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A B S T R A C T

Hyoseris radiata L., a Mediterranean wild edible species (WEP), was evaluated for the first time under hydroponic 
cultivation as microgreens and baby leaves. Plants were grown from wild-collected seeds using full- or half- 
strength Hoagland nutrient solutions (H and H/2). Growth and yield were assessed at each developmental 
stage, while chemical composition was analyzed across all stage × nutrient combinations. Wild plants were also 
analyzed as a reference for comparison. No significant differences in growth or yield were observed between H 
and H/2 treatments, suggesting the feasibility of reducing nutrient inputs for the hydroponic cultivation of this 
species without compromising productivity. Chemical composition was generally consistent with that reported 
for other leafy WEPs and vegetables. PCA clearly separated microgreens, baby leaves, and wild plants. Wild 
samples showed higher concentrations of phenols, flavonoids, soluble sugars, and iron, and substantially lower 
nitrate levels than cultivated plants. Baby leaves were characterized by higher chlorophyll content, vitamin B6, 
vitamin C, and iron than microgreens. The overlap between H and H/2 treatments indicated that developmental 
stage had a stronger influence on chemical composition than nutrient solution strength. Based on EDI%, culti
vated H. radiata, especially baby leaves, proved to be a valuable source of vitamin A, vitamin B9, iron, and 
molybdenum. No concerns related to heavy metal accumulation were detected. Nitrate concentrations were 
higher in cultivated plants but were significantly reduced in baby leaves grown under H/2. Overall, H. radiata 
showed good productivity under reduced nutrient supply and promising nutritional quality, supporting its po
tential as a novel hydroponically grown leafy vegetable.

1. Introduction

The growing consumer demand for diverse, nutritious, and sustain
ably produced fresh vegetables has intensified interest in the identifi
cation of novel crops that combine health-promoting attributes with 
agronomic potential. In this context, wild edible plants (WEPs) have 
attracted renewed attention as underexploited resources for functional 
foods and sustainable food systems (Vignesh et al., 2024).

Wild edible plants (WEPs), once central to human diets, have pro
gressively declined in use following the transition to agriculture, during 
which domesticated crops became predominant (Carvalho et al., 2016). 
Nevertheless, they continue to play an important role in many cultures 
due to their nutritional value and sociocultural significance (Groot et al., 
2002; Pardo-de-Santayana et al., 2007; Schulp et al., 2014). 

Ethnobotanical studies have documented a rich diversity of WEPs 
consumed in the Mediterranean diet, with a predominance of leafy 
species used in salads, soups, and cooked dishes (Baldi et al., 2022). 
Leafy WEPs are known to be rich in phytochemicals with antioxidant 
effects (Barros et al., 2016), and are also valuable sources of proteins, 
vitamins, sugars, and minerals (Sánchez-Mata et al., 2016; 
García-Herrera et al., 2016). The chemical profile of leafy WEPs high
lights their potential as functional food sources and supports their 
valorization as novel crops for modern agricultural systems. As the 
edible portion consists of young leaves (Baldi et al., 2022), the pro
duction of leafy WEPs as specialty salad products, such as microgreens 
and baby leaves, appears particularly promising. Microgreens are 
seedlings harvested at around 5 cm in height, when the cotyledons are 
fully expanded and the first pair of true leaves is more or less developed 
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(Lenzi et al., 2019). Baby leaves are also harvested before reaching full 
maturity, but they are older and larger than microgreens (approximately 
10 cm in height) (Treadwell et al., 2020). Both products are increasingly 
appreciated for their sensory quality, ease of consumption, and high 
concentration of health-promoting compounds.

Hydroponic systems enable the production of high-quality leafy 
vegetables under controlled conditions, representing a suitable cultiva
tion method for the valorization of WEPs. These systems mitigate soil 
degradation, water scarcity, and climate variability, while ensuring 
yield consistency, product safety, and the efficient use of resources such 
as water and nutrients (Verma et al., 2024). Recent studies have 
demonstrated the feasibility of using hydroponic systems to grow WEPs 
as microgreens and/or baby leaves (Lenzi et al., 2019; Puccinelli et al., 
2021; Baldi et al., 2023).

Comprehensive ethnobotanical surveys in the Mediterranean Basin 
highlight the strong tradition of WEPs use in Italy, with regions such as 
Apulia, Sicily, and Tuscany reporting the highest number of recorded 
taxa (Paura et al., 2021; Baldi et al., 2022). Hyoseris radiata L., 
commonly referred to as “wild chicory”, is a Mediterranean leafy WEP 
that has been traditionally consumed across several Italian regions. Its 
young leaves are commonly utilized either raw or cooked in a variety of 
local culinary preparations (Guarrera and Savo, 2016; Geraci et al., 
2018; Sicari et al., 2020). The leaves present a slight bitter taste and 
are highly appreciated for their softness as demonstrated in sensory 
panel tests (Benvenuti et al., 2017). Beyond its gastronomic use, this 
species has a documented history in traditional medicine, where it has 
been employed for its diuretic, depurative, and litholytic properties 
(Guarrera, 2006). Phytochemical investigations have identified the 
presence of bioactive compounds, including triterpenes and phenolic 
constituents, which are associated with antioxidant activity (El-Masry 
et al., 1983; Vanzani et al., 2011; Sicari et al., 2020; Vitiello et al., 
2024). Given its long-standing culinary relevance and recognized nu
traceutical potential, H. radiata represents a promising candidate for 
development as a novel salad crop. However, this species remains 
largely underexplored in terms of domestication and cultivation. A 
preliminary cultivation attempt was reported by Benvenuti et al., 2017, 
who grew H. radiata in alveolar polystyrene trays filled with a 
peat–perlite substrate supplemented with a controlled-release fertilizer. 
The present study aimed to assess, for the first time, the suitability of 
H. radiata for hydroponic cultivation as microgreens and baby leaves. 
With this aim, growth performance, yield, and nutritional and 
health-related traits of plants hydroponically grown from wild-collected 
seeds under two nutrient solution strengths were evaluated. Further
more, the contribution of the obtained products to dietary nutrient 
intake and their potential health risks associated with nitrate and trace 
element accumulation were assessed. Wild-harvested plants from the 
same seed collection site were also analysed as a benchmark for the 
chemical profile.

2. Materials and methods

2.1. Plant material, growing conditions, and growth parameters

Hyoseris radiata baby leaves and microgreens were grown hydro
ponically in a floating system using seeds collected from wild pop
ulations located in Cercina, Tuscany, Italy (43◦50′43″ N, 11◦15′45″ E; 
~350 m a.s.l.) in spring 2023. The area is located on the hills north of 
Florence and is characterized by a sub-Mediterranean hill climate, with 
mild temperatures and relatively high humidity. Soils are typically 
loamy to clay-loam, moderately alkaline, and exhibit low electrical 
conductivity.

Seeds (germination rate: 98%) were sown in polystyrene cell trays 
(22.75 × 13.08 cm; 28 cells, Ø 0.27 cm) filled with vermiculite (Perlite 
Italiana Srl, Corsico, Milan, Italy) at densities of 1640 and 14,400 seeds 
m⁻2 for baby leaves and microgreens, respectively. After sowing, trays 
were maintained in darkness at 20 ◦C for 48 h and then transferred to 

polyethylene terephthalate tanks (26 × 18 × 8 cm) containing 1.8 L of 
full- (H) or half-strength (H/2) Hoagland nutrient solution. Nutrient 
solutions were prepared using distilled water to eliminate initial mineral 
background. The full-strength solution was composed as follows (mg 
L–1): Ca(NO3)2 × 4H2O (1180), KNO3 (505), KH2PO4 (136), 
MgSO4 × 7H2O (493), Fe-EDDHA (46.6), H3BO3 (2.86), MnCl2 × 4H2O 
(1.81), ZnSO4 × 7H2O (0.22), CuSO4 × 7H2O (0.08), Na2MoO4 × 2H2O 
(0.03). The full-strength Hoagland solution showed an EC of 1.7 dS m⁻¹ 
and a pH of 5.8, while the half-strength solution exhibited an EC of 1.1 
dS m⁻¹ and a pH of 5.9. Eighteen tanks were used for each 
stage × nutrient solution combination and were randomly assigned 
within a walk-in growth chamber. Each tank corresponded to one 
replicate. To minimize positional effects, tanks were rotated every week 
during cultivation. Plants were grown under controlled conditions 
(22 ± 1 ◦C; 16 h light/8 h dark; average PPFD of 80 µmol m⁻² s⁻¹, cor
responding to an estimated DLI of 4.6 mol m⁻² day⁻¹). During the trial, 
tanks were refilled back to their initial level with fresh nutrient solution 
at the original concentration whenever the liquid was nearly depleted. 
Active aeration of the nutrient solution was not provided; however, 
adequate root zone oxygenation was sustained by passive diffusion due 
to the shallow solution depth, the short cultivation cycle, and frequent 
solution replenishment.

Plants were harvested at the microgreen or baby leaf stage (defined 
in the Introduction), which, under the conditions of this study, corre
sponded to 2 and 6 weeks after sowing, respectively. For microgreens, 
fresh weight (FW), dry weight (DW; oven-dried at 80 ◦C until constant 
weight), and leaf area (LA; LI-3100 area meter, LI-COR, Lincoln, NE, 
USA) were determined. For baby leaves, measurements included num
ber of leaves, maximum leaf length, FW, DW, and LA. Growth parame
ters were measured on three plantlets for each tank. Yield was calculated 
based on the production obtained from each tray and normalized to a 
per m² basis. Fresh leaf samples were collected from each tank and 
stored at − 20 ◦C prior to chemical analyses.

Wild reference plants (18 samples) were collected at the basal rosette 
stage from the same site and on the same date as seeds.

2.2. Chemical analyses

Chemical determinations were performed on 18 biological replicates 
for each stage × nutrient solution combination in hydroponically grown 
plants, and on 18 independent replicates of wild-harvested plants. 
Quality assurance and quality control procedures were applied to all 
analytical determinations to ensure data reliability and reproducibility. 
Procedural blanks and certified reference standards were included in 
each analytical batch. Calibration curves were accepted only when R² ≥
0.995. Replicate analyses were performed and results were expressed as 
mean value. Limits of detection (LOD) and quantification (LOQ) were 
determined according to method-specific criteria. All results are 
expressed on a fresh weight basis.

2.2.1. Chlorophylls and carotenoids
Chlorophylls and carotenoids were determined spectrophotometri

cally by UV–VIS analysis following methods adapted for leafy vegetables 
(Song et al., 2020). Briefly, 0.5 g of leaves were extracted in an aceto
ne/alcohol mixture (1:1, v/v); chlorophyll a, chlorophyll b, and total 
carotenoids contents were quantified at 663, 645, and 440 nm, 
respectively.

2.2.2. Total phenolics and flavonoids
Total phenolic content was determined using the Folin–Ciocalteu 

colorimetric assay and expressed as gallic acid equivalents (GAE) 
(Tadolini et al., 2000). Briefly, 1 g of fresh leaves was pulverized under 
liquid nitrogen and extracted in 8 mL of 80% methanol in a boiling water 
bath for 60 min. Extracts were centrifuged at 12,000 rpm for 10 min, 
concentrated under reduced pressure at 40 ◦C, reconstituted with 
distilled water, and centrifuged again at 8000 rpm for 20 min. An aliquot 
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(1 mL) of the supernatant was mixed with distilled water, 
Folin–Ciocalteu reagent, and 26.7% sodium carbonate solution. Absor
bance was measured at 760 nm. Total flavonoids were determined by 
the aluminum chloride colorimetric method and quantified spectro
photometrically at 510 nm using quercetin as reference standard. Re
sults were expressed as mg quercetin equivalents per kg fresh weight.

2.2.3. Antioxidant capacity
Antioxidant capacity was evaluated using the ferric-reducing anti

oxidant power (FRAP) assay according to Benzie and Strain (1996). 
Extracts obtained for phenolic determination were mixed with FRAP 
reagent (0.3 mol L⁻¹ acetate buffer, 10 mmol L⁻¹ TPTZ, and 20 mmol L⁻¹ 
FeCl₃ in a 10:1:1 ratio) and incubated at 37 ◦C for 10 min. Absorbance 
was measured at 593 nm.

2.2.4. Proteins
Total proteins were quantified as total nitrogen multiplied by 6.25 

(N × 6.25) according to ISTISAN 96/34 of Nutritional Institute of Health 
(ISS) (Baldini et al., 1996).

2.2.5. Soluble sugars
Total soluble sugars were determined by HPLC–UV following ISTI

SAN analytical methods for food analysis. Briefly, soluble sugars were 
extracted by sonication using a mixture of acetonitrile and water (60:40, 
v/v) and subsequently analysed by HPLC–UV at 190 nm.

2.2.6. Vitamins
Given the low lipid content of leafy matrices, water-soluble vitamins 

(vitamins B1, B2, B3, B5, B6, B9, and C) were determined using an 
extraction procedure suitable for low-fat food matrices. Samples were 
extracted with 0.2% phosphoric acid and analyzed by HPLC–UV using 
an Eclipse Plus C18 column and a gradient elution system (solvent A: 
phosphate buffer pH 7, water 1:10 v/v; solvent B: acetonitrile). Quan
tification was performed using external calibration curves, with an in
ternal standard applied to correct for recovery. Different detection 
wavelengths were used for each vitamin: vitamin B1 (232 nm), vitamin 
B2 (268 nm), vitamin B3 (214 nm), vitamin B5 (205 nm), vitamin B6 
(220 nm), vitamin B9 (280 nm), and vitamin C (266 nm). Vitamin A, 
expressed as retinol activity equivalents (RAE), was determined ac
cording to Raju et al., 2007.

2.2.7. Major and trace elements
Elemental analysis of major minerals (Ca, P, Mg, Na, K), essential 

trace elements (Fe, Mn, Zn, Cu, Mo, Se), and non-essential trace ele
ments (Al, Cr, Ni, As, Cd, Sb, Pb) was performed after microwave- 
assisted acid digestion according to European Committee for 
Standardization (2014). Quantification was carried out by ICP-MS 
following International Organization for Standardization (2016). 
Briefly, homogenized samples were mineralized in closed-vessel mi
crowave systems using nitric acid. Digests were diluted to volume with 
ultrapure water and analyzed by ICP-MS. Calibration was performed 
using multi-element standard solutions; procedural blanks and quality 
control samples were included in each analytical batch.

2.2.8. Nitrate
Approximately 3 g of homogenized fresh samples were extracted 

with 20 mL of ultrapure water. Separation was achieved on an anion- 
exchange column coupled with suppressed conductivity detection. The 
lowest calibration level was 0.5 mg L⁻¹ (expressed as NO₃⁻), corre
sponding to a limit of quantification (LOQ) of approximately 3 mg kg⁻¹ 
fresh weight under the applied operating conditions. Calibration stan
dards were verified in each analytical session, and procedural blank 
samples consistently showed no detectable nitrate contamination.

2.3. Contribution to nutrient dietary intake

The estimated dietary intake (EDI, mg day–1) of vitamins (A, C, B2, 
B3, B6, B9) and essential mineral elements (Ca, K, Mg, Na, P, Cu, Fe, Mn, 
Mo, Zn) possibly resulting from the consumption of microgreens or baby 
leaves of H. radiata was calculated by the following formula: 

EDI = C × (CP /1000)

where C is the mean concentration of the nutrient (mg kg–1 FW) in the 
produce, averaged across the two solution treatments, and CP is the 
daily consumption rate per person, assumed to be 20 g for microgreens 
(Lenzi et al., 2019) and 50 g for baby leaves (Elgueta et al., 2019).

To evaluate the contribution of microgreens and baby leaves to 
human vitamin and mineral requirements, EDI was expressed as per
centage (EDI%) of the Population Reference Intake (PRI, mg day–1or μg 
day–1), Adequate Intake (AI, mg/day–1), or Suggested Dietary Target 
(SDT, mg day–1) according to the LARN (V revision) issued by the Società 
Italiana di Nutrizione Umana (Società Italiana di Nutrizione Umana 
(2024).

2.4. Health risk assessment

To assess the potential health risks associated with the consumption 
of H. radiata microgreens and baby leaves, the Health Risk Index (HRI) 
was calculated for selected toxic and potentially toxic elements (As, Cd, 
Cr, Mn, Mo, Ni, Sb, and Zn) and nitrate detected in these products. For 
toxic elements, the following formula was used: 

HRI = EDIBW/RfD 

where EDIBW is the estimated dietary intake (EDI, mg day–1) normalized 
per kg of body weight (BW), assuming a standard adult BW of 70 kg, as 
commonly adopted in the literature (Esposito et al., 2019), and RfD 
(Reference Dose for Oral Exposure, mg kg–1 BW day–1) represents an 
estimate of the daily human exposure to a toxic element that is likely to 
be without appreciable health risk over a lifetime according to the US 
Environmental Protection Agency (EPA) (2023). The EDI was calcu
lated as described in Section 2.3, where C represents the concentration 
of the potentially hazardous chemical.

The potential health risk for Al was evaluated based on the tolerable 
weekly intake (TWI; kg–1 BW week–1), according to the European Food 
Safety Authority (EFSA) (2008). Lead content was compared with the 
maximum level permitted for this element in leafy vegetables under 
Regulation (EU) 2023/915.

For nitrate, the ADI (3.7 mg kg⁻¹ BW day⁻¹) established by EFSA 
(2017) was used in place of the RfD for HRI calculation.

2.5. Statistical analysis

Each of the 18 tanks constituted the experimental unit. Values ob
tained from three plantlets sampled per tank for growth parameters 
were averaged before statistical analysis.

All statistical analyses were performed using the R statistical envi
ronment (R Core Team, 2024; version ≥ 4.1.0). Descriptive statistics are 
presented as mean ± standard deviation (SD). Prior to inferential 
testing, the assumptions of the parametric model were assessed for every 
response variable. Normality was evaluated using the Shapiro–Wilk test 
applied to the within-group residuals—the quantity required to be 
normally distributed under the ANOVA model—and homogeneity of 
variances was assessed using the Brown–Forsythe test (Levene’s test 
centred on the median), which is robust to departures from normality. 
Because most variables violated at least one of these assumptions 
(Supplementary Tables S1–S3), a uniform non-parametric framework 
was adopted throughout the study to ensure consistency of the statistical 
analyses across variables reported in the same tables. Accordingly, 
non-parametric tests were applied to all growth, morphological, and 
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chemical variables.
Morphological parameters and yield were analyzed separately for 

each developmental stage (microgreens and baby leaves). Within each 
stage, comparisons between full-strength (H) and half-strength (H/2) 
Hoagland nutrient solutions were performed using the Wilcoxon rank- 
sum test (unpaired). For chemical parameters, all four experimental 
combinations (microgreens H, microgreens H/2, baby leaves H, baby 
leaves H/2) were compared simultaneously using pairwise Wilcoxon 
rank-sum tests. P-values were adjusted for multiple comparisons using 
Holm’s correction method. Compact Letter Displays (CLD) were used to 
summarize significant pairwise differences.

Principal Component Analysis (PCA) was conducted for chemical 
traits on scaled datasets to explore multivariate patterns. Wild samples 
were excluded from inferential statistical comparisons because they 
were not part of the experimental design and therefore differed from 
cultivated plants in several uncontrolled factors (e.g., growing envi
ronment, plant age, and genetic background). However, they were 
included in descriptive analyses and PCA as an external benchmark, 
since PCA was used as an exploratory tool to provide a reference for the 
natural chemical profile of the species rather than to test treatment ef
fects. PCA results were visualized using the factoextra package 
(Kassambara and Mundt, 2020), with 80% confidence ellipses.

3. Results

3.1. Growth parameters and yield

Nutrient solution concentration did not affect growth parameters or 
yield in either microgreens or baby leaves (Tables S4 and S5). At the 
microgreen stage, plantlets recorded an average FW of 63 mg, a DW of 
5.25 mg, and a LA of 1.3 cm², with a DW% of 8.4. Baby leaf plants 
reached an average FW of 2.0 g, a DW of 0.2 g, and a LA of 80.09 cm², 
developing approximately 9.5 leaves with an average length of 
14.85 cm. The DW% for baby leaves was 9.3. Overall yields were 0.58 kg 
m⁻² for microgreens and 1.31 kg m⁻² for baby leaves.

3.2. Chemical characterization

3.2.1. Chlorophylls, carotenoids, and antioxidants
As reported in Table 1, chlorophyll concentration was significantly 

higher in baby leaves than in microgreens. Baby leaf plants did not show 
differences due to the nutrient solution, with an average total chloro
phyll content of about 1560 mg kg⁻¹ FW across the two nutrient levels. 
On the contrary, chlorophyll concentration in microgreens was lower 
under the H/2 treatment (853.71 vs. 1009.61 mg kg⁻¹ FW). Carotenoids 
reached the highest concentration in baby leaf H (180.09 mg kg⁻¹ FW), 
with significant difference as compared to microgreens H/2 (Table 1). 
For total phenols, flavonoids and FRAP higher values were observed in 
baby leaf plants grown in H/2 nutrient solution compared to micro
greens and baby leaves under the H treatment (Table 1). The chlorophyll 
and carotenoid composition of the plants grown hydroponically was 
consistent with that of the wild reference plants, which in contrast were 

characterized by higher levels of total phenols (541.88 mg kg⁻¹ FW) and 
flavonoids (1399.54 mg kg⁻¹ FW).

3.2.2. Protein content
As shown in Fig. 1, the concentration of the nutrient solution did not 

affect the protein content of either baby leaf plants or microgreens. 
However, baby leaf plants grown under the H/2 solution exhibited a 
significantly higher protein concentration (2.52 g 100 g⁻¹ FW) compared 
to microgreens (1.60–1.90 g 100 g⁻¹ FW for H and H/2, respectively), 
and were similar to the wild reference plants (2.76 g 100 g⁻¹ FW).

3.2.3. Soluble sugar concentrations
Baby leaf plants grown under the H/2 solution showed a slightly but 

significantly higher concentration in soluble sugars (1.96 g kg⁻¹ FW) 
than the other cultivated plants (1.45, 1.60 and 1.62 g kg⁻¹ FW for 
microgreens H, microgreens H/2 and baby leaf H, respectively). Sugar 
content in wild plants was markedly higher (13.66 g kg⁻¹ FW) (Fig. 2).

3.2.4. Vitamin content
The vitamin profile of cultivated H. radiata plants exhibited distinct 

patterns across growth stages and nutrient solution concentrations 
(Table 2). Vitamin B5 was below LOD and was therefore not included in 
the table. Baby leaves accumulated higher vitamin C levels than 
microgreens, with no significant differences between nutrient regimes 
(approximately 15.5 mg kg⁻¹ FW on average), whereas microgreens 
showed lower concentrations under the H treatment. A similar trend was 
observed for vitamin B1. In contrast, vitamin A was influenced by the 
nutrient solution in baby leaves, reaching the highest value under the H 
treatment, which was also significantly greater than that recorded in 
microgreens grown under H/2. Vitamin B2 peaked in baby leaves grown 
under H/2, while the other treatments did not differ. Conversely, 
vitamin B3 was higher in microgreens than in baby leaves, with signif
icant differences between nutrient solutions at both growth stages. 
Vitamin B6 also showed a growth-stage effect, but with an opposite 
trend, peaking in baby leaves under H/2. Finally, vitamin B9 concen
tration was lower in microgreens grown under H/2 compared to those 
grown under H and to baby leaves under H/2. Despite these differences, 
the vitamin contents of cultivated plants were overall comparable to 
those measured in wild reference samples (Table 2).

3.2.5. Major minerals and trace elements
The statistical analysis revealed differences in the content of major 

minerals among the four stage × nutrient solution combinations; how
ever, all values were within the same order of magnitude (Table 3). 
Average concentrations (mg kg⁻¹ FW) were approximately 900 for Ca, 
530 for P, 470 for Mg, 517 for Na, and 2500 for K. Calcium, Mg, and K 
exhibited similar patterns across growth stages and nutrient solutions, 
with significantly higher concentrations in microgreens grown in half- 
strength solution compared to those grown in full-strength solution. 
Baby leaves showed intermediate values, irrespective of the nutrient 
solution. Microgreens cultivated in H/2 also displayed higher P con
centrations than all other treatments. In contrast, Na reached its highest 

Table 1 
Concentrations of chlorophylls (Chl a, Chl b, and total), carotenoids, total phenols, flavonoids, and antioxidant activity (measured by the FRAP assay) in Hyoseris 
radiata microgreens and baby leaves grown under full-strength (H) or half-strength (H/2) Hoagland nutrient solution in a floating hydroponic system. Wild plants were 
included as an external benchmark.

Treatment Chl a 
(mg kg–1 FW)

Chl b 
(mg kg–1 FW)

Chl a+b 
(mg kg–1 FW)

Carotenoids 
(mg kg–1 FW)

Phenols 
(mg kg–1 FW)

Flavonoids 
(mg kg–1 FW)

FRAP 
(mmol kg–1 FW)

Microgreens H 740.80 ± 136.02 b 246.21 ± 52.30 b 1009.61 ± 192.49 b 159.62 ± 18.84 ab 66.76 ± 0.98 d 267.46 ± 39.31 b 68.0 ± 18.65 c
Microgreens H/2 626.37 ± 33.29 c 208.22 ± 13.77 c 853.71 ± 45.44 c 142.65 ± 8.01 b 70.40 ± 6.91 c 256.59 ± 10.23 b 47.41 ± 22.73 d
Baby leaf H 1081.50 ± 167.39 a 422.63 ± 102.56 a 1537.64 ± 274.67 a 180.09 ± 20.26 a 78.60 ± 10.47 b 291.30 ± 78.26 b 85.53 ± 6.34 b
Baby leaf H/2 1081.28 ± 120.53 a 470.73 ± 105.38 a 1585.31 ± 217.82 a 161.41 ± 25.40 ab 88.79 ± 12.39 a 343.34 ± 16.75 a 109.99 ± 14.57 a
Wild reference plants 907.88 ± 108.38 341.43 ± 63.81 1256.61 ± 183.00 200.94 ± 15.87 541.88 ± 78.90 1399.54 ± 232.06 228.05 ± 51.08

Data are presented as mean ± standard deviation (SD) (n = 18 replicates per treatment). Mean values within columns followed by different letters are significantly 
different according to the non-parametric Wilcoxon rank-sum test with Holm’s adjustment (p ≤ 0.05).
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concentration in baby leaf grown under H/2.
Wild reference plants showed Ca and K levels comparable to those of 

cultivated plants, but were characterized by higher P and lower Mg 
contents, and particularly low Na concentrations (90 mg kg⁻¹ FW).

The content of essential trace elements is reported in Table 4, with 
the exception of Se, which was below LOD. Iron concentrations were 
higher in baby leaves and lower in microgreens grown under the H 
treatment. Microgreens accumulated greater amounts of Mn, Cu, and 

Mo. Differences between nutrient solutions were detected for Mn and 
Mo at both growth stages, whereas Fe and Cu were affected by the 
nutrient solution only in microgreens. No significant differences related 
to growth stage or nutrient solution were observed for Zn. Essential trace 
elements were more abundant in the wild than in cultivated plants, 
except for Mo and Cu.

Fig. 1. Protein content in Hyoseris radiata microgreens and baby leaves grown under full-strength (H) or half-strength (H/2) Hoagland nutrient solution in a floating 
hydroponic system. Wild reference plants were included as an external benchmark. Data are presented as mean ± standard deviation (SD) (n = 18 replicates per 
treatment). Different letters show significant differences according to the non-parametric Wilcoxon rank-sum test with Holm’s adjustment (p ≤ 0.05).

Fig. 2. Soluble sugar content in Hyoseris radiata microgreens and baby leaves grown under full-strength (H) or half-strength (H/2) Hoagland nutrient solution in a 
floating hydroponic system. Wild plants were included as an external benchmark. Data are presented as mean ± standard deviation (SD) (n = 18 replicates per 
treatment). Different letters show significant differences according to the non-parametric Wilcoxon rank-sum test with Holm’s adjustment (p ≤ 0.05).

Table 2 
Vitamin content (C, A, B1, B2, B3, B6, and B9) in Hyoseris radiata microgreens and baby leaves grown under full-strength (H) or half-strength (H/2) Hoagland nutrient 
solution in a floating hydroponic system. Wild plants were included as an external benchmark.

Treatment Vit C 
(mg kg–1 FW)

Vit A 
(mg RAE kg–1 FW)

Vit B1 
(mg kg–1 FW)

Vit B2 
(mg kg–1 FW)

Vit B3 
(mg kg–1 FW)

Vit B6 
(mg kg–1 FW)

Vit B9 
(mg kg–1 FW)

Microgreens H 11.52 ± 0.95 c 6.65 ± 0.78 ab 0.41 ± 0.09 c 0.64 ± 0.06 b 4.81 ± 0.09 a 0.20 ± 0.001 c 0.50 ± 0.09 a
Microgreens H/2 12.39 ± 0.84 b 5.94 ± 0.33 bc 0.59 ± 0.10 b 0.61 ± 0.05 b 4.37 ± 0.20 b 0.19 ± 0.001 d 0.39 ± 0.05 b
Baby leaf H 15.96 ± 1.92 a 7.50 ± 0.84 a 1.11 ± 0.35 a 0.58 ± 0.13 b 3.67 ± 0.92 c 1.33 ± 0.77 b 0.46 ± 0.04 ab
Baby leaf H/2 15.09 ± 5.08 a 5.90 ± 1.86 c 1.06 ± 0.25 a 0.84 ± 0.31 a 2.78 ± 1.07 d 1.95 ± 0.76 a 0.47 ± 0.11 a
Wild reference plants 11.34 ± 2.35 8.37 ± 0.66 0.69 ± 0.04 0.74 ± 0.14 1.96 ± 0.22 0.20 ± 0.001 0.49 ± 0.17

Data are presented as mean ± standard deviation (SD) (n = 18 replicates per treatment). Mean values within columns followed by different letters are significantly 
different according to the non-parametric Wilcoxon rank-sum test with Holm’s adjustment (p ≤ 0.05).
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3.2.6. Non-essential trace elements and nitrate
In cultivated plants, non-essential trace elements were generally 

detected at low concentrations, although both growth stage and nutrient 
solution strength significantly affected their accumulation (Table 5). 
Aluminum was the most abundant element, with higher levels in H 
microgreens than in H/2, whereas baby leaves showed intermediate 
values with no significant differences between nutrient regimes. Chro
mium content in baby leaves was one order of magnitude greater than in 
microgreens, and it was also influenced by nutrient strength being 
higher under the H solution than under H/2. Nickel and Pb exhibited a 
similar pattern, with significantly lower accumulation in H microgreens 
and no differences among the other growth stage × nutrient solution 
combinations. Arsenic responded differently to nutrient regime, but in 
opposite ways: it was lower in H than in H/2 in microgreens, and higher 
in H than in H/2 in baby leaves. Baby leaf plants accumulated more Cd 
than microgreens. Differences in Sb were observed only under the H/2 
solution, with higher values in baby leaves.

Wild plants showed much higher concentrations of Cr, Ni, and Cd 
than cultivated plants, while Pb levels in wild samples were below the 
LOD. Cultivated plants accumulated significantly more nitrate than wild 
reference samples, which showed negligible nitrate content (Table 6). 
Microgreens cultivated under both H and H/2, together with baby leaves 
grown under H, exhibited no statistically significant differences in ni
trate levels. By contrast, baby leaves grown in H/2 showed significantly 
lower nitrate levels than all other cultivated treatments (Table 6).

3.3. Contribution to nutrient dietary intake

Vitamin A provided the highest EDI%, followed by vitamin B9 
(Table 7). On the contrary, the lowest EDI% values were recorded for 
vitamin C (Table 7). Regarding essential elements, H. radiata could 
contribute to dietary intake particularly of Mo, followed by Fe in baby 
leaf product or Cu in microgreens. Sodium and Zn exhibited the lowest 
EDI% values (Table 7). In all cases, the contribution provided by baby 
leaves was greater than that of microgreens.

Table 3 
Concentrations of major minerals (Ca, K, Mg, Na, and P) in Hyoseris radiata microgreens and baby leaves grown under full-strength (H) or half-strength (H/2) Hoagland 
nutrient solution in a floating hydroponic system. Wild plants were included as an external benchmark.

Treatment Ca 
(mg kg–1 FW)

K 
(mg kg–1 FW)

Mg 
(mg kg–1 FW)

Na 
(mg kg–1 FW)

P 
(mg kg–1 FW)

Microgreens H 818.79 ± 139.52 b 2201.13 ± 382.89 b 400.89 ± 91.97 b 490.07 ± 103.90 b 520.81 ± 12.09 b
Microgreens H/2 962.63 ± 59.29 a 2639.17 ± 126.46 a 499.65 ± 61.99 a 510.87 ± 23.98 b 578.17 ± 15.33 a
Baby leaf H 920.77 ± 73.14 ab 2619.65 ± 163.51 a 459.77 ± 58.98 ab 500.03 ± 19.85 b 516.37 ± 14.64 b
Baby leaf H/2 924.29 ± 69.21 ab 2492.44 ± 193.07 ab 470.87 ± 59.09 ab 566.66 ± 40.58 a 523.51 ± 25.06 b
Wild reference plants 870.89 ± 21.24 2236.86 ± 314.01 292.95 ± 24.39 90.03 ± 13.59 992.14 ± 231.20

Data are presented as mean ± standard deviation (SD) (n = 18 replicates per treatment). Mean values within columns followed by different letters are significantly 
different according to the non-parametric Wilcoxon rank-sum test with Holm’s adjustment (p ≤ 0.05).

Table 4 
Concentrations of essential trace elements (Cu, Fe, Mn, Mo, and Zn) in Hyoseris radiata microgreens and baby leaves grown under full-strength (H) or half-strength (H/ 
2) Hoagland nutrient solution in a floating hydroponic system. Wild plants were included as an external benchmark.

Treatment Cu 
(mg kg–1 FW)

Fe 
(mg kg–1 FW)

Mn 
(mg kg–1 FW)

Mo 
(mg kg–1 FW)

Zn 
(mg kg–1 FW)

Microgreens H 6.36 ± 0.91 b 29.72 ± 2.79 b 6.39 ± 0.52 b 0.67 ± 0.04 b 1.40 ± 0.06 a
Microgreens H/2 7.33 ± 1.05 a 40.88 ± 10.65 a 7.01 ± 0.10 a 0.68 ± 0.05 a 1.36 ± 0.14 a
Baby leaf H 1.57 ± 1.26 c 63.51 ± 31.79 a 3.02 ± 0.56 c 0.49 ± 0.10 d 1.56 ± 0.33 a
Baby leaf H/2 0.94 ± 0.12 c 58.76 ± 28.88 a 2.59 ± 0.19 d 0.59 ± 0.04 c 1.39 ± 0.07 a
Wild reference plants 6.47 ± 3.74 130.00 ± 25.79 9.39 ± 1.75 0.67 ± 0.07 9.84 ± 2.03

Data are presented as mean ± standard deviation (SD) (n = 18 replicates per treatment). Mean values within columns followed by different letters are significantly 
different according to the non-parametric Wilcoxon rank-sum test with Holm’s adjustment (p ≤ 0.05).

Table 5 
Concentrations of non-essential trace elements (Al, As, Cd, Cr, Ni, Pb, and Sb) in Hyoseris radiata microgreens and baby leaves grown under full-strength (H) or half- 
strength (H/2) Hoagland nutrient solution in a floating hydroponic system. Wild plants were included as an external benchmark.

Treatment Al 
(mg kg–1 FW)

As 
(µg kg–1 FW)

Cd 
(µg kg–1 FW)

Cr 
(µg kg–1 FW)

Ni 
(µg kg–1 FW)

Pb 
(µg kg–1 FW)

Sb 
(µg kg–1 FW)

Microgreens H 33.02 ± 4.69 a 5.12 ± 1.27 b 0.84 ± 0.62 b 40.24 ± 3.98 c 42.69 ± 6.09 b 21.60 ± 3.15 b 3.31 ± 1.69 b
Microgreens H/2 25.74 ± 6.61 b 8.17 ± 1.27 a 1.05 ± 0.69 b 63.00 ± 16.05 d 97.82 ± 30.65 a 38.17 ± 15.90 a 6.93 ± 1.78 a
Baby leaf H 32.66 ± 16.09 ab 9.28 ± 6.12 a 2.36 ± 1.18 a 367.48 ± 223.82 a 106.71 ± 38.25 a 35.92 ± 9.68 a 4.92 ± 2.99 ab
Baby leaf H/2 30.40 ± 16.83 ab 5.32 ± 1.41 b 3.20 ± 1.32 a 200.45 ± 91.31 b 123.29 ± 50.99 a 37.31 ± 8.73 a 2.65 ± 0.85 b
Wild reference plants 47.43 ± 3.99 9.75 ± 0.97 100.15 ± 0.94 837.50 ± 519.55 6786.03 ± 865.05 <LOD 10.34 ± 0.85

Data are presented as mean ± standard deviation (SD) (n = 18 replicates per treatment). Mean values within columns followed by different letters are significantly 
different according to the non-parametric Wilcoxon rank-sum test with Holm’s adjustment (p ≤ 0.05).

Table 6 
Nitrate content in Hyoseris radiata harvested at the microgreen or 
baby-leaf stage and grown under two Hoagland solution concentra
tions (full strength, H, and half-strength, H/2). Wild reference plants 
were included as an external benchmark.

Treatment Nitrate (mg kg–1)

Microgreens H 7079.26 ± 1434.36 a
Microgreens H/2 6803.04 ± 948.74 a
Baby leaf H 6644.28 ± 334.94 a
Baby leaf H/2 4286.69 ± 1186.06 b
Wild reference plants 18.51 ± 0.61

Data are presented as mean ± standard deviation (SD) (n = 18 rep
licates per treatment). Mean values followed by different letters are 
significantly different according to the non-parametric Wilcoxon 
rank-sum test with Holm’s adjustment (p ≤ 0.05).
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3.4. Health risk assessment

The results of the health risk assessment for cultivated plants are 
reported in Table 8. The EDIBW values calculated for non-essential trace 
elements were very low, resulting in HRIs well below 1 for both 
microgreens and baby leaves. Similarly, the estimated weekly intake of 
Al was below the TWI. In contrast, a potential health risk associated with 
nitrate consumption was identified for baby leaf (HRI > 1). Lead content 
ranged from 21.6 to 38.2 μg kg–1 (Table 5), values far below the 
maximum level permitted for this element in leafy vegetables (0.3 mg 
kg–1, Reg. UE 2023/915).

3.5. Principal component analysis of chemical parameters

Principal Component Analysis (PCA) was performed on scaled 
chemical variables, including pigments, phenolic compounds, antioxi
dant capacity, vitamins, major minerals, trace elements, and nitrate 
concentrations (Fig. 3). Wild reference plants were included as an 
external group.

The first two principal components explained 61.6% of the total 
variance (PC1: 42.8%; PC2: 18.8%). PC1 clearly separated wild plants 
from hydroponically grown samples. This separation was primarily 
associated with markedly higher phenols, flavonoids, and iron concen
trations in wild plants, together with higher soluble sugars and trace 
element concentrations, and lower nitrate levels compared with culti
vated plants. PC2 mainly discriminated between developmental stages. 
Baby leaves were characterized by higher chlorophyll, vitamin B6, 
antioxidant capacity, and iron, whereas microgreens were positioned 
toward higher nitrate levels and lower pigment accumulation. Within 
each developmental stage, H and H/2 treatments partially overlapped, 
suggesting that nutrient solution strength contributed less to overall 
chemical variability than growth stage. Variable loadings and contri
butions to PC1, PC2, and PC3 are reported in Supplementary Tables S6.

4. Discussion

The growing interest in WEPs as sources of nutritious and sustainable 
foods has stimulated research on their introduction into cultivation 
systems. To our knowledge, the present study provides the first assess
ment of Hyoseris radiata grown hydroponically, evaluating growth per
formance, yield, nutritional and nutraceutical characteristics, and 
safety-related parameters, of microgreens and baby leaves under two 
different nutrient solution concentrations. Among leafy WEPs, only a 
few species have been investigated for microgreens and baby leaf pro
duction (Lenzi et al., 2019; Baldi et al., 2023).

4.1. Growth performance and yield response

H. radiata showed stable growth parameters and yield across nutrient 
solution strengths at both the microgreen and baby leaf stages (Tables S4 
and S5). During early developmental stages seedlings rely largely on 
seed reserves (Fenner and Thompson, 2005); however, several studies 
have demonstrated that the use of nutrient solutions in place of water 
alone enhances the growth performance of microgreens (Wieth et al., 
2019; El-Nakhel et al., 2021; Keutgen et al., 2021). In the literature, 
most of the nutrient solutions for microgreens are based on the Hoagland 
solution composition, often used at reduced concentrations (50% or 
lower) (Keutgen et al., 2021). Nevertheless, full strength nutrient solu
tions may result in higher yields in some species (Wieth et al., 2019). In 
the present study, however, microgreens production did not benefit 
from full-strength nutrient supply. Similar findings were reported by 
Fayezizadeh et al., 2023 in basil microgreens. As for baby leaf crops, 
they are typically produced under higher nutrient levels than micro
greens, with nitrogen concentrations in nutrient solutions generally 
ranging from 8 to 12 mmol L⁻¹ and reaching up to 15 mmol L⁻¹ under 
standard cultivation conditions to support high yield (Nicola et al., 
2015; Voutsinos-Frantzis et al., 2024). However, it should be consid
ered that many wild plants, particularly those growing in ruderal hab
itats, exhibit specific adaptations in mineral balance and nutrient 
acquisition that enable them to survive in nutrient-poor ecosystems 
(Aerts and Chapin III, 1999). This adaptive capacity to cope with 
nutrient-limited conditions may result in reduced fertilizer requirements 
during cultivation, offering both economic and environmental benefits. 
Consistently, in the present study, the full-strength nutrient solution did 
not enhance the growth performance of H. radiata baby leaves. A similar 
response was observed in a cultivation trial with the WEP Cichorium 
spinosum L., where plant growth was maintained despite a reduction in 
total nitrogen concentration from 16 to 4 mmol L⁻¹ (Chatzigianni et al., 

Table 7 
Estimated dietary intake of vitamins and minerals expressed as percentage (EDI 
%) of the Population Reference Intake (PRI), Adequate Intake (AI), or Suggested 
Dietary Target (SDT) for adults aged 18–24, based on the consumption of 20 g 
(microgreens) or 50 g (baby leaves) of Hyoseris radiata. When PRI, AI, or SDT 
values differed between males and females, EDI% was calculated using male 
reference values.

Nutrient PRI/AI/SDT mg day–1 EDI%

Men Women Microgreens Baby leaf

Vit A 0.75 0.65 16.79 44.67
Vit C 105 85 0.23 0.74
Vit B2 1.6 1.6 0.78 2.22
Vit B3 18 18 0.51 0.90
Vit B6 1.6 1.4 0.24 5.13
Vit B9 0.33 0.33 2.70 7.05
Ca 950 950 1.81 4.86
K 4500 4500 1.08 2.84
Mg 350 350 2.57 6.65
Na 1500 1500 0.67 1.78
P 550 550 2.00 4.73
Cu 1.4 1.3 9.79 4.50
Fe 10 18 7.06 30.57
Mn 2.5 2.3 5.36 5.61
Mo 0.065 0.065 20.77 41.54
Zn 12 9 0.23 0.61

Table 8 
Estimated daily intake per kg of body weight (EDIBW, mg kg–1 body weight 
day–1) and Health Risk Index (HRI) for selected toxic elements and nitrate, based 
on the consumption of 20 g (microgreens) or 50 g (baby leaves) of Hyoseris 
radiata. RfD = oral reference dose (mg kg–1 body weight day–1) (US EPA, 2023). 
ADI = acceptable daily intake (mg kg–1 body weight day–1) (EFSA , 2017).For 
Al (RfD not available), TWI (tolerable weekly intake, mg kg–1 body weight 
week–1) (EFSA, 2008) was used to calculate the estimated weekly intake (EWI, 
mg kg–1 body weight week–1).

Chemical Microgreens Baby leaf

As (RfD = 6 × 10–5) EDIBW 1.90 × 10–6 5.22 × 10–6

​ HRI 3.16 × 10–2 8.69 × 10–2

Cd (RfD = 1 × 10–3) EDIBW 2.69 × 10–7 1.99 × 10–6

​ HRI 2.69 × 10–4 1.99 × 10–3

Cr (RfD = 9 × 10–4) EDIBW 1.47 × 10–5 2.03 × 10–4

​ HRI 1.64 × 10–2 2.25 × 10–1

Mn (RfD = 1.4 × 10–1) EDIBW 1.91 × 10–3 2.00 × 10–3

​ HRI 1.37 × 10–2 1.43 × 10–2

Mo (RfD = 5 × 10–3) EDIBW 1.93 × 10–4 3.86 × 10–4

​ HRI 3.86 × 10–2 7.71 × 10–2

Ni (RfD = 2 × 10–2) EDIBW 2.01 × 10–5 8.21 × 10–5

​ HRI 1.00 × 10–3 4.11 × 10–3

Sb (RfD = 4 × 10–4) EDIBW 1.46 × 10–6 2.70 × 10–6

​ HRI 3.66 × 10–3 6.76 × 10–3

Zn (RfD = 3 × 10–1) EDIBW 3.94 × 10–4 1.05 × 10–3

​ HRI 1.31 × 10–3 3.51 × 10–3

NO3 (ADI = 3.7) EDIBW 1.98 3.90
​ HRI 5.35 × 10–1 1.05
Al (TWI = 1) EWI 5.88 × 10–2 1.57 × 10–1
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2018). Collectively, these results indicate that H. radiata has relatively 
modest nutrient requirements during cultivation, making it a promising 
candidate for low-input hydroponic production systems.

In our study, averaged across the two nutrient solutions, yield 
reached approximately 0.6 and 1.3 kg FW m⁻² for microgreens and baby 
leaves, respectively. These values exceeded the fresh biomass reported 
for H. radiata cultivated in a peat–perlite substrate enriched with a 
controlled-release fertilizer and harvested 30 days after sowing 
(approximately 0.45 kg FW m⁻²; Benvenuti et al., 2017). However, yields 
were lower than those reported for several microgreen crop species 
(Paradiso et al., 2018; Renna et al., 2018; Bulgari et al., 2017), lettuce 
baby leaf grown in floating systems (Conversa et al., 2021a; b), and 
microgreens and/or baby leaves of other WEPs cultivated under condi
tions similar to those of the present study (Lenzi et al., 2019; Baldi et al., 
2023).

4.2. Chemical composition

Many WEPs are recognized as valuable sources of essential minerals, 
vitamins, and antioxidant secondary metabolites (García-Herrera et al., 
2016; Tardío et al., 2016; Pinela et al., 2017). However, data reported in 
the literature indicate that WEPs nutritional and nutraceutical compo
sition is highly variable even within the same species, with differences 
driven by genetic factors, environmental conditions, and harvesting 
season. The intraspecific variation in the qualitative and quantitative 
composition of metabolites in wild plants often reflects their adaptive 
capacity to challenging environmental conditions (Accogli et al., 2024). 
Variability among ecotypes, growing sites, and sampling periods in 
terms of phenolic compounds, antioxidant capacity, and mineral 
composition have been widely reported for several species, including 

Cichorium spinosum L., Portulaca oleracea L., and Taraxacum campyloides 
G. E. Haglund (Petropoulos et al., 2016, 2019; Kromberga et al., 2023). 
Moreover, cultivation practices can significantly affect the chemical 
composition of plants compared with their wild-harvested counterparts. 
Studies on leafy WEPs have reported both increases and decreases in 
nutritional quality under cultivation conditions (Bosha et al., 2016; 
Botella et al., 2024), with outcomes strongly influenced by the pro
duction system adopted, including soil-based and soilless cultivation 
systems (Ceccanti et al., 2020; 2021), as well as by the developmental 
stage at harvest, such as the microgreen or baby leaf stage (Lenzi et al., 
2019). Plant developmental stage is particularly relevant because sub
stantial changes in the concentration and distribution of metabolites, 
vitamins, antioxidants, and other bioactive compounds occur during 
growth (Di Gioia et al., 2017; El-Nakhel et al., 2021). Therefore, the 
harvest stage may b e considered a key factor for modulating and opti
mizing the nutritional profile of plant-derived foods through targeted 
agronomic strategies.

The chlorophyll and carotenoid contents detected in H. radiata 
(Table 1) were consistent with values previously reported for micro
greens and baby leaf plants of Sanguisorba minor L., Sinapis arvensis L., 
and Taraxacum officinale (Weber) ex Wiggers (Lenzi et al., 2019). 
Carotenoid concentrations in H. radiata were also comparable to those 
described by Cámara et al., 2016 for several Mediterranean WEPs. Baby 
leaves showed higher chlorophyll levels than microgreens, likely 
reflecting the progressive development of the photosynthetic apparatus 
and greater leaf expansion, both of which enhance light-harvesting ca
pacity (Dantas et al., 2024). Consistent with previous studies 
(Vaštakaitė-Kairienė et al., 2020; Di Bella et al., 2020; El-Nakhel et al., 
2021; Mallor et al., 2023), the baby leaf stage also exhibited higher 
total phenolic and flavonoid contents than the microgreen stage 

Fig. 3. Principal Component Analysis (PCA) of chemical composition parameters of baby leaf and microgreens of Hyoseris radiata grown under two Hoagland so
lution concentrations (full strength, H, and half-strength, H/2). Wild reference plants were included for comparison.
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(Table 1). This trend may be associated with the gradual activation of 
secondary metabolism during plant development and with prolonged 
exposure to environmental factors that stimulate phenylpropanoid 
biosynthesis (Di Bella et al., 2020; El-Nakhel et al., 2021). Moreover, the 
transition from partial reliance on seed reserves in microgreens to a fully 
autotrophic metabolism in baby leaves may further enhance the syn
thesis of carbon-based secondary metabolites, in accordance with the 
carbon/nutrient balance theory (Caretto et al., 2015). Wild reference 
samples contained higher concentrations of these compounds than the 
cultivated plants analyzed in this study. Their values were of the same 
order of magnitude, although slightly lower, than those reported by 
Vitiello et al., 2024 for the same species, also collected in the wild. 
Differences in genotype, environmental growing conditions, and 
extraction or quantification methods may explain the variability be
tween the two studies. The higher antioxidant content observed in wild 
plants compared with cultivated ones may reflect exposure to natural 
environmental stressors and the consequent need to counteract oxida
tive damage (Uarrota et al., 2018). As expected, FRAP values followed 
the same pattern as total phenolic content, with baby leaves showing 
significantly higher values than microgreens and wild plants exhibiting 
higher values than cultivated plants (Table 1). The FRAP values 
measured in cultivated plants were comparable to those reported for 
cultivated H. radiata by Benvenuti et al., 2017.

Vegetables are not considered a primary source of protein because 
they provide relatively low amounts compared to other foods, such as 
legumes among plant-based foods (Maphosa et al., 2017). In the present 
study, protein concentrations ranged from 1.60 g 100 g⁻¹ FW (micro
greens grown in H nutrient solution) to 2.76 g 100 g⁻¹ (wild reference 
plants). These values are consistent both to those measured in micro
greens and baby leaves of crop species (Ghoora et al., 2020; 
Collado-González et al., 2022), as well as those reported for different 
WEPs (Tardío et al., 2016). H. radiata protein content showed an 
increasing trend with the advancing growth stage and decreasing 
nutrient level. The interpretation of this trend is not straightforward, 
and the available literature on the subject remains inconsistent. For 
example, in amaranth, Ayeni (2021) reported significant differences in 
protein content between microgreens/baby leaves and mature 
field-grown plants, with mature leaves containing lower protein levels 
than microgreens. In contrast, Ebert et al., 2014 found that protein 
content was highest in fully developed leafy amaranth, intermediate in 
sprouts, and lowest in microgreens, which also exhibited the lowest dry 
matter content. Substantial differences in soluble sugar content were 
observed between cultivated and wild plants in the present study 
(Fig. 2). The higher sugar concentrations detected in wild populations 
may represent an adaptive response that helps plants cope with stress 
factors such as drought, nutrient limitation, and unfavorable soil con
ditions. Under these conditions, wild plants tend to accumulate soluble 
sugars in order to maintain osmotic homeostasis and preserve cellular 
integrity (Yamada and Osakabe, 2018). The soluble sugar contents 
observed were in close agreement with those reported by Tardío et al., 
2016 for other WEPs. For instance, in Taraxacum officinale, soluble 
sugar contents ranged from 1.27 to 1.46 g 100 g⁻¹ FW.

To our knowledge, no data on the vitamin and elemental composi
tion of H. radiata have been published to date. According to Regulation 
(EU) 1169/2011, foods may be considered significant sources of vita
mins and mineral elements if they provide at least 15% of the nutrient 
reference values (NRVs) set out in Annex XIII. Cultivated H. radiata 
exhibited some significant differences in vitamin contents related to 
growth stage and nutrient solution concentration; however, both 
microgreens and baby leaves, whether grown in full- or half-strength 
nutrient solution, exceeded these thresholds for vitamin A (threshold: 
1.2 mg kg⁻¹) and vitamin B9 (0.3 mg kg⁻¹) (Table 2). Accordingly, the 
EDI% values were highest for these two vitamins. The EDI% of vitamin A 
was 16.79% for microgreens and 44.67% for baby leaves, whereas for 
vitamin B9 the two products provided an EDI% of 2.70% and 7.05%, 
respectively. The higher values for baby leaves were due to the larger 

estimated portion (50 g) compared to microgreens (20 g). The micro
greens portion size reflects their typical use as salad enhancers or dish 
garnishes rather than as a main course (Pinto et al., 2015). Vitamin A 
concentrations in cultivated H. radiata were similar to that of the wild 
reference plants, as well as those reported for other Asteraceae WEPs 
(Orlandi et al., 2024). Regarding crop species, different accessions of 
baby leaf lettuce showed an average β-carotene (pro-vitamin A) content 
of 49 mg kg⁻¹ (Simko, 2019), whereas β-carotene concentrations among 
25 commercially grown microgreens ranged from 6 to 121 mg kg⁻¹ (Xiao 
et al., 2012). It is recognised that the most important contribution of 
wild edible foods to vitamin B complex in the human diet is due to their 
content in vitamin B9 (Sánchez-Mata et al., 2016). Nevertheless, there 
are very few studies on the content of this vitamin in wild leafy vege
tables. According to data reported in the review by Sánchez-Mata et al., 
2016 on Mediterranean wild vegetables, Rumex pulcher L. shows the 
highest vitamin B9 content, reaching around 5 mg kg⁻¹. This concen
tration is approximately one order of magnitude higher compared to 
H. radiata, both cultivated and wild-collected (Table 2). In contrast, 
vitamin B9 in H. radiata was comparable to levels found in crop species, 
such as baby leaf lettuce (Kim et al., 2018) and Brassica rapa L. subsp. 
chinensis (L.) Hanelt microgreens (Zou et al., 2021).

The contents in major minerals of H. radiata microgreens and baby 
leaves, as well as of wild reference plants, did not reach the 15% NRV 
threshold (Table 3). Conversely, many are the leafy WEPs that have been 
reported as good sources of Ca, K, and Mg according to Regulation (EU) 
1169/2011 (Sánchez-Mata et al., 2016). The leaves of some species of 
Parietaria may even contain over 8 g kg⁻¹ Ca, while different Chenopo
dium species are notable for their K content (C. album; approximately 
10 g kg⁻¹) and Mg content (C. murale (L.) S.Fuentes, Uotila & Borsch and 
C. opulifolium Schrad. ex W.D.J.Koch & Ziz; both around 4 g kg⁻¹). The P 
concentrations of H. radiata fell within the range normally observed for 
leafy vegetables (200–700 mg kg⁻¹), which, whether wild-harvested or 
cultivated, do not stand out for their contribution to dietary intake of 
this element (Sánchez-Mata et al., 2016). Regarding Na, although it is an 
essential element for the human body, excessive intake can lead to sig
nificant health problems (Doyle and Glass, 2010). Many foods 
contribute to Na intake, not to mention the addition of sodium chloride 
(NaCl) to flavor foods. Consequently, excessive Na consumption is 
common. For this reason, it is recommended to prefer foods low in Na, 
and vegetables can generally be included among these. Except for some 
halophytic species, such as Salicornia europaea L. and Crithmum mar
itimum L., most leafy WEPs are below 1.2 g kg⁻¹ (Sánchez-Mata et al., 
2016), which is the threshold under which a food can be considered 
as “low-Na content” according to Regulation (EC) 1924/2006. H. radiata 
microgreens and baby leaves were also below this limit; however, 
comparison with wild reference plants seems to indicate that cultivation 
led to an increase in Na content (Table 3). In comparison with crop 
species, H. radiata baby leaves showed slightly higher contents of Ca, K, 
Mg, P, and Na than those reported for green lettuce baby leaves (Santos 
et al., 2014). For microgreens, using radish as a reference crop (Xiao 
et al., 2016), H. radiata showed comparable K and Mg concentrations, 
was slightly richer in Ca and Na, and slightly poorer in P. Interestingly, 
microgreens exhibited lower contents of Ca, K, Mg, and P when grown 
under full-strength nutrient solution. Similar trends have been reported 
in spinach microgreens by Petropoulos et al., 2021. These authors 
attributed the lower concentrations under higher nutrient supply to a 
dilution effect associated with increased biomass production. However, 
the difference in yield between H and H/2 solutions was limited in the 
present study.

For essential trace elements (Table 4), our data indicate that 
H. radiata can be considered a good source, with the exception of Zn. In 
the cultivated plants, the content of this element was 1.4 mg kg⁻¹ on 
average, with no differences between growth stages or nutrient solution 
concentrations; in the wild reference plants, Zn reached 9.84 mg kg⁻¹, 
still below 15% of the NRV. Actually, Sánchez-Mata et al., 2016 claim 
that WEPs, exhibiting Zn levels usually below 10 mg kg⁻¹, are not 
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generally recognized as good sources of this element. Zinc contents re
ported in the literature for radish microgreens and lettuce baby leaves 
are 3.7 and 3.9 mg kg⁻¹, respectively (Xiao et al., 2016; Santos et al., 
2014). H. radiata microgreens exceeded the NRVs for Cu, Fe, Mn, and 
Mo, whereas baby leaves showed concentrations close to the NRVs for 
Cu and Mn, and exceeded those for Fe and Mo. The latter element was 
relatively the most abundant, with values approximately one order of 
magnitude higher than the NRV. Molybdenum concentrations were also 
higher than those reported for microgreens and baby leaves of other 
WEPs, namely Sanguisorba minor, Sinapis arvensis, and Taraxacum offi
cinale (Lenzi et al., 2019). In any case, as discussed later, its content was 
not hazardous for health. H. radiata microgreens were richer in Cu, Mn, 
and Mo than baby leaves and, conversely, contained Fe at lower con
centrations. Differences in elemental composition between microgreens 
and baby leaf produce of the same species have been observed in both 
crop and wild plants, but not with univocal trends (Waterland et al., 
2017; Lenzi et al., 2019; Ayeni, 2021; Martínez-Ispizua et al., 2022). 
For example, in S-minor, consistently with this study, baby leaves con
tained more Fe than microgreens; in contrast, in T. officinale, as well as 
in lettuce, Fe content was higher in microgreens than in baby leaves 
(Lenzi et al., 2019; Martínez-Ispizua et al., 2022).

To assess the contribution of H. radiata to human mineral re
quirements, EDI% values were calculated (Table 7). Despite some ele
ments being more concentrated in microgreens, the smaller portion size 
resulted in lower EDI% compared to baby leaves, ranging from 0.23% 
(Zn) to 20.77% (Mo). In baby leaves, Zn and Mo represented the lowest 
and highest EDI% values among the analyzed minerals as well, with 
0.61% and 41.54%, respectively. Baby leaves could also provide a 
notable contribution to the PRI for Fe (30.57%).

Due to their root-to-shoot translocation efficiency, many WEPs 
adapted to marginal soils are able to accumulate high levels of elements 
potentially toxic to human health in their aerial parts (Bandiera et al., 
2016). This accumulation capacity must be carefully considered, espe
cially when WEPs are collected or cultivated in polluted sites 
(Giacomino et al., 2016), but contamination may also occur in plants 
gathered from non-contaminated soils (Renna et al., 2015), and even 
under controlled cultivation conditions (Lenzi et al., 2019). For 
example, in a previous study, we found that microgreens of Sanguisorba 
minor grown hydroponically in a controlled environment contained Pb 
concentrations exceeding the maximum level established for leafy veg
etables by Regulation (EU) 2023/915 (0.3 mg kg⁻¹) (Lenzi et al., 2019). 
Since water was excluded as a possible source of the metal, we hy
pothesized that traces of Pb could have originated from the fertilizers 
used to prepare the nutrient solution or from the substrate, namely 
vermiculite. In the present study, Pb concentrations in microgreens and 
baby leaves were well below the legal limit and below the LOD in the 
wild reference plants (Table 5). Similarly, the concentrations of the 
other potentially toxic elements measured in H. radiata did not raise 
health concerns, as HRI values were always below 1 (Table 8). More
over, Cd content — together with Pb, the only other heavy metal 
regulated in leafy vegetables — was well below 0.1 mg kg⁻¹, which is the 
limit established by Regulation (EU) 2023/915. The most abundant 
element was Al, with values of approximately 30.4 mg kg⁻¹ on average in 
the cultivated plants, and 47.4 mg kg⁻¹ in the wild reference plants. 
Significant differences were observed in microgreens depending on the 
nutrient solution concentration, with higher values in H compared to 
H/2, suggesting that the likely source of Al contamination was the fer
tilizers used to prepare the solution. Nevertheless, the TWI established 
by EFSA (2008) would not be exceeded, even assuming a 100 g portion 
of the product, corresponding to portions two- and four-fold larger than 
those assumed in this study for baby leaf plants and microgreens, 
respectively. Aluminum content in H. radiata was comparable to that 
observed in Sanguisorba minor, Sinapis arvensis, and Taraxacum officinale 
microgreens and baby leaves grown under similar conditions (Lenzi 
et al., 2019).

In contrast to the wild reference plants, which contained negligible 

amounts of nitrates, the levels detected in H. radiata microgreens and 
baby leaves ranged from 4286 mg kg⁻¹ in baby leaves grown in the H/2 
solution to 7079 mg kg⁻¹ in microgreens under the H nutrient regime. 
Nitrate accumulation in vegetables raises concerns because of its po
tential adverse health implications (Santamaria, 2006). Considering the 
maximum levels established by Regulation (EU) 2023/915 for certain 
leafy vegetables, the nitrate content of cultivated H. radiata can be 
considered relatively high. The calculated HRI for nitrate in baby leaves 
was 1.05 (Table 8), only marginally above unity under the assumed 
consumption scenario of 50 g day⁻¹. This slight exceedance should not be 
interpreted as evidence of a health risk, but rather as an indication that 
nitrate accumulation in cultivated H. radiata warrants further investi
gation. Many studies have demonstrated that reducing nitrate concen
trations in the nutrient solution, possibly by partially replacing it with 
ammonium nitrogen, can significantly decrease nitrate accumulation in 
the product; however, this strategy may lead to yield losses (Bian et al., 
2020). In our study, the half-strength nutrient regime was sufficient to 
sustain yield while significantly reducing nitrate accumulation in baby 
leaves compared with the full-strength treatment. These findings suggest 
that further optimization of nitrogen management may represent a 
promising strategy to improve the nutritional quality of cultivated 
H. radiata. In particular, future studies should evaluate the effects of 
partially replacing nitrate with ammonium in the nutrient solution, 
while carefully assessing possible impacts on plant growth and yield. 
Environmental manipulation under controlled conditions, including 
optimization of light intensity, light spectrum, photoperiod, and harvest 
timing, has been shown to enhance nitrate assimilation and reduce ni
trate accumulation in leafy vegetables, and therefore deserves investi
gation also in H. radiata production systems (Bian et al., 2020). Given 
the relatively low DLI applied in the present study (4.6 mol m⁻² day⁻¹), 
future studies should specifically evaluate the effects of higher PPFD and 
DLI on nitrate accumulation, biomass production, and nutritional 
quality of H. radiata. Temperature and CO₂ management may provide 
further opportunities to limit nitrate accumulation while maintaining 
crop productivity (Bian et al., 2020).

5. Conclusions

This work provides a scientific basis for the valorization of WEPs by 
linking biocultural heritage with the need to diversify and expand cur
rent cultivation systems. Our findings demonstrate that Hyoseris radiata 
microgreens and baby leaves can achieve promising yields under 
reduced nutrient inputs while providing valuable nutritional contribu
tions to the human diet, thereby highlighting the species’ potential as a 
novel leafy vegetable suitable for hydroponic production. No concerns 
related to heavy metal bioaccumulation emerged under the conditions 
tested. However, nitrate accumulation in hydroponically grown 
H. radiata warrants attention, as nitrate concentrations were relatively 
high under the cultivation conditions evaluated, although the calculated 
health risk index only marginally exceeded 1 under a conservative 
consumption scenario. Nevertheless, the ability of the crop to maintain 
productivity under the half-strength nutrient solution, together with the 
significant reduction in nitrate concentration observed in baby leaves, 
suggests that further optimization of cultivation practices may be 
feasible. Future studies should therefore investigate strategies such as 
optimizing nitrogen management (e.g., nitrate supply and the nitrate-to- 
ammonium ratio) and environmental conditions, particularly light in
tensity, light spectrum, and photoperiod. In particular, given the rela
tively low DLI applied in the present study, further research should 
evaluate the response of H. radiata to increasing PPFD and DLI, assessing 
their effects on biomass production, nitrate accumulation, and nutri
tional quality, in order to establish the light requirements of this species 
and identify cultivation conditions that optimize both yield and quality.

S. Truschi et al.                                                                                                                                                                                                                                 Scientia Horticulturae 366 (2026) 115126 

10 



Funding

The research costs and the postdoctoral fellowships of S.T. and L.M. 
were funded by PNRR CN2 AGRITECH, Spoke 7, WP 7.2.2, “Promotion 
of wood and non-timber forest products, foods, and non-food chains 
(ecosystem services)”.

CRediT authorship contribution statement

Stefania Truschi: Writing – original draft, Investigation, Formal 
analysis. Alfonso Crisci: Writing – original draft, Formal analysis. Piero 
Bruschi: Writing – original draft, Project administration, Investigation, 
Funding acquisition, Conceptualization. Ada Baldi: Writing – review & 
editing, Investigation. Lorenzo Marini: Investigation, Conceptualiza
tion. Tania Martellini: Writing – original draft, Formal analysis. Ales
sandra Cincinelli: Formal analysis. Anna Lenzi: Writing – original 
draft, Investigation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Supplementary materials

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.scienta.2026.115126.

Data availability

Data will be made available on request.

References

Accogli, R., Nutricati, E., De Bellis, L., Renna, M., Luvisi, A., Negro, C., 2024. Diversity of 
crithmum maritimum L. from Salento coastal area: a suitable species for 
domestication. Horticulturae 10, 81. https://doi.org/10.3390/ 
horticulturae10010081.

Aerts, R., Chapin III, F.S., 1999. The mineral nutrition of wild plants revisited: a re- 
evaluation of processes and patterns. Adv. Ecol. Res. 30, 1–67. https://doi.org/ 
10.1016/S0065-2504(08)60016-1.

Ayeni, A., 2021. Nutrient content of micro/baby-greens and field-grown mature foliage 
of tropical spinach (Amaranthus sp.) and roselle (Hibiscus sabdariffa L.). Foods 10, 
2546. https://doi.org/10.3390/foods10112546.

Baldi, A., Bruschi, P., Campeggi, S., Egea, T., Rivera, D., Obón, C., Lenzi, A., 2022. The 
renaissance of wild food plants: insights from Tuscany (Italy). Foods 11, 300. 
https://doi.org/10.3390/foods11030300.

Baldi, A., Truschi, S., Bruschi, P., Lenzi, A., 2023. Preliminary assessment of four wild 
leafy species to be used as baby salads. Horticulturae 9, 650. https://doi.org/ 
10.3390/horticulturae9060650.

Baldini, M., Fabietti, F., Giammarioli, S., Onori, R., Orefice, L., Stacchini, A., 1996. 
Metodi di analisi utilizzati per il controllo chimico degli alimenti. Rapporti. ISTISAN 
96, 34. Istituto Superiore di Sanità, Rome, Italy. 
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