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ARTICLE INFO ABSTRACT

Keywords: The growing demand for functional foods with specific nutritional profiles has led to increased interest in
HS-SPME/GC-MS microgreens as customizable dietary sources. This study provides an in-depth nutritional and phytochemical
M‘i‘e‘fiﬂs ) i characterization of wild rocket (Diplotaxis tenuifolia L.) and black cabbage (Brassica oleracea L.) microgreens
Volatile organic compounds cultivated under three potassium concentrations (0, 60, and 120 mg L'; KO, K60, K120). Mineral profiling
Sensory . 11 s . e .

Microbiological revealed that potassium availability significantly influenced the elemental composition of black cabbage, while
Shelf life wild rocket maintained stable nutrient levels. A comprehensive volatile organic compound (VOC) analysis

identified 37 compounds in rocket and 43 in cabbage, showcasing distinct phytochemical signatures. Moreover,
nitrate, ammonium, and key quality parameters were quantified, revealing that potassium restriction can
modulate nutritional composition without compromising sensory traits or safety. These findings underscore the
potential of microgreens as adaptable food matrices for targeted nutritional interventions, especially in
potassium-restricted diets. The species-specific metabolic responses observed further emphasize the importance
of tailored cultivation strategies.

1. Introduction

Microgreens (MGs) have received considerable attention in recent
years as an emerging food category, as they have been increasingly
recognised as distinct horticultural products due to their unique char-
acteristics (Alloggia et al. 2023; Di Gioia et al. 2023). Scientific interest
in MGs, which are edible when the cotyledons are developed and the
first hint of true leaves are present, has grown mainly because they are a
good source of essential minerals, vitamins, and bioactive compounds
considered beneficial for human health (Kyriacou et al., 2016; Kyriacou
etal., 2021; Ghoora et al., 2020; Teng et al., 2021). Compared to mature
plants of the same species, microgreens can be considered superfoods, as
they may exhibit higher levels of nutrients such as vitamins, minerals,
and bioactive compounds.(Di Gioia et al., 2023; Michell et al., 2020a;
Zhang et al. 2021). MGs are usually produced in controlled environ-
ments, such as soilless systems, both on a large-scale (greenhouses) or on
a smaller scale (home production), in different types of growth media
(perlite, vermiculite, biodegradable mat) under artificial light with a
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consequent improvement in crop growth, yield, quality and accumula-
tion of bioactive compounds (Di Gioia et al., 2017). The most popular
grown system used in modern MGs commercial facilities is the hydro-
ponic, in which the operators can apply optimal macro and
micro-nutrient concentrations based on the crop needs (Sharma et al.
2022; Isik et al., 2020). Growing conditions and postharvest handlings
remarkably affect the quality of MGs. Controlling the concentration of
nutrients dissolved in the water could be a good strategy to support
personalised nutrition for people affected by particular diseases
requiring specific dietary restrictions. For example, MGs grown with a
lower quantity of potassium (K), compared to the common agricultural
practices, could be suitable for people affected by impaired kidney
excretion of K (De La Fuente et al., 2019): kidneys control the concen-
tration of K in the blood, and these people are sensitive to an increased
level of K which negatively affects the heart functionality. So, they are
forced to limit the amount of K in the diet to keep its level at the correct
thresholds (Renna et al., 2018; D’Imperio et al., 2019).

Nowadays, seed catalogues cover a wide array of species suitable for
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microgreen production of many taxa (Amaranthaceae, Amaryllidaceae,
Apiaceae, Asteraceae, Brassicaceae, Chenopodiaceae, Fabaceae, Lam-
iaceae, Poaceae, and Polygonaceae). Among these taxa, the Brassicaceae
family is the most widely used due to the abundance in bioactive com-
pounds, and their dietary intake is highly recommended for their
beneficial effects on human health (Alloggia et al., 2023). The most
relevant compoundsin the Brassicaceae family are secondary metabo-
lites, primarily glucosinolates (GSLs) and their hydrolysis products
(GHPs), but also phenolic compounds, ascorbic acid and tocopherols
which are related to several functional activities, including
anti-inflammatory, antioxidant, anti-diabetic, cholesterol-lowering and
neuroprotective effect. Moreover, Brassicaceae have recently become
one of the preferred MGs for growers thanks to their short production
cycle, rapid germination time and morphological and sensory attributes
widely appreciated by consumers (Sharma et al., 2022). Accumulating
evidence has shown that aroma and flavour sensations, which signifi-
cantly affect the consumers’ preferences, are the result of a synergistic
blend of a high number of volatile organic compounds (VOCs) (Aprea
et al., 2012; Besada et al., 2013; Mastrandrea et al., 2017; Bell et al.,
2017; 2021).

Although the production of leafy vegetables, including MGs, cali-
brated for specific nutritional needs is now widely studied, as reported in
numerous studies (Kyriacou et al., 2016; Michell et al., 2020a; Ghoora
et al., 2020; Kyriacou et al., 2021; Teng et al., 2021; Di Gioia et al.,
2023), few studies explore the nutritional quality, sensory, microbio-
logical parameters and VOCs during storage. As for many fresh fruits and
vegetables, for several varieties of MGs products, low temperatures
during storage (range 1-5 °C) are recommended to reduce quality loss
and extend the shelf life by reducing the respiration rate, weight loss,
chlorophyll degradations and preserve the sensory attributes and the
main nutrients during storage (Kou et al., 2013; Turner et al., 2020;
Dayarathna et al. 2023).

Starting from the above-mentioned considerations, the aim of this
study was to assess the postharvest quality (physiological, sensory,
microbiological, chemical composition) of two species of MGs (rocket
and black cabbage), cultivated with different K-level. The final goal is to
obtain a preserved MGs vegetable, with specific nutrient intake (low K
level), particularly suitable for specific diet (i.e chronic kidney disease,
CKD)

2. Materials and methods
2.1. Plant material and growing system

During the months of January and February 2023, two consecutive
and independent experimental trials on MGs of wild rocket (Diplotaxis
tenuifolia L.) and black cabbage (Brassica oleracea L.) were conducted in
a plastic greenhouse at the commercial farm ‘Ortogourmet’ in Mola di
Bari in southern Italy (41°02’16.3"N 17°06°20.3'E 20 m a.s.l.). The
chemically untreated seeds of wild rocket and black cabbage were
evenly distributed across on the substrate surface at respective densities
of 3.2 and 4 seeds/cm?. Seeds of each species were grown in black plastic
trays [90 cmz, derived from length (10 cm), width (9 cm), and depth
(4.5 cm)] filled with commercial inert Sure To Grow® (6062 Holdings,
LLC, Cleveland, Ohio, USA) distributed across the substrate surface.
Mean air temperature, relative humidity and photosynthetically active
radiation (PAR) inside the greenhouse during the experiments were: 15
°C, 47 % and 471 pmol/m?/sec.

During the first two days, the trays were covered with plastic film for
seed germination, whereas starting from the third day, the seedlings
were exposed to light inside the greenhouse. The trays were irrigated
every day using rainwater until the germination was complete. After
that, both MGs were irrigated with a half-strength Hoagland nutrient
solution (NS). NS containing 112 mg NL™, 120 mg KL}, 16 mg P L},
24 mg Mg L™, 124 mg CaL ™}, and 10 mg Na L' was prepared using the
following salts: Ca(NO3)2*4H20, KNO3, Mg(NO3)2*6H20, K2SO4, KCI,
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Table 1

Descriptive rating scales for the sensory parameters measured on microgreens of
wild rocket and black cabbage stored at 5 °C for 7 d (adapted from Dayarathna
et al., 2023).

Sensory Descriptive rating scale
Parameters 4 3 2 1
Visual Excellent Good Acceptable Poor Unusable
quality
Freshness Turgid 25 % 50 % wilted 75 % 100 %
product wilted product wilted wilted
product product product
Yellowing No 25 % 50 % 75 % 100 %
yellowing yellow yellow yellow yellow
leaves leaves leaves leaves
Odour Very Good Moderate Slight None
strong
Off-odour None Slight Moderate Strong Very
strong
Overall Excellent Good Acceptable Poor Unusable
quality

MgS04*7H0, CaCly, (NH4)2HPO4, and KHaPO4. Micronutrients (B, Fe,
Mn, Zn, e Mo) were supplied following the protocol of D'Imperio et al.
(2024). In this study, K was not replaced with Na, in order to isolate the
specific effects of K on microgreen parameters and to avoid potential
antagonistic interactions between the two cations.

Three levels of K 0, 60 and 120 mg L ™! were compared and named K-
0, K60, and K120, respectively. The NS pH was adjusted in both cases to
5.5 - 6.0 using 1 M H3SO4. In both trials, the treatments were arranged
according to a completely randomised design with three replications,
and each replication consisted of 10 trays of 90 cm?.

2.2. Yield, dry matter and chemical analysis

At the harvest, conducted upon the appearance of the first true leaf,
the yield (expressed in kg of fresh weight m2) was evaluated. After
weighing, the harvested MGs were maintained in a forced draft oven at
65°C until a constant weight was reached for the measurement of dry
matter (DM). For Al, B, Ca, Cu, Fe, K, Mg, Mn, Mo, Na, Sr, P and Zn
determinations, dry samples (0.3 g) of MGs were digested in a closed-
vessel microwave digestion system (MARS 6, CEM Corporation, Mat-
thews, NC, USA) with 10 mL of HNOj3 (Pure grade, Carlo Erba, Milan,
Italy). The digestion procedure was carried out in two steps: 15 min to
reach 200 °C and 10 min maintained at 200 °C (power set at
900-1050 W; 800 psi). Each solution was diluted to volume with ul-
trapure Milli-Q H,0 (18 M Q/cm) and filtered using a 0.45 pm filter
(regenerated cellulose, RC). Samples were analysed with Inductively
Coupled Plasma - Optical Emission Spectrometry (ICP-OES; 5100 VDV,
Agilent Technologies, Santa Clara, CA, USA) to measure Ca, K, Mg, P and
Na in radial mode and Al, B, Cu, Mn, Mo, Zn, Sr and Fe in axial mode.

In addition, 120 trays of fresh MGs (60 for each species, and 20 for
each K-level) was transported under refrigerated conditions to the
postharvest laboratory of Institute of Sciences of Food Production
(ISPA), National Research Council of Italy (CNR), located in Foggia for
postharvest storage, as reported below.

2.3. Postharvest quality parameters

MGs samples were selected in their cultivation trays to discharge the
damaged product. Then they were cut at the base with sterilised scissors,
washed with vaporised sodium hypochlorite solution (2 %) and drained
at room temperature for 5 min. About 30 g of MGs were put in three
open polyethylene bags for each species and K-level and stored at 5 °C
for 7 days. At harvest (0 d) and after one week (7 d), MGs were analysed
in triplicate for the following determinations: sensory analysis, respi-
ration rate, tissue electrolyte leakage, weight loss, colour parameters,
total phenols, total chlorophylls, carotenoids, ammonium content,
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carotenoids, VOCs and microbial count.

2.3.1. Sensory analysis

Sensory evaluation was performed as described by Dayarathna et al.
(2023), with slight modifications. A group of 5 trained judges (3 females
and 2 males, aged between 30 and 60) scored the MGs samples at har-
vest time and after 7 d of storage, using a descriptive rating scale
(Table 1). In detail, it was used a score from 5 to 1 for the following
sensory parameters: visual quality, freshness, yellowing, odour,
off-odour and overall quality. For visual quality, a score of 3 was set as
the maximum acceptable quality for the product marketability, while a
score of indicated the limit of edibility. Panelists were selected based on
interest, sensory acuity, and availability. Potential panelists completed
an initial recruitment questionnaire to screen for availability and fa-
miliarity with MGs. After passing the initial questionnaire, potential
panelists then completed a sensory screening for basic taste perception
using the above cited rating scales.

Panelists attended two 30-min sessions per day (at 0 and after 7 days
of storage), evaluating 3 samples of 15 g each one for each species at
each session. Testing took place in a room with partitioned booths
maintained at 22 °C. MGs samples were presented in black trays labeled
with random 3-digit codes and they were presented randomized be-
tween all panelists.

2.3.2. Respiration rate, tissue electrolyte leakage, and weight loss

For both MGs species, the respiration rate was measured at 5 °C,
following the methods by Kader (2002), using a closed system with
slight modifications. In detail, each replicate (of about 60 g of sample)
was put into a 3.6 L sealed plastic jar (each one for replicate), and the
level of CO, was allowed to accumulate up to 0.1 % (value of COy
standard). The time taken to reach this value was detected by injecting,
at regular intervals of time, using a gas chromatograph (p200 micro
GC-Agilent, Santa Clara, CA, USA). The RR was expressed as mL COy
kg hL

Electrolyte leakage was determined following the method reported
by Palumbo et al. (2022a), with slight differences due to the absence of
leaves. About 2.5 g of chopped MGs samples were placed in plastic tubes
and immersed in 25 mL of distilled water. After 30 min of storage at 5 °C,
the conductivity of the solution was measured (Cond. 51 +- XS In-
struments, Carpi, Italy). Then, the tubes with the samples in distilled
water were frozen (-20 °C) for 48 h. Successively, the samples were
thawed, and then the conductivity was measured. The percentage ratio
of initial to total conductivity was then calculated. The weight loss at the
end of the storage (7 d) of each replicate was calculated as a percentage
compared with weight at harvest time (0 d).

2.3.3. Colour parameters by image analysis

The colour parameters of wild rocket and black cabbage were
extracted from images acquired by a computer vision system (CVS),
according to the method described in Palumbo et al. (2022b). The CVS
equipped with an AP3200TPGE RGB digital camera (JAI Ltd., Yoko-
hama, Japan), put inside an HPB60D photo studio box (HAVOX®,
Vendome, France), was used to capture the images of MGs. The sensor of
the camera was an RGB CMOS type, with a spatial resolution of 3.2 MP
at 2 fps and a colour depth of 24 bit/pixel. The focal length of the lens
was 12 mm and F1.8 (KOWA Lens mod. LM12NC3 1/2), allowing a field
of view (FOV) of 35 x 30 cm. As a chromatic reference, a Colour Checker
(Passport Photo, 2 X-rite Italy srl, Prato Italy) with 24 known colour
stains was used in the camera’s field of view. Images of MGs were pro-
cessed using Matlab ® R2021b (MathWorks Inc., Natick, MA, USA)
following the method applied by Gonzalez et al. (2004). The raw image
of both MGs types was separated from the background in a binary image,
using a specific algorithm that detaches the MGs, with a defined edge as
the region of interest, and separates the three colour components: red,
green and blue (RGB). The data obtained in RGB were converted into L*,
a*, b* colour space and used to calculate the yellowness index (YI),
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according to the Eq. (1) reported in Pathare et al. (2013), to measure the
development of yellowing on the of MGs leaves:

~ 142.86 b«
- Lx

YI (@]

2.3.4. Total chlorophyll, carotenoids, ammonia content and total phenols
content

The total chlorophyll content was measured using the spectropho-
tometric method, as reported by Palumbo et al. (2021). Five grams of
freshly chopped MGs were extracted in acetone/water (80:20 v/v) using
a homogenizer (T-25 digital ULTRA-TURRAX® - IKA, Staufen, Ger-
many) and then centrifuged at 6440 g for 5 min at 4°C (SL 16 Centrifuge
- Thermo Fisher Scientific, Langenselbold, Germany). To completely
remove all pigments, the extraction process was repeated 5 times, with
10 mL each time, and the resulting extracts were then combined. The
absorbance (Abs) was read using a spectrophotometer (UV-1800, Shi-
madzu, Kyoto, Japan) at three wavelengths (663.2, 646.8, and 470 nm).
The total chlorophyll content was expressed as mg g~ ! of fresh mass
using the Wellburn (1994) equation. The same chlorophyll extract was
utilised for carotenoids determinations. The Abs measured at 470 nm
were employed to calculate the carotenoid contents using the following
formula (2):

[(1000 x Abs 470) — (1.82 x Ca) — (85.02 x Cb)]/198 (2)

where Ca = (12.25 x Abs 663.2) — (2.79 x Abs 646.8), and Cb
= (21.50 x Abs 646.8) — (5.10 x Abs 663.2) (Lichtenthaler, 1987).
Results were expressed as mg of carotenoids per kg of MGs on fresh
weight.

Ammonia content was measured according to the method reported
by Fadda et al. (2016). Five grams of chopped MGs were added to 20 mL
of distilled water, homogenised for 2 min and centrifuged (Prism
C2500-R, Labnet, Edison, NJ, USA) at 6440 x g for 5 min at 4 °C. The
supernatant (0.5 mL) was then mixed with 5 mL of nitroprusside reagent
(phenol and hypochlorite in alkali reaction mixture) and heated at 37 °C
for 20 min. The colour development after incubation was evaluated
using a spectrophotometer (reading the Abs at 635 nm). The NHZ con-
tent was expressed as ug NH4 g~ ! of fresh mass, using ammonium
sulphate as standard (0-10 pg mL~ !, R2=0.99).

The extraction procedure reported by Palumbo et al. (2021) was used
for the total phenols content evaluation as. For each replicate 5 g of
chopped MGs were homogenised in a water/methanol solution (80 %
MeOH, v/v) for 1 min. The mixture was centrifuged at 6440 xg fo

The total phenols content was determined according to the method
outlined by Singleton and Rossi (1965). Specifically, 100 pL of each
extract was mixed to 1.58 mL of distilled water, 100 pL of
Folin-Ciocalteu’s reagent and 300 pL of sodium carbonate solution
(200 g LY. After 2 h in the dark, the resulting Abs was measured at
765 nm and expressed as mg of gallic acid equivalents per 100 g of fresh
mass. The relative calibration curve of gallic acid was prepared with
five-point standard solutions (range 50-500 pg mL™'), obtaining a
linearity with R? = 0.99.

2.4. Analysis of volatile organic compounds by SPME-GC/M

Volatile compounds were extracted by Headspace Solid-Phase Micro-
Extraction (HS-SPME) and analysed by Gas Chromatography hyphen-
ated to Mass Spectrometry (GC/MS), following the method outlined by
Kyriacou et al. (2021), with some modifications. For both species, one
gram of fresh MGs was weighted in a 20 mL headspace glass vial with a
screw-top PTFE septum (Supelco®, Bellefonte, PA, USA). VOCs migra-
tion to headspace was prompted by keeping the sample for 10 min at 40
°C in the instrument dry block-heater. VOCs adsorption was executed by
introducing a DVB/CAR/PDMS (50/30 um) fiber into the vial
(Supelco®, Bellefonte, PA, USA) at 40 °C for 20 min. The fiber was then
inserted for the VOCs desorption into a split-splitless injector for 10 min
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Table 2
Effects of K-levels (0, 60, 120 mg mL ! of K) on yield, dry matter,macro and micro-nutrients of wild rocket and black cabbage microgreens at harvest.

Parameters Wild rocket P Black cabbage ) 4

K-0 K60 K120 K-0 K60 K120

K-levels (mg L 1 in NS K-levels (mg LY in NS
Yield (kg m3) 1.16 1.19 1.23 ns 1.06 b 1.24a 1.05b
Dry Matter (g100g™h) 6.78 a 6.40 b 6.26 b * 12.43 a 9.53b 6.70c
Al (mg kg71) 3.76 2.17 4.21 ns 6.92 a 3.72c 5.21b ek
B (mg kgil) 1.13 1.06 1.15 ns 2.40 a 1.99b 1.30c *
Ca (gkg ™) 1.07 1.08 1.16 ns 3.10a 221b 1.30c o
Cu (mg kg71) 0.55 0.53 0.57 ns 0.86 a 0.59b 0.31c ek
Fe (mg kgil) 12.81 7.78 12.81 ns 20.26 a 11.96 b 9.30c wx
K (g_kg‘l) 0.79b 1.04 b 2.40 a wox 1.40b 1.29b 1.85a
Mg (gkg™V) 0.358 0.343 0.409 ns 0.779 a 0.544 b 0.358¢
Mn (mg kgil) 2.66 ab 2.23b 2.96 a 6.73 a 491b 3.32¢c
Mo (mgkg™) 0.15a 0.11 ab 0.06 b 0.43 a 0.22b 0.04c
Na (mg kgq) 72.24 a 81.37 a 41.03 b 89.50 a 91.33a 53.69 b ok
Sr (mg kgil) 3.47 3.27 3.01 ns 8.99 a 7.36 b 4.50c ek
Zn (mgkg™) 4.79 4.45 5.13 ns 6.91 a 5.55b 3.79¢
P (€4 kgiz) 0.720 0.659 0.755 ns 1.22a 0.89b 0.64 ¢

Significance: ns: not significant;

at 230 °C of an Agilent 7890 A GC (7890 A, Agilent Technologies, Santa
Clara, CA, USA) interfaced to a 5975 A MS (5975 A, Agilent Technology,
Santa Clara, CA, USA) and separated by a capillary column HP-Innowax
(30 m x 0.25 mm x 0.5 pm) (Supelco®, Bellefonte, PA, USA).

Oven temperature was initially set at 50 °C for 2 min, then increased
to 150 °C at 10 °C min~! and to 240 °C at 15 °C min . Helium was the
carrier gas at a flow rate of 1 mL min~!. Ton source and quadrupole
temperatures were 230 and 150 °C, respectively, and the MS operated at
70 eV. VOCs were identified or tentatively identified by matching the
mass spectra and the retention times with the available libraries (NIST,
version 2005; Wiley, version 2007) and by comparing their retention
times with commercial standards when available. Furthermore, VOCs
analysis was also achieved by comparing their retention indices (LRI) (as
Linear Retention Index), calculated in relation to the Cg-Coy n-alkanes
series. Samples were analysed in triplicate, and results were expressed as
semi-quantitative data (Relative Peak Area, RPA%) calculated with
respect to the peak area of 3-octanol (IS). The area of the individual
metabolite was obtained from the total ion current (TIC).

2.5. Microbial counts

About 10 g of vegetable products were aseptically collected at 0 and
7 days, diluted with sterilised saline solution (8.5 g L~! sodium chloride)
(NaCl) and homogenised in a sterile stomacher bag using a stomacher
blender for 2 min at 260 rpm. Serial dilutions in sterile saline solution
were plated onto appropriate media. Aerobic mesophilic bacteria were
counted on plate count agar (PCA) (Biolife Italiana, Milan, Italy) and
incubated at 30 °C for 48 h. Enterobacteriaceae were determined on
violet red bile glucose (VRBG) agar plates incubated at 30 °C for 24 h.
The results were expressed as log CFU g~! (Colony Forming Units/
gram). All the analyses were performed in triplicate.

2.6. Statistical analysis

Plant growth and nutrients data were subjected to the analysis of
variance (ANOVA). Treatment means were considered different when
there was a significant effect at the P < 0.05 level. Additionally, a
multifactor ANOVA was performed to evaluate the effects of K-level (KO,
K60 and K120) and storage on the postharvest parameters, on the mi-
crobial traits and on the VOCs content of wild rocket and black cabbage
MGs. The mean values (n = 3) were separated using the Least Significant
Difference (LSD) test (P < 0.05). The statistical analysis was performed
using the software Statgraphics Centurion (version 18.1.12, Warrenton,
VA, USA). Principal component analysis (PCA) was carried out using the

) ok ek wkk regpectively for P < 0.05, P < 0.01, P < 0.001 and P < 0.0001. Different letters indicate statistical differences (P < 0.05) according to LSD test.

software Statistica software (Version 6.0, by Stat Soft Inc., Tulsa, USA).
3. Results and discussions

3.1. Crop performance and chemical composition of wild rocket and black
cabbage microgreens at harvest

At harvest, thewild rocket production was not affected by the K-
levels, which remained stable at 1.19 (4 0.03) kg of the fresh MGs/m? as
average across treatments (K-0, K60, and K120) (Table 2). Potassium is a
vital macronutrient for plants, comprising up to 10 % of their dry mat-
ter. Therefore, reducing K levels in plants without compromising their
yield or the marketable quality constitutes a challenge (Ruiz and
Romero, 2002; Marschner, 2012; D’Imperio et al., 2019, 2024) that
arises from K’s essential physiological functions (Shin, 2014). Potassium
is a macronutrient essential for numerous plant processes, including
enzyme activation, osmoregulation, stomatal function, and photosyn-
thesis. In brassica species, K plays a key role in regulating stomatal
aperture, which directly influences CO: uptake and transpiration effi-
ciency. Moreover, K is crucial for phloem transport and carbohydrate
metabolism (Shin, 2014; Marschner, 2012; Ruiz and Romero, 2002).
Brassicaceae species, such as broccoli, radish, and mustard, have been
shown to be particularly responsive to K availability, which affects both
biomass accumulation and the biosynthesis of secondary metabolites
such as glucosinolates (Ahmad et al., 2016). The absence of yield dif-
ferences observed in the wild rocket was previously reported in another
study conducted by the same group and could be explained by the higher
K content in the seeds (D’Imperio et al., 2024). This could provide a
sufficient baseline level of K to support both the plant’s early growth and
the key physiological functions in which K is involved.

However, a reduction in dry matter content was observed with
increasing K levels in the NS, although no statistically significant dif-
ferences were found between K60 and K120, with an average of 6.33 g
100 g_1 in fresh weight (Table 2). Moreover, an increase in K level in the
NS did not significantly impact the contents of other mineral elements,
such as Al, B, Ca, Cu, Fe, Mg, Sr, Zn, and P (Table 2).

In relation to the K content in the edible portion, only the MGs grown
with K120 in NS showed a statistically significant increase (2.6 times)
compared to the other two treatments. These results are in line with
other authors who conducted trials aimed at producing low-K MGs
(lettuce, chicory, radish, pea, wild rocket and Swiss chard) for in-
dividuals with CKD (Renna et al., 2018; D’Imperio et al., 2024). The
absence of differences between the K-0 and K60 could be related to the
short production cycle of only two weeks; in such a short period of time,
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Table 3
Main effects of K-levels (0, 60, 120 mg mL ™" of K) on sensory parameters, total chlorophyll and carotenoids content of microgreens of wild rocket and black cabbage.
days of storage Rocket P Black cabbage P
Parameters K-0 K60 K120 K-0 K60 K120
K-levels (mg L 1 in NS K-levels (mg LY in NS
Visual quality 0 5.00 4.83 4.83 ns 4.83 5.00 5.00 ns
7 3.33 3.83 3.83 ns 4.33 3.83 4.33 ns
Freshness 0 5.00 5.00 5.00 ns 5.00 5.00 5.00 ns
7 3.50 b 4.00 a 4.00 a * 4.00 4.00 4.00 ns
Yellowing 0 5.00 5.00 5.00 ns 5.00 5.00 5.00 ns
7 4.00 4.00 4.00 ns 4.50 a 4.50 b 4.50 a ns
Odour 0 5.00 5.00 5.00 ns 5.00 5.00 5.00 ns
7 4.00 4.00 4.00 ns 4.50 a 4.00 b 4.50 a *
Off-odour 0 5.00 5.00 5.00 ns 5.00 5.00 5.00 ns
7 4.50 4.50 4.50 ns 4.50 4.50 4.50 ns
Overall quality 0 5.00 5.00 5.00 ns 5.00 5.00 5.00 ns
7 3.50 b 4.00 a 4.00 a * 4.50 a 4.00 b 4.50 a *
Chlorophyll (mg 100 g™ 1) 0 40.79 42.85 43.51 ns 69.40 b 88.03a 69.93 b Hok
7 40.83 39.75 43.77 ns 63.23 b 75.70 a 64.64 b
Carotenoids 0 65.03 68.96 71.34 ns 126.08 138.62 117.16 ns
(mg kg™ 1) 7 70.12b 69.22 b 76.77 a e 126.45 127.73 114.07 ns

For each storage time, results are given as mean values of 9 samples for each microgreen species (3 replicates x 3 k-treatments). ns: not significant;

*##% significant for P < 0.0001;
*** significant for P < 0.001;
** significant for P < 0.01;

* significant for P < 0.05. Different letters indicate statistical differences (P < 0.05) according to LSD test. The scoring scales used to evaluate the sensory parameters

are reported in Table 1.

no significant variations in K content in the edible portion will likely be
observed between these two treatments.

Increasing K in the NS also led to an increase in Na content, with a
value of approximately 1.8 times higher than MGs grown with K-0 and
K60 in the NS. This result, consistent with other studies, is likely due to a
compensatory phenomenon in the plant, where K could be partially

substituted by other cations, including sodium, which have similar roles
in the physiological processes, such as pH control and osmotic regula-
tion (Renna et al., 2018; Levine and Mattson, 2021; D’Imperio et al.,
2024). A 46 % reduction in Mo content was found in wild rocket MGs
grown with NS containing K60 and K120 (Table 2).

Regarding the black cabbage MGs, the highest yield was obtained
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Fig. 1. Changes in respiration rate (A, B) and ammonium content (C, D) of wild rocket and black cabbage microgreens cultivated with different K-levels in the
nutrient solution (NS). For each time (0d or 7d) different letters indicate significant differences among treatments according to LSD test.
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with plants grown with K60 in the NS. No significant differences in yield
were observed between the lowest and highest levels of K (K-0 and
K120) (Table 2). Concerning the dry matter content, as shown in
Table 2, a reduction was detected with increasing K levels in the NS. As
previously mentioned, K plays a vital biological role. Yield variations in
relation to K levels in the NS could be associated with species-specific
responses. In fact, a previous study on MGs reported that K levels can
induce changes, albeit limited, in several parameters, including yield
and dry matter content (D’Imperio et al., 2024). A correlation was also
found between the K level in the NS and the levels of K and Na in the
edible portion. Specifically, black cabbage MGs grown with an NS
containing K120 showed a statistically significant increase, 1.3 times
higher, compared to K-0 and K60. Conversely, the use of an NS with a
high K content (K120) resulted in a significant reduction in Na levels in
the edible portion of black cabbage MGs, compared to those grown with
a K-0 or with K60 (p < 0.05). This result, observed in the production of
wild rocket MGs as well as in other studies (Renna et al., 2018; Levine
and Mattson, 2021; D’Imperio et al., 2024), indicates that the mineral
profile of black cabbage MGs was influenced by K levels in the NS
(Table 2). With the exception of K, the highest concentrations of the
analysed minerals (Al, B, Ca, Cu, Fe, Mg, Mn, Mo, Na, Sr, Zn, and P) were
found in MGs grown without K. Additionally, for B, Ca, Cu, Fe, Mn, Mo,
Sr, Zn, and P, the increase in K in the NS led to a dose-dependent
reduction, inversely proportional to the K levels in the NS. Other au-
thors have also reported changes in the mineral profile in response to K
concentration restriction used in baby leaf production, noting that
nutrient trends at this stage may resemble those observed in MGs
(Levine and Mattson, 2021). These alterations may be attributed to the
regulatory effect of K on osmotic pressure and mineral absorption at the
root level.

3.2. Performances of wild rocket and black cabbage microgreens during
postharvest

Generally, the evaluated sensory parameters were not affected by the
different K levels used in the NS (Table 3), suggesting the possibility of
reducing the K without altering the sensory quality. Based on sensory
evaluation, both species resulted marketable for about 7 days at 5 °C,
even if cultivated with low levels of K in NS.

In both wild rocket and black cabbage MGs, the respiration rate and
ammonium content were significantly affected by the iteration between
K level and storage (Fig. 1). Considering the K120 treatment as a
reference, the use of half dose of K resulted in a slight increase in the
respiration rate and the ammonium content in wild rocket leaves, while
no significant difference was observed in black cabbage (Fig. 1). More-
over, the absence of K in the NS caused an increased respiration rate
compared to the treatment with K120 only in wild rocket leaves (Fig. 1).
Respiration rate is a key indicator of the quality and shelf-life of fresh-
cut products; generally, a reduced respiration rate is related to a low
metabolism, and, together with the low storage temperature, contrib-
utes to the good quality of the product and an improved shelf-life (Kader,
2002).

Similar results were obtained by measuring the electrolyte leakage
(Fig. 2). Even in this case, a limited and severe increase was detected in
wild rocket leaves cultivated with K60 or K-0 in NS, respectively,
compared to the reference dose. In contrast, no significant effect was
detected for black cabbage (Fig. 2A-B). Regarding the colour parame-
ters, the yellowness index (Fig. 2 C-D) was not influenced by the K level
in both species. For total phenols, a slight significant decrease (about
30 %) in both species cultivated without K (K-0) or with halved K level
(K60) was detected (Fig. 3 A and B -). The total chlorophyll content was
not affected by the K level in wild rocket leaves, while a significant
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increase was measured in black cabbage grown with the halved dose.
Moreover, the carotenoids were not significantly influenced by K levels
in both species (Table 3), suggesting that the nutritional quality was not
compromised by the reduction in K levels in NS.

To sum up, based on all the evaluated parameters, it seems that the
reduction of the K level causes only limited effects on the MGs physi-
ology and nutritional composition, without significant consequences on
the postharvest quality of MGs. On the other hand, our data also indicate
a species effect that might be considered.

3.3. Volatile compounds analysis

Overall, 37 VOCs were identified or tentatively identified by the HS-
SPME/GC-MS analysis of wild rocket MGs, including ketones (6), alco-
hols (14), aldehydes (5), glucosinolate hydrolysis products (GHPs) (5),
sulfur compounds (3) and terpenes (4). Regarding the MGs black cab-
bage, a total of 43 VOCs were detected, including ketones (7), aldehydes
(5), alcohols (18), GHPs) (3), sulfur compounds (3), terpenes (4), acids
(2) and others (1). For both species, the VOCs pattern was in good
agreement with previously studies (Liu et al., 2018; Chen et al., 2019;
Guijarro-Real et al., 2020; Oulad El Majdoub et al., 2020; Loncaric et al.,
2020; Kyriacou et al., 2021; Bell et al., 2021; Dimita et al., 2022; Luki¢
et al., 2023; Zhong et al., 2023; Malorni et al., 2023; De Chiara et al.,
2024).

To assess the effect of the application of the different K levels on the
detected volatiles, for each MGs species, the HS-SPME/GC-MS semi-
quantitative data (RPA %) were subjected to one-way Anova. The results
obtained, listed in Tables S1 and S2, for MGs of wild rocket and black
cabbage, respectively, showed significant differences in the VOCs pro-
files, in both quantitative and qualitative terms, within the fresh and
stored samples. Alcohols were the most abundant volatiles in both MGs

species with 1-penten-3-ol (Alc3) and cis-3-hexen-1-ol (Alc8) as the
main constituents (Table S1 and Table S2). In fresh wild rocket MGs, the
percentage of alcohols was 43.4, 46.0 and 45.7 % of the total VOCs for
K-0, K60 and K120, respectively, while in the corresponding samples
after 7 d of storage the percentage of alcohols was 65.6, 64.0 and 72.4 %
of the total VOCs for MGs at K-0, K60 and K120, respectively (Table S1).
In the fresh black cabbage MGs at K-0, K60 and K120, the percentage of
alcohols was 56.5, 84.3 % and 71.3 % of the total VOCs, respectively,
while in the analogous samples stored for 7 d, the percentage of alcohols
was 63.3, 72.8 % and 73.2 % of the total VOCs for K-0, K60 and K120,
respectively (Table SV2). Aldehydes were the second predominant class
in the fresh samples of MGs of wild rocket at K-0 and K60 (34.1 and
25.6 % of the total VOCs, respectively), while isothiocyanates (ITCs)
were the second most representative class in fresh MGs of wild rocket at
K120 and in all samples of MGs of wild rocket after 7 d of storage (28.5,
12.4, 14.8 and 9.4 % of the total VOCs, respectively) (Table S1). ITCs
also constituted the second most abundant class of VOCs in both fresh
and stored MGs of black cabbage, regardless of the level of K (Table S2).

Two Principal Component Analyses (PCAs) were separately per-
formed on the fresh wild rocket and black cabbage MGs and on the
corresponding samples after 7 d of storage to get a better understanding
of the influence of the different doses of K on the VOCs profile (Fig. 4). In
particular, Fig. 4B reports the score plot of the PCA obtained on the fresh
samples. The first axis (PC1) explained 37.7 % of the total data variance,
while the second axis (PC2) accounted for 31.0 % of the total variance.
As expected, the two species were clearly separated based on the VOCs
profiles, with all samples of MGs of wild rocket at the left and all samples
of MGs of black cabbage at the right of the plot (Fig. 4B). Moreover, both
the MGs species cultivated in absence of K (K-0) appeared well separated
by the corresponding samples grown using K60 and K120, which, on the
other hand, were very close in the plot, suggesting a similar VOCs
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content (Fig. 4B). Specifically, fresh samples of MGs of wild rocket at
K60 and K120 showed a significant correlation with three VOCs: 1-
octen-3-ol (Al15) and two GHPs, namely 3-methylthiopropyl ITC and
benzyl ITC (GHP4 and GHP5), as reported in Fig. 4A and B. Among
them, Al5 has been defined to exhibit a medium-weak intensity aroma of
mushroom (Bell et al., 2021). Regarding the GHPs, 3-methylthiopropyl
ITC (GHP4) and benzyl ITC (GHP5) can be considered an aroma-active
compound imparting the characteristic radish and rocket-like aromas in
rocket (Bell et al. 2021; Raffo et al. 2018). Fresh samples of MGs of black
cabbage at K60 and K120 presented a significant correlation with twelve
VOCs, including two ketones (K1 and K4), three aldehydes (Ald3-Ald5),
five alcohols (Alcl, Alc3, Alc5, Alc10 and Alc13), to GHP6 and to ben-
zenepropanenitrile (O1) (Fig. 4 A and B). In particular, 3-pentanone
(K1) and 1-pentanol (Alc10) are C5 compounds formed by the action
of lipoxygenases during the oxidative breakdowns of free fatty acids. K1,
commonly reported in Brassicaceae, is described as characterised by high
intensity green, grassy and floral notes, while Alc10, recently newly
detected in Brassicales species, has been found to be associated with a
moderately strong sweet odour (Bell et al., 2021). Alc13 and Ald4 have
been indicated to be among the volatiles which seem to significantly
contribute to the typical pungent aroma of fresh rocket, together with
glucosinolates and ITCs (Mastrandrea et al., 2017). Phenylethyl ITC
(GHP6) has been reported to be a key component in contributing
significantly to the odour signature of horseradish of roots with a radish,
gooseberry-like and a sweet note (Bell et al., 2021).

It is widely known that the hydrolysis of GSLs in water forms a
plethora of products which also include nitriles. At this regard, O1 was
very recently described to impart herbal, green and floral notes to
different Brassicaceae species (Bell et al., 2021).

Taken together, these data suggest that the K60 treatment didn’t

affect the sensory quality of the fresh MGs of both species, compared to
the reference growing conditions (K120), while K-0 being well separated
by the corresponding K60 and K120 samples presented a different VOCs
content (Fig. 4B).

Fig. 4D shows the score plot of the PCA carried out on the HS-SPME/
GC-MS semi-quantitative data of the VOCs detected in the samples MGs
of rocket and black cabbage after seven days of storage. The two com-
ponents accounted for 76.7 % of the variation in the dataset, since PC1
and PC2 explained 51.2 % and 25.5 % of the total variance, respectively.
Unsurprisingly, the two species are evidently discriminated based on the
VOCs patterns, with the samples of MGs of wild rocket at the right and
the samples of MGs of black cabbage at the left of the plot (Fig. 4D).

Moreover, the sample of MGs of wild rocket at K-0 and K60 stored for
7 d clustered in the fourth quadrant of the plot, suggesting a similar
VOCs content, while MGs of rocket at K120 is placed in the first quad-
rant. Specifically, stored samples of MGs of wild rocket at K-0 and K60
were significantly associated to 16 VOCs: three ketones (K1-K3), eight
alcohols (Alc6, Alcl0, Alcl1, Alc14-18) and two aldehydes (Ald1 and
Ald2), two terpenes (T1 and T5) and to 2-ethylfuran (S2) (Fig. 4C).
Among them, the presence of the two aldehydes, hexanal (Ald1) and
trans-2-hexenal (Ald2), was indicative of a prolonged and extensive lipid
breakdown over the shelf life period (Bell et al., 2017), while 2-ethyl-
furan (S2), indicated as a potential marker of fatty acid oxidation
happening during the tissue disruption, has been reported to be released
along storage of wild rocket (Lytou et al., 2019). According to previous
studies, (Cozzolino et al., 2016) the presence of hexanal (Aldl),
trans-2-hexenal (Ald2), trans-2-hexen-1-ol (Alc14) in MGs of wild rocket
at K-0 and K60 after seven days of cold storage could indicate that
pleasant green notes are still present. Moreover, all C5 (K1, K2, Alc6 and
Alc10) and C6 (Aldl, Ald2 and Alc4) volatiles associated with these
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samples have been indicated among the main odour-active compounds
that, other than ITCs, also contribute to the typical olfactive notes of
Brassicaceae crops (Raffo et al., 2018; Bell et al., 2021).

Regarding the MGs of black cabbage stored for 7 days, the samples at
K60 are placed in the third quadrant, while the samples at K-0 and K120
are clustered in the second quadrant of the plot, suggesting a similar
VOCs profile. In particular, MGs of black cabbage at K-0 and K120 after 7
d of storage mainly correlated to 2-propanol-2-methyl (Alcl), 1-butanol
(Alc7), eucalyptol (T3) and benzenepropanenitrile (O1), while MGs of
black cabbage at K60 was statistically associated to 3-penten-2-one-4-
methyl (K4), to benzeneacetaldehyde (Ald5), to the alcohols 2-methyl-
2-butanol (Alc3), 2-methyl-1-propanol (Alc5) and 1-hexanol (Alcl2),
1-penten-3-ol (Alc8) and cis-3-hexen-1-ol (Alc13) and to methyl ITC
(GHP1) (Fig. 4 C and D). Specifically, Alc8, Alc12 and Alc13 are reported
among the main C5 and C6 components generated in the lipoxygenase
pathway and commonly detected in several landraces and accessions of
Brassicaceae species in which they are recognised as major contributors
to the typical flavor and aroma of the leaves (Lukic et al., 2023). Simi-
larly, Ald5, with a high green and floral odour strength, has also been
reported in different cabbage species (Marchioni et al., 2021; Lukic
et al., 2023). These results suggest that with the K60 treatment, samples
of MGs of black cabbage seem to keep the expected sensory traits of this
crop. It is worth noting that in each stored sample of both MGs,
regardless of the K level, no off-odor-related volatiles were significantly
associated to the different samples at the end of storage, confirming that
MGs of Brassicaceae are particularly suitable to be stored as a fresh-cut
product.
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3.4. Microbial counts

Microbiological analyses provide general information about the
global microbiological quality across the different treatments and dur-
ing the storage at 5 °C. The results of the total mesophilic count revealed
a presence of microorganisms in the order of 107-10° colony-forming
units per gram (CFU g~!), without any significant differences being
detected across treatments and tested species (data not shown). In terms
of microbial load, this can be an expected value considering the type of
product and the type of cultivation. For MGs in weekly storage, aerobic
mesophilic counts in the range of 10°-108 CFU g ™! have been reported in
the literature (Kou et al., 2013; Komeroski et al., 2024). Within this
range, the microbial load tends towards a high value, probably influ-
enced by the temperatures reached in the greenhouse. On the contrary,
the evolution during the conservation period is optimal and comparable
with other similar studies (Kou et al., 2013; Komeroski et al., 2024).
Certainly, the development of solutions to reduce the initial microbial
load, exploiting physical, chemical and biological tools, could be
appropriate (de Chiara et al., 2024; Patil et al., 2024; De Simone et al.,
2024). Intriguingly, concerning the evaluation of coliforms on violet red
bile glucose (VRBG) agar, a statistically significant decrease in count
was detected after 7 days of storage in black cabbage MGs grown with a
K dosage of 120 mg mL ! (Fig. 5). Similarly, in rocket MGs, a significant
10 % lower mean count was shown in samples grown with K120 than in
the other treatment (mean value 3.2 log CFU g~1). In light of this evi-
dence, two main aspects are worth discussing to speculate on the
possible phenomena involved. They have a common denominator: the
health of organisms and the stress response. With its important biolog-
ical functions, K nutrition represents for plants an important element for
the healthy development of the plant and has a good potential in the
stress response also with respect to the balance with the plant-associated
microflora (Romheld, Kirkby, 2010; Sardans and Penuelas, 2021; Xu
etal., 2021). The colonisation of fresh plant tissues by Escherichia coli, in
particular, and coliforms, in general, represents a topic of great interest
for the study of the biology of interactions and for understanding phe-
nomena associated with the biological contamination of fresh vegetables
that we consume with our diet (Merget et al., 2019). Merget et al. 2019
demonstrated that the aptitude of E. coli to colonise, grow (also in the
form of biofilm growth), and be internalised in association with plant
tissues or plant extracts can be affected by the E. coli strain, plant species,
and plant tissue type (Merget et al., 2019). Specifically, surface prop-
erties can impact on the adhesion of E. coli strain during sublethal injury
and resuscitation (Zhang et al., 2023), phenomena that can have a
crucial role for the recovery of sublethal injury bacteria in food
(Highmore et al., 2018).

4. Conclusions

This study demonstrated that wild rocket and black cabbage MGs can
be successfully cultivated under reduced potassium (K) regimes without
compromising their overall yield and quality. At harvest, the evaluation
of yield and mineral composition suggests the possibility of obtaining
good-quality MGs by reducing the K concentration in the NS. Moreover,
during the cold storage the sensory and quality traits of both MGs species
analyzed were not compromised by K reduction (K60), proving high
postharvest performances comparable to those of MGs cultivated with
K120 (assumed as control). In detail, samples treated with K60 showed
low values of respiration rate and ammonia content, considered as two
key senescence markers, at the end of storage, with no statistical dif-
ferences with the K reference (K120). The phytochemical analysis
highlighted that both species retained their characteristic profiles of
phenolics, chlorophylls, and carotenoids, even under K restrictions.
Although slight variations in total polyphenols were observed at reduced
K levels, the overall nutritional and phytochemical quality remained
high, supporting the potential of these MGs as functional foods tailored
for individuals requiring low-K diets, such as patients with CKD. A total
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of 37 VOCs were identified in wild rocket MGs and 43 in black cabbage,
with alcohols—particularly 1-penten-3-ol and cis-3-hexen-1-ol—being
the most abundant compounds in both fresh and stored samples. PCA
effectively distinguished the two species and revealed the influence of K-
level: microgreens grown without potassium (K-0) exhibited a distinct
VOC profile, whereas those cultivated with K60 and K120 showed
similar aromatic compositions. Notably, the K60 treatment preserved
key aroma compounds—such as 1-octen-3-ol, glucosinolate hydrolysis
products, hexanal, and trans-2-hexenal—at levels comparable to K120.
Moreover, no off-odor volatiles were detected after cold storage under
any treatment. These findings underscore the feasibility of producing
nutrient-rich, K-tailored MGs without detriment to their postharvest
quality and storage performance.
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