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A B S T R A C T

This study investigated the development of hybrid cheese analogues (HCA) made with fermented brewery side- 
stream ingredients (spent yeast and malt rootlets) and dairy milk. Different percentages of side-stream flours 
(3.5%, 5%, and 7.5%) were mixed with pasteurized milk, and the developed HCA were evaluated for their 
biochemical and textural properties. The addition of a fermentation step improved nutrient availability and led 
to pH (range 4.79–5.60) and moisture content (range 45.86%–61.29%) similar to traditional animal-based fresh 
cheeses (control). The inclusion of side-stream flours led to coagulation, even without rennet addition. The 
higher the concentration of the flour used, the faster the coagulation time, suggesting synergistic effect between 
the enzymes of the rennet and the enzymes present in the fermented side-stream flours. Nevertheless, textural 
properties were inferior compared to the control. Selected HCA formulations with added 3.5% flour exhibited 
increased counts of enterococci and enterobacteria cell densities, ranging from 7.28 ± 0.03 to 7.72 ± 0.09 log 
CFU/g and 4.90 ± 0.16 to 5.41 ± 0.01 log CFU/g, respectively. Compared to the control sample, HCA formu-
lations exhibited higher concentrations of organic acids, peptides, and free amino acids (FAAs). Lactic acid 
reached up to 23.78 ± 0.94 g/kg of dry matter (DM), while the peptide area reached up to 22918.50 ± 2370.93 
mL⋅AU. Additionally, the total concentration of individual FAAs reached up to 2809.74 ± 104.85 mg/kg of DM, 
contrasted with the control, which resulted in lower concentrations (847.65 ± 0.02 mg/kg of DM). The overall 
findings suggested that despite challenges in microbiological quality and textural properties, HCA produced with 
the inclusion of up to 3.5% brewery side-stream flours could be a sustainable solution to produce nutritious dairy 
alternatives.

1. Introduction

Recently, a noteworthy shift in dietary patterns has emerged, mainly 
driven by concerns over health, environmental sustainability, and 
ethical considerations. Traditional dairy products, long revered for their 
nutritional benefits, are facing challenges as consumers seek alternatives 
to address issues such as milk allergies, lactose intolerance, less con-
sumption of animal foods, and environmental impact (Short et al., 2021; 
Fu and Yano, 2020). In response, there is a growing trend toward the 
production of plant-based products. A wide range of plant-based milk 
alternatives has emerged, including soy, almond, coconut, oat, and rice 

milks, each offering unique nutritional profiles and sensory properties 
(Mäkinen et al., 2016). Along with milk, the dairy alternatives landscape 
now encompasses cheese substitutes, as well as yogurt, ice cream, but-
ter, and cream alternatives (Lapčíková et al., 2024; Norazlina et al., 
2021; Leahu et al., 2022; Kyriakopoulou et al., 2021). However, these 
products face different challenges. Plant-based milk often has low pro-
tein content, off-flavors, and reduced emulsifying capacity due to the 
presence of starch. Yogurt alternatives can exhibit undesirable 
off-flavors originating from the raw materials, and the flavors derived 
from the fermentation may differ from those of traditional dairy yogurt. 
Cheese alternatives, on the other hand, frequently encounter issues with 
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melting behavior (Kyriakopoulou et al., 2021).
Within the possible dairy substitutes “precision fermentation” stands 

out as an innovative food technology that utilizes different microor-
ganisms as “cell factories” to produce high-value functional food in-
gredients such as animal-like proteins, lipids, carbohydrates, vitamins, 
flavoring, etc., with high yields and purity. However, this technique 
raises ethical concerns due to its reliance on genetic manipulation, often 
for non-native products. Additionally, animal-free cheeses, produced 
without cows, could impact other aspects such as farmers’ livelihoods, 
food quality (in terms of consistency and naturalness), and environ-
mental factors (land use and climate) (Kühl et al., 2024; Chai et al., 
2022). In addition to these trends, there is growing interest in devel-
oping innovative foods that integrate sustainable plant-based in-
gredients into traditional dairy formulations. According to Genet et al. 
(2023) hybrid cheese is defined as a cheese made from milk and 
plant-based ingredients, where both components are retained into the 
product matrix to various concentrations. Other used terminologies are 
“mixed dairy and plant-based alternatives” or “dairy supplemented with 
plant-based ingredients”.

The formulation of hybrid cheese analogues (HCA) that effectively 
replicate the sensory and nutritional attributes of traditional cheeses 
presents robust challenges. The complex composition and rheology of 
cheese, primarily governed by caseins, pose obstacles to achieving 
comparable properties with plant-based ingredients alone (Fox and 
Mulvihill, 1990). Strategies to address these challenges include opti-
mizing processing methods, harnessing the functional properties of 
plant proteins, and exploring synergies between dairy and plant-based 
components (Hinderink et al., 2021; Grossmann and McClements, 
2021).

The rise of HCA despite its challenges offers a compelling avenue to 
reconcile the traditional and plant-based dietary preferences (Picciotti 
et al., 2022). Moreover, it has the potential to reshape consumer per-
ceptions of plant-based products, fostering a more inclusive approach to 
dietary choices.

Recycling side-streams from the food industry to create new products 
represents a potentially greener approach that remains largely unex-
plored. By repurposing brewing by-products like surplus yeast and malt 
rootlets, dairy products can be sustainably enriched, minimizing waste 
while enhancing their nutritional profiles. Brewer’s spent yeast (BSY) 
offers multifunctional properties as food additive, serving as thickener, 
emulsifier, and water binder, with potential for fat replacement. Addi-
tionally, the nutritional value and affordability of BSY make it an ideal 
fermentation substrate, providing an essential nitrogen source for mi-
crobial growth (Jaeger et al., 2020). Similarly, malt rootlets, rich in 
protein and fiber, offer health benefits and can enhance the nutritional 
content of various food items, such as breads, in a cost-effective manner 
(Neylon et al., 2020).

Lactic acid bacteria (LAB) fermentation of side-stream products has 
attracted attention for its potential to enhance their properties, 
including nutritional aspects and techno-functional characteristics 
(Neylon et al., 2023a). Studies employing LAB fermentation of brewers’ 
spent grain have demonstrated improvements in various nutritional 
aspects, as well as enhanced techno-functional properties in bread and 
pasta, prolonged shelf life, and favorable sensory attributes (Neylon 
et al., 2021a, 2021b; Ktenioudaki et al., 2015). Moreover, fermentation 
processes involving LAB or fungi like Rhizopus oligosporus have been 
shown to play a crucial role in optimizing the sensory experience, 
enhancing flavor profiles, improving texture, and contributing to 
nutritional enhancements (Pua et al., 2022; Rousta et al., 2023; Olani-
pekun and Adelakun, 2015).

This study aimed to evaluate the feasibility of incorporating plant- 
based ingredients from brewery industry side-streams into dairy for-
mulations to create HCA. By enriching milk with various percentages of 
plant-based flours and assessing the biochemical, textural, and sensory 
properties of the resulting blends, our findings provide valuable insights 
into the future development of sustainable and nutritious cheese 

analogues.

2. Materials and methods

2.1. Side-stream flours

Two different side-streams from brewery industry were selected for 
fungal growth: spent yeast and malt rootlets. Both were generously 
provided by AB InBev (Belgium). To enable fungal solid-state fermen-
tation without compromising structural integrity upon hydration, the 
small-particle side-streams were utilized as co-substrates and mixed 
with a larger-particle substrate serving as the primary component. The 
selected primary substrate, soybean flour, was chosen to facilitate fungal 
fermentation by Rhizopus oligosporus (Putri et al., 2018). The starter was 
composed of powdered spores of Rhizopus oligosporus produced ac-
cording to the method of Chutrtong and Bussabun (2014), with some 
modifications. A petri dish culture of the fungal strain in MYA medium 
was incubated at 30 ◦C for 3–5 days until clear sporulation, folowed by 
lyophilization using an Alpha 1–2 LDplus lyophilizer (230V, CHRIST). 
The resulting lyophilized cultures were then blended with sterilized rice 
flour (9:1 wt ratio, rice flour: lyophilized culture). Subsequently, the 
resulting tempeh-like starter was stored at 25 ◦C for a maximum dura-
tion of 60 days.

The preparation of the substrates for the solid-state fermentation 
involved several steps apart from the inoculum preparation. First, soy-
bean was subjected to a thorough washing process with water and 
following it underwent rehydration by immersion in water, with a 
substrate-to-water volume ratio of 1:2, for 16 h. Once rehydrated, soy-
bean was drained and combined with the side-stream flours, which 
constituted 20% (w/w DM) of the total substrate quantity. The mixture 
was then autoclaved at 121 ◦C for 15 min, ensuring optimal moisture 
levels for fungal growth while minimizing the presence of competing 
microbial organisms. After autoclaving, the substrates were cooled 
down to 30 ◦C to facilitate inoculation. The procedure for fermentation 
was previously described by Erkan et al. (2020), with minor adjust-
ments. Inoculation consisted of 1.5 g of tempeh-like starter per 500 g of 
dry substrate, which was meticulously mixed to achieve uniform 
dispersion of spores. The substrate was compacted firmly onto stainless 
steel trays equipped with a polycarbonate lid and underwent incubation 
on heating mats (24 × 52 cm, 220 V, Lerway) set at 28 ◦C. Each heating 
mat was regulated by a thermostat (ITC-308, 220 V, Inkbird) with a 
temperature measurement probe that was inserted into the centre of the 
substrate bed. After 48 h of incubation, the mycelium uniformly covered 
the surface of the substrates, forming a dense cake that bound all the 
particles together. The fermented substrate was then harvested and 
subjected to freeze-drying.

2.2. Hybrid cheese analogues

Fermented side-stream flours, produced as described above, were 
provided by MOGU S.r.l within the frame of the European project Smart 
Protein (HORIZON, 2020, https://smartproteinproject.eu/). The first 
consisted of 20% spent yeast and 80% soybean flours (SYF), while the 
second of 20% malt rootlets and 80% soybean flours (MRF) both fer-
mented with Rhizopus oligosporus. SYF and MRF flours had a protein 
content of 37.9 ± 3.8% (w/w) and 31.3 ± 3.1% (w/w), respectively, 
and a particle size of ≤100–200 μm. Flours were also characterized for 
their water absorption capacity (WAC), swelling capacity (SC), and least 
gelation concentration (LGC). More specifically SYF and MRF had 254 
± 4 % and 294 ± 18 % WAC, 1.86 ± 0.11 and 2.25 ± 0.12 mL/g SC and 
45% and 30% LGC, respectively (Chandra et al., 2015). HCA were 
prepared using different percentages of SYF, both with rennet (SYR) and 
without rennet (SY), as well as different percentages of MRF, also with 
(MRR) and without rennet (MR), according to the process outlined in 
Fig. S1. Pasteurized and partially skimmed milk was bought from a local 
supermarket in Bolzano (Italy), while liquid animal rennet from 
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Caseificio Montecristo. Briefly, the pasteurized and partially skimmed 
milk was heated up to 37oC, and starter cultures were inoculated to 
initiate the fermentation process. Different amounts (3.5%, 5%, and 
7.5%) of the two distinct flours were then added, mixed at 11,000 rpm 
for 1.5 min using Ultra-Turrax®, and left to coagulate, with or without 
the addition of rennet (15 mL per 100 L). Cutting, resting (3 min), 
cooking (5 min), molding, pressing/turning (1 h) followed, and the HCA 
were let to rest until the pH reached a value close to 5.2–5.6. The whole 
fermentation process lasted 5.5 h, considering the time post inoculation 
till brining. Finally, the curds were brined (20% w/v NaCl) and the fresh 
HCA were placed under refrigeration (4oC). A fresh cheese produced 
without the addition of flour served as control.

2.3. Combination of starters based on fermentation performance

The fermentation of the HCA was conducted using the commercial 
starter (CS) Lyofast MOT 082 CE culture (SACCO S.r.l, Italy) in 
conjunction with heterofermentative strains belonging to the Culture 
Collection of Micro4Food (Free University of Bolzano, Italy). The CS 
consisted of selected strains of Lactococcus lactis subsp. lactis, Strepto-
coccus thermophilus and Lactobacillus delbrueckii subsp. bulgaricus 
(fermentation at 37oC for 6 h as suggested by the manufacturer), while 
the heterofermentative strains included Lacticaseibacillus paracasei and 
Lacticaseibacillus rhamnosus, isolated from kefir and cheese respectively. 
Sterile falcons containing 50 mL of milk (M) were heated to 37 ◦C in a 
water bath and then mixed with 2.5 g (5%) of SYF (blend: SYF + M) or 
2.5 g (5%) of MRF (blend: MRF + M) at 11,000 rpm for 1.5 min using an 
Ultra-Turrax®. Control contained only milk without flour (CM blend). 
Blends (SYF + M, MRF + M and CM) were inoculated with three com-
binations of starter cultures: commercial starter alone (SC1), commer-
cial starter with Lacticaseibacillus paracasei (SC2), and commercial 
starter with Lacticaseibacillus rhamnosus (SC3). CS was inoculated as per 
producer’s instructions (1 UC per 100 L), while the heterofermentative 
LAB were inoculated to a final cell density of 5.0 log CFU/mL. For the 
standardization of the two strains, LAB were firstly grown in de Man 
Rogosa (MRS) broth at 30oC for 16–24 h, until they reached the late 
exponential (LE) growth phase. After that, cells were harvested by 
centrifugation (10,000 rpm, 10 min at 4oC), washed twice and resus-
pended in sterile physiological solution (NaCl 0.9%, w/v). Cultures were 
brought to a final cell density of 9.0 log CFU/mL by measuring the op-
tical density at 620 nm and then used at the selected concentration (5.0 
log CFU/mL) to inoculate the blends (Di Cagno et al., 2017). Inoculated 
blends were fermented at 37oC for 6 h and sampled every 2 h to measure 
their pH and cell density. The pH was measured using a pH-meter with a 
food penetration probe. Enumeration of LAB on selective media MRS 
involved blending 1 g of the sample with 9 mL of sterile physiological 
solution for preparation of serial dilutions. LAB colonies were enumer-
ated using the pour plate method, after incubation at 30 ◦C for 48 h. 
Growth kinetics were modelled using the Gompertz equation 
(Zwietering et al., 1990) and analyzed using Statistica 7.0 software.

2.4. Selection of flour percentages

Three different percentages of SYF and MRF flours (3.5%, 5%, and 
7.5%) were assessed using a fresh dairy-based cheese as the control. The 
optimal percentage was selected based on the assessment of pH, mois-
ture, coagulum strength (with and without the addition of rennet), 
texture (both for the coagula and the final cheese analogues), and sen-
sory attributes. Analyses were performed for all samples the day of 
manufacture post-brining and seven days later. Exceptions were rheo-
logical and texture analyses of coagula.

Moisture content analysis was performed using a thermobalance 
(Sartorius). Initially, 4 g of fresh samples were weighed and placed in 
aluminum pans (80 x), then subjected to a temperature of 130 ◦C. 
Moisture content was monitored at 24-s intervals until the rate of 
moisture loss decreased below 2 mg within two consecutive intervals, 

indicating the completion of analysis.
The coagulation time and the coagulum strength were determined 

with a Discovery Hybrid Rheometer HR-2 from TA-Instruments Co 
(Milano, Italy) in an oscillatory mode using a concentric cylindrical 
geometry as previously described by Yu et al. (2009), with some mod-
ifications. Milk samples were heated to 37 ◦C in a water bath and 
chemically acidified by adding 10% (v/v) lactic acid. Various percent-
ages of SYF and MRF (3.5%, 5%, and 7.5%) were then added and mixed 
at 11,000 rpm for 1.5 min using an Ultra-Turrax®. Twenty-five mL of the 
sample was transferred to the rheometer cylinder with a conical rotor 
(28 mm diameter) inside a temperature-controlled chamber set to 37 ◦C. 
For samples prepared with both flour and rennet, rennet was added 
directly to the sample inside the cylinder, followed by gentle mixing 
with a spatula. Sample without addition of flour served as control. 
Rheological properties (storage modulus (G′) and loss modulus (G”)) 
were measured at a frequency of 0.1 Hz and 10% strain based on pre-
vious oscillation amplitude tests. Measurements were taken at 9-s in-
tervals for 3 h, and results were analyzed using TRIOS software. 
Coagulation time (CT) was defined as the time when G′ began to in-
crease, while maximum coagulum strength was defined as the time 
when G′ reached its highest value (G’ max), as previously described by 
Frederiksen et al. (2011).

Texture analysis was performed on both the coagulum and the final 
fresh cheeses using two different methods. Coagula were tested with the 
back extrusion test, using a TA-XT PLUS Texture Analyzer equipped with 
a compression disk of 40 mm diameter and a 50 kg load cell. Sample 
preparation followed the same procedure outlined previously for rheo-
logical characterization, with the exception that after mixing the flours 
with the Ultra-Turrax®, 50 mL of the blends were placed in a 100 mL 
glass beaker and incubated at 37 ◦C in a water bath. The incubation time 
of each sample differed based on the predefined G’max value from the 
rheological analysis. Coagula, prepared with both flour and rennet, had 
the latter directly added to the sample inside the glass beaker and gently 
stirred with a spatula before being placed in the water bath. Sample 
without flour served as control. The texture of the coagula was measured 
directly inside the glass beakers to preserve their structure. A single 
compression test was conducted with the probe starting from a distance 
of 25 mm until it reached 15 mm at a fixed speed of 1.0 mm/s and a 
trigger force of 10 g. Firmness (g), consistency (g/s), cohesiveness (g), 
and work of cohesion (g/s) were calculated using Exponent Connect 
software. Samples were analyzed in triplicates.

Finally, the textural properties (gumminess (g), chewiness (g), 
adhesiveness (g/mm), stickiness (g) of the final fresh cheeses (HCA and 
control sample) were determined using a Texture Analyzer (TVT 6700 
Perten Instruments) with a 35 mm diameter stainless steel cylindrical 
probe (probe P-672035). Texture profile analysis (TPA) was carried out 
by a multiple-compression cycle with parameters fixed at 30 mm dis-
tance, test speed at 1 mm/s, and compression at 3 mm. Prior to analysis, 
samples were cut in circles of 2 cm in diameter and 25 mm in height and 
analyzed in triplicates using TexCalc 5 software.

Ten assessors, comprising 3 men and 7 women aged between 20 and 
35 years, were recruited among students and personnel in the Food 
Science Department of Free University of Bolzano due to their avail-
ability and willingness to participate. The assessment procedure drew 
inspiration from the Quantitative Descriptive Analysis (QDA®) method 
described by Stone et al. (2004). In an introductory session, the exper-
imenter explained the study’s objectives, the time commitment 
required, and the schedule of the sessions. Each session lasted approxi-
mately 45 min (total number of sessions 21). In the first two sessions, 
panelists evaluated a range of animal based fresh cheeses and listed 
words describing the sensory properties they perceived, categorizing the 
terms by modality: appearance, aroma, texture and taste. A qualitative 
screening of the terms occurred in group sessions. The terms were dis-
cussed, and their definitions were clarified, resulting in a provisional list 
of attributes. For quantitative screening subjects rated the intensity of 
attributes from 0 to 10 for 6 products. A statistical screening process 
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produced a definitive list of attributes. The scorecard was finalized. 
Terms were grouped by modality, each attribute was defined, and an 
evaluation procedure was agreed upon. Evaluations of the entire prod-
uct set were conducted in triplicate. Subjects evaluated 5 samples per 
session, presented sequentially and in randomized order. A 10-cm un-
structured line scale, anchored with the terms “dislike extremely” and 
“like extremely” at each end, was used to rate the intensity of the 
attributes.

2.5. Characterization of the final hybrid cheese analogues

The characterization of hybrid cheese analogues was performed on a 
dairy-based cheese (control) and selected blends (3.5% SY, 3.5% SYR, 
3.5% MR, and 3.5% MRR) one day post-production.

2.5.1. Gross chemical composition and microbiological characterization
Total nitrogen content of the samples was measured by the NDA 702 

Dumas Nitrogen Analyser (VELP Scientifica Srl, Usmate (MB), Italy). 
Freeze-dried samples were weighed and carefully wrapped in tin foil 
before the analysis. Based on the nature of the sample, oxygen dosage 
was fixed at a rate of 400 mL/min to achieve the best combustion. Total 
nitrogen results were obtained using VELP DUMASoftTM 6.1.0 and 
converted to total protein content by multiplying with the standard 
conversion factor 6.38 (Rouch et al., 2008). Results were expressed as 
percentages of dry matter (DM). For the rest of the analyses, ash was 
evaluated based on AOAC Official Method 935.42 (1935), fat based on 
AOAC Official Method 933.05, 1933, and salt concentration based on 
AOAC Official Method 975.20 (1975). Results were expressed as per-
centages of fresh sample.

For the microbiological characterization, 10 g of sample was mixed 
with 90 mL of sterile physiological solution (NaCI 0.9%, w/v) and ho-
mogenized using a Stomacher 400 lab blender (Seward Medical) fol-
lowed by serial dilutions. Total mesophilic bacteria were enumerated in 
Plate Count agar (PCA, Oxoid Ltd, Basingstoke, United Kingdom) sup-
plemented with 1% (w/v) skimmed milk (Oxoid Ltd, Basingstoke, 
United Kingdom) at 30 ◦C for 48 h under aerobic conditions. Mesophilic 
and thermophilic cocci were counted in M17 agar (Oxoid Ltd, Basing-
stoke, United Kingdom) supplemented with 10% (w/v) lactose (Oxoid 
Ltd, Basingstoke, United Kingdom) at 30 ◦C and 42 ◦C for 48 h under 
aerobic and anaerobic conditions, respectively. Mesophilic lactobacilli 
were enumerated in de Man Rogosa Sharpe agar (MRS, Oxoid Ltd, 
Basingstoke, United Kingdom) supplemented with cycloheximide (0.1 
g/L) (Sigma-Aldrich, USA) at 30 ◦C for 48 h under anaerobic conditions 
while yeasts in Sabouraud dextrose agar (SDA, Oxoid Ltd, Basingstoke, 
United Kingdom) supplemented with chloramphenicol (0.1 g/L) (Sigma- 
Aldrich, USA) at 25 ◦C for 48 h under aerobic conditions. Enterococci 
enumeration was performed in Slanetz-Bartley agar (Oxoid Ltd, 
Basingstoke, United Kingdom) at 37 ◦C for 48 h under aerobic conditions 
whereas enterobacteria were counted in Violet Red Bile Glucose agar 
(VRBGA, Oxoid Ltd, Basingstoke, United Kingdom) at 37 ◦C for 24 h 
under aerobic conditions (Fiorino et al., 2023; Galli et al., 2024; De 
Pasquale et al., 2014; Tornadijo et al., 2001).

Pathogen screening investigated the presence of Listeria mono-
cytogenes, coagulase-positive Staphylococci, Escherichia coli, and Sal-
monella spp. in HCA samples and side-stream flours according to the 
respective per group international organization for standardization 
(ISO) protocols included in the Regulation (EC) No 2073/2005 from the 
European Commission (2005).

2.5.2. Biochemical characterization and phytic acid content
Organic acids, sugars, and alcohols of HCA were measured using the 

water-soluble extracts (WSEs). The preparation of WSEs was carried out 
as previously described by Tlais et al. (2022) with one modification: 1 g 
of lyophilized sample was suspended in 8 mL of 50 mM Tris-HCl (pH 
8.8). The quantification of lactic acid, acetic acid, lactose, glucose, 
galactose, and ethanol concentrations was performed with a 

high-performance liquid chromatography (HPLC) equipped with an 
Aminex HPX-87H column 300 × 7.8 mm (ion exclusion, Biorad, Rich-
mond, CA) and a UV detector operating at 210 nm. Elution was at 70 ◦C, 
with a flow rate of 0.6 mL/min, using 5 mM H2SO4 as the mobile phase.

Phytic acid concentrations (mg/g of dry matter (DM)) were also 
quantified using Phytic Acid (Phytate)/Total Phosphorus kit (Mega-
zyme, Ireland) according to the manufacturer’s instructions.

2.5.3. Peptides, free amino acids (FAAs) and protein digestibility
Peptide and free amino acid chromatographic profiles were evalu-

ated using the pH 4.6-soluble nitrogen fraction. The pH 4.6-soluble ni-
trogen fractions of cheese analogues were extracted according to 
Kuchroo and Fox (1982) and lyophilized.

Reversed-phase fast-performance liquid chromatography (RP-FPLC) 
was used to determine the peptide profiles, which were then visualized 
using Unicorn software. The elution time of the peaks was used to divide 
the whole chromatogram area into two equal parts; the first one con-
tained peptides that eluted between 0 and 30 min and the second one 
between 30 and 60 min. The overall area of each fraction was integrated 
to determine the total area of the peaks for each specific part of the 
chromatogram (Galli et al., 2024).

Free amino acids (FAAs) contained in the water-soluble extracts (pH 
4.6-soluble nitrogen fractions) of the cheese analogues were analyzed 
with Biochrom 30 series Amino Acid Analyzer (Biochrom Ltd., Cam-
bridge Science Park, England) equipped with a Li-cation-exchange col-
umn. Samples preparation was followed according to Rizzello et al. 
(2008) with the addition of L-norleucine as an internal standard.

The in vitro protein digestibility (IVPD) was evaluated using the 
Protein Digestibility Corrected Amino Acid Score (PDCAAS) kit (Mega-
zyme, Ireland) according to the manufacturer’s instructions. For this 
assay, the concentration of L-proline, L-lysine, L-histidine, and L-argi-
nine amino acids was determined with Biochrom 30+ series Amino 
Acids Analyzer with a Na-cation-exchange column (20 by 0.46 cm in-
ternal diameter). Prior to the analysis, acid hydrolysis was conducted 
following the procedure outlined in AOAC Official Method 994.12 
(1997).

2.6. Statistical analysis

Comparisons among groups was done using One-way ANOVA and 
subsequent post-hoc test by Tukey-Kramer test (P < 0.05). The hierar-
chical cluster analysis utilized the Euclidean distance and McQuitty 
linkage methods, visualized with a clustered heat map. All statistics 
were performed using R version 4.2.2 (R Development Core Team). 
Visualization of results was with R and Excel. All analyses were carried 
out considering triplicates.

3. Results

3.1. Combination of starters based on fermentation performance

Acidification and growth kinetics of three different combinations of 
starter cultures (SC1, SC2, and SC3) were assessed on blends (SYF + M, 
MRF + M, and CM) using both side-stream flours (SYF and MRF). CM 
and SYF + M samples showed no significant differences in ΔpH values 
among the different combinations of starters. In contrast, MRF + M 
blend demonstrated significant differences (P < 0.05) among the start-
ers, with the combination SC3 resulting in a final ΔpH value higher 
(1.48 ± 0.00) than that of SC1 and SC2 (1.41 ± 0.01 and 1.42 ± 0.01, 
respectively). Growth data were modelled using the Gompertz equation, 
and subsequently, the parameters cell density (A), maximum growth 
rate (μmax), and lamda (λ) were extrapolated and compared for each 
condition. The maximum cell density ranged from 0.97 to 1.89 units 
(corresponding to approximately 8 Log CFU/g) with SC3 presenting 
higher values in MRF + M matrix while SC2 in SYF + M. The μmax was 
achieved with SC1, in all three different blends. Lower lamda values 
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were achieved with SC3 combination in SYF + M and MRF + M blends. 
Based on the collective findings detailed above, a heatmap analysis 
(Fig. 1) was performed, leading to the categorization of samples into 
three distinct clusters (A-C). Cluster A was characterized only by the SC1 
combination across all blends, but was deemed unsuitable for our ob-
jectives as it consisted of only the commercial starter. Cluster B 
comprised CM blends fermented with SC2 and SC3 combinations, while 
cluster C encompassed HCA samples fermented with the same combi-
nations. Consequently, our attention shifted towards cluster C, which 
included only HCA samples. Following an assessment based on lambda 
values, SC3 (lower lambda) was selected as the final combination to 
ferment the cheese analogues.

3.2. Selection of flour percentages

The pH and moisture content values, of the control and the HCA 
samples made with different percentages of flour (3.5%, 5%, and 7.5%), 
are presented in Table S1. Results were retained for the first and the 
seventh day post-production. The pH values ranged between 4.95 ±
0.12 and 5.51 ± 0.09 after one day, while they slightly decreased after 
seven days, ranging from 4.88 ± 0.09 to 5.31 ± 0.01. Similarly, mois-
ture content was within the range of 52.08 ± 1.13–61.29 ± 0.71% the 
first day, while it decreased after seven days with values ranging from 
40.21 ± 1.55–56.29 ± 0.89%.

The G’max (maximum coagulum strength) of the different samples 
are given in Fig. 2. Concerning the blends with spent yeast substrate, the 
CT values were 70, 40 and 30 min for 3.5%, 5% and 7.5%, respectively, 
and 12, 9 and 7 min for 3.5%, 5% and 7.5% SYR, respectively. Different 
results were observed concerning the blends with malt rootlets substrate 
in which CT values were 10, 7 and 3 min for 3.5%, 5% and 7.5% MR, 
respectively and 2, 2, and 1 min for 3.5%, 5% and 7.5% MRR, respec-
tively. Control sample began to coagulate after 20 min. In general, 
although the G’max values did not differ between the blends and the 
control, variations were observed in the time required to achieve it. The 
time needed, for blends with SY substrate, to reach G’max values was 

170, 130 and 85 min for 3.5%, 5% and 7.5% SY, respectively, while 
values were decreased to 60, 40 and 45 min for 3.5%, 5% and 7.5% SYR, 
respectively. Concerning blends with MR substrate, the time needed to 
reach G’max values once again decreased after the use of rennet from 50, 
40 and 20 min for 3.5%, 5% and 7.5% MR, respectively, to 35, 20 and 15 
min for 3.5%, 5% and 7.5% MRR. Control sample needed 80 min to 
reach the G’max value.

Texture analysis on coagula, in the presence or absence of rennet, 
was evaluated for firmness (g), consistency (g/s), cohesiveness (g), and 
work of cohesion (g/s) (Fig. S2). Concerning blends with spent yeast 
substrate and addition of rennet, 3.5% SYR, 5% SYR and control samples 
showed the highest values of firmness (172.55 ± 3.65 g, 151.32 ± 1.30 
g and 140.04 ± 3.06 g, respectively), consistency (1949.90 ± 54.96 g/s, 
1632.80 ± 8.20 g/s, 1757.37 ± 62.60 g/s, respectively), and work of 
cohesion (− 33.35 ± 1.16 g/s, − 30.63 ± 1.94 g/s, − 31.35 ± 1.35 g/s, 
respectively). However, 7.5% SYR sample showed higher value in terms 
of cohesiveness (− 36.68 ± 0.55 g) when compared to the control sample 
(− 33.10 ± 2.60 g) while the highest value was obtained by 3.5% SYR 
(− 40.52 ± 1.87 g). Control sample presented the highest firmness and 
consistency with values up to 133.16 ± 7.56 g and 1757.37 ± 62.60 g/s, 
respectively when compared to the blends with malt rootlets substrate 
(MR and MRR). Samples of 5% MR and MRR showed also high values 
concerning firmness (128.54 ± 7.08 g and 122.78 ± 12.66 g, respec-
tively) while 3.5% MRR and 7.5% MRR concerning consistency 
(1542.83 ± 58.34 g/s and 1524.71 ± 33.70 g/s, respectively). Both 
7.5% MR and MRR samples had the highest values concerning cohe-
siveness (− 47.09 ± 0.51 and − 54.40 ± 0.95 g, respectively) and work of 
cohesion (− 47.61 ± 4.00 and − 46.84 ± 5.89 g/s, respectively).

Different outcomes were observed in TPA in the final fresh cheeses 
(HCA and control) when compared after one- and seven-days post-pro-
duction (Table S2). After one day, control sample showed the highest 
value in gumminess and chewiness (873.0 ± 169.3 g and 872.3 ± 170.3 
g, respectively) while the lowest in adhesiveness (− 60.0 ± 28.1 g/mm). 
Samples of 3.5% SYR, MR and MRR resulted as well in high values of 
gumminess (137.6 ± 12.6 g, 177.6 ± 18.5 g and 191.6 ± 44.5 g, 

Fig. 1. Clustered heatmap displaying the results of acidification capacity (ΔpH) and growth kinetics (A, λ, and μmax) during fermentation of substrates using three 
different combinations of starter cultures. The starters used were commercial starter Lyofast MOT 082 CE (SC1), commercial starter together with Lacticaseibacillus 
paracasei (SC2), and commercial starter together with Lacticaseibacillus rhamnosus (SC3). All combinations were tested in pasteurized partially skimmed milk (MC), 
pasteurized partially skimmed milk with added 5% spent yeast flour (SYF + M), and pasteurized partially skimmed milk with 5% malt rootlets flour (MRF + M) 
during 6 h of fermentation at 37oC. Growth kinetics were determined and modelled according to the Gompertz equation using the Statistica 7.0 software. The data are 
the means of three independent analyses ± standard deviations. Rows were clustered using Euclidean distance and McQuitty linkage, revealing distinct groups (A–C). 
The color scale shows the differences between the standardized data, with darker colors indicating higher values and lighter colors indicating lower values. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Rheological properties of cheese blends over 3 h at 37oC. Cheese blends included dairy-based fresh cheese (control) and hybrid cheese analogues made with 
added 3.5%, 5% and 7.5% SYF flour (20% spent yeast and 80% soybean flours), with rennet (SYR) and without (SY), and 3.5%, 5% and 7.5% MRF flour (20% malt 
rootlets and 80% soybean flours), with rennet (MRR) and without (MR). Storage modulus G′ of spent yeast (A) and malt rootlets (B) blends was acquired using TRIOS 
software at 0.1 Hz frequency and 10% strain using a Discovery Hybrid Rheometer HR-2. Data are means of each blend, analyzed in triplicate.
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respectively) and chewiness (137.3 ± 13.1 g, 177.6 ± 18.5 g and 191.6 
± 44.6 g), while 5% SY sample, showed the highest values for both the 
above-mentioned characteristics (224.3 ± 10.2 g for both gumminess 
and chewiness).

After seven days of production, the adhesiveness and stickiness of the 
5% SY sample exhibited negligible variations (from − 169.3 ± 21.2 to 
− 159.3 ± 64.8 g/mm and from − 77.3 ± 11.5 to − 85.6 ± 7.2 g, 
respectively), whereas those of 5% MR sample decreased from − 408.6 
± 106.4 to − 71.3 ± 17.1 g/mm and from − 137.6 ± 23.1 to − 87.6 ± 6.4 
g, respectively. Conversely, the remaining samples displayed an overall 
increase in all examined textural parameters after seven days of storage.

The sensory attributes including Appearance/Color, Aroma/Odour, 
Texture/Mouthfeel, Taste/Flavor and Global impression were assessed 
for all the different blends (3.5%, 5% and 7.5% added side-stream flour) 
of HCA. Compared to the control, all HCA showed inferior sensory at-
tributes. HCA with and without rennet did not show any differences for 
the sensory indicators analyzed. Samples of 3.5% and 5% SY garnered 
higher preference scores across all evaluated parameters, followed by 
3.5% and 5% MR samples. Specifically, 3.5% SY sample exhibited 
scores, for all the above-mentioned sensory attributes, ranging from 4.79 
± 2.28–5.72 ± 2.34. Similarly, the 5% SY sample yielded scores within a 
comparable range (3.88 ± 3.00 to 5.81 ± 1.64). In both cases, the 
highest score was given to the Appearance/Color while the lowest to the 
Taste/Flavor attributes. Conversely, 3.5% and 5% of MR samples 
demonstrated lower preference, scoring between 2.78 ± 1.37 to 4.54 ±
1.65 and 2.68 ± 1.99 to 4.07 ± 1.94, respectively. Aroma/Odour 
received the highest score within the MR samples, while Taste/Flavor 
attributes the lowest. HCA produced with 7.5% added side-stream flours 
were characterized by a granny mouthfeel with a bitter aftertaste and 
were rejected by the panelists.

Cumulative evaluation of all above-mentioned results was presented 
in a heatmap including cluster analysis (Fig. 3). Cluster analysis grouped 
samples in two main clusters, denoted as A and B. Notably, 3.5% and 5% 

of SY and SYR samples were grouped in the same cluster with control 
sample (cluster B) while HCA made with malt rootlets flour (both MR 
and MRR) and 7.5% SY and SYR samples were grouped separately 
(cluster A). Control sample, 3.5% SY and SYR samples from cluster B, 
and 3.5% MR and MRR samples from cluster A, were selected for final 
characterization. The final evaluation was performed on the cheese 
curds one day after their production.

3.3. Characterization of the final hybrid cheese analogues

3.3.1. Gross chemical composition and microbiological characterization
Gross chemical composition and microbial counts of control and 

HCA samples are presented in Table 1. HCA had no significant differ-
ences in the total protein content when compared to the control sample 
(48.48 ± 0.57% w/w of DM). Exception was 3.5% MR sample which 
demonstrated a significantly (P < 0.05) lower value (43.61 ± 0.52% w/ 
w of DM).

Moreover, no significant differences were observed for the gross 
chemical parameters between samples made with rennet (SYR and MYR) 
and without (SY and MY). Fat content was between 9.00 ± 1.00% w/w 
and 10.04 ± 0.23% w/w of fresh sample, without significant differences 
among the samples, while NaCl content between 1.23 ± 0.03% w/w and 
1.73 ± 0.14% w/w of fresh sample, with the highest salt concentration 
found in the samples contained rennet (3.5% SYR and 3.5% MRR). 
Finally, ash and pH ranged between 2.98 ± 0.01–3.28 ± 0.02% w/w of 
fresh sample, and 5.03 ± 0.01–5.52 ± 0.01, respectively. Total bacterial 
count and mesophilic and thermophilic cocci showed significantly (P <
0.05) higher values in control sample (8.46 ± 0.02, 8.62 ± 0.02 and 
8.72 ± 0.02 log CFU/g, respectively) when compared to the HCA sam-
ples. Conversely, mesophilic lactobacilli were significantly (P < 0.05) 
higher in HCA when compared to the control sample; up to 7.45 ± 0.03 
and 7.43 ± 0.26 log CFU/g for 3.5% SY and 3.5% SYR, respectively, and 
7.86 ± 0.15 and 8.02 ± 0.21 log CFU/g for 3.5% MR and 3.5% MRR. No 

Fig. 3. Clustered heatmap of dairy-based fresh cheese (control), and hybrid cheese analogues made with added 3.5%, 5% and 7.5% SYF flour (20% spent yeast and 
80% soybean flours), with rennet (SYR) and without (SY), and 3.5%, 5% and 7.5% MRF flour (20% malt rootlets and 80% soybean flours), with rennet (MRR) and 
without (MR). The data are the means of three independent analyses ± standard deviations. Rows were clustered using Euclidean distance and McQuitty linkage, 
revealing distinct groups (A and B). The color scale shows the differences between the standardized data, with warmer colors indicating higher values and cooler 
colors indicating lower values. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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significant differences were observed in yeast cell density between the 
3.5% SY and 3.5% SYR samples (3.62 ± 0.22 and 3.92 ± 0.07 log CFU/ 
g, respectively), and between 3.5% MR and 3.5% MRR samples (3.09 ±
0.09 and 2.81 ± 0.03 log CFU/g, respectively), while control sample had 
significantly lower value (P < 0.05) (2.25 ± 0.05 log CFU/g). Entero-
cocci and enterobacteria cell densities were significantly higher (P <
0.05) in HCA samples with values ranging from 7.28 ± 0.03–7.72 ±
0.09 log CFU/g and 4.90 ± 0.16–5.41 ± 0.01 log CFU/g, respectively, 
when compared to the control (3.50 ± 0.06 log CFU/g and 1.54 ± 0.09 
log CFU/g, respectively). The pathogen screening of SYF, MRF, and all 
HCA samples resulted in absence of Salmonella, L. monocytogenes, 
Staphylococci and E.coli.

3.3.2. Biochemical characterization and phytic acid content
Results of sugars and organic acids are presented in Table S3. 

Glucose exhibited the highest concentration in both the control (10.51 
± 1.66 g/kg of dry matter [DM]) and 3.5% SY samples (11.23 ± 0.27 g/ 
kg of DM). Lactose, maltose, cellobiose and trehalose could not be 
distinguished with the method used since they were eluted at the same 
retention time. The same applied to galactose and fructose. Therefore, 
these compounds were considered tentative.

Notably, the peak associated with lactose, maltose, cellobiose, and 
trehalose was significantly elevated (P < 0.05) in the 3.5% SY sample 
(37.43 ± 1.64 g/kg of DM) compared to the control sample (30.98 ±
6.91 g/kg of DM), while the peak representing galactose and fructose 
demonstrated similar values across all samples, ranging from 14.20 ±
0.50 to 17.63 ± 0.53 g/kg of DM. Lactic acid levels varied between 
15.79 ± 3.11 and 23.78 ± 0.94 g/kg of DM, with the control sample 
demonstrating the lowest concentration and the 3.5% SY sample 
showing the highest. Regarding acetic acid concentration, the 3.5% SY 
sample (2.56 ± 0.31 g/kg of DM) exhibited a significantly higher level 
(P < 0.05) compared to the rest of the samples.

Phytic acid concentration showed significant differences (P < 0.05) 
among the different blends, but no effect was observed by the addition of 
rennet. Control sample had the lowest value (0.15 ± 0.12 mg/g of DM), 
followed by 3.5% SY and SYR samples (2.90 ± 0.61 and 3.63 ± 0.37 
mg/g of DM, respectively) and 3.5% MR and MRR samples (8.09 ± 1.45 
and 8.54 ± 2.18 mg/g of DM, respectively).

3.3.3. Peptides, free amino acids (FAAs) and protein digestibility
RP-FPLC chromatographic analysis (214 nm) highlighted significant 

differences in the peptide fraction among all five different samples 
(Fig. S3). The total area of peptides significantly increased when rennet 
was used from 11653.00 ± 2.83 to 14230.50 ± 116.67 mL⋅AU for 3.5% 
SY and 3.5% SYR, respectively, and from 20020.00 ± 1494.82 to 
22918.50 ± 2370.93 mL⋅AU for 3.5% MR and 3.5% MRR, respectively, 
while control sample had the lowest total area (11154.75 ± 58.75 
mL⋅AU). Fractions were classified as hydrophilic peptides with early 
elution time (HPEE: fractions 0–30 min) and hydrophobic peptides with 
late elution time (HPLE: fractions 30–60 min), and the results were 
expressed as the sum of the areas of the detected peaks for each fraction. 
The results of hydrophilic peptides didn’t show significant differences 
when rennet was added with values up to 2653.50 ± 65.76 and 3139.50 
± 68.59 mL⋅AU, for 3.5% SY and SYR samples, respectively. The same 
was for 3.5% MR and MRR samples with values up to 8166.00 ± 690.14 
and 8603.00 ± 694.38 mL⋅AU, respectively. The value of the control 
sample (910.25 ± 94.40 mL⋅AU) was significantly lower (P < 0.05) from 
those reported for the HCA. Conversely, the results of hydrophobic 
peptides showed significant differences (P < 0.05) within the blends 
prepared with the same substrate; increased from 8999.50 ± 62.93 to 
11141.00 ± 22.63 mL⋅AU for 3.5% SY and SYR samples, respectively, 
and from 11854.00 ± 804.69 to 14315.50 ± 1676.55 mL⋅AU for 3.5% 
MR and MRR samples, respectively. Control sample (10244.50 ±
177.48 mL⋅AU) didn’t show significant differences when compared to 
the spent yeast matrices (SY and SYR). However, it exhibited signifi-
cantly lower values (P < 0.05) compared to malt rootlets (MR and MRR).Ta
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The sum of the individual FAAs (TFAA) was significantly higher (P <
0.05) in blends made with MR substrate, followed by blends made with 
SY substrate and control. However, no significant differences were 
observed, between blends made with the same substrate, with or 
without the presence of rennet. In more detail, TFAA concentrations 
were 2614.03 ± 463.40 and 2809.74 ± 104.85 mg/kg of DM for 3.5% 
MR and MRR, respectively, 1470.29 ± 13.77 and 1437.78 ± 33.79 mg/ 
kg of DM for 3.5% SY and SYR respectively, and 847.65 ± 0.02 mg/kg of 
DM for control sample. The concentration of the individual FAAs for all 
samples is presented in Fig. 4. Asp, Thr, Ala, Val, Cys, Met, Ile, Leu, and 
Phe were significantly higher in malt rootlets (in both MR and MRR) 
when compared to spent yeast and control samples. Ser, Asn, Leu and 
Phe were significantly higher (P < 0.05) in 3.5% MRR sample (102.49 
± 36.17, 210.83 ± 1.61, 445.02 ± 5.38 and 363.27 ± 4.77 mg/kg of 
DM, respectively) than 3.5% MR sample (54.78 ± 15.42, 34.97 ± 14.41, 
346.97 ± 76.18 and 250.15 ± 61.43 mg/kg of DM, respectively). 
Conversely, Asp and Gln values were significantly higher (P < 0.05) in 
3.5% MR sample (53.18 ± 2.32 and 365.11 ± 70.51 mg/kg of DM, 
respectively) when compared to 3.5% MRR (25.56 ± 0.16 and 28.02 ±
0.22 mg/kg of DM, respectively). Asp and Asn amino acids showed 
significant differences (P < 0.05) also in spent yeast samples, when 
compared with and without the presence of rennet. In more detail, Asp 
was higher in 3.5% SY sample (30.72 ± 0.24 mg/kg of DM) than 3.5% 
SYR sample (18.42 ± 0.39 mg/kg of DM), while Asn was higher in 3.5% 
SYR sample (74.42 ± 0.32 mg/kg of DM) than 3.5% SY sample (29.08 ±
1.12 mg/kg of DM). Other FAAs like Glu, Tyr and GABA were present in 
high values in all HCA. Control sample displayed the lowest concen-
trations in most of FAAs except Arg and Pro in which it presented the 
highest values (45.75 ± 0.59 and 65.03 ± 22.79 mg/kg of DM, respec-
tively) while Asp, Asn and Orn were totally absent.

The IVPD values showed no significant differences among the sam-
ples with values ranged from 82.73 ± 0.63% to 83.92 ± 0.08%.

4. Discussion

The utilization of industry by-products aims to reduce waste and add 
value to underutilized resources. Brewing and malting side-streams 
(spent yeast and malt rootlets), have found diverse applications in the 
food industry, including baked goods, meat products, and dairy for-
mulations, as sources of bioactive compounds and functional ingredients 
(Neylon et al., 2020, 2023b; Mejri et al., 2014). Studies have reported 
that incorporating these side-streams resulted in higher levels of anti-
fungal compounds, fibers, and proteins. However, in bread formula-
tions, these components can weaken the gluten network due to the 
variety of charged amino acids and fibers, which impact the essential 
bonds needed for gluten structure and affect the final product’s tech-
nological characteristics (Neylon et al., 2023b). In sausage formulations, 
the addition of malt rootlets decreased cooking losses, thereby reducing 
production costs (Neylon et al., 2020). While beta-glucans isolated from 
brewer’s spent yeast and used as a fat replacer in non-fat yogurt for-
mulations resulted in physicochemical and rheological properties 
similar to those of regular yogurt (Mejri et al., 2014). Hybrid cheese 
represents the amalgamation of milk and plant-based ingredients in the 
final product, at varying concentrations (Genet et al., 2023). As industry 
stakeholders pursue sustainability goals, the incorporation of food 
side-streams in hybrid systems, like hybrid cheeses seems a promising 
avenue. This study aims to produce HCA by utilizing brewery 
side-streams, specifically spent yeast and malt rootlets, combined with 
dairy milk. Through the fermentation of these raw materials and their 
designed analogues, we seek to expand the application of such substrates 
in food production. The primary goal is to demonstrate the feasibility of 
incorporating these substrates at various ratios to develop hybrid cheese 
prototypes.

Side-stream flours were prepared by combining soybeans (80%) with 
either spent yeast or malt rootlets (20%) as co-substrates, followed by 
fermentation using a tempeh-like starter culture involving Rhizopus 

oligosporus. The decision to mix these two substrates was motivated by 
the concern that the small particle size of the side-streams could pose 
challenges for solid-state fermentation processes. Small particle size 
generally provides a larger surface area for microbial activity. However, 
excessively smaller particles can lead to substrate agglomeration, 
potentially impeding microbial respiration and aeration (Krishna, 
2005). Hence, by incorporating co-substrates such as spent yeast or malt 
rootlets with substrates such as soybean flour, can mitigate potential 
issues related to particle size and ensure optimal conditions for micro-
bial growth and activity during fermentation. Evidently the selection of 
these substrates was based on sustainability but also for their functional 
properties since they could absorb twice their weight in water and 
showed positive gelling properties. Despite their good functional prop-
erties when compared to other plant-based flours (Chandra et al., 2015), 
their integration presents distinct challenges, particularly concerning 
the maintenance of food prototype quality, especially at higher inclusion 
levels (Badia-Olmos et al., 2023; Neylon et al., 2023a).

To enhance nutrient availability and ensure quality, the hybrid 
cheeses underwent fermentation with LAB. Typically, cheese-making 
starters consist of starter LAB, tasked with rapidly acidifying the sub-
strate, and non-starter LAB, which contributes to the proteolytic process, 
enriching the substrate with peptides and amino acids (Galli et al., 2023; 
Gobbetti et al., 2015). In line, a commercial cheese starter (SACCO, 
Lyofast MOT 082 CE) was tested for performance on each blend (MC, SY 
+ M, and MR + M) as a main starter, coupled with a heterofermentative 
LAB (Lacticaseibacillus paracasei and Lacticaseibacillus rhamnosus), pre-
viously isolated from dairy products. Fermentation protocol (37 ◦C for 6 
h) referred to the standard conditions for testing the suitability of a 
strain for cheese-making process (Law and Tamime, 2011). The short lag 
phase and the high acidification capacity of SC3 (commercial starter 
Lyofast MOT 082 CE (1 UC/100 L) and Lacticaseibacillus rhamnosus (105 

CFU/mL)) indulged its selection for expediting the cheese production 
process (Vinicius De Melo Pereira et al., 2020).

To determine the amount of flour that could be incorporated in the 
blend without compromising key biochemical and textural properties of 
HCA, cheeses were assessed on the first- and seventh-day post-produc-
tion. The pH and moisture content resembled those of traditional fresh 
semi-hard cheeses (Nájera et al., 2021), with minimal deviations 
observed between control cheese and HCA, consistent with previous 
research that used diverse food industry side-streams to produce fresh 
cheeses (Costa et al., 2018). Over time, both pH and moisture content 
decreased. Notably, moisture content increased with higher flour addi-
tion to the blends, yet after seven days, the control sample exhibited a 
more significant decrease compared to HCA. This variation may stem 
from factors such as the water-holding capacity of the flour (Shams El 
Din et al., 2022), potential structural changes due to a forming barrier 
impeding moisture loss from the cheese matrix (Ali et al., 2022), and 
chemical interactions affecting emulsion stability (Bobade et al., 2021). 
Additionally, particle size of the added material can influence moisture 
content, with smaller particles exhibiting higher absorption potential. 
During HCA production, a high-shear homogenizer (Ultra Turrax®) was 
utilized, potentially breaking down larger particles into smaller ones, 
contributing to a product with higher moisture content (Bobade et al., 
2021).

The rheological properties of the samples were evaluated with and 
without the addition of rennet on the diverse blends. The coagulation 
time (CT) values of the control sample remained consistent at 20 min at 
37 ◦C, aligned with the findings reported by Cipolat-Gotet et al. (2012). 
Notably, with the addition of higher percentages of flour in blends, there 
was a corresponding decrease in CT, which was more pronounced when 
also rennet was added, suggesting a synergistic effect. The side-stream 
flours were previously fermented with Rhizopus oligosporus, a fungus 
known for its ability to produce enzymes that exhibit rennet-like activity 
(Thakur et al., 1990; Sternberg, 1976). In fact, fungal fermentation of 
brewing industry side-streams has previously shown not only to increase 
the nutrient availability, but also to release multiple enzymes, such as 
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Fig. 4. Free amino acids concentration (mg/kg of DM) of dairy-based fresh cheese (control), and hybrid cheese analogues made with added 3.5% SYF flour (20% 
spent yeast and 80% soybean flours), with rennet (SYR) and without (SY), and 3.5% MRF flour (20% malt rootlets and 80% soybean flours), with rennet (MRR) and 
without (MR). All the control and hybrid cheese analogues (HCA) samples were fermented with a combination (SC3) of a commercial starter Lyofast MOT 082 CE (1 
UC/100 L) and Lacticaseibacillus rhamnosus (105 CFU/mL). Statistical analysis was performed with One-way ANOVA and the pairwise comparison by Tukey’s post-hoc 
analysis using R version 4.2.2. Lowercase letters indicate the significant differences (P < 0.05) among different samples for each amino acid.
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xylanases, β-glucanases and proteases (Marcus and Fox, 2021; Shahryari 
and Niknezhad, 2022; Banerjee et al., 2024). Previously, Chen et al. 
(2010) identified optimal conditions (40 ◦C and pH 6) for milk-clotting 
time, around 7.6 ± 1.1 min, using the enzyme from soybean produced 
by Rhizopus oligosporus, which align closely with the conditions and 
results of coagulating time of the HCA analogues. Quicker CT was 
observed in blends utilizing co-substrate malt rootlets compared to spent 
yeast. Malt rootlets flour is anticipated to possess a higher enzyme 
content compared to spent yeast flour due to the inherent physiological 
processes of germination in barley grains. During germination, the 
barley grain activates various enzymes, including amylases and pro-
teases, to facilitate the degradation of starches and proteins into simpler 
forms. Conversely, spent yeast flour primarily consists of residual yeast 
cells resulting from fermentation processes. While yeast cells do contain 
enzymes involved in fermentation, their abundance and diversity may 
be comparatively lower than those found in malt rootlets (Marson et al., 
2020; Olivares-Galván et al., 2022).

The maximum coagulum strength (G’max value) was similar for the 
control and the HCA samples, a positive indicator of the rigidity of the 
coagulum and thus the quality of the product (Landfeld et al., 2002). The 
time when the G’max values were obtained was used for the textural 
evaluation of the coagulum. Coagulum analysis revealed that the addi-
tion of rennet improved the textural properties of the samples when 
compared to those without rennet. In a previous study López et al. 
(2012) compared the coagulant properties in fresh cheeses made of calf, 
microbial, and vegetable rennet. The study showed no significant dif-
ferences (P < 0.05) in terms of hardness, gumminess, chewiness, cohe-
siveness, and springiness when samples were treated with animal or 
microbial rennet. However, in our case, samples treated with rennet 
included indigenous enzymes derived from the plant-based flours, which 
resulted most probably in a synergetic effect and thus, in a better 
textural profile. Exception was when 7.5% of flour was added to the 
blend, which demonstrates once more the difficulty of including high 
amounts of such ingredients in hybrid systems (Badia-Olmos et al., 
2023; Neylon et al., 2023a). Nevertheless, TPA analysis on the final HCA 
showed inferior properties compared to the control cheese, similar to 
other studies attempting to reinforce the addition of plant matrices into 
dairy matrices. (Fu and Yano, 2020). After the coagulum is formed, the 
gel is naturally prone to spontaneous syneresis (whey expulsion). 
Therefore, cutting and stirring are employed that assist forming a 
curd-whey mixture that after pressing results to a final curd with specific 
firmness (Walstra et al., 2005). Despite the positive textural properties 
found in the coagulum of HCA, the textural properties of final cheeses 
could be inferior due to weak interactions of animal and plant protein 
during the whey expulsion step. According to Chavan and Jana (2007), 
in a mixed system of both dairy and plant proteins, when more than 20% 
(w/w) of the total protein consists of vegetable protein, the resulting 
cheese analogue is often worse than a dairy cheese. Considering that 
milk consisted of 3.6% (w/w) protein and spent yeast and malt rootlets 
flours consisted of 37.9 ± 3.8% (w/w) and 31.3 ± 3.1% (w/w), 
respectively, cheese analogues made with 5% added flour or more tend 
to have inferior properties compared to fresh cheese. A similar trend was 
observed also during sensory evaluation in which HCA up to 5% were 
partially acceptable by the panelist while the 7.5% HCA were rejected 
due to the grainy texture and bitter taste (Kerby and Vriesekoop, 2017; 
Waters et al., 2013).

Evaluation of the results in a cluster heatmap led to the selection of 
the final percentage of flour (3.5%) for the analogues. The final HCA 
cheeses, made with up to 3.5% of side-stream flours, were tested one 
post-production for microbiological, biochemical, and antinutritional 
properties, with and without the addition of rennet. Presumptive mes-
ophilic and thermophilic cocci as well mesophilic lactobacilli were the 
most dominant populations like in other fresh cheeses (Busetta et al., 
2022). Enterobacteria and enterococci were found in higher numbers in 
HCA compared to the control. Enterococci in cheese curd may range 
from 104 to 106 CFU/g CFU/g, and their positive influence on cheese 

appears to be attributed to specific biochemical traits such as lipolytic 
activity, citrate utilization, and the production of aromatic volatile 
compounds (Giraffa, 2003). According to the criteria in EC Regulation 
2005/2073/EC (European Commission, 2005) previously reported by 
Giammanco et al. (2011), the hygienic quality of cheese is considered 
good when the number of Enterobacteriaceae is ≤ 105 CFU/g and poor 
when the number is between 105 ≤ x 107 CFU/g. Our HCA fall in the 
second category. This can be attributed to post–thermal treatment 
contaminations, originally derived from manufacturing environments 
(Giammanco et al., 2011).

Possibly, a ripening process could influence and deplete the presence 
of this group since the use of LAB has been proven to be a possible so-
lution to this problem, not only in milk (Gaya et al., 1983) but also in 
both brewery side-streams (Jaeger et al., 2024). Further, the European 
Regulation (EC) No. 2073/2005 establishes a tolerance of a maximum of 
100 CFU/g of L. monocytogenes in ready to eat foods, including cheese, 
absence of Salmonella spp. in 25 g of product, <1000 CFU/g for E. coli 
and coagulase-positive staphylococci <100 CFU/g. In our flours and 
final HCA cheeses these pathogens were not detected. Fresh cheese an-
alogues showed noticeable differences in the concentrations of sugars 
and organic acids, particularly when compared to the control. However, 
our analytical method presented certain limitations. For instance, it was 
not possible to differentiate between lactose, maltose, cellobiose, and 
trehalose as they eluted at the same retention time, nor between 
galactose and fructose for the same reason. While lactose is the pre-
dominant sugar in milk (Bezerra et al., 2017), the higher cumulative 
area corresponding to that peak in the HCA analogues suggests the 
presence of additional sugars. Malt rootlets and spent yeast are potential 
sources of maltose (Langenaeken et al., 2020) and in case of spent yeast 
trehalose (Rachwał et al., 2020), while soybean contains various sugars 
such as sucrose, fructose, and glucose (Eldridge et al., 1979; Bainy et al., 
2008). Moreover, fermentation of the substrates after blending and 
recovering the flour leads to the release of different enzymes that could 
increase the availability of sugars (Tsakona et al., 2014). Therefore, the 
higher area of that peak in HCA compared to the control could be 
attributed to the additional sugars derived from the side-stream flour 
sources. Additionally, the lower concentration of glucose and higher 
concentration of lactic acid in HCA suggest better utilization of the 
carbon sources by the LAB compared to the control. The presence of 
heterofermentative strains from the starter also resulted in the produc-
tion of acetic acid, albeit in low concentrations. Typically, homo-
fermentative lactic acid bacteria metabolize lactose into glucose and 
galactose, ultimately yielding lactic acid. However, Lacticaseibacillus 
rhamnosus, can perform both hexose and pentose fermentations using 
the homo-lactic and hetero-lactic pathways (Bintsis, 2018).

Despite the antioxidant properties of phytic acid in humans, is also 
known that it has antinutritional effects with respect to mineral 
bioavailability (Neylon et al., 2020). The side-stream co-substrates 
(spent yeast and malt rootlets) used to prepare the HCA may be a source 
of phytic acid, with exception the main substrate (soybeans). Soybeans 
contain a relevant amount that is affected by processing (Rasha 
Mohamed et al., 2011). In our work, side-stream flours were first fer-
mented and then used to prepare HCA. Fermentation process can reduce 
phytic acid since some LAB and yeast possess phytase activity (Lynch 
et al., 2016; Feizollahi et al., 2021). In fact, the phytic acid content in all 
HCA was low and comparable to other studies (Rasha Mohamed et al., 
2011) in which bacterial fermentation reduced its content significantly.

Soybeans and beer industry side-streams are rich sources of nutri-
ents, protein, bioactive peptides, amino acids and are excellent sub-
strates for fermentation (Ogrodowczyk and Drabińska, 2021; Rachwał 
et al., 2020; Kim et al., 2021). In fact, the HCA had higher total area of 
peptides when compared to the dairy-based cheese (control), with a 
significant increase in the hydrophobic fraction. The prior fungal 
fermentation of the side-streams flours by Rhizopus oligosporus may have 
enhanced the presence of enzymes such as proteases (Awasthi et al., 
2022), which in turn affected positively the process of proteolysis 
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increasing the peptide and free amino acid concentrations (Rousta et al., 
2023; Verni et al., 2019). However, Sousa et al. (2001) reported that 
hydrophobic peptides can be responsible for the bitter taste in cheeses, 
reenforcing the results of the sensory analysis. The primary source of 
bitter peptides in cheese is the action of coagulant and starter pro-
teinases and thus, excessive concentrations of these peptides can arise 
from either overproduction or insufficient breakdown by microbial en-
zymes (Sousa et al., 2001).

Limited studies have been conducted on the FAAs profiles of fresh 
cheeses. However, similar FAAs profiles like ours was previously 
observed (Peralta et al., 2016), but with different proportions for some 
free amino acid, such as Pro, Lys, Tyr, and Val. The sum of the individual 
FAAs was significantly higher (P < 0.05) in HCA when compared to the 
control sample. Amino acid formation is mainly brought about by the 
action of proteolytic enzymes from the starter bacteria and the rennet 
which contribute to the breakdown of casein (Santos et al., 2003). Dif-
ferences between control and HCA samples may be attributed to the 
nature of the matrices used, as HCA contains various proteins, peptides, 
and enzymes derived the side-stream flours. In fact, FAAs profile of HCA 
made with side-stream flour containing spent yeast, corresponds to 
those found in the literature (Podpora et al., 2016; Ibarruri et al., 2019) 
with the additional detection of Asn and GABA. Previously, fermenta-
tion of soybean by Rhizopus oligosporus led to a high yield of GABA 
(Rousta et al., 2023; Jaeger et al., 2024) while the production of 
asparagine (Asn) was also observed during the same fungal fermentation 
(Sulagna, 2020). HCA made with side-stream flour containing malt 
rootlets exhibited higher concentrations of FAAs, consistent with other 
literature findings (Bretträger et al., 2023). The above-mentioned 
studies justify also the presence of Asp, Asn, and Orn amino acids in 
HCA instead of the control sample. No trend was observed in the amino 
acid concentrations between the HCA made with and without rennet. In 
some cases (Ser, Asn, Leu, Tyr, Phe) amino acids increased with rennet 
addition, while in other cases (Asp, Gln) amino acids increased when 
rennet was not present. Calf rennet, commonly used in the dairy in-
dustry, has a high proteolytic activity in pH 5.2–6.6 and 35 ◦C (Liu et al., 
2021). Only 0–15% of the rennet activity added to the milk is retained in 
the curd after manufacturing while the majority is lost in the whey. The 
coagulant activity depends on various factors such as the type of coag-
ulant, the ratio of different enzymes in blends, the cooking temperature, 
the type of cheese, and the final cheese’s moisture content (Sousa et al., 
2001). Rhizopus oligosporus has been reported as an alternative solution 
to calf rennet due to its capability to produce acid, neutral, and alkaline 
proteases that report coagulation properties (Egbune et al., 2023). 
However, it has been found that natural inhibitors, like extracts from 
potatoes, barley, and soybeans, inactivate the actions of microbial pro-
teases that are alkaline and neutral, but not acidic (Wang and Hesseltine, 
1965). The acid proteases produced by Rhizopus oligosporus were found 
to have the maximum activity at 30–33oC and pH 5.0 (Lusiana et al., 
2023; Usman et al., 2021). Thus, we can assume that different envi-
ronments and incubation conditions lead to different behaviour of the 
enzymes, and as a result, to different proteolytic products. The forma-
tion of the distinctive flavor in cheeses is considered to be influenced by 
the amino acid fraction’s composition and the relative amounts of each 
amino acid (Sousa et al., 2001). Glutamine that was significantly higher 
in HCA, enhance sweetness, while phenylalanine is a floral aroma pre-
cursor (Teter et al., 2020). Other FAAs found significantly higher in HCA 
compared to the control, such as alanine, lycine, serine and threonine 
are associated to sweet flavor, and glutamic acid and aspartic acid with 
sour (McSweeney, 1997).

5. Conclusions

The incorporation of fermented flours utilizing brewery’s side- 
stream sources (spent yeast and malt rootlets) to produce semi-hard 
fresh hybrid cheeses could be feasible with up to 3.5% addition. 
Hybrid cheeses had acceptable sensorial and textural properties, while 

they showed self-coagulating properties. However, the addition of 
rennet enhanced the release of peptides but surprisingly didn’t reflect to 
a proportionate release in FAAs. The fermentation process had a positive 
effect in minimizing the phytic acid content. Final HCA had broader area 
of produced peptides and concentration of specific FAAs compared to 
the dairy based analogue, which could be a result of proteolysis or carry- 
over from the side-stream flours that were previously fermented. Despite 
the positive outcomes, to facilitate incorporation of plant-based proteins 
with animal proteins requires changes in the cheese making protocols. 
Following the normal cheese making process, the coagulum showed 
comparable textural properties with the dairy based but after storage 
these properties were influenced negatively. Furthermore, the elevated 
number of Enterobacteriaceae in the HCA demonstrates that the micro-
biological quality of raw materials is poor, suggesting the importance of 
minimizing contaminations along their chain of production.
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