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ABSTRACT

Sweet potato leaves are consumed globally for their nutritional and functional properties, with their taste char-
acteristics significantly influencing their market value and consumer acceptance. However, the metabolic factors
determining the taste of sweet potato leaves remain unclear. This study evaluated the taste and metabolic profile
of sweet potato leaves cultivated in soil and hydroponic systems, revealing that hydroponic culture improved the
taste of the leafy sweet potatoes. Using gas chromatography system (GC)-ToF-MS, 200 metabolites were identi-
fied, encompassing most plant metabolic pathways. A comparison of good-tasting vs. poor-tasting sweet potato
leaves identified 71 metabolites associated with taste quality formation. Poor-tasting leaves exhibited lower levels
of amino acid metabolites and higher levels of carbohydrate and secondary metabolites. This research provides
novel insights into enhancing the taste of leafy sweet potatoes.
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1 Introduction

Sweet potato (Ipomoea batatas (Lam.) L.) is a globally significant food crop. Its roots serve as both a
food source and raw material for industrial food production, while its leaves and young shoots are consumed
as leafy vegetables in numerous tropical and subtropical regions [1]. Leafy sweet potatoes possess excellent
taste qualities without bitterness after cooking. Additionally, they exhibit rapid growth and regeneration,
allowing for multiple harvests annually with high and consistent yields [2]. Notably, their nutritional and
functional values surpass those of the root or other leafy vegetables [3—5]. Furthermore, leafy sweet
potatoes demonstrate robust resistance to heat, drought, and water-logging stress [6].

Taste is a crucial quality attribute that significantly influences commodity value and consumer
acceptance [7,8]. Research has demonstrated that hydroponic cultivation enhances the vitamin C, flavone,
and nitrate content, as well as the yield of sweet potato leaves compared to traditional soil cultivation [9].
In previous studies, hydroponically grown strawberries were found to be preferred over soil-grown
strawberries by the majority of participants in sensory evaluations [10]. While hydroponic cultivation can
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also enhance the taste of leafy sweet potatoes, the underlying metabolic composition and mechanisms
responsible for this improved taste quality remain unclear.

Metabolomics is an advanced analytical method characterized by high-throughput, high-resolution, and
high-sensitivity capabilities, enabling comprehensive examination of endogenous metabolites in living
organisms [11]. This approach has provided valuable insights into various aspects of food science,
including taste changes in tomato breeding history [12], sensory quality assessment of garlic [13],
exploration of relationships between chemical compounds and white tea flavor [14], and identification of
key taste components in loquat [15]. Given its proven utility, this study employs an untargeted
metabolomic analysis to investigate the metabolic basis for taste differences in sweet potato leaves
cultivated in soil and hydroponic systems.

2 Materials and Methods

2.1 Plant Growth and Sample Collection

The experiments were conducted at the Pudang Agricultural Experiment Farm (26°07'59"” N, 119°20’
06" E), part of the Fujian Academy of Agricultural Sciences, in Fuzhou City, China. Eight sweet potato
cultivars were utilized in this study: Fucaishul8, Baisheng, Fushu7-6, Tainong71, Fushu24, Guangshu87,
Jinshan57, and Fushu604. These cultivars were sourced from the Germplasm Nursery for sweet potato of
Fujian Province. The plants were cultivated in both soil and hydroponic cultures within a plastic house,
as described below:

Hydroponic culture (H) involved placing eight plants in a container (40 cm % 28 cm % 15 cm) filled with
half-strength Hoagland solution and micronutrients [16]. Air was pumped into the nutrient solution for 5 min
every 2 h. Three containers were used for each cultivar. Throughout the growth period, the nutrient solution
was refreshed every 6 days.

Soil culture (S)—Five plants were positioned in a plastic pot (15 cm in height and 12 cm in diameter)
containing 1.5 kg of clay soil with 0.83 g kg ' total N, 10.72 mg kg ' available P, and 69.15 mg kg '
exchangeable K. Prior to planting, basal fertilization was applied at rates of 0.20 g N, 0.24 g P,0Os, and
0.9 g K,O per pot. Five pots were allocated for each cultivar. To maintain appropriate soil moisture, the
pots were irrigated every 3 days.

Thirty days after planting, the youngest fully expanded leaves were harvested from the plants,
immediately frozen in liquid nitrogen, and stored at —80°C until analysis. Each sample consisted of six
biological replicates.

2.2 Sensory Analysis

Ten trained panelists evaluated the leafy sweet potatoes using modified methods derived from Ona et al.
[7] and Ishiguro et al. [17]. The sweet potato leaf samples were cooked in boiling water for 2 min, then
immediately assessed for flavor, sweetness, bitterness, and crispiness. The panelists used
Fuchaishul8 leaves grown in soil as the standard, assigning it a score of 6. Other samples were scored on
a scale from 0 to 9 relative to this standard.

2.3 Metabolomic Analysis

2.3.1 Metabolites Extraction and Gas Chromatography System-Mass Spectrometry (GC-MS) Analysis
Metabolite profiling was conducted by Shanghai Biotree Biotech Co., Ltd. in China, following the
methodology described by Wu et al. [18]. In brief, 60 mg of sample was placed in 2 mL EP tubes and
extracted with 0.48 mL of extraction liquid (Vnethanot:Vi,0 = 3:1), incorporating 20 pL of adonitol
(0.5 mg/mL stock in dH,O) as the internal standard. The mixture underwent vortexing for 30 s,
homogenization in a ball mill for 4 min at 45 Hz, and sonication for 5 min in ice water before
centrifugation for 15 min at 16,260 g. Subsequently, 0.35 mL of the supernatant was transferred to a
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fresh 2 mL GC/MS glass vial, and a 40-uL aliquot was extracted from each sample and pooled as a quality
control (QC) sample. The supernatant was then dried in a vacuum concentrator without heating. Following
this, 80 uL of methoxyamination hydrochloride (20 mg/mL in pyridine) was added and incubated for 30 min
at 80°C, after which 100 pL of BSTFA reagent (1% TMCS, v/v) was introduced and incubated for 1.5 h at
70°C. FAMEs (10 pL of a standard mixture of fatty acid methyl esters, 1 mg/mL of C8—C16, and 0.5 mg/mL
of C18-C24 in chloroform) were added to the QC sample and cooled to room temperature. All samples were
analyzed using a gas chromatography system (GC, Agilent 7890B, Agilent Technologies, Santa Clara, CA,
USA) coupled with a time-of-flight mass spectrometer (TOF-MS, Pegasus 4D, LECO Corporation, St.
Joseph, MI, USA).

2.3.2 Data Analysis and Annotation

The Chroma TOF 4.3X software and LECO-Fiehn Rtx5 database (LECO Corporation) were utilized for
raw peak extraction, data baseline filtering and calibration, peak alignment, deconvolution analysis, peak
identification, and peak area integration [19]. Both mass spectrum and retention index matches were
considered for metabolite identification. Peaks detected in <50% of QC samples or with RSD >30% in
QC samples were eliminated [20]. The internal standard normalization method was applied in the data
analysis. The resulting three-dimensional data, comprising peak number, sample name, and normalized
peak area, were input into the SIMCA software package (V14.1, MKS Data Analytics Solutions, Umea,
Sweden) for principal component analysis (PCA) using the eigenvalue decomposition algorithm and
orthogonal projections to latent structures-discriminate analysis (OPLS-DA). Metabolite pathways were
identified using public databases, including Kyoto Encyclopedia of Genes and Genomes (KEGG, http://
www.genome.jp/kegg/, accessed on 06 January 2021) and MetaboAnalyst (http://www.metaboanalyst.ca/,
accessed on 06 January 2021). The heatmap was generated using TBtools-1I software (v2.136) with the
hierarchical cluster method.

3 Results

3.1 Taste Differences of Sweet Potato Leaves Grown in Different Cultural Conditions

Leafy sweet potato cultivation traditionally relies on conventional land cultivation methods; however,
hydroponic culture has been employed to enhance growth and yield [9]. Hydroponic systems also
facilitate pollution-free, standardized, and mechanized production of leafy sweet potatoes. A preliminary
study compared the taste characteristics of leaves from eight sweet potato varieties cultivated under
hydroponic (H) and soil culture (S) conditions. The results indicated that hydroponic culture improved
the taste of sweet potato leaves across all cultivars, with particularly notable enhancements in cultivars
that exhibited poor taste under soil culture (Table S1). Among these eight cultivars, the Baisheng variety
demonstrated the most significant taste improvement under hydroponic conditions, approaching that of
Fucaishul8; Meanwhile The taste quality of Fucaishul8 exhibits minimal variation under both
hydroponic and soil cultivation conditions (Fig. 1). Consequently, the Fucaishul8 and Baisheng varieties
were selected for metabolomic analysis to identify taste-related metabolites.

3.2 Metabolite Profiling of Sweet Potato Leaves

The sweet potato leaves cultivated in soil and hydroponic environments underwent GC-TOF-MS
analysis, resulting in the detection of 518 peaks. Of these, 200 metabolites were identified through the
LECO-Fiehn Rtx5 database (Fig. 2A). To ensure data reliability, five QC samples were employed,
demonstrating high repeatability (Figs. SI and S2) and concordance (Fig. S3). KEGG analysis
categorized these metabolites into seven super pathways (Fig. 2B) and 30 sub-pathways (Table S2). The
pathways primarily encompassed central and partial secondary metabolism, including 45 amino acids,
94 carbohydrates, 28 lipids, 5 CPGECs (cofactors, prosthetic groups, electron carriers), 5 nucleotides,
22 secondary metabolites, and 1 phytohormone.
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Figure 1: Taste values of leaves in Baisheng and Fucaishul8 under different growing conditions
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Figure 2: GC-TOF-MS analysis and classification of the identified metabolites in sweet potato leaves. (A)
Total ions chromatograph (TIC) of four samples with six replicates in sweet potato leaves via GC-TOF-MS.
Green and blue graphs represent the samples of Fucaishul8-S (soil culture) and Fucaishul8-H (hydroponic
culture), respectively. Red and black graphs represent the samples of Baisheng variety grown in soil
(Baisheng-S) (soil culture) and Baisheng-H (hydroponic culture), respectively. (B) Distribution of
200 identified metabolites depicted in a pie chart; sub-classifications of amino acids and carbohydrates
are illustrated with histograms

A non-supervised PCA analysis was conducted using all 200 metabolites. Fig. 3 illustrates that the
metabolome of the Baisheng variety cultivated in soil (Baisheng-S, poor taste) was distinct from the other
three samples. An OPLS-DA analysis generated a loading plot, further demonstrating significant
differences between the two growing patterns for each cultivar (Fig. S4). The heat map also revealed a
distinct cluster pattern in the relative abundance of Baisheng-S (Fig. 4), which aligns with the observed
taste differences between soil and hydroponic cultures (Fig. 1).

3.3 Metabolites and Their Pathway Related to the Taste of Sweet Potato Leaves

3.3.1 Reduced Amino Acid Abundance in Baisheng-S

Amino acids and their derivatives play a crucial role in imparting flavor to food [21,22]. In this study,
eighteen metabolites associated with amino acid metabolism were identified. With the exception of N, N-
dimethylarginine (ADMA), 3-cyanoalanine, N-amidino-L-aspartate, and cycloleucine, the Baisheng-S
variety, which was characterized by poor taste, exhibited lower concentrations of these amino acids and
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their derivatives. This was particularly evident in the case of four umami amino acids: Asp, Glu, Gly, and Ala
(Fig. 5, Table S2, Fig. S5).
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Figure 3: Score scatter plot of PCA model for metabolites (peaks) in leaves of Fucaishul8 and Baisheng
under different growing patterns. H, hydroponic culture; S, soil culture; QC, quality control

3.3.2 Enhanced Lipids Synthesis, but Not for Ester Synthesis

Plant lipids are essential components of cell membranes, serving as signal molecules and stored energy
reserves. This investigation identified ten metabolites associated with lipid metabolism, including those
derived from acetyl-CoA and 3-PGA. Baisheng-S exhibited an increased abundance of seven of these
lipids while demonstrating a lower abundance of stearate, arachidate, and palmitoleate (Fig. 5, Table S2).

3.3.3 Increased Secondary Metabolism and Secondary Metabolites Accumulation

Plant secondary metabolites, also known as natural products or specialized metabolites, represent a
diverse array of chemical compounds that contribute significantly to flavor profiles and bioactive
properties beneficial for human health. In the Baisheng-S variety, the analysis revealed variations in the
content of 13 secondary metabolites, with 9 exhibiting increased levels. Notably, the shikimate metabolic
pathway, which is crucial for secondary metabolism, demonstrated enhanced activity (Fig. 5, Table S2,
Fig. S5). This enhancement suggests an accumulation of secondary metabolites, potentially contributing
to the less desirable taste characteristics observed.

4 Discussion

Metabolomics has emerged as a powerful analytical tool for investigating the quality traits of crops
[12,13,15]. This approach has been successfully employed to examine various aspects of plant biology,
including anthocyanin accumulation in tuberous roots, metabolic mechanisms underlying flesh color
differences, metabolic changes during postharvest storage, and metabolic diversity in leaves and roots
[23-26]. In the present study, GC-ToF-MS-based untargeted metabolomics was utilized to analyze the
taste differences between sweet potato leaves cultivated in soil and hydroponic systems. The analysis
identified a total of 200 metabolites, with 71 of these compounds associated with flavor formation in
sweet potato leaves. These findings provide a comprehensive metabolic reference for understanding the
taste profile of leafy sweet potatoes.
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Figure 4: Heatmap visualization of the variation in 200 metabolites in leaves of Baisheng and
Fucaishul8 under different cultivation conditions. H, hydroponic culture; S, soil culture. The abundance
of each metabolite across four samples was normalized using Z-score analysis. The biochemical names
corresponding to each metabolite ID are presented in Table S2
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Figure 5: Metabolite abundances in leaves of Baisheng and Fucaishu18 under different growing conditions.
The four squares beneath each metabolite name represent abundance changes in Baisheng-Soil culture (S),
Baisheng-Hydroponic culture (H), Fuchaishul8-Soil culture (S), and Fuchaishul8-Hydroponic culture (H),
respectively. Metabolite abundances of the four samples were normalized using Z-score analysis. Red
squares indicate high abundance, while blue squares denote low abundance. Table S2 for detailed
information of the changes of these metabolites
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Metabolites are crucial components of plants and can be categorized into carbohydrates, organic and
amino acids, vitamins, hormones, flavonoids, phenolics, and glucosinolates [27,28]. Certain metabolites
significantly influence the taste profile of leafy vegetables. For instance, glycine and alanine contribute
sweetness, valine, tryptophan, and leucine impart bitterness, while aspartic acid and glutamate provide a
sour taste [27-30]. Secondary metabolites, including flavonoids, phenolics, and alkaloids, are primarily
responsible for bitterness and astringency [28,31,32]. Our findings align with previous research,
suggesting that the less desirable taste of sweet potato leaves cultivated in soil is attributed to lower
concentrations of amino acid metabolites and higher levels of carbohydrates and secondary metabolites.
Future investigations should focus on the dynamic metabolic characteristics of amino acids and secondary
metabolites to enhance the flavor profile of leafy sweet potatoes.
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