Kyoto, Japan). Separa-
tion was performed using 0.1% phosphoric acid at a flow rate of 1 mL/min with isocratic
elution, and vitamin C was detected at 254 nm [27].

2.5.4. Data Processing

The collected MS datasets obtained via GC-MS and UPLC-Q-TOF MS were aligned
and normalized using the IS. The metabolites were provisionally identified using an online
database (Wiley 9 and NIST 11 for GC-MS; UNIFI software (version 1.9.2, Waters Corp.) for
UPLC-Q-TOF MS) and authentic standards.

2.6. Statistical Analysis

Multivariate statistical analysis of the processed MS datasets was conducted using
SIMCA-P+ v.16 (Umetrics, Umea, Sweden) and visualized using partial least squares
discriminant analysis (PLS-DA). Statistical differences were analyzed using a one-way
analysis of variance, with Duncan’s test at p < 0.05, using SPSS software (v.27.0; SPSS Inc.,
Chicago, IL, USA). The Pearson’s correlation coefficients were calculated and visualized
using GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Soil Characteristics

The soil characteristics, including the water and mineral content and pH, were com-
pared between the four cultivation methods (Table 1). The lowest soil water content was
observed with film mulching (20.37%), whereas the soil water content of the open- field,
greenhouse, and tunnel farming was 36.59%, 32.66%, and 25.89%, respectively. The soil
pH of the greenhouse (pH 4.53) and tunnel farming (pH 4.6) plots was significantly lower
than that of the open field (pH 6.05) and film mulching (pH 5.17) plots. With regard to
the mineral content, tunnel farming produced the highest N+ content (8.21 mg/g dry soil),
which in the other samples ranged from 5.22 to 7.15 mg/g dry soil. Greenhouse soil had
the highest content of P+ (4.59 mg/g dry soil) and K+ (4.45 mg/g dry soil), whereas no
significant difference was observed between the other samples with regard to the content
of P+ (1.93–2.32 mg/g dry soil) and K+ (2.53–3.45 mg/g dry soil).
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Table 1. Contents of water and minerals in the soil samples with different cultivation methods.

Cultivation
Methods

Water Content (%) pH
Mineral Content (mg/g Dry Soil)

N+ P+ K+

Open field 36.59 a 6.05 a 7.15 ab 1.93 b 2.84 b

Greenhouse 32.66 ab 4.53 c 4.88 b 4.59 a 4.45 a

Film mulching 20.37 c 5.17 b 5.22 b 1.99 b 2.53 b

Tunnel farming 25.89 bc 4.60 c 8.21 a 2.32 b 3.45 ab

Different letters in each column indicate significant differences according to Duncan’s test (p < 0.05).

3.2. SSC, TA, SSC/TA Ratio, and Sensory Characteristics

The SSC, TA, and SSC/TA ratios of citrus samples cultivated using different meth-
ods were compared (Figure 1). Greenhouse, film mulching, and tunnel farming pro-
duced significantly higher SSC than open-field farming, and their values (9.9–11.5%) were
139–144% higher than those of open-field farming. In contrast, the TA value of film
mulching (1.0%) was lower than that of the other methods. The variations in the SS and
TA values depending on the cultivation method resulted in differences in the SSC/TA
ratio. The ratio of film mulching (11.08) was approximately two-fold higher than that of
open-field farming, whereas the ratios for tunnel (8.84) and greenhouse farming (7.12) were
1.7- and 1.3-fold higher, respectively.
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Horticulturae 2024, 10, 54 6 of 15

Sensory evaluation of C. unshiu produced using different cultivation methods showed
that film mulching resulted in significantly higher sweetness than the other methods,
whereas no significant difference in sweetness occurred among the other samples; however,
the sourness, bitterness, and astringency of the samples from film mulching and tunnel
farming were lower than those from open-field and greenhouse farming.

3.3. Metabolomics Analysis

The flesh metabolite profiles of C. unshiu were analyzed using GC-MS (Table S1),
UPLC-Q-TOF MS (Table S2), and HPLC (Figures S2–S5), and the sample discrimination
was visualized using a PLS-DA score plot (Figure 2). The statistical parameters, including
the goodness of fit (R2X = 0.341; R2Y = 0.523), predictability (Q2 = 0.507), p-values, and
cross-validation determined via the permutation test of the PLS-DA model, indicated that
the PLS-DA model used in this study was statistically acceptable. The score plot showed
that the C. unshiu samples were separated from each other by t(1) and t(2).

Horticulturae 2024, 10, x FOR PEER REVIEW 6 of 16 
 

 

3.3. Metabolomics Analysis 
The flesh metabolite profiles of C. unshiu were analyzed using GC-MS (Table S1), 

UPLC-Q-TOF MS (Table S2), and HPLC (Figures S2–S5), and the sample discrimination 
was visualized using a PLS-DA score plot (Figure 2). The statistical parameters, including 
the goodness of fit (R2X = 0.341; R2Y = 0.523), predictability (Q2 = 0.507), p-values, and 
cross-validation determined via the permutation test of the PLS-DA model, indicated that 
the PLS-DA model used in this study was statistically acceptable. The score plot showed 
that the C. unshiu samples were separated from each other by t(1) and t(2). 

 
Figure 2. Partial least squares discriminant analysis score plots of Citrus unshiu metabolites culti-
vated using different methods and the respective quality parameters. The statistical acceptability of 
the partial least squares discriminant analysis model was evaluated via the R2X, R2Y, Q2, and p-
value, and the differences were tested through cross-validation with a permutation test (n = 200). 

To identify the metabolites contributing to the separation between the samples in the 
score plot, the variable importance in projection (VIP) and p-values of all the metabolites (in-
cluding fragments: 23 metabolites by GC-MS, 14 metabolites by UPLC-Q-TOF MS, and 1 me-
tabolite by HPLC) were analyzed (Table 2, S1, and S2). Among them, 41 metabolites with a 
VIP ≥ 0.76 and a p-value ≤ 0.05 were identified as major metabolites: four sugars (sucrose, myo-
inositol, mannose, and xylofuranose), four acidic compounds (citric acid, malic acid, ascorbic 
acid, and oxalic acid), eight amino acids (arginine, acetylvaline, stachydrine, phenylalanine, 
tryptophan, serine, aspartic acid, and asparagine), seven lipids (palmitic acid, stearic acid, phy-
tosphingosine, oleamide, lysophosphatidylcholines (LPCs; 16:0 and 18:1), and lysophosphati-
dylethanolamine (LPE; 16:0)), two flavonoids (hesperidin and didymin), three limonoids (li-
monin, nomilin, and zapoterin), and ten volatile terpenes (β-myrcene, limonene, β-phel-
landrene, γ-terpinene, m-cymene, α-terpinolene, linalool, α-terpineol, valencene, and α-
farnesene). 

  

Figure 2. Partial least squares discriminant analysis score plots of Citrus unshiu metabolites cultivated
using different methods and the respective quality parameters. The statistical acceptability of the
partial least squares discriminant analysis model was evaluated via the R2X, R2Y, Q2, and p-value,
and the differences were tested through cross-validation with a permutation test (n = 200).

To identify the metabolites contributing to the separation between the samples in the
score plot, the variable importance in projection (VIP) and p-values of all the metabolites
(including fragments: 23 metabolites by GC-MS, 14 metabolites by UPLC-Q-TOF MS, and
1 metabolite by HPLC) were analyzed (Tables 2, S1, and S2). Among them, 41 metabo-
lites with a VIP ≥ 0.76 and a p-value ≤ 0.05 were identified as major metabolites: four
sugars (sucrose, myo-inositol, mannose, and xylofuranose), four acidic compounds (citric
acid, malic acid, ascorbic acid, and oxalic acid), eight amino acids (arginine, acetylvaline,
stachydrine, phenylalanine, tryptophan, serine, aspartic acid, and asparagine), seven lipids
(palmitic acid, stearic acid, phytosphingosine, oleamide, lysophosphatidylcholines (LPCs;
16:0 and 18:1), and lysophosphatidylethanolamine (LPE; 16:0)), two flavonoids (hesperidin
and didymin), three limonoids (limonin, nomilin, and zapoterin), and ten volatile terpenes
(β-myrcene, limonene, β-phellandrene, γ-terpinene, m-cymene, α-terpinolene, linalool,
α-terpineol, valencene, and α-farnesene).
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Table 2. Identification of the major metabolites in C. unshiu contributing to the difference in the samples.

Compound VIP p-Value

Sugars

Sucrose 0.86 5.48 × 10−7

Myo-inositol 0.97 4.22 × 10−9

Xylofuranose 2.22 9.75 × 10−60

Mannose 1.49 2.41 × 10−38

Acidic compounds

Citric acid 1.07 1.91 × 10−10

Oxalic acid 1.52 1.33 × 10−44

Malic acid 0.76 3.29 × 10−7

Ascorbic acid 1.00 6.63 × 10−7

Amino acids

Aspartic acid 2.06 5.94 × 10−68

Asparagine 2.46 3.53 × 10−96

Stachydrine 1.14 1.86 × 10−15

Acetylvaline 0.97 2.12 × 10−9

Arginine 1.13 9.48 × 10−17

Serine 1.99 1.14 × 10−68

Tryptophan 1.11 7.20 × 10−17

Phenylalanine 1.19 2.05 × 10−19

Lipids

Palmitic acid 1.44 1.02 × 10−38

Stearic acid 1.48 1.69 × 10−42

Oleamide 1.64 4.02 × 10−28

LPC(C16:0) 0.88 6.12 × 10−7

LPC(C18:1) 0.84 7.94 × 10−4

LPE(C16:0) 0.80 6.12 × 10−7

Phytosphingosine 1.07 1.04 × 10−15

Limonoids
Nomilin 1.02 1.09 × 10−8

Limonin 1.15 1.70 × 10−11

Zapoterin 0.70 9.61 × 10−6

Flavonoids
Hesperidin 0.76 1.02 × 10−4

Didymin 0.79 4.12 × 10−4

Monoterpenes

β-myrcene 1.84 2.16 × 10−42

Limonene 1.48 1.75 × 10−17

β-phellandrene 1.03 2.03 × 10−10

γ-terpinene 1.01 2.07 × 10−21

m-cymene 1.94 1.75 × 10−49

α-terpinolene 1.86 3.16 × 10−57

Linalool 1.43 8.09 × 10−22

α-terpineol 0.94 8.86 × 10−16

Sesquiterpenes Valencene 1.58 2.83 × 10−19

α-farnesene 1.75 3.70 × 10−64

p-values were analyzed using Duncan’s test. VIP, variable importance in the protection; LPE, lysophos-
phatidylethanolamine; LPC, lysophosphatidylcholine.

3.4. Metabolic Pathway of Identified Metabolites

A citrus metabolomic pathway is proposed based on the identified metabolites, and
the relative abundances of the identified metabolites were compared according to the
different cultivation methods (Figure 3). The cultivation methods significantly affected
the citrus primary metabolites (sugars, lipids, amino acids, and acidic compounds) and
secondary metabolites (flavonoids, limonoids, and volatile terpenes). With regard to sugars,
the levels of sucrose and myo-inositol were slightly lower in greenhouses, film mulching,
and tunnel farming than in open-field farming. In contrast, the minor sugars mannose
and xylofuranose were not detected in fruits from open-field farming. Among the acidic
compounds, the ascorbic acid levels were lower in greenhouse and tunnel farming than
in the other methods, whereas the levels of oxalic acid, malic acid, and citric acid were
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lower in film munching and tunnel farming. In particular, the malic acid levels in film
munching and tunnel farming, and the oxalic acid levels in tunnel farming, were 2–3-fold
and 5.4–6.5-fold lower, respectively. In terms of amino acids, tunnel farming resulted in
higher levels of acetylvaline, phenylalanine, tryptophan, arginine, and stachydrine than
the other methods; however, no significant differences were observed between the other
methods. Greenhouse farming produced the highest levels of aspartic acid and asparagine,
whereas the serine levels in open-field farming and film mulching were 20.9–30.7-fold
higher than those in greenhouse and tunnel farming. With regard to lipids, the levels of
fatty acids (palmitic acid, stearic acid, and oleamide) were 2.1–8.8-fold lower with tunnel
farming than with the other methods, whereas the LPCs, LPEs, and phytosphingosine
levels were the lowest in greenhouse and the highest in tunnel farming.
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The secondary metabolite profiles, including flavonoids and terpenes, also showed the
significant effects of the cultivation method. The levels of flavonoids, including hesperidin
and didymin, were 1.5–4.7-fold higher with tunnel farming than with the other methods,
which produced largely similar results. Open-field farming and film mulching produced
relatively low levels of most identified terpenes compared to greenhouse farming, which
showed the highest levels, except for linalool, α-terpinolene, and β-phellandrene. The
levels of limonoids, such as limonin, nomilin, and zapoterin, were 3.1–19.5, 3.1–4.5, and
1.5–2.8-fold higher, respectively, with greenhouse farming than with the other methods. The
compound α-farnesene was not detected in open-field farming and film mulching, whereas
the valencene level with greenhouse farming was 2.0–4.3-fold higher than that produced
by the other methods. The levels of monoterpenes, including γ-terpinene, α-terpinolene,
β-myrcene, limonene, and m-cymene, were 1.1–14.3- and 1.2–2.9-fold higher, respectively,
with greenhouse and tunnel farming than with of the other methods. However, linalool
and α-terpinolene were not detected in tunnel farming, while β-phellandrene was detected
only in greenhouse farming.

3.5. Correlation Analysis

The correlation between the soil nutrients, general citrus characteristics, and metabolite
profiles was analyzed and visualized using heat maps (Figure 4). Regarding the correlation
between the soil nutrients and general citrus characteristics (Figure 4A), the soil water
content showed a strong positive correlation with the TA (r = 0.79), resulting in a strong
negative correlation with the SSC/TA ratio (r = −0.83) and with the flavor quality (sourness,
r = 0.79; astringency, r = 0.76; bitterness, r = 0.71), except for sweetness (r = −0.64). The SSC
was negatively correlated with the pH and N+ (r < −0.56) and positively correlated with P+

and K+ (r > 0.51).
The correlation analyses of the soil nutrients and citrus metabolites (Figure 4B) showed

that the soil P+ and K+ were positively correlated with xylofuranose, aspartic acid, as-
paragine, limonoids, and most terpenes, and negatively with serine. The soil pH was
positively correlated with citric acid and ascorbic acid and negatively with most terpenes.

Correlation tests of the sensory quality and citrus metabolites (Figure 4C) showed
that bitterness and sourness had a strong negative or strong correlation with metabolites,
whereas sweetness was not correlated with sugars. In particular, bitterness was positively
correlated with terpenes, limonoids, acidic compounds, aspartic acid, asparagine, and fatty
acids and negatively with LPCs and LPE(C16:0). Sourness was positively correlated with
acidic compounds, but negatively with mannose.
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significance (p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively). LPC, lysophosphatidylcholine;
LPE, lysophosphatidylethanolamine.

4. Discussion

The quality of citrus fruits generally depends on the environmental growing condi-
tions, including the soil properties, sunlight, and temperature [28]. Cultivation methods
that regulate environmental conditions play an important role in determining the quality of
citrus fruits [2]. The effects of cultivation methods such as film mulching and greenhouse
and tunnel farming on the quality of various fruits such as ponkan and grapes have been
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previously reported [29–31], whereas such effects of cultivation methods on the quality of
C. unshiu have not been examined thus far. In the present study, we investigated the quality
differences in C. unshiu produced using four different cultivation methods with regard to
the soil properties, general citrus qualities, sensory qualities, and metabolite profiles.

Various cultivation methods, including film mulching and greenhouse and tunnel
farming, are typically used to improve citrus quality by regulating growth factors such
as the soil characteristics, irradiation, water supply, and temperature compared to the
open-field method [28]. Previous studies have demonstrated that greenhouse and tunnel
farming reduced sunlight exposure approximately 1.5-fold compared to open fields [32]
and helped control the water supply [33]. Furthermore, film mulching increases sunlight
exposure approximately two-fold compared with open fields [12] and prevents rainwater
uptake by the soil [34]. Our results showed significant differences in the soil water content
between the cultivation methods, i.e., open field > greenhouse > tunnel farming > film
mulching (Table 1); sunlight exposure, however, was not assessed in the present study. The
soil water content, which is a predominant factor affecting fruit quality under drought
stress [35], showed a strong positive correlation with sourness, bitterness, and astringency
and a strong negative correlation with sweetness, resulting in a positive correlation with
the SSC/TA ratio (Figure 4). The SSC/TA ratio is generally accepted in the citrus industry
as an important parameter for evaluating citrus flavor, and a ratio of 12 is considered the
minimum for the good eating quality of mandarins [36]. The SSC/TA of C. unshiu from film
mulching, which had the lowest soil water content and was considered to experience high
sunlight exposure, was the highest, along with pronounced sweetness and low sourness
(Figure 1). A similar result was previously reported for light irradiation levels of 60–70%
and moderate soil water stress through irrigation of 50–60% during the fruit growing of
apples, which improved the fruit quality by increasing the SSC while reducing the TA [37].

The observed differences in these sensory parameters depending on the cultivation
method were caused by differences in the primary and secondary metabolite profiles of
C. unshiu. Previous studies showed that the soil water content and sunlight exposure
affected the secondary metabolite profile and volatile compound levels of white grapes [38],
quince [18], and grape berry [39]. A low soil water content causes drought and salt
stress in citrus plants, resulting in reduced plant growth and leaf area, which ultimately
affects photosynthesis, respiration, and metabolite profiles [40–42]. Moderate drought
stress decreases the content of citric and malic acids in fruits such as nectarines [43] and
grapes [44], which is in line with our results (Figure 3), whereas the opposite was reported
for ponkan fruits grown in soil with 40% maximum water capacity under water stress [45].
In bitter oranges, drought and salinity stress increase the content of terpenes and flavonoids
in the leaves [46] but decrease the fatty acid content in the roots [47]. However, in the
current study, the primary and secondary metabolites of C. unshiu were not associated with
soil water content but with soil mineral content, including N+, P+, and K+ (Figures 3 and 4).
Previous studies reported that N supplementation caused a decrease in phenylpropanoid
metabolism in tomato fruits [48], while moderate nitrogen supplementation and N+-K+

balancing (N+:K+ ratio 3.6–4.3) produced the highest concentrations of phenolic compounds
in grape berries [49]. However, in the present study, the soil P+ and K+ contents were
positively correlated with the levels of most secondary metabolites, except for those of
flavones and α-terpineol (Figure 4). Phosphorus can contribute to terpenoid production
by supporting the production of terpenoid precursors and suppressing the emission of
isoprene to outer cell membranes [50]. Furthermore, potassium fertilizer can increase
the yield of essential oils in some aromatic crops, including oregano [51] and Artemisia
annua [52]. In addition to the soil water and mineral contents, the soil pH plays a pivotal
role in plant health by influencing the availability of essential nutrients, including minerals.
Notably, the correlation analysis between the soil pH and metabolites revealed trends
contrary to those observed for P+ and K+ (Figure 4). Despite the established optimal soil
pH range of 5.5 to 6.5 for citrus production [53], and previous studies indicating a positive
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correlation between the soil pH and fruit quality [10,54], in this study, the scientific evidence
has been insufficient to comprehensively elucidate the relationship with citrus quality.

Citrus flavor is a combination of various metabolites involved in the basic taste (sugars,
acidic compounds, phenolic compounds, and limonoids) and volatile compounds [36]. In
particular, acidic compounds play a dominant role in citrus taste by stimulating bitterness
and suppressing or partially masking sweetness [55]. The bitterness and astringency of
secondary metabolites, including flavonoids and limonoids, which have various health
benefits [1], contribute to the taste of citrus [56–58]. In the present study, no significant
difference occurred in the relative abundance of sugars between the cultivation methods
(Figure 3); however, the sweetness of the fruits produced through film mulching was higher
than that of the fruits from the other cultivation methods (Figure 1D). This may be due to the
suppression of sweetness by the bitter compounds, including γ-terpinene, β-phellandrene,
m-cymene, β-myrcene, valencene, limonene, linalool, nomilin, limonin, and zapoterin,
which were increased by the other cultivation methods, and previous studies have reported
that sweetness can be suppressed by bitterness [59]. In addition, cultivation-dependent
changes in these metabolite profiles, which have various health benefits [1,4], may affect the
quality and extent of the health benefits of citrus fruits; however, these functional properties
were not investigated in the present study.

5. Conclusions

This study comprehensively investigated the soil characteristics, general characteris-
tics, sensory evaluation, and metabolite profiles of the flesh of C. unshiu cultivated using
four different methods (open field, greenhouse, film mulching, and tunnel farming). No-
tably, the soil water content, which varied with the cultivation methods, strongly influenced
the taste perceptions, correlating with sweetness, sourness, bitterness, and astringency.
However, the metabolite profiles associated with the citrus quality parameters were more
closely tied to the soil mineral content, especially P+, and K+, than the soil water con-
tent. While primary metabolites like sugars remained consistent, secondary metabolites
showed significant differences among the cultivation methods. In particular, sweetness
was higher under film mulching than under the other cultivation methods because of
the suppression of sweetness by bitter compounds. Although we did not investigate the
relationship between the citrus quality and other cultivation parameters, these findings
significantly contribute to our understanding of how cultivation methods impact C. unshiu
quality and its correlation with metabolite profiles. These results provide valuable insights
for optimizing various cultivation methods for C. unshiu in the citrus industry, paving the
way for enhanced citrus fruit quality and production practices.
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(C) of Jeju, Korea; Figure S2: Representative chromatograms of C. unshiu metabolites analyzed via
UPLC-Q-TOF MS; Figure S3: Representative chromatograms of C. unshiu non-volatile compounds an-
alyzed via GC-MS; Figure S4: Representative chromatograms of C. unshiu volatile terpenes analyzed
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