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A B S T R A C T

Black cabbage can be promising to prepare innovative functional products. This research explores controlled 
fermentation as a new sustainable food production and stabilization technology to enhance the nutritional traits 
of black cabbage.

Two different approaches were applied: soaking cut leaves in brine and pressing cut leaves adding salt. Lac
tiplantibacillus plantarum (TB 11–32) and Saccharomyces cerevisiae (LI 180-7) starter strains were employed to 
drive the fermentation and stabilize the final product for human consumption. Fermenting cut pressed leaves of 
black cabbage allowed to obtain a pH level below 4.6 and to ensure required safety aspects.

Lactic Acid Bacteria fermentation (P-LAB) revealed a higher presence of some alcohols, carboxylic acids, 
terpenes, phenols, and dimethyl disulphide; the yeast fermentation (P-YST) promoted several esters. The fer
mented final product was enriched in polyphenol content of 3.7–4.6 times and of 2.7–3.4 times in antioxidant 
activity in comparison with the raw untreated material. Both P-YST and P-LAB fermented black cabbage fav
oured gut microbial growth and were beneficial for human health. P-YST specifically increased the production of 
some short chain fatty acids (SCFAs) and relative esters and carboxylic acids, whereas released phenolics 
compounds in LAB fermented sample could prevent the formation of reactive free radicals and improve human 
cardiovascular health.

1. Introduction

The global production of Brassica crops, including cauliflower, 
broccoli, and cabbage is about 97 million tons, with Asia accounting for 
75 %, and China representing almost a half of these vegetables pro
duction (FAOSTAT—Food and Agriculture Organization of the United 
Nations, 2019).

Leaves, root, stem, inflorescence, seeds, and sprouts constitute the 
edible part of Brassica vegetables (Baky et al., 2022), whose consump
tion has been associated to a decrease in the development of age-related 
diseases, cardiovascular diseases, different types of cancer, neurode
generative diseases, and pathologies associated with the high-fat diet 
(HFD) (Björkman et al., 2011; Kris-Etherton et al., 2002; Quirante-Moya 
et al., 2020). These effects are mainly attributed to polyphenols, 

essentially by hydroxycinnamic acids, flavonoids, glucosinolates and 
isothiocyanates, that are considered the principal contributors of Bras
sicaceae associated anti-radical and antioxidant activities (Biondi et al., 
2021).

However, food processing methods plays a crucial role in preserving 
or enhancing both the activity and bioavailability of such naturally 
present bioactive compounds.

Fermentation is an ancient food preservation technique that en
hances the nutritional value, safety, and sensory properties, as well as 
the shelf life of food products. Fermented foods have been extensively 
studied for their antimicrobial, antioxidant and cholesterol-reducing 
effects, along with the development of an intestinal microbiota regu
lating the healthy functioning of the digestive system (Farhad et al., 
2010).
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Analogously to other vegetables, several parameters such as tem
perature, raw material preparation, spontaneous microflora, NaCl con
tent and oxygen can influence the cabbage fermentation process.

Fermentation can be a spontaneous process driven by the autoch
thonous microbiota associated with the raw material, and is dependent 
on the specific microbial species present. This approach is not able to 
guarantee the quality, safety and desiderated properties of the final 
product. Therefore, also for cabbage, increasing attention is being given 
to the development and use of starter cultures to improve and stan
dardize both the quality and nutritional properties of fermented prod
ucts. During the fermentation process, the complex interactions between 
food matrix properties and the metabolic activities and biotechnological 
traits of selected microbial starters, including their enzymes, are 
responsible of the biotransformation of the processed material.

The main bacteria responsible for the fermentation of vegetables are 
lactic acid bacteria (LAB). Raw cabbages naturally contain sufficient 
numbers of desirable LAB to initiate spontaneous fermentation and 
enhance antioxidant activity (Kusznierewicz et al., 2008).

Although the application of starters cultures in cabbage fermentation 
is limited and not extensively studied, there is growing interest among 
producers in applying them to enhance production efficiency and 
product quality. Starter strains, mainly LAB belonging to the Leuconostoc 
and Lactiplantibacillus species, have been used in the preparations of 
fermented commercial sauerkraut, made from shredded and salted 
white cabbage, especially to make the process faster and to increase the 
quality of the final products (Zabat et al., 2018; Šalić & Šamec, 2022). 
Both natural and inoculated fermentation positively influenced antiox
idant activity, ascorbic acid and other organic acids (Berger et al., 2020; 
Hunaefi et al., 2013). Recent studies on LAB starters cultures showed 
increased phenolic content, and antioxidant properties, 
anti-inflammatory and anti-cholinesterase activities in cabbage culti
vars, highlighting their potential as sources of functional foods (Erdoğan 
& Bilge Ertekin Filiz, 2023; Michalak-Tomczyk et al., 2024).

Lactiplantibacillus Lb. plantarum and other LAB species have been 
proposed as a starter culture for industrial pickled products (Alan & 
Yildiz, 2022; Wiander & Ryhänen, 2005). Additionally, Yoon et al. 
(2006) described potential probiotic LAB isolates obtained from white 
cabbage pickled preparations. Lb. plantarum, Lb. paraplantarum, Ped
iococcus pentosaceus

Besides, at the best of our knowledge, no studies explored the use of 
yeast strains as starters for cabbage fermentation.

In the present study, a controlled fermentation approach was used to 
enhance the stabilization of black cabbage, as a strategy to minimize by- 
products and waste, with a positive environmental impact associated 
with the storage and transportation technologies of fresh plant 
materials.

In our study, the strains Lactiplantibacillus plantarum TB 11–32 and 
Saccharomyces cerevisiae LI 180-7 were used as starter cultures, as they 
are well known for their ability to ferment various vegetables, even in 
the presence of high salt concentrations. In addition, they have already 
been shown to enhance the quality of final products by increasing the 
content of bioactive compounds and improving antioxidant activity 
(Ramires et al., 2022; Tarantini et al., 2024; Tufariello et al., 2019).

The resulting fermented products were evaluated for their microbi
ological properties, composition and nutritional aspects. The most 
effective combination of raw material preparation and starter strain was 
deeply investigated in terms of bioactive metabolites preservation, 
organoleptic profiles and health-promoting effects on human gut 
microbiome.

2. Materials and methods

2.1. Vegetable materials and microorganisms used

Fresh black cabbages (Brassica olearacea var. acephala), provided by 
a local market (Monteroni, Lecce, Italy), were used to perform 

laboratory-scale fermentations. The leaves were washed several times 
with drinking water, drained and cut into pieces (about 5 cm).

Lactiplantibacillus plantarum TB 11–32 and Saccharomyces cerevisiae 
LI 180-7 (CNR-ISPA microbial collection) were chosen for this study to 
drive the fermentation black cabbage leaves. Lb. plantarum and 
S. cerevisiae strains are broadly used in high salt fermented vegetables 
and the two strains strain recently exhibited promising fermentation 
performances and product stabilization results in table olives fermen
tations (Chytiri et al., 2020; Koutsoumanis et al., 2020; Tarantini et al., 
2024; Tufariello et al., 2015). S. cerevisiae was grown in YPD broth (20 
g/L meat peptone, 10 g/L yeast extract, 20 g/L glucose) for 48 h at 28 ◦C. 
Lb. plantarum TB 11–32 was inoculated on Man, Rogosa, and Sharpe 
medium (MRS-glucose, LABM, UK) and grown at 30 ◦C in anaerobiosis 
for 24 h.

2.2. Black cabbage fermentation

Fermentation experiments were performed using two different 
strategies. 

1) black cabbage leaves were placed in sterile glass jars and immersed 
in a brine containing 80 g/L NaCl in a ratio 3:1 (cabbage:brine);

2) black cabbage leaves were manually pressed in presence of salt up to 
40 g/kg NaCl to partially damage the raw material, placed in sterile 
glass jars and kept under pressure with a food grade weighing stone 
of 200 g.

For black cabbage driven fermentation, cells from fresh cultures of 
Lb. plantarum TB 11–32 and S. cerevisiae LI 180-7 were centrifuged 
(4,000Xg for 10 min), the pellets washed two times and suspended in 
peptone water. The concentration of pure cultures was evaluated by a 
spectrophotometer (Shimadzu UV-1800, Kyoto, Japan) at 600 nm as 
optical density, then the strains were singly inoculated in both pressed 
and brined black cabbage reaching ca. 7 log CFU/g and ca. 6 log CFU/g 
final cell concentration for Lb. plantarum TB 11–32 (LAB) and for 
S. cerevisiae LI 180-7 (YST), respectively. The thesis compared in this 
study thus corresponds to the codes hereby: Pressed unfermented (P- 
UNF); Pressed fermented with Lb. plantarum TB 11–32 (P-LAB); Pressed 
fermented with S. cerevisiae LI 180-7 (P-YST); Brined unfermented (B- 
UNF); Brined fermented with Lb. plantarum TB 11–32 (B-LAB); Brined 
fermented with S. cerevisiae LI 180-7 (B-YST).

The fermentation process was performed in laboratory at room 
temperature (about 20–22 ◦C) in dark conditions. To ensure the ho
mogeneity of the fermentation process, each ten days, the samples were 
manually mixed with a sterilized spoon in a laminar flow hood. The 
sampling was carried out at middle and bottom levels of the jars, and the 
obtained samples were put together. The process was monitored through 
measurement of pH and salinity. The pH was assessed with a pH-meter 
(Hanna Instruments, Padova, Italy), whereas the salinity calculation was 
made by a salinity refractometer (RHS-MR110 ATC, Agritechstore, 
Trento, Italy). Salinity was monitored since this parameter is essential to 
control the growth of spoilage microorganisms, in particular indigenous 
fungi, Escherichia coli and Enterobacteriaceae, can be inhibited by the 
presence of salt concentration >3.5 % w/v, as previously reported for 
sauerkraut fermentation (Xiong et al., 2016; Yang et al., 2020). More
over, the starters used in this study were previously selected for their 
ability to grow in presence of high salt concentrations (Tarantini et al., 
2024).

The fermentation was considered finished (after about 30 days) 
when for 3 subsequent days pH value was constant, and below the safety 
range (4.6) for fermented vegetable products (IOOC, 2004; Medina 
et al., 2016). Then, the fermented matrices were drained by a sieve, a 
sample for each treatment was collected for the microbiological assays 
and the remaining material was stored at − 20 ◦C for further 
experiments.

In order to obtain a preliminary descriptive assay of some sensory 
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properties of the unfermented and fermented black cabbage samples, at 
the end of fermentation, 7 women and 7 men (in a range of 30–70 years) 
were selected for a sensory panel. At the end of fermentation, the sam
ples (five pieces of black cabbage for each test) were washed with 
drinking water, drained at room temperature and distributed in tripli
cates to untrained panelists in cups (125 cm3) a first session to find 
descriptors for some taste (bitter, sweet and umami) and texture 
(hardness, crunchiness and fibrousness) attributes. Presentation order 
was randomized. Then, a second session was made to determine the 
selected descriptors intensity by using an intensity scale with a score 
ranging from none = 0; delicate = 1–2; moderate = 3–4; intense = 5–6 
(Table S2). The mean scores for each session were reported. To evalu
ated texture and taste acceptability and flavor traits, samples were 
chewed several times and ingested. Panelist were asked to clean their 
palate with water and crackers between samples.

2.3. Microbiological analyses of unfermented and fermented black 
cabbage samples

For microbiological analyses, five g of brined and pressed black 
cabbage drained samples were mixed with 10 g/L peptone water and 
ten-fold serially diluted. The diluted samples were then tested for several 
microbial classes onto specific agar media as reported by Tarantini et al. 
(2024). In particular, in this study it was assayed the count of LAB, of 
total bacteria and yeasts. Moreover, the presence of undesired and 
pathogen microorganisms such as Enterobacteriaceae, coagulase posi
tive Staphylococci, coli-aerogenes bacteria, Pseudomonas spp. and Clos
tridium spp was investigated.

2.4. Biochemical and functional characterization of unfermented and 
fermented black cabbage samples

2.4.1. Hydroalcoholic extracts preparation
Hydroalcoholic extracts were prepared from pressed and brined 

samples following Ramires et al. (2023). Briefly, black cabbage samples 
were lyophilized at − 40 ◦C for 72 h under vacuum using the Scanvac 
Cool Safe lyophilizer (Labogene, Lillerod, Denmark) and the dried 
preparation (about 0.50 g) was added with 20 mL of a solution of (60:40, 
v/v) ethanol and water with also trifluoroacetic acid (TFA) 5 mL/L. After 
incubating for 30 min at room temperature under 150 rpm constant 
stirring, the solution was centrifuged for 10 min at 4,500×g and the 
obtained extracts were collected. A second extraction was carried out by 
washing the pellets with 10 mL of fresh solvent. Finally, the superna
tants were mixed for subsequent assays.

2.4.2. Organic acids, sugars and nitrogen determination
Organic acids (lactic acid, citric acid, acetic acids, malic acid, etc.), 

sugars (glucose and fructose), alpha-amino nitrogen and ammonia ni
trogen were evaluated using a multi-parametric analyzer (Hyperlab, 
Steroglass, Perugia, Italy). Glucose (g/L), fructose (g/L), acetic acid (g/ 
L), citric acid (g/L), L-malic acid (g/L), L-lactic acid (g/L), pyruvic acid 
(g/L), alpha-amino nitrogen (mg/L) and ammonia nitrogen (mg/L) were 
tested by enzymatic kits (Steroglass, Perugia, Italy) and specific cali
bration curves. All tests were performed in triplicate. All the obtained 
data were converted in mg/g of fresh weight material.

2.4.3. Total phenolic and antioxidant activity evaluation
Total phenolic quantification was performed by the method of 

Magalhães et al. (2010), using Folin-Ciocalteu reagent (Sigma-Aldrich, 
Darmstadt, Germany) in a microplate reader (Infinite M200 PRO, Tecan, 
Switzerland). The polyphenols quantity was expressed as Gallic Acid 
Equivalents (GAE). The assays were made in triplicate.

Antioxidant activities were evaluated in hydroalcoholic extracts 
following Blando et al. (2021) using the ABTS (2,2′-azinobis (3-ethyl
benzothiazoline-6-sulfonic acid) diammonium salt) assay and Trolox 
(6-hydroxy-2,5,7,8-tetramethychroman-2-carboxylic acid; Hoffman-La 

Roche, Basel, Switzerland) (2.5 mM in Milli-Q water) as an antioxi
dant standard. The test was carried out using a microplate reader 
(Infinite M200 PRO, Tecan).

2.5. Water soluble extract preparation and free amino acid (FAA) content 
analysis of black cabbage samples

Water soluble extracts (WSE) of the samples were obtained using a 
revised method by Weiss et al. (1993). In details, cabbage samples were 
homogenized by a hand blender and then resuspended in a ratio 1:2 
(w/v) with Tris-HCl (pH 8.8) 50 mM and maintained at 4 ◦C in 
continuous stirring (150 rpm) for 1 h. At the end of the incubation the 
supernatants were obtained through centrifugation (20,000×g for 20 
min) and were filtered using cotton gauze (Demarinis et al., 2022).

For the analysis of the Free Amino Acids (FAA), sulfosalicylic acid 50 
mL/L precipitation of WSEs occurred at 4 ◦C for 1 h, flowed by centri
fugation (15,000×g for 15 min), and filtering the resulting supernatant 
through a sterile 0.22 μm membrane. FAA were analyzed by using a 
Biochrom 30+ series Automatic Amino Acid Analyzer (Biochrom Ltd., 
Cambridge Science Park, United Kingdom), as specified in De Pasquale 
et al. (2021). Detection of amino acids occurred after post-column 
derivatization with ninhydrin reading the absorbance at 440 (proline) 
or 570 (all the other amino acids) nm.

2.6. Volatile organic compounds (VOCs) analysis of black cabbage 
samples

Analysis of VOCs was made using a gas chromatograph (Clarus 680, 
PerkinElmer, Beaconsfield, UK) according to Vacca et al. (2023), with 
some adaptations. Homogenized pressed cabbage samples (each 3 g) 
were added to a 20 mL vial with 2 mL of saturated NaCl (300 g/L) and 
incubated 10 min at 40 ◦C in shaking at 500 rpm. As internal standard 
10 μL of 4-methyl-2-pentanol (Sigma, >98 % purity) were used. The 
extraction of VOCs was performed using a CombiPAL injector sample 
system (CTC Analytics, Zwingen, Switzerland) equipped with a 50/30 
μm DVB/CAR/PDMS fiber (Supelco, Bellefonte, PA, USA), with flowing 
helium (1 mL/min) as a carrier gas. After samples equilibration for 30 
min at 40 ◦C, the fiber was subjected to a temperature of 45 ◦C for 45 min 
within the vial headspace for VOCs extraction. Then, the fibre was 
inserted for 5 min at 250 ◦C into the GC for desorption of the analytes, as 
described by Alenyorege et al. (2020). VOCs separation and identifica
tion were performed following the methods of Molfetta et al. (2021).

2.7. Simulated digestion and faecal microbiota fermentation of black 
cabbage samples

2.7.1. Gastrointestinal digestion simulation in vitro
Pressed cabbage samples were submitted to a simulated enzymatic 

process of digestion, provided by fluids present in all phases (oral, 
gastric, and intestinal), following already established procedure (Khalil 
et al., 2024). 5 g of each cabbage sample, namely P-UNF, P-LAB and 
P-YST, were diluted in a ratio of 1:10 (w/v) with distilled water at and 
mixed for 3 min in a lab stomacher (Bag Mixer, Interscience Interna
tional; Roubaix, France). For oral phase digestion simulation, each 
sample was added with 10 mg of α-amylase (Sigma, ≥5 units/mg) dis
solved in 3.125 mL of CaCl2 (1 mM solution), followed by incubation at 
37 ◦C for 30 min using stirring conditions (50 rpm). Gastric digestion 
was simulated by addition of 1.35 mg of pepsin (Sigma, ≥400 units/mg) 
in 12.5 mL of 0.1 M HCl (adjusted to pH 2.0 with 6 M HCl), and samples 
were treated by stirring at 150 rpm for 3 h at 37 ◦C. Last intestinal phase 
was performed by adding in presence of 280 mg of pancreatin (Sigma, 8 
× USP) and 1.75 mg of bile salts (Sigma), dissolved diluted in 62.5 mL of 
0.1 M NaHCO3 (adjusted to pH 7.0, adjusted with 6 M NaOH), and 
maintained for 3 h at 37 ◦C at 150 rpm stirring conditions. The enzy
matically digested samples obtained were kept frozen (− 20 ◦C) until use 
as substrates for the inoculation of the faecal microbiota.
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2.7.2. In vitro colonic fermentation of digested samples
The effect of the digested pressed cabbage samples on the viable 

intestinal microbiota was assayed using a faecal media as a substrate for 
bacterial growth, following Caponio et al. (2024). For the preparation of 
faecal media, fresh faeces from 3 healthy donors, without recent anti
biotics or probiotics usage, were collected in sterile tubes, filled to 4/5 of 
the total volume. Faeces were pooled and mixed (1:5 w/v) with sterile 
NaCl solution (9 g/L) in a lab stomacher for 3 min and the supernatants 
were recovered by centrifugation (10,000×g at 4 ◦C for 10 min). Ac
cording to Pérez-Burillo et al. (2021), a volume containing an amount 
equal to 0.5 g of each in vitro digested pressed cabbage sample (obtained 
as described in Section 2.7.1) was singly added to obtain three different 
faecal media, which were finally supplemented with 2 g/L of K2HPO4, 5 
g/L of C2H3NaO2, 2 g/L of C6H17N3O7, 0.2 g/L of MgSO4, 0.05 g/L of 
MnSO4, 2 g/L of glucose, 4 g/L of inulin, 4 g/L of fructo-oligosaccharides 
and 1 mL/L of Tween 80 polysorbate, and sterilized for 20 min at 121 ◦C. 
To constitute the corresponding faecal batches, in vitro digested pressed 
cabbage samples added with faecal media were inoculated 200 mL/L 
with a faecal slurry (FS) obtained by mixing fresh faecal samples from a 
healthy volunteer with distilled water (320 mL/L). Faecal batches con
taining faecal slurry and digested samples were renamed as D-UNF, 
D-LAB and D-YST and incubated for 42 h at 37 ◦C under anaerobic 
conditions with gentle stirring (100 rpm).

2.7.3. Viable microbiota and volatile profile of faecal batches containing 
digested black cabbage samples

Viable microbiota analysis was carried out from faecal batches (D- 
UNF, D-LAB, D-YST, and FS) by ten-fold dilutions in sterile NaCl (0.9 w/ 
v) solution. Plate Count Agar (PCA), Wilkins-Chalgren anaerobe agar 
(WCAn), de Man, Rogosa, and Sharpe (MRS) agar, M17 agar, Reinforced 
Clostridial Agar (RCA), Violet Red Bile Glucose Agar (VRBGA), and 
modified Bifidobacterium agar (mBifA), were the media respectively 
used for enumeration of total aerobic bacteria (TAB), total anaerobic 
bacteria (TANB), lactic acid lactobacilli and lactococci, Enterobacteri
aceae, and faecal Bifidobacteria. For all media, plates were maintained at 
37 ◦C in aerobic conditions, except for WCAn and mBifA which under
went anaerobic incubation. The duration of incubation followed the 
specifications provided by the respective medium manufacturers. Cell 
densities were expressed as log CFU/mL.

VOCs were detected on 2 mL of each faecal batch, transferred in 20 
mL vials along with ten μL of 4-methyl-2-pentanol as internal standard. 
For VOCs extraction an equilibration step of Vacca et al. (2023) 15 min 
at 45 ◦C was followed by fiber exposition in vials headspace for 45 min at 
45 ◦C. For the injection, the fiber was heated at 220 ◦C under splitless 
conditions, followed by analysis according to the method previously 
described (Section 2.6).

2.8. Statistical analysis

Data represents the mean of at least three different repeats (n = 3) 
with standard deviation. The microbial counts, organic acids, phenolic 
content, antioxidant activity and FAA analysis were analyzed for vari
ance ANOVA and then by p-Tukey post-hoc test for evaluating means 
values significant differences (p < 0.05). VOCs variance was performed 
using a Two-way ANOVA test. Statistically significant differences were 
considered for p-value (p) below 0.05. Subsequently, normalization (Z- 
score) was applied, and multivariate analyses were performed using 
Partial Least Squares Discriminant Analysis (PLS-DA) or heatmap hier
archical clustering, based on Ward’s method and Euclidean distance.

3. Results and discussion

3.1. Impact of starter driven fermentation on black cabbage

Fermented black cabbage samples were initially characterized in 
terms of pH and salinity. The starting pH decreased starting value 

diminished from 6.0 to 4.1 for the fermented pressed leaves and to 4.0 
for brine-soaked leaves (Table S1). Fermentation was considered com
plete after 30 days since pH values were stable over in three consecutive 
days of recording for all the tested strategies. Using a similar approach, 
the duration of the cabbage fermentation process has been found vari
able, depending on the cultivar and the technology employed, ranging 
from 14 days (cv. Nero di Toscana, Scarlet, Halbhoner Grüner Krauser, 
Michalak-Tomczyk et al., 2024), 15 days for sauerkraut (Erdoğan & 
Bilge Ertekin Filiz, 2023), to 38 days for red cabbages (Hunaefi et al., 
2013) and 50 days for cabbage hybrid “Bravo” heads (Berger et al., 
2020; Cvetković et al., 2019).

In all fermented samples, salinity values reached 70 g/L after 10 days 
of treatment and remained it was unchanged until the end of the process 
ended (30 days) (Table S1). This trend was consistent across the same 
regardless the two different preparations, thus ensuring a safe level of 
salt in the final product. Indeed, salinity can promote the growth of high- 
salt tolerant LAB while inhibiting pathogenic and/or spoilage microor
ganisms. It can also contribute to the protection of the final product and 
enhance the crispness of its texture. Through its osmotic effect, salt 
participates to the release of nutrient-rich juice (carbohydrates, organic 
acids, minerals, vitamins, etc.) from the vegetable tissues.

In this study, the evolution of the fermentation process was further 
validated through sensory analysis of the final products. After 30 days of 
fermentation, the gustatory qualities of the fermented products were 
evaluated by a group of panelists (Table S2). The texture descriptors as 
hardness, fibrousness and crunchiness, generally showed a decrease 
compared to the untreated samples, with a more pronounced reduction 
observed, when the pressed strategy was applied. The textural properties 
are primarily influenced by the salt content, processing method, and 
microbial activity (Erdoğan & Bilge Ertekin Filiz, 2023). In this work, 
the pressed technology significantly affected the hardness and fibrous
ness of black cabbage compared to the brining strategy. Besides, the use 
of microbial starters notably influenced taste-related aspects such as 
bitterness, sweetness, and umami, particularly when S. cerevisiae LI 
180-7 was applied. Bitterness decreased following fermentation by LAB 
and yeast, especially in pressed black cabbage. At the same time, the 
sweetness and umami descriptors increased from 2.7 ± 0.8 and 2.2 ±
0.5 in the unfermented samples to 5.6 ± 0.5 and 5.8 ± 0.6, respectively, 
in P-YST.

Sugars, organic acids and ammonia nitrogen content were deter
mined at the initial and final stage of fermentation (Table 1). Brined and 
pressed unfermented black cabbage samples exhibited different sugar 
levels. Glucose concentrations were 8.7 ± 0.9 mg/g and 4.9 ± 0.6 mg/g 
of fresh weight, respectively, while fructose levels were 10.1 ± 1.2 mg/g 
and 5.9 ± 0.5 mg/g of fresh weight. The differences observed in initial 
sugars concentrations (B-UNF and P-UNF) could be attributed to the 
different raw material preparation methods. After cutting black cabbage 
leaves, the mechanical force applied to the pressed samples in the 
presence of salt may have triggered biochemical reactions leading 
within the vegetable tissue, compared to the brined black cabbage. This 
evidence is consistent also in accordance with the data reported for 
initial soluble solid content (◦Brix) between pickled cabbage and 
sauerkraut by other authors (Erdoğan & Bilge Ertekin Filiz, 2023).

At end of fermentation, soluble fermentable sugars and malic acid 
were reduced at negligible levels, while lactic, acetic, and citric acids 
were produced (Table 1). The decrease of malic acid content can be 
explained since different yeasts species are able to degrade this organic 
acid (Redzepovic et al., 2003) and some LAB belonging to the genera 
Oenococcus, Lactiplantibacillus, Fructilactobacillus, Lentilactobacillus, and 
Pediococcus can convert L-malic acid into L-lactic acid and CO2 (Lucio 
et al., 2017; Sumby et al., 2014).

Lactic acid content was higher in black cabbage fermented with Lb. 
plantarum TB 11–32 starter strain, regardless of the preparation method, 
compared to the samples fermented with the S. cerevisiae LI 180-7 strain. 
Furthermore, when fermentation was driven by the yeast starter, higher 
amounts of acetic acid were observed, up to 4.0 ± 0.5 mg/g of fresh 
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weight in P-YST.
A similar behavior in the pH decrease can be observed for all the 

fermentation strategies, regardless the raw material soaking in brine or 
not. In particular, a higher production of lactic acid and citric acid was 
reported in both methods when the fermentation was driven by LAB 
starter (Table 1 and Table S1). A combination of lactic acid, citric acid 
and acetic acid can be responsible of the low pH values in the final 
products fermented with the yeast starter.

3.2. Microbiological analyses of unfermented and fermented black 
cabbage samples

In accordance with the amounts of organic acids, microbial counts 
showed higher levels of LAB in pressed samples (7.3 ± 1.7 and 7.9 ± 1.7 
log CFU/g in P-LAB and P-YST, respectively), compared to brined ones 
(6.5 ± 1.2 and 7.4 ± 1.5 log CFU/g in B-LAB and B-YST, respectively) 
(Table 2), similar to findings previously reported for sauerkraut 
(Erdoğan & Bilge Ertekin Filiz, 2023). Pressure can enhance the release 
of compounds from cabbage tissues, increasing the availability of car
bohydrates accessible for bacterial consumption along time (Niksic 
et al., 2005). Notably, in black cabbage fermented with S. cerevisiae LI 
180-7, LAB cell densities were found slightly higher compared to the 

fermentation by Lb. plantarum TB 11–32. Their presence of LAB in 
yeast-driven fermentation black cabbage can be attributed to the diverse 
metabolic pathways exhibited by facultative heterofermentative Lacto
bacillus spp., which are commonly found in various vegetable-based 
foods (Table 2) (Pérez-Díaz et al., 2021; Seddik et al., 2017).

Moreover, in absence of a yeast starter inoculum, high LAB count in 
fermented pressed leaves (P-LAB) maintained a lower level of yeasts and 
moulds compared to the corresponding fermented brine leaves (B-LAB).

In this study, for the first time, a selected yeast starter was used to 
drive the fermentation of black cabbage, significantly influencing the 
total yeast count in pressed leaves. These results differ from previous 
observations, where yeasts growth in sauerkraut fermentation was pri
marily associated with the initial stages of the process. Furthermore, 
yeast metabolism was found to impact both the fermentation dynamics 
and the sensory traits of the final product (Satora et al., 2020). However, 
in the B-YST strategy, the presence of yeasts was strongly reduced, fa
voring LAB growth (Table 2).

After 30 days of fermentation, the P-YST sample showed the highest 
level of yeasts (7.1 log CFU/g), suggesting that these microorganisms 
found more permissive conditions for survival and growth in the pres
ence of a low volume of brine and more compacted vegetable matrices, 
which reduced the microbial cell washing-away effect.

In all starter driven fermentations, the absence of potential patho
gens, (Bacillus cereus, coagulase positive staphylococci, and Pseudomonas 
spp.) was confirmed, although low levels (about 103 CFU/g) of potential 
Enterobacteriaceae and coli-aerogenes bacteria were detected (Table 2). 
The counts of these bacterial population can be modulated by the 
competition with the starter cultures and the salt concentration, as 
previously observed in other studies (Xiong et al., 2016; Yang et al., 
2020).

3.3. Biochemical and functional characterization of unfermented and 
fermented black cabbage samples

The interaction between vegetable matrices, fermentation condi
tions, methods, and microbial starters can significantly influence the 
phenolic content of fermented products. Since polyphenols in edible 
vegetable portions are mostly present in solubilized or conjugated forms, 
fermentation strategies by microbial selected starters were applied to 
improve both the release of polyphenols and their related antioxidant 
activity. The microbial starters used in this study had previously 
demonstrated their ability to enhance the total phenolic content (TPC) 
of fermented products (Ramires et al., 2024; Tarantini et al., 2024). 
Table 3 shows the TPC of starter inoculated black cabbage. The initial 
values were 2.3 and 1.3 mg GAE/g of fresh weight in brined and pressed 
black cabbage, respectively. The differences in initial TPC values could 
be attributed to the degradation and/or partial oxidation of polyphenols 
during the raw material pre-treatments. In the case of pressed cabbage 
leaves, this initial preparation seemed to affect TPC content. However, 

Table 1 
Quantification of organic acid and sugars in unfermented/fermented black cabbage after the fermentation process. B-UNF: unfermented raw material in brine; B-LAB: 
black cabbage fermented in brines with Lb. plantarum TB 11–32 strain; B-YST: black cabbage fermented in brines with S. cerevisiae LI 180-7 strain; P-UNF: unfermented 
pressed black cabbage; P-LAB: pressed black cabbage fermented with Lb. plantarum TB 11–32 strain; P-YST: pressed black cabbage fermented with S. cerevisiae LI 180-7 
strain. One-way analysis of variance (ANOVA) and Tukey’s post hoc method were used to compare all samples. Data were expressed as mean ± standard deviation. 
Different superscript letters reveal significant differences (p < 0.05) across columns for each treatment.

Glucose Fructose Lactic acid Acetic acid Malic acid Citric acid NH2

mg/g of Fresh Weight (Mean ± SD)

B-UNF 8.7 ± 0.9a 10.1 ± 1.2a n.d. 0.6 ± 0.2b 6.5 ± 0.8a 1.8 ± 0.1a 0.6 ± 0.1a

B-LAB n.d. n.d. 3.2 ± 0.4a 1.1 ± 0.1a 0.4 ± 0.1b 1.9 ± 0.2a 0.6 ± 0.1a

B-YST n.d. 0.4 ± 0.1b 1.9 ± 0.2b 1.6 ± 0.1a 0.2 ± 0.1b 1.8 ± 0.1a 0.6 ± 0.1a

P-UNF 4.9 ± 0.6a 5.9 ± 0.5a n.d. 0.5 ± 0.2b 4.7 ± 0.5a 2.2 ± 0.3a 0.5 ± 0.1c

P-LAB 0.1 ± 0.0b n.d. 6.1 ± 0.7a 0.9 ± 0.2b 0.1 ± 0.0b 2.3 ± 0.2a 2.3 ± 0.3b

P-YST n.d. 0.1 ± 0.1b 4.4 ± 0.6b 4.0 ± 0.5a 0.1 ± 0.1b 0.9 ± 0.2b 3.5 ± 0.5a

n.d., not detected.

Table 2 
Microbiological analyses of black cabbage fermentations driven by selected 
starters after the fermentation process. B-LAB: black cabbage fermented in 
brines with Lb. plantarum TB 11–32 strain; B-YST: black cabbage fermented in 
brines with S. cerevisiae LI 180-7 strain; P-LAB: pressed black cabbage fermented 
with Lb. plantarum TB 11–32 strain; P-YST: pressed black cabbage fermented 
with S. cerevisiae LI 180-7 strain. Data were expressed as mean ± standard de
viation. One-way analysis of variance (ANOVA) and Tukey’s post hoc method 
were used to compare all samples. Different superscript letters show significant 
differences (p < 0.05) across rows.

Microbial groups Medium B-LAB B-YST P-LAB P-YST

log CFU/g (Mean ± SD)

Aerobic colony count PCA 6.5 ±
1.2a

7.4 ±
1.5a

7.3 ±
1.7a

7.9 ±
1.7a

Clostridium spp. SPS n.d. n.d. n.d. n.d.
Enterobacteriaceae VRBGA 3.2 ±

1.7a
2.9 ±
1.5a

3.1 ±
1.7a

2.3 ±
1.5a

coli-aerogenes bacteria VRBA 2.9 ±
1.8a

2.9 ±
1.3a

3.4 ±
1.6a

2.5 ±
1.5a

Putative coagulase positive 
staphylococci

Baird 
Parker Agar

n.d. n.d. n.d. n.d.

Pseudomonas spp. Pseudo n.d. n.d. n.d. n.d.
Bacillus spp. BCSA n.d. n.d. n.d. n.d.
Lactic acid bacteria MRS 6.6 ±

1.1a
6.8 ±
1.3a

7.3 ±
1.4a

7.8 ±
1.8a

Yeast and Moulds DRBC 4.2 ±
2.2b

1.2 ±
0.9c

n.d. 7.1 ±
1.8a

n.d., not detected.
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TPC increased at the end of fermentation in all the samples, except for 
B-YST. The highest increase was observed in pressed black cabbage 
fermented with the yeast starter (P-YST), where TPC was 4.6 times 
higher than in the raw material (P-UNF), whereas the sample inoculated 
with the LAB strain showed a slightly lower but still significant increase, 
corresponding to 3.7 times (P-LAB). This effect was less evident in 
brine-soaked LAB fermented sample (B-LAB).

This behavior can be explained by the different raw material treat
ments, which allowed the microbial starters to express different meta
bolic activities.

These evidences agree with other studies on pickled cabbages and 
sauerkraut (Ozer & Kalkan Yıldırım, 2019; Erdoğan & Bilge Ertekin 
Filiz, 2023), where TPC of fermented sauerkraut samples was found 
higher than that of corresponding pickled cabbage. This effect may be 
related to the ability of starter microorganisms to metabolize and modify 
polyphenolic compounds present in the raw materials. As already re
ported, microbial hydrolytic enzymes can modify cell wall components 
during fermentation, thus facilitating the release and transformation of 
phenolic compounds (Bavaro et al., 2024; Ramires et al., 2023; Tarantini 
et al., 2024). Moreover, a very recent study demonstrated that the use of 
LAB starters resulted in an increase of TPC across three cabbage tested 
cultivars (Michalak-Tomczyk et al., 2024).

The initial total antioxidant activity (AAT) values differed between 
the two initial raw materials, likely due to the diverse pre-treatment 
approaches used for leaf preparation. This suggests that antioxidant 
compounds can be influenced by exposure to air, particularly in the case 
of pressed leaves.

However, the total antioxidant activity was enhanced in all tested 
samples following starter inoculation. Compared to the raw untreated 
material, all starter strains improved AAT of about 1.7 times in brine 
treated leaves, while the LAB strain and the yeast strain produced an 
increase of about 2.7 times and 3.4 times respectively, in the pressed 
leaves fermentation (Table 3).

Phenolic compounds can contribute significantly to the total anti
oxidant activity, as a correlation was observed between the TPC and 
AAT in treated samples, also in agreement with other studies for cab
bages and other fermented vegetables (D’Antuono et al., 2018; Tarantini 
et al., 2024; Martinez-Villaluenga et al., 2012).

The variation of antioxidant activity could result from the release of 
bioactive compounds from conjugated phytochemicals, since fermen
tation promotes plant cell degradation and the subsequent release or 
synthesis of bioactive molecules. LAB and yeast driven fermentation 
have been shown to increased antioxidant activity of several vegetables, 
including cabbages (Hunaefi et al., 2013; Kusznierewicz et al., 2008). 
The highest increase in antioxidant properties have been reported in 
three different cabbage varieties treated with LAB starters compared to 
spontaneously fermented and unfermented samples (Michalak-Tomczyk 

et al., 2024). In sauerkraut preparations, the mechanical disruption of 
leaves (e.g., shredding) facilitate the release of antioxidant compounds 
and stimulates microbial enzymatic and biochemical activities by 
increased surface area. Similarly, in black cabbage samples, both 
shredding/pressing tissues and high starter inoculation contributed to 
higher TPC and antioxidant properties.

Moreover, the literature reported examples of plant-based products 
showing decreased antioxidant activity after fermentation with different 
microbial strains (De Montijo-Prieto et al., 2023), highlighting that 
microbial starter selection is fundamental to preserve the beneficial 
quality of fermented foods.

Since the pressed black cabbage strategy proved to be the most 
interesting and promising in terms of both quality and nutritional traits, 
the study further focused on the detailed characterization of P-LAB and 
P-YST samples, compared to the unfermented material (P-UNF).

3.4. Free amino acid (FAA) content analysis of pressed black cabbage 
samples

Fermentation processes led by either LAB TB 11–32 or LI 180-7 yeast 
strain caused a significant (p < 0.05) increase in the total amount of 
amino acids, reaching 4458.3 ± 139.7 and 6803.5 ± 204.1 mg/kg in P- 
LAB and P-YST, respectively (Table 4). Even after fermentations, Pro 
remained the most representative amino acid in all the samples, despite 
being the only one that decreased in fermented theses compared to the 
unfermented one. Overall, P-YST showed the highest level of all amino 
acids, except for Ser, Cys and Tyr. In addition to Pro, P-LAB and P-YST 
presented higher amounts of Ala, Arg, Asp, Glu, Lys, Phe, Val. The amino 
acids Gly, Cys, Met, Trp, which were found at negligible levels in P-UNF, 
showed the greatest increases following the fermentations, particularly 
in P-YST.

In agreement with the present findings, Korus (2012) found that Glu, 
Leu and Lys were among the most abundant amino acids in raw cabbage 
leaves, whereas Cys and Met were among the least abundant. Similarly, 
Lisiewska et al. (2008) described that Pro, Glu and Asp were the 
dominant amino acids in fresh cabbage leaves followed by Leu Val, Arg, 
Ala, and that Cys and Met were detected at the lowest levels. Further
more, processing and preservation methods were often described as 
detrimental on the amino acid content, leading to an overall reduction 
after blanching, cooking and freezing cabbage. The evidence from this 
study therefore highlights the importance of fermentation as a 
bio-preservation method, with the capacity of enhancing the nutritional 
properties and the metabolites profile of black cabbage (Lisiewska et al., 
2008).

Notably, compared to the unfermented black cabbage, the concen
tration of GABA (γ-aminobutyric acid) increased significantly in LAB 
and yeast inoculated samples. GABA is produced through decarboxyl
ation of glutamic acid as a result of the metabolic activity of several 
microorganisms, including yeasts and, particularly, LAB species (Dhakal 
et al., 2012). Fermented foods are commonly rich in GABA, whose 
production is deemed as a protective strategy adopted by microorgan
isms to survive in acidic environments. This amino acid acts as a 
neurotransmitter and is beneficially associated to hypotensive, diuretic, 
anti-depressive and antioxidant effects (Sarasa et al., 2020).

3.5. Volatile organic compounds (VOC) of pressed black cabbage samples

The effect of the metabolic activities, resulting from the presence of 
Lb. plantarum TB 11–32 and S. cerevisiae LI 180-7 yeast strains on black 
cabbage was also evaluated through their capacity to impact on the 
aromatic profile after fermentation. Across all unfermented and fer
mented theses, a total of 138 VOCs was identified through GC-MS, 
belonging to different chemical classes, namely alcohols (23), alde
hydes (16), ketones (7), carboxylic acids (14), esters (26), hydrocarbons 
(19), phenols (14), terpenes (7), sulphur compounds (3), and other 7 
compounds not fitting with the previously mentioned classes (Fig. 1 and 

Table 3 
Total phenolic content (TPC) and antioxidant activity (AAT) in starter inocu
lated samples after the fermentation process. B-UNF: unfermented raw material 
in brine; B-LAB: black cabbage fermented in brines with Lb. plantarum TB 11–32 
strain; B-YST: black cabbage fermented in brines with S. cerevisiae LI 180-7 
strain; P-UNF: unfermented pressed black cabbage; P-LAB: pressed black cab
bage fermented with Lb. plantarum TB 11–32 strain; P-YST: pressed black cab
bage fermented with S. cerevisiae LI 180-7 strain. Data were expressed as mean 
± standard deviation. One-way analysis of variance (ANOVA) and Tukey’s post 
hoc method were used to compare all samples. Different superscript letters show 
significant differences (p < 0.05) across columns for each treatment.

TPC (mg GAE/g FW ± SD) AAT (mg TE/g FW ± SD)

B-UNF 2.3 ± 0.3b 2.2 ± 0.3b

B-LAB 3.2 ± 0.4a 3.8 ± 0.5a

B-YST 1.7 ± 0.2b 3.7 ± 0.5a

P-UNF 1.3 ± 0.2b 1.5 ± 0.2c

P-LAB 4.8 ± 0.7a 4.1 ± 0.4b

P-YST 6.0 ± 0.9a 5.1 ± 0.5a
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Table S3).
Unfermented black cabbage (P-UNF) exhibited 90 VOCs, while 

fermentation with LAB TB 11–32 and LI 180-7 yeast strains led to an 
enrichment in the aromatic profile in P-LAB and P-YST, with up to 110 
and 116 different VOCs were identified, respectively (Fig. 1 and 
Table S3).

Hydrocarbons, phenols and esters were the chemical classes with the 
highest number of newly synthesized compounds in P-LAB and P-YST, 
compared to P-UNF (Fig. 1). The VOCs concentrations (ppm) found in 
the samples, highlighting 92 compounds whose quantity was found as 
statistically significant (p < 0.05) following the one-way ANOVA and 
post-hoc tests, were reported in Table S3.

These compounds were further used to build a hierarchical clustering 
heatmap analysis and a Partial Least Square Discriminant Analysis (PLS- 
DA). The latter, explaining 85.8 % of the variance, showed a clear 
different distribution among samples, each falling in a different quad
rant (Fig. 2).

The performance of PLS-DA models was assessed on accuracy, 

goodness of fit (R2), and predictive ability (Q2). For all comparisons, 
both accuracy and R2 values were positive, also with a positive predic
tive ability (Q2). Looking at the compounds with the highest VIP (Var
iable of Importance in Projection) scores (i.e. > 1.3), P-LAB was 
particularly characterized by a higher concentration of some alcohols 
(2-undecanol, menthol, 1-nonanol, 2-butoxy-ethanol), carboxylic acids 
(2-methyl-butanoic acid, butanoic acid, eugenol), terpenes (6,10- 
dimethyl-(e)-5,9-undecadien-2-one, 1-methyl-4-(1-methylethenyl)- 
cyclohexene), phenols (phenol, 2-ethyl-, phenol,3-(1-methylethyl)-, 
methylcarbamate) and dimethyl disulphide. P-YST on the other hand, 
stood out for its high content of several esters (benzene propanoic acid 
ethyl ester, dodecanoic acid ethyl ester, 1-butanol 3-methyl-acetate, 
ethyl acetate, tetra-decanoic acid ethyl ester, butanoic acid 3-methylbu
tyl ester, propanoic acid ethyl ester, hexanoic acid ethyl ester, acetic 
acid pentyl ester, benzene acetic acid ethyl ester, propanoic acid pentyl 
ester, pentanoic acid 3-methylbutyl ester, butanoic acid 3-methyl- ethyl 
ester). Hierarchical heatmap analysis based on the top fifty compounds 
from the one-way ANOVA highlighted that P-UNF was particularly rich 

Table 4 
Free and total amino acids content (mg/kg) found in water soluble extracts. P-UNF: unfermented pressed black cabbage; P-LAB: pressed black cabbage fermented with 
Lb. plantarum TB 11–32 strain; P-YST: pressed black cabbage fermented with S. cerevisiae LI 180-7 strain. The data are expressed as the means of independent ex
periments ± standard deviations (n = 3). Different superscript letters reveal significant differences (p < 0.05) across rows.

Amino Acids Abbreviations P-UNF P-LAB P-YST

Aspartic acid Asp 128.18 ± 3.85 c 242.13 ± 7.26 b 412.57 ± 12.38 a

Threonine Thr 112.13 ± 3.36 c 216.12 ± 6.48 b 345.37 ± 10.36 a

Serine Ser 206.92 ± 6.21 a 139.14 ± 4.17 b 4.32 ± 0.13 c

Asparagine Asn 236.55 ± 7.11 b 172.73 ± 5.18 c 265.3 ± 7.96 a

Glutamic Acid Glu 267.52 ± 8.03 c 286.04 ± 8.58 b 597.74 ± 17.93 a

Glycine Gly 12.73 ± 0.38 c 144.33 ± 4.33 b 256.86 ± 7.71 a

Alanine Ala 177.34 ± 5.32 c 257.49 ± 7.72 b 370.43 ± 11.11 a

Valine Val 157.36 ± 4.72 c 258.68 ± 7.76 b 507.48 ± 15.22 a

Cysteine Cys 8.98 ± 0.27 b 76.82 ± 0.5 a 85.41 ± 0.46 a

Methionine Met 5.61 ± 0.17 c 108.41 ± 3.25 b 152.94 ± 4.59 a

Iso-leucine Ile 81.63 ± 2.45 c 198.68 ± 5.96 b 329.75 ± 9.89 a

Leucine Leu 117.83 ± 3.53 c 336.97 ± 10.11 b 402.29 ± 12.07 a

Tyrosine Tyr 22.7 ± 0.68 b 158.08 ± 4.74 a 1.79 ± 0.05 c
Phenylalanine Phe 99.47 ± 2.98 c 298.05 ± 8.94 b 403.69 ± 12.11 a

Gaba Gaba 147.77 ± 4.43 c 271.7 ± 8.15 b 370.89 ± 11.13 a

Ornhitine Orn 2.23 ± 0.07 a 6.35 ± 0.19 a 11.84 ± 0.36 a

Lysine Lys 134.81 ± 4.04 c 304.93 ± 9.15 b 443.89 ± 13.32 a

Histidine His 79.93 ± 2.42 c 104.86 ± 3.15 b 211.75 ± 6.35 a

Tryptophan Trp 3.44 ± 0.15 c 101.27 ± 3.04 b 185.61 ± 5.57 a

Arginine Arg 315.15 ± 9.45 c 347.96 ± 10.44 b 509.75 ± 15.29 a

Proline Pro 740.63 ± 22.22 a 487.53 ± 14.63 c 670.73 ± 20.12 b

Total Tot 3058.91 ± 99.02 4458.27 ± 139.70 6803.47 ± 204.10

Fig. 1. Number of different VOCs divided per chemical classes belongings, as identified through GC-MS identified in P-UNF: unfermented pressed black cabbage; P- 
LAB: pressed black cabbage fermented with Lb. plantarum TB 11–32 strain; P-YST: pressed black cabbage fermented with S. cerevisiae LI 180-7 strain.
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in some ketones (2,3-pentanedione, 2− heptanone, acetone, acetophe
none, 2-butanone) and aldehydes (propanal, butanal, glutaraldehyde) 
(Fig. S1). Overall, alcohols, aldehydes and ketones were the main classes 
in unfermented black cabbage (P-UNF). In particular, the most abundant 
volatile compounds in both unfermented and fermented cabbage sam
ples were C6-alcohols, such as 3-hexen-1-ol and 1-hexanol, which pro
duce a green, leaf-like aroma (Alenyorege et al., 2020; Rajkumar et al., 
2017). P-LAB, i.e. black cabbage fermented by the LAB TB 32-11 strain, 
exhibited an aromatic profile also characterized by the presence of some 
polyphenols, probably derived from microbial fermentation of phenyl
alanine and other aromatic amino acids (Schieber & Wüst, 2020). Many 
sulphides have a role in the pungent and bitter aroma, typical of the 
cabbage flavour and among these, glucosinolates and the derived iso
thiocyanates, are generally associated to fresh B. oleracea vegetables 
(Wieczorek et al., 2017). In this study however, unfermented black 
cabbage contained only thiocyanic acid methyl ester as sulphur com
pound; in contrast dimethyl disulphide and dimethyl trisulfide were 
produced after fermentation in P-LAB and P-YST. These compounds 
originate from the degradation of S-methyl-L-cysteine and S-methyl-
L-cysteine sulfoxide, with methanethiol as an intermediate product (Oh 
& Cho, 2021). Their increased concentration could be correlated with 
the high level of precursor amino acids Cys and Met, whose concentra
tion raised dramatically in P-LAB and P-YST samples (Akpolat & Bar
ringer, 2015). Dimethyl disulfide and dimethyl trisulfide participate to 
appropriate odor notes of onion/cabbage and sulphur/fish, respectively, 
but at higher concentrations, they may impart unpleasant perceptions 
(Alenyorege et al., 2020; Jia et al., 2020).

Notably, this study recorded a major development and content of 
esters in P-YST fermented black cabbage. Esters have generally been 
reported in the form of isothiocyanates in fresh cabbage (Rajkumar 
et al., 2017). Aroma-active volatile esters determines the development 
of fruity aroma in yeast fermented wine (Iobbi et al., 2023) and beer 
(Saerens et al., 2008). In particular, ethyl esters generate by reactions 
involving short- and medium-chain fatty acids (SCFA, MCFA) as a 
consequence of yeast cells fermentation under limited amount of oxy
gen, as those occurring in the experimental condition of this study. 
Lacking of oxygen determines an accumulation of saturated fatty acids 
which, in turn, causes an inhibition of acetyl-CoA carboxylase, thus 
arresting the fatty acid synthesis and leading to MCFA ethyl esters 
accumulation (Saerens et al., 2010).

3.6. Effect of in vitro digested black cabbage samples on faecal microbiota

Pressed unfermented (P-UNF) and fermented (P-LAB and P-YST) 

cabbage samples were submitted to an in vitro gastrointestinal digestion. 
Then, to investigate the effects on faecal human microbiota of digested 
pressed unfermented and fermented cabbage samples, they were further 
incubated with faecal slurries obtaining the samples named D-UNF, D- 
LAB and D-YST (Fig. 3 and Table S4).

Clostridia cell density was not influenced by the presence or absence 
of any of the digested cabbage samples after 48 h fermentation. 
Conversely, the level of total mesophilic aerobes (TAMC) and total an
aerobes (TANMC) was higher in D-UNF, D-LAB and D-YST compared to 
untreated faecal slurry (FS), although no statistically significant differ
ences were observed among the three treatments. Besides, after incu
bation Lactobacilli and Lactococci populations increased by 
approximately 1.5 log CFU/mL, reaching their maximum values in D- 
LAB (9.32 ± 0.44 log CFU/mL) and D-YST (8.48 ± 0.13 log CFU/mL), 
respectively. Bifidobacteria on the other hand, seemed to be not affected 
(p > 0.05) by either digested and undigested black cabbage, despite 
showing an increase of about 1 log CFU/mL from faecal slurry (4.72 ±
0.27 log CFU/mL) to D-UNF (5.74 ± 0.71 log CFU/mL). A significant 
increase (p < 0.05) in Enterobacteriaceae group was observed in the 
faecal batches containing digested D-LAB and D-YST (8.22 ± 0.59 and 
8.37 ± 0.35 log CFU/mL, respectively), whereas D-UNF did not signif
icantly differ from the control faecal slurry (6.17 ± 0.45 and 6.24 ± 0.08 
log CFU/mL, respectively).

Overall, the composition of the gut-associated microbiota was 
influenced by the presence of all the digested samples, whose addition to 
faecal slurry caused a relevant increase of all the examined microbial 
groups. However, only limited differences were observed between un
fermented and fermented samples in terms of their impact on microbial 
composition. Deepening the human GI tract microbiota community 
structure, after a two-weeks high-Brassica diet, Kellingray et al. (2017)
did not detect any significant changes in the relative abundance of lac
tobacilli, while causing a reduction in the relative abundance of Sul
phate Reducing Bacteria and Clostridium spp. Similarly, in a rat model, 
the genus Clostridium decreased in its quantity after 4 days of broccoli 
consumption (Liu et al., 2017). In the Firmicutes phylum, a 8 % relative 
abundance reduction was observed following the 18-day period of 
broccoli consumption (Kaczmarek et al., 2019). A general good effect 
can be reported on the distribution of faecal microflora was observed by 
the administering of digested black cabbage, both fermented or 
unfermented.

3.7. VOC analysis of faecal batches containing digested black cabbage

The intestinal microbiota metabolic activities were investigated in 

Fig. 2. Partial Least Square Discriminant Analysis (PLS-DA) of unfermented and fermented black cabbage samples based on VOCs found as statistically significant 
after one-way analysis of variance. (A) PLS-DA plot: The normalized abundance matrix of VOCs was used as input for the PLS-DA analysis. The t-scores were plotted 
to visualize the samples on a two-dimensional graph. (B) Key variables contributing to the model, determined by the "Variable Importance on Projection" (VIP 
scores). The variables showing the highest and lowest contributions are represented by red and blue squares, respectively, according to the color legend. (C) Cross- 
validation analysis was performed for each component to assess Q2, R2, and the accuracy of the PLS model, which remains consistent regardless of the specific 
training set subset, with a Q2 value approaching R2 indicating optimal model fit. An asterisk denotes the accuracy of the component’s performance.
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presence of in vitro digested fractions of unfermented black cabbage (D- 
UNF) and black cabbage fermented with TB 11–32 (D-LAB) and LI 180-7 
(D-YST). In total, 180 VOCs were detected (Table S5) and classified into 
the different chemical groups: alcohols (n = 19), aldehydes (n = 15), 
carboxylic acids (n = 18), SCFA (n = 6), esters (n = 31), hydrocarbons 
(n = 52), ketones (n = 13), sulphur compounds (n = 6), indoles (n = 3), 
terpenes (1), and 7 compounds that do not fall into any of the previously 
mentioned classes. The one-way analysis of variance identified 13 
compounds as significantly different (p < 0.05) between at least two 
samples as reported in Table S5, with the hierarchical clustering heat
map showing their distribution among the samples (Fig. 4). Benzene 
propanoic acid ethyl ester, dimethyl trisulfide, 2,3,4-trimethyl-hexane, 
and o-xylene profiled D-UNF; phenol, 2-ethyl-phenol, and phenylethyl 
alcohol mainly described the clustering of D-LAB; eugenol, butanoic 
acid, acetic acid butyl ester, ethyl acetate naphthalene, and indole were 
more abundant in D-YST.

In this study, an untargeted approach was applied to describe the 
volatile metabolome after the incubation of gut microbes with in vitro 
digested samples of unfermented and fermented black cabbage. The GI 
tract harbours a diverse community of approximately 1014 microor
ganisms whose metabolic pathways contribute to generate a footprint of 
volatile compounds due to substrate fermentation by the gut 

microbiome, as testified by the high number of VOCs here identified 
(Lavelle & Sokol, 2020). The results suggest that D-YST activated spe
cific microbial pathways, leading to an enhanced production of some 
SCFAs and relative esters and carboxylic acids, which can have positive 
effects in patients affected by irritable bowel syndrome (Kaczmarek 
et al., 2019). Phenolic compounds mainly contributed to D-LAB clus
tering, showing how LAB fermented cabbage determines a faecal 
microbiome consortium that contribute to hydrolysis of conjugated 
glycosides (Kasprzak-Drozd et al., 2021). Phenolics display diverse 
beneficial properties to health mainly related to counteracting the 
development of reactive free radicals and to the improvement of human 
cardiovascular health (Loo et al., 2020).

4. Conclusion

In conclusion, two strategies for fermenting black cabbage—soaking 
cut leaves in brine and pressing cut leaves with salt—were compared for 
their effectiveness in producing fermented black cabbage. The combi
nation of cutting/pressing and fermentation using selected strains of 
yeast (Saccharomyces cerevisiae LI 180-7) and lactic acid bacteria (LAB, 
Lactiplantibacillus plantarum TB 11–32) proved to be the optimal method. 
This approach resulted in a final product with improved safety, quality, 

Fig. 3. Cell densities, expressed as log CFU/mL, of Faecal Slurry (FS) and FS incubated with digested samples of D-UNF, D-LAB and D-YST. Data are the mean of three 
replicated ± standard deviation. a-b Different superscript letters indicate significant differences (p < 0.05). TAB: Total aerobic bacteria; TANB: Total anaer
obic bacteria.

Fig. 4. Heatmap with hierarchical clustering (Ward’s method) of significant (p-value <0.05; one-way ANOVA) volatile organic compounds (VOCs) detected after 42 
h of fermentation of faecal slurry incubated with digested fraction of P-UNF (D-UNF), P-LAB (D-LAB) and P-YST (D-YST) black cabbage samples.
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and nutritional value, including increased levels of key polyphenolic 
compounds and enhanced total antioxidant activity. The findings sug
gest that these starter cultures effectively controlled the fermentation 
process, serving as a form of bio-preservation that enhanced both 
nutritional content and the metabolite profile. Moreover, they signifi
cantly influenced the composition of volatile compounds, contributing 
distinctive organoleptic characteristics unique to the two strains used.

Preliminary studies on the effects of digested fermented black cab
bage preparations on the gut microbiome indicated generally positive 
impacts on microbial populations. Notably, the yeast-based fermenta
tion method stimulated specific microbial pathways, leading to an in
crease in short-chain fatty acids (SCFAs), related esters, and carboxylic 
acids—compounds potentially beneficial for individuals with irritable 
bowel syndrome. Conversely, the LAB-fermented samples demonstrated 
potential for inhibiting the formation of reactive free radicals and pro
moting cardiovascular health, particularly due to the release of phenolic 
compounds.

The proposed fermentation process has a low environmental impact, 
as it generates no wastewater or by-products. The final products are 
shelf-stable at room temperature and can be made available year-round, 
overcoming the seasonal limitations of fresh black cabbage.

Currently, liquid starter cultures are used for cabbage fermentation. 
However, the production and maintenance of large volumes of pure 
starter cultures with high vitality present practical challenges. Research 
into the development of powdered or concentrated liquid formulations 
may offer greater convenience and suitability for both application and 
long-term preservation of starter cultures.

Scale-up experiments have been initiated in collaboration with a 
food company, aiming to process over 300 kg of black cabbage at a semi- 
industrial level. The adaptation of processing steps to industrial condi
tions has shown promising preliminary results. Additionally, a clinical 
trial is being planned to evaluate the health benefits of incorporating 
fermented black cabbage into the human diet.
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