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INTRODUCTION

The importance of the sustainable and productive animal-based food
production sector is exponentially growing as global demand is rapidly in-
creasing due to globalization, urbanization and population growth [1, 2]. Such
shortages can be overcome by implementing multiple strategies, involving
selective breeding, integration of smart agriculture systems and genetic
modifications of plants and animals [3-5]. One of the most significant aspects
of the animal farming sector’s advancement is to improve the nutritional
value of the feed, since it is essential to ensure a proper development of the
animals and their products [6, 7]. The improvement of the feed often involves
the introduction of novel or nutritively valuable components in the feed
formulation, thus providing vitamins, prebiotics, probiotics, phytobiotics,
important fatty acids or enzymes [6-9]. Despite intense discussions about
reducing or eliminating the use of animal products, plant-based products hold
substantial relevance in the human diet, the animal-based products contain
important essential nutrients that currently cannot be obtained through the
plant-based diet alone [10, 11]. Some of such nutrients include iron, calcium,
vitamin D, vitamin B12, thiamine, selenium, phosphorus [12, 13]. Additio-
nally, many animal-based food sources contain significant amounts of
omega-3 fattyacids, suchas a-linolenic, eicosapentaenoic and docosahexaenoic
acids [14, 15]. In case of protein intake, animal-based products have an
abundance of all the essential amino acids, while plant-based products
alone lack the amounts required for human consumption [16]. Deficiency of
aforementioned essential nutrients can lead to serious complications, which
include anemia, osteoporosis, megaloblastic anemia, rickets/osteomalacia,
impaired immune system and other metabolic, neurologic and cardiovascular
disorders [12, 17-20]. While deficiencies of essential nutrients can be mana-
ged by supplementation, trying to resolve an unbalanced diet in such a way
might introduce additional issues, such as unintentional overdosing, possible
drug-supplement interactions, side effects of the supplement components and
more [21, 22].

In order to ensure a balance between the consumption of plant and animal
products, solutions are being sought to use plants as efficiently as possible
for animal nutrition, especially those that can also be consumed for human
nutrition.

Wheat cereal continues to be a major cereal that is used for human as
well as animal consumption [23]. While starch and other polysaccharides
are the main components in their composition, wheat cereal also contains
significant amounts of protein, fiber, B-group vitamins, phytochemicals (e.g.,



phenolic compounds, terpenoids) and minerals [24]. Leguminous crops,
aka crops from the Fabaceae family, are gaining significant attention in
the food and feed industries, due to their nutrient-rich composition, low oil
and moisture content, and relatively low carbon footprint [25, 26]. Legumes
generally contain over 18% of protein, over 14% of fiber, significant amounts
of micro and macroelements (Ca, K, Mg, Fe, P), carotenoids (e.g., lutein,
a-carotene, -carotene), tocopherols, B-group vitamins, various flavonoids,
and other phenolic compounds [27, 28]. While legumes are packed in essen-
tial nutrients, their bioavailability is severely limited due to antinutritional
factors, which include phytates, saponins, lectins, tannins, and protease inhibi-
tors [27, 29]. However, wheat cereal grains also contain some of these
antinutritional factors, especially trypsin inhibitors, though most of those
groups of compounds are significantly higher in leguminous crops [30].
Fortunately, there are abundance of methods that help to significantly
reduce the antinutritional factors, which include milling, soaking, boiling,
autoclaving, sprouting, extrusion, and fermentation [31]. Wheat and legu-
minous crops contain an abundance of phytochemicals, including carote-
noids, anthocyanins, flavonoids, and other phenolic compounds that contri-
bute to the color and organoleptic properties of the crops and can provide
growth-promoting properties for the animals [32-34]. Some of those
compounds also have antioxidant, anti-inflammatory, antibacterial, antifungal,
antiprotozoal and even antiparasitic properties for the animals or even improve
the quality of their products [34-36]. Colored wheat cereals are getting a lot
of attention due to the anthocyanins contained inside aleurone and pericarp
layers, that provide not just the color, but the additional health benefits, reducing
risks of cardiovascular diseases, obesity, diabetes, provides antioxidant
properties, and reduce methane production in ruminants, increase body
weight gain, and improve the organoleptic properties of meat in poultry
[37-40]. The majority of those compounds are derivatives of glucose, galactose,
and rutinose with aglycones, such as cyanidin, malvidin, peonidin, delphinidin,
and petunidin, ranging from 3 to over 100 mg/kg in the colored wheat [39,
41, 42]. Moreover, intensely pigmented legumes also contain anthocyanins,
often in the form of glycosidic aglycones as well, that are stored mainly in the
hulls of the seeds [32]. Similarly, the sugar moieties of the anthocyanins are
mostly glucose and galactose, able to reach concentrations over 200 mg/kg
[32, 43]. Though the in vitro digestion study showed a significant reduction
in total anthocyanins, the significant accumulation of anthocyanins was found
in liver, eye, and brain tissue in vivo, where its beneficial properties can be
expressed [44, 45].

Fermentation has proven to be an efficient solution for the rising problems,
helping to manage various shortcomings of certain feed components or
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providing additional essential nutrients. It can reduce antinutritional factors
(ANF), increase crude protein, hydrolyze protein and carbohydrates for
improved digestibility, and improve nutrient availability [46, 47]. Fermen-
tation also has the potential to reduce antigenic proteins, phytates, tannins,
and enzyme inhibitors, increase vitamin B12, phosphorus, short-chain fatty
acids, and other useful nutrients [48-50]. Additionally, the fermented feed
provides prebiotics, probiotics, postbiotics, and parabiotics to the animal,
while excreted short-chain fatty acids and bacteriocins provide inhibition of
pathogenic bacteria [51-54].

It has been reported that fermented feed produced from various substrates,
in either solid or liquid form, can increase the average daily gain and gain-
to-feed ratio of weaned piglets, improve nutrient availability, average daily
feed intake, apparent total tract digestibility, and increase the concentration of
short-chain fatty acids (SCFAs) in vivo [55-57]. In addition, fermented feed
can reduce the abundance of potential pathogens, such as Salmonella spp.
and Escherichia coli, improve the integrity of the small intestinal barrier, and
modulate the gut microbiota in vivo [46, 58]. The protective effect against
pathogens is often attributed to the substantial reduction in pH resulting
from the production of organic acids, which contribute to strengthening
the intestinal barrier [46]. Moreover, fermented feed has been shown to
significantly reduce the incidence of diarrhea in weaned piglets and decrease
the emission of toxic compounds from fecal matter [59, 60]. Furthermore, the
fermentation process enables the incorporation of various agro-industrial by-
products into feed formulations at levels of up to 20% without compromising
animal performance parameters [61].

The quality control of fermented products is of great importance as
contamination with pathogenic bacteria and fungi can introduce unwanted
toxic compounds, such as phytoestrogens, alkaloids, prussic acid, mycotoxins,
and others [62, 63]. While other products, such as biogenic amines, are
products of bacterial fermentation, which can cause nausea, heart palpitations,
headaches, oral burning, and disruption of the gastrointestinal tract [63, 64].
Thus, careful monitoring of the fermentation process and its products is of the
highest importance.

The two major types of fermentation that are utilized in the feed industry
are submerged (SMF) and solid-state (SSF) fermentation [48]. During the
SSF fermentation process, the bacterial and fungal cultures are growing in
the absence of free water, while SMF utilizes free-flowing substrates or an
abundance of liquid fermentation broth/media [48, 62, 65]. The SSF provides
advantages, such as lower water and energy consumption, greater yields of the
products, very low waste generation, fairly simple instrumentation, and the
sterilization is optional [48, 62, 65]. Thus, making this process desirable for
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industrial or even pilot batch applications. The SMF process is much easier
to monitor and control, provides consistent productivity, and ease of product
isolation, so it is often used in enzyme and secondary metabolite production
[66, 67]. Additionally, such drastic differences in growing conditions require
specific microorganisms that are able to grow in the absence (e.g., fungi,
yeast and lactic acid bacteria (LAB) species) or abundance of free water,
respectively [62].

Evidently, for centuries, LAB have been used extensively for the fermen-
tation of various food and feed matrices, such as meat, fish, vegetables,
milk, bread, and others [68]. The LAB strains can excrete proteolytic and
carbohydrate-degrading enzymes, which improve digestibility, produce
various metabolites that can reduce food spoilage and improve microbial
safety, and organoleptic properties [68, 69]. Additionally, LAB strains have the
status of Qualified Presumption of Safety (QPS) and/or Generally Recogni-
zed as Safe (GRAS) in dairy, bakery, meat, legume, and other industries [69].

Fermentation technology is characterized by its complexity. One of the
key factors determining the quality of fermented materials is the detailed
composition of the substrate. The scientific problem addressed in this study is
related to the modeling of bioconversion schemes for cereal grains of newly
developed Lithuanian wheat varieties and lentils by selecting technological
parameters, including bacterial cultures and the water content of the substrate,
with the aim of achieving the most sustainable bioconversion process possible.
The available literature lacks data on the detailed chemical composition of the
colored-cereal grain wheat varieties and Fabaceae family plants investigated
in this study, as well as on the changes in their composition during fermentation.
To ensure the effective application of these newly developed raw materials
in the feed industry, it is necessary to identify appropriate technological
solutions and evaluate the factors that determine the quality of the fermented
substrate, including in vitro digestibility parameters.

New colored wheat lines developed by Lithuanian breeders are
characterized by a higher content of biologically active compounds, especially
anthocyanins, and may be a promising raw material for the production of
value-added feed. However, their properties and technological potential
have not been studied to date. Plants of the Fabaceae family were chosen
for analysis in this dissertation due to their high content of protein, fiber,
and other valuable components, but their use is limited by anti-nutritional
factors. Although innovative technological solutions are required to increase
their bioavailability in the aforementioned plant seeds. Comprehensive
studies of these raw materials, including the assessment of detailed chemical
composition, complement existing scientific knowledge and create the
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prerequisites for creating more sustainable and higher value-added feed raw
materials in a more sustainable way, i.e., by applying SSF schemes.

Aims of the study

The aim of the dissertation was to analyze the composition of newly bred
Lithuanian colored wheat varieties and Fabaceae family crops, to develop
technologies that increase their added value for sustainable application in the
feed industry, and to apply an in vitro digestion model for evaluating wheat
bioconversion and predicting potential in vivo effects.

Objectives of the study

1. To investigate the impact of selected LAB strains (LUHS29,
LUHS245, LUHS122) on the bioconversion of different wheat varieties
(Ada, Sarta, DS8472-5, DS8526-2, Gaja, DS8888-3-6, DS8548-7,
DS8535-2), with particular focus on modifying grain quality para-
meters, including free amino acids (FAAs), fatty acid (FA) composition,
biogenic amines (BAs), and other metabolites, while evaluating the
influence of wheat variety and LAB strain on these changes.

2. To evaluate the combined effect of LAB strains (LUHS122 and
LUHS210) and substrate particle size reduction on the fermentation
efficiency of red and green lentils.

3. To determine how processing of Fabaceae family lentil varieties
(Danaja — both pure and intercropped systems) influences FAA, FA,
volatile organic compound (VOC) profiles, and other physicochemical
parameters under SSF and SMF fermentation conditions.

4. To adapt an in vitro digestion model for evaluating the bioconversion
efficiency of colored wheat cereals and predicting potential in vivo
changes by comparing digestion- and fermentation-related parameters,
as well as metabolite profiles, in non-pretreated and fermented samples.
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THE SCIENTIFIC NOVELTY

This dissertation provides a comprehensive evaluation of LAB-mediated
bioconversion as an innovative approach for enhancing the functional and
nutritional properties of cereal grains and legumes. The novelty lies in (1)
the comparative assessment of multiple wheat varieties to distinguish the
relative influence of genotype and LAB strains on biochemical modifications,
(i1) the integration of substrate particle size reduction with both solid-
state and submerged fermentation (SSF and SMF) to optimize lentil
bioprocessing efficiency, and (iii) the application of an in vitro digestion
model to systematically link bioconversion-induced changes with predicted
in vivo outcomes. Furthermore, the study advances current knowledge by
simultaneously analyzing a wide range of parameters, including FAAs,
FAs, VOCs, and other metabolites, thereby providing a multidimensional
understanding of fermentation-driven transformations in plant-based
substrates. The results of this study offer practical solutions for improving the
valorization of cereal and legume raw materials within the agricultural sectors.
The demonstrated effectiveness of LAB-based bioconversion technologies
supports their application as sustainable tools for enhancing protein quality
(e.g., increasing essential FAAs and GABA) and overall feed value,
particularly in wheat and lentil-based systems. The findings also highlight the
importance of selecting appropriate raw materials and processing conditions
to achieve optimal results. Additionally, the validated use of in vitro digestion
models provides a cost-effective and efficient approach for predicting in
vivo performance. Overall, this research contributes to the development of
sustainable, circular-economy-based processing strategies that improve the
utilization of plant-based resources, support the reduction of dependence on
imported protein sources, and enhance the competitiveness and resilience of
the agricultural and feed industries.
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THE LAYOUT OF THE DISSERTATION

This dissertation is based on five published scientific articles (listed in the
list of publications section). It is composed of four major parts: (1) investigation
of the influence of colored wheat cereal bioconversion on the microbiological
and physicochemical characteristics; (2) investigation of the influence of the
particle size reduction and bioconversion of different lentil varieties on the
microbiological and physicochemical characteristics; (3) investigation of the
influence of the type of fermentation and growing conditions of lentils on
the microbiological and physicochemical characteristics; (4) investigation of
the influence of the bioconversion of traditional and colored wheat varieties
on the in vitro digestion and fermentation parameters and their metabolites.
The publications are published in peer-reviewed journals referred in Web
of Science: Fermentation, MDPI; Biology, MDPI; Frontiers in Nutrition,
FRONTIERS; Foods, MDPI; Scientific Reports, Springer Nature.
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1. MATERIALS AND METHODS

1.1. Materials Used in the Experiments

Seeds of the Fabaceae family (lentil varieties: CDC Lemay, CDC Red
Rider, Danaja (pure and intercropped)) and cereal grains of the Poaceae
family (wheat varieties: standard — Ada, Gaja, Herkus; waxy wheat
varieties: DS8888-3-6, Sarta; colored — DS8472-5, DS8526-2, DS8548-7,
DS8535-2, DS8558-1) were used for the designed experiments. The LAB
strains Pediococcus acidilactici (LUHS29), Liquorilactobacillus uvarum
(LUHS245), Lacticaseibacillus casei (LUHS210) and Lactiplantibacillus
plantarum (LUHS122) were used in the designed experiments. Bacterial
strains were obtained from from the Lithuanian University of Health Sciences
(Kaunas, Lithuania). The isolation of the strains, their biochemical properties,
antifungal, and antibacterial activities were described by Bartkiene et al.
(2019) [70].

1.2. Pre-treatments Used for Experimental Plant Material

Samples (lentils and wheat cereal grains) were milled with a Laboratory
Mill 120 (Perten Instruments AB, Stockholm, Sweden) to achieve a substrate
particle size of 1-2 mm.

SMF and SSF protocols were used for bioconversion of the aforementioned
substrates. SMF involved fermentation using a 1:5 ratio (w/w) of substrate with
water, while in SSF, 1:1 and 10:6 ratios (w/w) were used. The fermentation
was initiated via the addition of LAB suspension (3 % of the substrate by
dry mass, 8.6-8.7 log,, CFU/mL). The fermentation durations tested in the
experiments were 24 h and 48 h.

1.3. Principal Schemes of the Designed Experiments

The experimental scheme of wheat bioconversion is presented in Figure
1.3.1. The experiment involved the SSF of the milled wheat cereal (4da,
Gaja, DS8888-3-6, Sarta, DS8472-5, DS8526-2, DS8548-7, DS8535-
2). For the bioconversion, Pediococcus acidilactici, Liquorilactobacillus
uvarum, and Lactiplantibacillus plantarum were used. Cereal substrates were
fermented at 30 &+ 2 °C for 24 h. The SSF samples contained a substrate and
water ratio of 10:6 (w/w). The fermentation was initiated via the addition of
LAB suspension (3 % of the substrate by dry mass, 8.7 log,, CFU/mL). The
samples consisted of bioconverted and control (without the addition of LAB
suspension) samples. The microbiological (LAB count) and physicochemical
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(pH, total titratable acidity (TTA), chromaticity characteristics, BAs, FAAs,
micro- and macroelements, FA composition, VOCs) and mycotoxins con-
centration parameters were evaluated in the sample groups.

The experimental scheme of milled and non-milled lentil (varieties ‘CDC
Lemay’ and ‘CDC Red Rider’) bioconversion is presented in Figure 1.3.2.
The experiment involved SSF of milled and nonmilled lentil substrates, using
Lacticaseibacillus casei and Lactiplantibacillus plantarum strains. The SSF
samples contained a substrate and water ratio of 1:1 (w/w). The fermenta-
tion was initiated via the addition of LAB suspension (3 % of the substrate
by dry mass, 8.6 log, , CFU/mL). Duration of the bioconversion was 24 h at
30 + 2 °C. Samples consisted of SSF samples and corresponding control gro-
ups (without LAB suspension). The microbiological (LAB count) and physi-
cochemical (pH, TTA, chromaticity characteristics, BAs, FAAs, FA composi-
tion, VOCs) parameters were evaluated in the sample groups.
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The experimental scheme of pure and intercropped lentil (variety Danaja)
bioconversion, utilizing SMF and SSF protocols, is presented in Figure 1.3.3.
The experiment consists of milled SMF and SSF samples, using substrate
and water ratios of 1:5 and 1:1, respectively. Fermentation was initiated using
LAB suspension (8.7 log , CFU/mL). The duration of the bioconversion was
24 h and 48 h at 30 = 2 °C. The corresponding control samples consisted of
a substrate and water ratio without the LAB suspension. The microbiological
(LAB count) and physicochemical (pH, TTA, chromaticity characteristics,
BAs, FAAs, FA composition, VOCs, micro- and macroelements) parameters
were evaluated in the sample groups.

24



4

Danaja

Lentil variety (pure)

Danaja

Lentil variety
(intercropped with rye)

L

Milling/size reduction to 1-2 mm

]

SSF
100 g of substrate and
100 g of water

SMF

100 g of substrate and
500 g of water

Il

I

Pediococcus acidilactici
30+ 2 °C for 24 and 48 h

vall

11/

Physicochemical and microbiological analysis: acidity,
microbiological and chromaticity characteristics, biogenic
amines, amino acids, fatty acid composition, micro- and

macronutrients, volatile organic compounds

Fig. 1.3.3. Experimental scheme of submerged and solid-state
fermentation of lentil samples



The experimental scheme of in vifro digestion and fermentation of
bioconverted black (variety DS8558-1) and traditional (variety Herkus DS)
wheat grains, using the Sus scrofa domesticus model, is presented in Figure
1.3.4. The experiment consisted of milling of the wheat grain samples and their
bioconversion, using the SSF protocol (substrate/water ratio of 1:1 (w/w))
and Lp. plantarum strain suspension (3% of dry matter of the wholemeal
flour, 8.7 log,, CFU/mL at (30 + 2) °C for 24 h). The in vitro digestion step
consisted of the modified INFOGEST model, described by Brodkorb et al.
(2019) [71]. The in vitro fermentation step was adapted from the in vitro
colonic batch fermentation protocol, described by Burillo et al. (2021) [72].
More detailed protocol of the experiment is described by Mockus et al. (2026)
[73]. Bioconverted and control (without LAB suspension) samples were
subjected to in vitro digestion and fermentation protocols. The total amino
acids (AAs) were analysed in the SSF samples, in vitro digestion supernatant
and residues. The FAAs were analysed in the in vitro digestion supernatant.
The FAAs, BAs, VOCs, SCFAs, and other semi-volatile and non-volatile
metabolites were analysed in the in vitro fermentation samples. Additionally,
in vitro total digestibility, protein digestibility, and total fermentability were
evaluated.
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1.4. Methods Used for the Analysis of the Samples in the Designed
Experiments

1.4.1. Evaluation of Acidity, Microbiological, and Chromaticity
Characteristics

The pH of the samples in the designed experiments was measured using
a pH electrode (PP-15; Sartorius, Goettingen, Germany). The TTA was
evaluated for a 10 g analysed sample mixed with 90 mL of water; results were
expressed as mL of 0.1 mol/L NaOH solution required to achieve a pH value
of 8.2. The LAB count was determined according to the method described by
Bartkiene et al. (2017) [74]. The TBC was determined on Plate count agar
and was incubated under aerobic conditions at 32 °C for 24 to 48 h. The
chromaticity characteristics of the samples were evaluated on the surface
using a CIE L*a*b* system (CromaMeter CR-400, Konica Minolta, Japan).
The results were expressed as the CIE color values L* (brightness/darkness),
a* (redness/greenness), and b* (yellowness/blueness).

1.4.2. Determination of the Biogenic Amine Content

Analysis of the BAs was performed by extracting the samples with 0.4 M
perchloric acid solution, containing 1,7-diaminoheptane as internal standard,
and diluting to 30 mL of final volume. Afterwards, the pH of 1 mL of the
derivatization solution was increased with 2 M NaOH and saturated NaHCO,
solutions, prior to the addition of 2 mL of 10 mg/mL dansyl chloride solution
in acetone. Derivatization was performed at 40 °C for 45 minutes. After the
derivatization, excess reagent was quenched with 25 % ammonia solution and
diluted with mobile phase. Derivatized analytes were analysed using a Varian
Prostar HPLC-UV system (Varian Corp., Palo Alto, California, USA), using
254 nm for detection. A detailed description of the protocol is described by
Bartkiene et al. (2022) [75].

1.4.3. Analysis of Free Amino Acids

For the analysis of FAAs, a homogenous portion of the sample (100-
1000 mg) was extracted with a 0.1 M HCI solution (1-10 mL). The resulting
supernatant (50-200 pL) was made alkaline, using 2 M NaOH and saturated
NaHCO, solutions, and derivatized using a 10 mg/mL solution of dansyl
chloride. Derivatization was performed at 60 °C for 30 minutes. The excess
reagent was quenched using 25% ammonia solution. Derivatized analytes
were analysed using an LC-MS system, consisting of Varian Prostar HPLC
system (Varian Corp., Palo Alto, California, USA) with Thermo Scientific
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LCQ FLEET mass spectrometer (Thermofisher Scientific, San Jose,
California, USA). Detailed protocols and their modifications are described
by Mockus et al. (2022, 2023, 2024) [76-78].

1.4.4. Analysis of Macro- and Microelements Using Inductively
Coupled Plasma Mass Spectrometry

Macro- and microelement analysis was performed using Agilent 7700x
ICP-MS (Agilent Technologies, Tokyo, Japan) with the corresponding
software MassHunter Work Station for ICPMS, version B.01.01 (Agilent
Technologies, Tokyo, Japan). The homogenous portion of the sample was
treated with concentrated nitric acid and hydrogen peroxide in the microwave
system until the reaction was finished. Afterwards, the mixture was heated at
150 °C for 30 minutes and another 30 minutes at 200 °C. The cooled sample
was filtered, diluted to 50 mL and analysed subsequently. Detailed description
of the protocol can be found in Bartkiene et al. (2018) [79].

1.4.5. Analysis of Fatty Acid Composition (Hexane Extraction
Method)

For analysis of FA composition, about 1 g of homogeneous sample was
dispersed in 5 mL 0f 30% NaCl solution. Lipids were extracted by adding 5 mL
of hexane and subsequent extraction via orbital laboratory shaker for 1 h. A
portion of the upper layer (4 mL) was reacted with 300 uL of the methylation
reagent (2 mol/L of KOH in methanol) by shaking for 1 h. The upper layer,
containing derivatized FAs, was separated by centrifugation and used for the
analysis. Gas chromatograph — mass spectrometer GCMSQP2010 (Shimadzu,
Kyoto, Japan) was used to analyse the samples. A capillary Stabilwax-MS
column (30 m x 0.25 mm ID x 0.25 um film thickness) was used for the
separation of the analytes. Concentrations were determined from calibration
curves obtained from analytical standards at different concentrations, and
results were expressed as a percentage of the total detected FAs. A detailed
description is given by Bartkiene et al. (2022) [75].

1.4.6. Analysis of Fatty Acid Composition (Folch Extraction Method)

The Folch extraction method of the lipids involves the extraction of 1 g
of the homogenous sample with 10 mL of the extraction solution, consisting
of a chloroform and methanol mixture (2:1, v/v). Extraction is performed by
shaking, using an orbital laboratory shaker for 1 h. The separated organic layer
1s washed with 0.9% NaCl solution. Separated organic layer is subsequently
dried using nitrogen gas. The resulting residue is dissolved in 1 mL of hexane
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and reacted with 70 puL of the methylation reagent by shaking for 30 minutes.
The instrument, analytical column and data processing were identical as
described in section 1.4.5. More details about the method can be found in
Mockus et al. (2024) [78].

1.4.7. Analysis of Mycotoxins via High-Performance Liquid
Chromatography Coupled to Triple Quadrupole Mass Spectrometry
(LC-MS/MS)

For the analysis of mycotoxins, the QUEChERS extraction protocol was
employed. In brief, about 2.5 g of the homogenous sample was extracted using
10 mL of water, 10 mL of acetonitrile, 20 puL of formic acid and QuUEChERS
buffer salts. After extraction, the upper layer of the supernatant was subjected
to QUEChERS dispersive solid-phase extraction cleanup step and the upper
layer was used for the analysis with UltiMate™ 3000 (Thermo Fisher
Scientific, Waltham, MA, USA) HPLC coupled with a Thermo Scientific
TSQ Quantiva mass spectrometer. The details of the analysis can be found by
Bartkiene et al. (2022) [75] .

1.4.8. Analysis of Volatile Organic Compounds

Analysis of the VOCs in the samples involved dispersion of a homogenous
portion of the sample (about 1-2 g), which was homogenized with
buffering medium and transferred to 20 mL headspace vials, sealed with
polytetrafluoroethylene septum. For the analysis, the autosampler transferred
samples to the thermostat to heat up samples up to 60 °C and, subsequently,
the solid phase microextraction (SPME) device fiber was exposed to the
headspace of the vial to extract volatile compounds. Extracted VOCs were
desorbed into the liner of the gas chromatograph for the analysis. Analysis
was performed using a GCMS-QP2010 (Shimadzu, Kyoto, Japan) gas
chromatograph coupled with a mass spectrometer. The VOCs were identified
using mass spectrum libraries (NIST11 and FFNSC2). Detailed protocols
and modifications are described by Bartkiene et al. (2022) and Mockus et al.
(2023, 2024) [75, 76, 78].

1.4.9. Analysis of Total Amino Acids

For analysis of AA hydrolysates, an appropriate amount of sample
(50-500 mg depending on protein content) was hydrolyzed with 6 M HCI
solution, containing 0.1% phenol, in a laboratory oven at 110 °C for 23 hours.
Afterwards, the hydrolyzed mixture was cooled down and neutralized with
7 M NaOH solution. The hydrolysates were diluted to 50 mL with deionized
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water and subsequently derivatized and analysed using the procedure,
described in section 1.4.3.

1.4.10. Analysis of Free Amino Acids and Biogenic Amines in the
In Vitro Fermented Samples

The protocol of the analysis is based on the derivatization with chloroformate
and subsequent analysis using gas chromatography — mass spectrometry (GC-
MS). In brief, the sample was diluted 10 times with 0.1 M HCI solution, and
a 100 pL aliquot was subjected to the derivatization. After dilution to 200
pL with 0.1 M HCI, addition of internal standard (norleucine), alkalization
with 2M NaOH solution, addition of methanol and pyridine mixture (4:1,
v/v) and chloroform (500 pL), the mixture was derivatized with the addition
of isobutylchloroformate (50 pL). The organic layer was separated and dried
with anhydrous Na,SO, afterwards. Analysis was performed on a GCMS-
QP2010 (Shimadzu, Kyoto, Japan) GC-MS system, using a capillary Rxi®-
SMS column (Restek, USA) (length 30 m, coating thickness 0.25 pum, inner
diameter of 0.25 mm) for separation. Instrument operated in single ion
monitoring mode for quantification. Results were calculated from the internal
standard calibration curve. Detailed protocol description can be found in
Mockus et al. (2026) [73].

1.4.11. Untargeted Analysis of Small Non-volatile and Semi-volatile
Metabolites in the In Vitro Fermented Samples

Ten-fold dilution with methanol (containing internal standard ribitol)
of the samples was performed with subsequent extraction in the sonication
bath for 5 minutes. Aliquot of the separated supernatant (100 puL) was dried
with nitrogen and subjected to derivatization with 50 pL of methoxyamine
hydrochloride solution in pyridine (20 mg/mL) for 2 h at room temperature.
The resulting mixture was subsequently derivatized with the addition of
50 uL of N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA), containing 1%
of trimethylchlorosilane, for 1 h at 70 °C. Afterwards, the reaction mixture
was diluted with 400 pL of hexane and used for the analysis with the GC-
MS system. Analysis was performed on a GCMS-QP2010 (Shimadzu, Kyoto,
Japan) GC-MS system, using a capillary Rxi®-5MS column (Restek, USA)
(length 30 m, coating thickness 0.25 pum, inner diameter of 0.25 mm) for
separation. Analytes were identified using mass spectrum libraries (NIST11
and FFNSC2). A detailed description of the protocol can be found in Mockus
et al. (2026) [73].
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1.4.12. Analysis of Short-chain Fatty Acids

The analysis of SCFAs was performed using a GC-MS system. In brief, the
in vitro fermented samples were spiked with internal standard (3-methylvaleric
acid) and diluted up to tenfold with 0.1 M HCI solution. The supernatant was
directly analysed with a GCMS-QP2010 (Shimadzu, Kyoto, Japan) GC-MS
system, using a Stabilwax-Da column (Restek, USA) (length 30 m, coating
thickness 0.25 pm-¢, inner diameter of 0.25 mm-¢) for separation. Instrument
operated in single ion monitoring mode, and concentrations were obtained
from internal standard calibration curves.

1.4.13. The In Vitro Digestion and Fermentation Protocol Adapted
for Sus Scrofa Domesticus Model

Bioconverted and control substrate samples were subjected to the in vitro
digestion and colonic fermentation protocol. The in vitro digestion protocol
was adapted from the simulated static digestion INFOGEST protocol,
described by Brodkorb et al. (2019) [71]. In brief, the substrate was subjected
to simulated gastric digestion, involving simulated gastric fluid, low
pH (pH =3), porcine pepsin (enzymatic activity in the final mixture of
2000 U/mL) and was incubated at 39 °C for 2 hours. Simulated intestinal
phase involved subsequent addition of simulated intestinal phase, bile salts,
porcine pancreatin (enzymatic activity in final mixture of 100 U/mL), neutral
pH and were incubated at 39 °C for 2 hours. Afterwards, samples were cooled
down in an ice bath, and undigested matter was separated from the mixture
and dried. The residue was used for the in vitro digestion evaluation and the
in vitro fermentation. The supernatant was frozen and analysed according to
the experimental scheme in Figure 1.3.4. The in vitro fermentation protocol
was adapted from the protocol, described by Burillo et al. (2021) [72]. In
brief, a portion of undigested residue (~400 mg) was subjected to the sterile
fermentation medium (phosphate buffer pH = 7.00, reductive solution,
resazurin, and peptone) and faecal inoculum. Samples were incubated at
39 °C for 48 h in a thermostat. Afterwards, the samples were cooled down
in the ice bath and centrifuged at 500g to recover unfermented residue. The
supernatant was divided into 1.5 mL aliquots and frozen at —20 °C until the
analysis. The details of the protocol are described by Mockus et al. (2026)
[73].

1.4.14. Statistical Analysis

Microbiological and physical chemical parameters data were expressed
as the mean =+ standard deviation. Statistical calculations were carried out
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using R statistical programming software packages. In order to evaluate
the effects of the different factors, the data were analysed using analysis of
variance (ANOVA), and Tukey HSD (Tukey’s honest significant difference)
post hoc test was conducted to detect differences among sample groups. To
determine the normality and homoskedasticity, the Shapiro—Wilk test and
Levene test were performed, using “stats” (version 4.4.2) and “car” (version
3.1-3) packages. The linear Pearson’s correlation coefficients were calculated
and visualized using “psych” (version 2.5.6) and “corrplot” (version 0.95)
packages. The results were recognized as statistically significant at p < 0.05.
Heatmap visualization and analysis was carried out using the R statistical
programming software package “ComplexHeatmap” (version 2.25.2). The
partial least square discriminant analysis (PLS-DA) and variable importance
in projection (VIP) were carried out using the “mixOmics” package (version
6.26.0). Volcano plot analysis and visualizations were carried out using the
“EnhancedVolcano” package (version 1.24.0). Missing values for the volcano
plot analysis were filled using the half minimum method.
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2. RESULTS AND DISCUSSION

2.1. Influence of Wheat Cereal Grain Bioconversion on Their
Microbiological and Physicochemical Parameters

Two experiments with different wheat varieties (Ada, Sarta, DS8472-5,
DS8526-2; and Gaja, DS8888-3-6, DS8548-7, DS8535-2, respectively) were
performed [75, 77]. Those studies involved bioconversion of traditional,
waxy, and colored wheat varieties and evaluation of analyzed microbiological
and physical chemical (pH, chromaticity characteristics, BAs, FAAs, VOCs,
FA composition, mycotoxins, micro-and macroelements) parameters.

The pH, TTA, color characteristics and LAB count results are presented in
Table 2.1.1. It was found that all LAB strains were able to propagate and reach
over 8.00 log, CFU/g. It shows that the substrate is suitable for fermentation
with P. acidilactici, Lig. uvarum, and Lp. plantarum strains. Moreover, the
pH of the bioconverted samples dropped from 4.67 to 3.55 for some samples.
While very low pH can inhibit the growth of LAB strains, most of the strains
are able to handle a pH as low as 3.2 [80, 81]. The low pH tolerance and
effective propagation in the substrates show its potential probiotic properties
[82]. The TTA and pH were negatively correlated (r = —0.422, p = 0.003), and
the LAB strain was a significant factor for TTA (p = 0.011, p<0.001). Though
TTA is associated with the LAB activity via the production of organic acids,
the substrate, temperature, or even the LAB strain itself can greatly affect
the TTA [83, 84]. The wheat variety, LAB strain, and the combination of the
factors were significant for color characteristics. Various compounds such as
anthocyanins, carotenoids, and flavones, are responsible for the color of the
cereals, while LAB strains have varied abilities to degrade those compounds
and/or introduce their antioxidative effects during the fermentation [85, 86].
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Table 2.1.1. Microbiological and physicochemical parameters of the wheat samples

Sample pH TTA, °N L a b {;‘;‘: é"F‘;J‘;tg

Ada 6.68+0030a | 130=0020m | 528=121ab | 5790.110bc | 166£0.130b | 441=0.110f
Ada_LUHS122 3.99+0020rs | 5.10£0.1501) | 51.9+0.970bed | 5.79+0.130be | 16.8£0.190b |8.72 = 0.180 abed
Ada_LUHS245 421+0010kim | 4800090k | 50.6= 1.50 bede | 5.46+0.160d | 15.7=0210c [8.61 % 0.140 abede
Ada_LUHS29 429+0020] | 490+0080jk | 420+ 1.10kl | 427+0.100 ghi | 8.88=0.130n [8.52 = 0.150 abcde
Sarta 642+0030b | 1.00£0.030n | 40.9=1.191m | 4430090 ¢ | 810+02000 | 433=0.090f
Sarta LUHS122 3.81£0.020¢ | 5.70%0.120 cde | 48.9% 1.41 cfg | 3.94%0.080jk | 14.3+0.130 de |8.64 + 0.160 abcde
Sarta LUHS245 3.84+0.010t |5.50+0.160 efgh| 46.7=1.17ghi | 3.72=0.110klm | 9.89+0.110k |8.37 % 0.180 bede
Sarta LUHS29 419+0.020 Imn| 45000901 | 44.9=0.9401) | 3.85=0.070jkl | 9.59+0.140kl | 8.11+0210¢
DS8472-5 6.09+0020d | 1.00£0.020n | 47.6=0.320 feh | 3.03£0.070p | 11.3£0.090hi | 4.30=0.060 f
DS8472-5 LUHSI22 | 3.94£0030s | 580+004cd |50.6=0.340 bede| 4.76+0070f | 14.0+0.320cf | 8.92+0.210ab
DS8472-5 LUHS245 | 4.15+0.020 mno| 5.10£0.1201] | 503+ .18 cde | 6.85+0.160a | 13.8+0210f [8.53 % 0.200 abodd
DS8472-5 LUHS29 | 4.07=0.010 pq | 5.40 = 0.080 fgh | 40.9=0.270 Im | 4.08+0.0601 | 6.12%0.140 qr | 8.31 = 0.120 cde
DS8526-2 6.18+0020¢c | 120£0.030 mn | 46.1+132hij | 5.12=0.110e |9.52+0.170 klm | 4.53 +0.090 f
DS8526-2 LUHSI22 | 4.67+0.020g | 5.60+0.140 def | 39.8= .14 Imn | 4.10=0.090 hij | 5.86=0.140rs | 8.76 = 0.090 abc
DS8526-2 LUHS245 | 4.86=0.040f | 5.900.120 bc | 403 % 0.890 Imn | 3.58 £ 0.100 Imn | 5.29£0.120 ¢ [8.45 % 0.170 abodd
DS8526-2 LUHS29 | 424+ 0.030 kI | 5.00%0.110ijk | 38.60.770 mn | 4.25 % 0.120 ghi | 542 =0.080 st | 8.31 = 0.110 cde
Gaja 6.01+£0010¢ | 1.23£0.110mn | 41.9+0.120kl | 439+0.090 gh | 9.07+0.110 mn | 4.54+0.320
Gaja_LUHS122 44400200 | 4910090k | 44.1=0.140jk | 4.86=0.070 ¢f | 9.16+0.090 Imn |8.48 + 0.180 abede
Gaja_LUHS245 437+0.0201 | 490+0.060jk | 52.1+0230bc | 4.88+0.060cf | 160+0.130c |8.59 = 0.120 abede
Gaja_LUHS29 4.01+0.010qr | 5.00+0.050ijk | 548+0.150a | 589+0.080bc | 189=0.140a [3.63 =0.140 abcde
DS8888-3-6 6.11+0.030d | 1.20%£0.030 mn | 52.3+0210bc | 3.06=0.030 op | 148+0220d | 4.19+0270f
DS8888-3-6 LUHS122 | 4.09=0.020 0p | 5.22+0.050 hi |48.5+0.350 efgh| 3.36=0.050n | 108+0.180] | 8.08+0.140¢
DS8888-3-6_LUHS245 | 420 % 0.010 Im | 5.43  0.040 cfgh | 49.1 £0.210 cfe | 3.54%0.060 mn | 11.8+0210h [8.48 % 0.110 abcdd
DS8888-3-6_ LUHS29 | 3.990.0207s |5.61 £0.090 cdef| 52.3+0.190 be | 3.06%0.090 op | 14.8=0.160d [8.61 % 0.160 abode
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Table 2.1.1 cont.

Sample pH TTA, °N L a b lLo‘;l: Cc;‘g‘/;
DS8535-2 598+0.020e | 1.00+0.050n | 45.1+0.160ij | 5.93+0.120bc | 11.2+0.120ij | 4.41+0.130f
DS8535-2 LUHS122 | 4.40 £0.020 hi |5.52+0.070 defg| 38.7+0.220 mn | 6.08+0.080b | 6.55+0.070q | 8.74 +0.190 abc
DS8535-2 LUHS245 | 3.72+0.030u | 6.21+0.050a | 38.0+0.130n | 5.67+0.060cd | 5.08+0.080t | 8.92+0.210ab
DS8535-2 LUHS29 3.61+0.010v | 630+0.110a | 42.0+0.160kl | 595+0.090bc | 8.10+0.1100 | 8.99+0.170a
DS8548-7 6.18£0.020c | 1.02+0.110 mn | 49.5+0.140 def | 4.10+ 0.050 hij | 12.7+0.150g | 4.69+0.310f
DS8548-7 LUHS122 | 4.13 +0.020 nop | 5.23 + 0.060 ghi | 44.0+0.230jk | 3.76+0.110klm | 7.09+0.090p | 8.16+0.230 de
DS8548-7 LUHS245 | 4.27+0.020 jk |5.42 +0.100 efgh |48.2 +0.170 efgh| 2.93+£0.090p | 8.76+0.080n [8.49 + 0.160 abcde
DS8548-7 LUHS29 3.55+0.010v | 6.10+0.140ab | 41.7+ 0250kl | 3.34+0.040n0 | 7.65+0.1100 | 8.94+0.220 ab

TTA - total titratable acidity; L* — lightness; a* — redness (-a* greenness); b* — yellowness (-b* blueness); LAB — lactic acid bacteria; CFU —
colony forming units; LUHS29 — fermented with Pediococcus acidilactici LUHS29 strain; LUHS245 — fermented with Liquorilactobacil-
lus uvarum LUHS245 strain; LUHS122 — fermented with Lactiplantibacillus plantarum LUHS122 strain. The data are represented as me-
ans =+ standard deviation. a—v Mean values denoted with different letters indicate significantly different values between the different sample
groups. Results are statistically significant when p < 0.05.



Phenylethylamine was found in all wheat samples and was a major BA in
the control samples (Table 2.1.2). Cadaverine formed in most of the samples
fermented with Lig. uvarum and Lp. plantarum strains. Putrescine was found
in all Ada and Sarta samples. Additionally, wheat variety, LAB strain, and the
factors’ interaction were significant for concentrations of BAs in the wheat
wholemeal samples. BAs’ production is mostly associated with bacterial
activities during the fermentation through several mechanisms via the
decarboxylation and transamination of amino acids and ketones/aldehydes,
respectively [87, 88]. Though LAB has GRAS status, the production of
the BAs should be highly monitored as their production highly depends on
substrate, bacterial strain, temperature, and other factors [89].
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Table 2.1.2. Concentrations of biogenic amines (mg/kg) in the bioconverted wheat wholemeal samples

Phenylethyl-

Sample amine Putrescine | Cadaverine | Histamine |Tyramine| Spermidine | Spermine| Total BAs
Ada 728+540a [356+290d| NDh ND f NDc [234+220fe| NDb 131'%10'5
Ada LUHS122 64.1 = 4.70 abede 98.1 = 6,30 be[205.3 £9.80 2| 32.2£2.60d| ND«c ND h NDb |399.7+234a
Ada LUHS245 50.3 +3.40 fghijk [33.1 £2.50 def 1922 =090 | NDf NDc¢ [32.6+3.80cdl NDb [218316.6bc
1133 %9.00
Ada_LUHS29 56.9+3.90 cdefgh| 203+ 1.80¢| NDh ND f NDc¢ [36.1+330b] NDb o
Sarta 63.1+5.00 abed [32.6=2.60de] NDh ND f ND ¢ ND h NDb |57.2+3.9kim
Sarta LUHS122  |55.6+3.60 defghi[26.6+2.10de] NDh  |77.4+5.40a| NDc ND h ND b 1883; 151
Sarta LUHS245 | 46.9 % 3.10 ghijk | 26.7+ 1.9de| NDh ND f NDc [319+=340cd| NDb |98.7 +8.20 hijk
Sarta LUHS29 68.6+520abc |289+2.1de| NDh ND f ND ¢ ND h ND b 80'3131370
DS8472-5 5724390 cdefe| NDf ND h ND f ND ¢ ND h ND b 79'3131161'60
DS8472-5_ 687+510abc | NDf |88.0+590ef| NDf NDc [31.9+4.10cd] NDb |254.1+18.0b
Dote J%5. 0+5. 944, 1418,
DS8472-5_ 164.4 % 140
Do 622+ 440 abedef]  NDf ND h ND f NDc¢ [36.5+3.80bc] NDb o
- 267+320 -
DS8472-5 LUHS29 |53.6 + 3.50 efghij ND f ND h ND f NDc¢ defe NDb |101.1+8.80 hij
DS8526-2 58.0+4.30 bedefg]  NDf ND h ND £ NDc [214+£230¢| NDb 110.;}26.90
DS8526-2_ 3 760+ | 263 =2.90
oS 51.9+320cfghik| NDf [99.9+650de] NDf 1002 Yeta NDb | 46.1+2.91m
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Table 2.1.2 cont.

Sample Phe;n);lifltehyl- Putrescine | Cadaverine | Histamine |Tyramine| Spermidine | Spermine| Total BAs
DS8526-2_ 272+3.10 147.0 £ 9.50
Dottarns 264+2.40m |268+2.7de|840+:580f| NDf ND ¢ o ND b e

1683 £ 12.9
DS8526-2 LUHS29 | 70.4+5.30 ab ND f ND h ND f NDc¢ [30.7+35cde| NDb ot
Gaja 58.5+3.70 bedefe| 199+ 1.10¢| NDh ND f NDc¢ [31.8+2.10cd| NDb 80'8.131161'20
GajaLUHS122 46.1+2.90 ghijk | NDT ND h ND f ND ¢ ND h NDb |429+3.50m
Gaja LUHS245  [52.6+4.10 efghijl] NDf  |944=540cf] NDT ND ¢ ND h NDb |213.3 = 18.0 be
Gaja LUHS29 52.0 + 4.80 cfghijf NDf ”6'3;; 8101 \pr ND ¢ ND h NDb |4159+33.0a
DS8888-3-6 573+450cdefg| NDf ND h ND f NDc [227+1.70fg] NDb |44.1+3.20Im
DS8888-3-6_ ) .
LUHS122 42.9 +3.50 ijkl ND f NDh ND f NDc NDh NDb |68.55+5 jklm
DS8888-3-6_ ..
A 45.9+ 4.10 ghijk |103.8£9.20b/63.6+4.70 g| NDT ND ¢ NDh NDb |2033+16.4cd
DS8888-3-6_ . 226.18 =
DoHS0 41.8+3.20 ikl e [1279£105b00.1+0800¢f NDc ND h NDb |4073+313a
DS8535-2 441+320hijk | NDf ND h ND f ND ¢ ND h NDb |86.8 + 6.40 ijkl
DS8535-2_ . 245+ 150 70.0 = 5.00
Dot 441+350hik | NDf ND h ND f ND ¢ oo ND b ki
DS8535-2_ ) 208+ 130 135.0 £ 102
Dotioons 50.9+4.40 fghijk| NDf  [122.6=10.7b] NDT ND ¢ o ND b fak
DS8535-2 LUHS29 | 30.9+2401m |873=680c| > 1E980 1g63:ag0p| 326% I518+370a| 292F |2266+1670bc

bed 2.40 b 1.40 a

DS8548-7 55.9+4.70 cdefgh|  NDf ND h ND f ND ¢ 30‘9;161'70 ND b mﬁgfl 105
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Table 2.1.2 cont.

Sample Phe;lzliflt;lyl_ Putrescine | Cadaverine | Histamine |Tyramine| Spermidine | Spermine| Total BAs
DS8548-7 29.5+1.20
LUHS122 40.5 +3.80 kI ND f ND h ND f ND ¢ cdef NDb 399.7+234a
DS8548-7_ 42.0 +3.10 jki ND f 52.4+4.20 ND f NDc |40.6£290b| NDb |218.3+16.6bc
LUHS245 . 10j . 20¢g . . . .
DS8548-7 LUHS29 | 393280kl [27.2%1.70 de| 84.1 £ 7.10 £|49.9£320¢| NDec 25'22};'90 ND b “3'3g 2200

LUHS29 — fermented with Pediococcus acidilactici LUHS29 strain; LUHS245 — fermented with Liquorilactobacillus uvarum LUHS245
strain; LUHS122 — fermented with Lactiplantibacillus plantarum LUHS122 strain. The data are represented as means + standard deviation. a—1

Mean values denoted with different letters indicate significantly different values between the different sample groups. Results are statistically
significant when p < 0.05.



Micro- and macroelement concentrations in the wheat wholemeal samples
are presented in Table 2.1.3, Table 2.1.4 and Table 2.1.5. Both experiments
showed that wheat variety was a significant factor for the micro- and
macroelement concentrations in the samples. While the LAB strain was not a
significant factor in most cases.
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Table 2.1.3. Macroelement concentrations in bioconverted wheat wholemeal samples

Sample Na, g/100g Mg, g/kg K, g/kg Ca, g/kg
Ada ND k 0.662 + 0.066 abc 1.978 +0.194 abcdef 0.229 +£0.023 b
Ada LUHSI122 0.070 £ 0.001 a 0.578 £ 0.058 abcdefg 1.785 £ 0.175 cdefg 0.197 +£ 0.020 bedef

Ada LUHS245

0.070 £0.001 a

0.551 £ 0.055 abcdefgh

1.739 + 0.170 defgh

0.197 + 0.020 bedef

Ada LUHS29 0.010 = 0.001 cde 0.601 + 0.060 abcdef 1.905 + 0.187 bedefg 0.192 + 0.019 bedefg
Sarta ND k 0.555 + 0.056 abcdefgh 1.976 = 0.194 abcdef 0.305+0.031 a
Sarta LUHS122 0.011 £ 0.001 bed 0.373 +0.037 ij 1.15+0.113 h 0.16 £ 0.016 defghi
Sarta LUHS245 0.009 £ 0.001 def 0.479 £ 0.048 efghij 1.519 £ 0.152 fgh 0.225 +0.025 be

Sarta LUHS29

0.011 £0.001 bed

0.607 £ 0.061 abcde

1.817 £ 0.178 bedefg

0.293 £0.029 a

DS8472-5

ND k

0.401 % 0.04 hij

1.45 +0.150 fgh

0.16 + 0.016 defghi

DS8472-5 LUHS122

0.007 £+ 0.002 efgh

0.456 + 0.046 efghij

1.76 + 0.180 defg

0.147 + 0.015 efghi

DS8472-5 LUHS245

0.009 + 0.001 def

0.431 + 0.043 ghij

1.71 + 0.170 efgh

0.126 + 0.013 hi

DS8472-5_ LUHS29

0.008 + 0.001 defg

0.445 + 0.045 ghij

1.96 + 0.200 abcdefg

0.148 = 0.015 efghi

DS8526-2

ND k

0.518 + 0.025 bedefghi

1.93 + 0.190 bedefg

0.146 + 0.015 fghi

DS8526-2 LUHS122

0.005 = 0.003 ghij

0.354 % 0.084 |

1377+ 0.371 gh

0.132 +0.016 ghi

DS8526-2 LUHS245 0.003 +0.001 ijk 0.500 £ 0.05 defghij 2.00 + 0.200 abcdef 0.129 +0.013 ghi
DS8526-2 LUHS29 0.005 = 0.001 ghij 0.376 +0.038 ij 1.964 £ 0.160 abcdefg 0.124 £0.012 i
Gaja ND k 0.682 +0.053 a 2.54+0.220 a 0.21 £0.019 bede
Gaja_ LUHS122 0.010 + 0.002 cde 0.638 £ 0.051 abed 2.32 £0.190 abcd 0.199 + 0.018 bedef
Gaja LUHS245 0.008 £ 0.001 defg 0.669 + 0.042 ab 2.38 +£0.130 ab 0.192 +0.019 bedefg
Gaja_LUHS29 0.007 + 0.002 efgh 0.641 + 0.05 abed 2.37+0.210 abc 0.189 £ 0.02 bedefgh
DS8888-3-6 ND k 0.448 + 0.045 fghij 1.98 + 0.170 abcdef 0.345+0.031 a

DS8888-3-6 LUHS122

0.013 +£0.001 be

0.501 + 0.041 defghij

2.38+£0.230 ab

0.310+0.026 a

DS8888-3-6 LUHS245

0.011 +0.002 bed

0.438 + 0.040 ghij

2.20 £ 0.180 abcde

0.321 £0.027 a

DS8888-3-6 LUHS29

0.014+£0.001 b

0.509 + 0.051 cdefghi

2.37 +0.230 abc

0.322+0.030 a

DS8535-2

ND k

0.482 + 0.041 efghij

1.75 £ 0.160 defg

0.173 £ 0.016 bedefghi
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Table 2.1.3 cont.

Sample Na, g/100g Mg, g/kg K, g/kg Ca, g/kg
DS8535-2 LUHS122 0.006 + 0.001 fghi 0.458 + 0.039 efghij 1.86 + 0.200 bedefg 0.162 + 0.015 cdefghi
DS8535-2 LUHS245 0.006 + 0.002 fghi 0.495 + 0.036 defghij 1.77 + 0.140 defg 0.163 + 0.012 cdefghi
DS8535-2_ LUHS29 0.006 + 0.001 fghi 0.438 + 0.034 ghij 1.84 + 0.110 bedefg 0.162 + 0.013 cdefghi
DS8548-7 ND k 0.510 £ 0.048 cdefghi 1.93 £ 0.160 bedefg 0.213 +£0.018 bed
DS8548-7 LUHS122 0.003 +0.001 ijk 0.511 + 0.027 cdefghi 1.84 + 0.110 bedefg 0.205 + 0.014 bedef
DS8548-7 LUHS245 0.002 + 0.002 jk 0.513 + 0.022 cdefghi 1.88 £ 0.090 bedefg 0.210 + 0.016 bede
DS8548-7 LUHS29 0.004 + 0.001 hij 0.534 + 0.043 abcdefgh 1.82 + 0.100 bedefg 0.214 +0.012 bed

LUHS29 — fermented with Pediococcus acidilactici LUHS29 strain; LUHS245 — fermented with Liquorilactobacillus wvarum LUHS245
strain; LUHS 122 — fermented with Lactiplantibacillus plantarum LUHS122 strain. The data are represented as means + standard deviation. a1
Mean values denoted with different letters indicate significantly different values between the different sample groups. Results are statistically
significant when p < 0.05.
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Table 2.1.4. Essential microelement concentrations in bioconverted wheat wholemeal samples

Sample Cr, mg/100g Mn, mg/kg Fe, mg/kg Cu, mg/kg

Ada ND ¢ 8.21 £ 0.820 jklm 22.9 +2.30 bede 1.85+0.190 ab
Ada LUHSI122 0.014 +0.001 ¢ 7.81 +0.780 klm 38.7+£390a 1.61 +0.160 bc
Ada LUHS245 ND ¢ 5.83+0.580 m 23.2+2.30 bed 1.59 £ 0.160 be
Ada LUHS29 NDc 9+ 0.900 ijklm 28.3+2.80b 1.51 £0.150 bed
Sarta 0.047 £0.005 b 12.8 £ 1.30 defgh 24.8+2.10 be 2.19+0.220 a
Sarta LUHS122 ND ¢ 11.7 + 1.20 fghij 22.4 +2.00 bedef 2.01+0.180 a
Sarta LUHS245 ND ¢ 11.7 + 1.20 fghij 25.0+2.30 be 2.14+0.160 a
Sarta LUHS29 0.052 +0.005b 11.5 + 1.20 ghijk 24.8+2.20 be 2234+0.180 a
DS8472-5 0.015+0.002 ¢ 7.54+0.710 Im 15.6 + 1.40 hi 1.14 + 0.110 defghi
DS8472-5 LUHS122 NDc 7.77 £ 0.800 Im 14.6 + 1.30 hi 1.27 £ 0.130 cdef
DS8472-5 LUHS245 ND ¢ 7.69 £ 0.920 Im 15.2+1.70 hi 1.23 £ 0.120 cdefg
DS8472-5_LUHS29 ND ¢ 7.71 £ 1.00 Im 15.9 + 1.60 hi 1.22 £ 0.190 cdefgh
DS8526-2 ND ¢ 10.4 £ 1.00 ghijkl 14.0 £ 1.40 hi 1.24 £ 0.120 cdefg
DS8526-2 LUHS122 ND ¢ 8.25 + 0.820 jklm 5.48 £0.550 j 0.83 + 0.083 hij
DS8526-2 LUHS245 ND ¢ 12.1 £ 1.20 efghi 22.0 £ 2.20 cdefg 1.27 £ 0.130 cdef
DS8526-2 LUHS29 ND ¢ 13.4 + 1.30 defgh 15.4+1.50 hi 1.32+0.130 cde
Gaja ND ¢ 10.7 + 1.10 ghijkl 149+ 1.50 hi 0.763 = 0.076 ij
Gaja_LUHS122 ND ¢ 14.0 + 1.40 cdefg 15.6 + 1.60 hi 0.850 + 0.085 ghij
Gaja_LUHS245 NDc 10.9 + 1.10 ghijkl 13.7+ 1.40 hi 0.695+0.070 j
Gaja LUHS29 ND ¢ 13.3 4+ 1.30 defgh 16.6 + 1.70 fgh 0.857 £+ 0.086 ghij
DS8888-3-6 0.151+0.014 a 15.3 £ 1.50 abcdef 16.5+ 1.7 fgh 0.913 +0.091 fghij
DS8888-3-6 LUHS122 0.161 £0.007 a 10.2 + 1.93 hijkl 17.1 £ 2.59 efgh 0.764 = 0.037 ij
DS8888-3-6 LUHS245 0.145+0.025a 13.8 = 1.40 cdefgh 15.9 £ 1.60 hi 0.848 + 0.085 ghij
DS8888-3-6 LUHS29 0.158 £0.014 a 11.1 + 1.10 ghijkl 10.3+1.10 0.692 = 0.069 j

DS8535-2

ND ¢

17.8 +1.50 ab

16.6 + 1.70 fgh

0.805 % 0.081 j
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Table 2.1.4 cont.

Sample Cr, mg/100g Mn, mg/kg Fe, mg/kg Cu, mg/kg
DS8535-2 LUHS122 ND ¢ 16.1 + 1.30 abcd 17.3 + 1.80 defgh 0.797 £ 0.080 ij
DS8535-2 LUHS245 ND ¢ 179+ 120 a 16.7 + 1.50 fgh 0.775 £ 0.078 ij
DS8535-2_ LUHS29 ND ¢ 17.4 +1.20 abc 17.0 + 1.30 efgh 0.764 +0.070 ij
DS8548-7 ND ¢ 15.6 = 0.30 abcde 16.2 + 1.60 ghi 0.973 £+ 0.097 efghij
DS8548-7 LUHS122 NDc 15.4 £+ 1.20 abcdef 15.0 £ 1.10 hi 0.926 + 0.073 efghij
DS8548-7 LUHS245 ND ¢ 14.1 £ 1.10 bedefg 16.7 £ 1.20 fgh 0.938 + 0.074 efghij
DS8548-7 LUHS29 ND ¢ 15.3 £+ 1.00 abcdef 16.5 £ 1.20 fgh 0.921 +0.071 fghij

LUHS29 — fermented with Pediococcus acidilactici LUHS29 strain; LUHS245 — fermented with Liquorilactobacillus wvarum LUHS245
strain; LUHS 122 — fermented with Lactiplantibacillus plantarum LUHS122 strain. The data are represented as means + standard deviation. a1
Mean values denoted with different letters indicate significantly different values between the different sample groups. Results are statistically
significant when p < 0.05.
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Table 2.1.5. Concentrations of non-essential microelements (mg/kg) in bioconveted wheat wholemeal samples

Sample As Rb Sr Cd Ba Pb
Ada ND d NDb 1.000+£0.1001j | 0.038+0.004b | 2.71+0.270 abc | 0.017 £0.002 e
Ada LUHSI122 ND d ND b 0.909+£0.0911 |0.033+0.003bc | 2.30+£0.230bcd | 0.064 +0.006 a
Ada LUHS245 0.009 + 0.001 bc ND b 0.854+0.0851ij | 0.038+0.004b | 2.27+0.230 bcd | 0.057 £0.006 b
Ada LUHS29 ND d ND b 0.949 £ 0.0951] [0.029 + 0.003 bed| 2.36 +0.240 abed | 0.032 +0.003 ¢
Sarta 0.007+0.001 c | 1.44+0.140a | 0.963+0.0911j | 0.054+0.005a | 2.35+0.240 abcd | 0.012+0.001 ¢
Sarta LUHS122 0.013+0.00l a| 1.36+0.120a | 0.976+0.0831j | 0.053+0.006 a 221+£0.190cd | 0.014+0.002 e
Sarta LUHS245 ND d 1414+0.100a | 0.984+0.074ij | 0.057+0.004a | 2.33£0.220 abcd | 0.013+0.001 ¢
Sarta LUHS29 0.011+0.001 ab| 1.43+0.110a | 0.962+0.0871ij | 0.058+0.005a | 2.36+0.230 abcd | 0.012+0.001 e
DS8472-5 ND d ND b 1.50 £ 0.130 cdefg {0.029 + 0.003 bed| 2.224+0.210 cd ND f
DS8472-5 LUHS122 ND d ND b 1.46 £0.120 defg | 0.033 £0.003 be | 2.45 £ 0.250 abcd ND f
DS8472-5 LUHS245 NDd ND b 1.42£0.130 fgh | 0.035+0.004 bc | 2.23+0.220 cd ND f
DS8472-5 LUHS29 NDd ND b 1.52 £ 0.140 cdefg | 0.034 = 0.004 be | 2.35+0.260 abcd ND f
DS8526-2 ND d ND b 1.22+£0.012 ghi [0.027 +0.003 cde| 2.30+0.230 bed | 0.031 +0.003 cd
DS8526-2 LUHS122 ND d ND b 0.719+£0.072j ]0.012 £0.001 ghij NDe ND f
DS8526-2 LUHS245 ND d ND b 1.02+0.010 hij |0.028+£0.003 cde| 2.11+£0.210d ND f
DS8526-2 LUHS29 ND d ND b 1.20 £ 0.012 ghi | 0.036 £ 0.004 bc | 2.38 £+ 0.240 abcd ND f
Gaja 0.007 £ 0.001 c ND b 1.46 + 0.015 defg | 0.009 £ 0.001 ijk NDe ND f
Gaja LUHS122 0.009 + 0.002 bc ND b 1.67 £ 0.017 bedef |0.012 + 0.001 ghij NDe 0.015+0.002
Gaja LUHS245 0.008 £ 0.001 c ND b 1.44 +0.014 efg | 0.009 + 0.001 ijk NDe ND f
Gaja_ LUHS29 0.008 +0.002 ¢ ND b 1.61 +0.016 bedefg| 0.01 +0.001 hij ND e ND f
DS8888-3-6 ND d ND b 1.9+ 0.019bc | 0.009 £ 0.001 ijk ND e 0.025+0.003d
DS8888-3-6 LUHS122 ND d ND b 1.492 + 0.286 cdefg ND k NDe ND f
DS8888-3-6 LUHS245 ND d ND b 1.84 £ 0.018 bede | 0.009 £ 0.001 ijk NDe ND f
DS8888-3-6 LUHS29 ND d ND b 1.45+0.015 efg | 0.005 +0.001 jk NDe ND f
DS8535-2 ND d ND b 2.00+0.200b |0.019 +0.003 efgh NDe 0.032+0.003 ¢
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Table 2.1.5 cont.

Sample As Rb Sr Cd Ba Pb
DS8535-2 LUHS122 ND d ND b 1.97+£0.190b |0.016 + 0.002 fghi NDe 0.029 £ 0.002 cd
DS8535-2 LUHS245 ND d ND b 1.90+0.140 bc  |0.017 £+ 0.003 fghi ND e 0.031 £ 0.003 cd
DS8535-2_ LUHS29 ND d ND b 1.87+0.170 bed [0.016 + 0.002 fghi ND e 0.028 £ 0.003 cd
DS8548-7 ND d ND b 2.58+0.260a |0.021 +£0.002 defg] 2.90+0.290 a ND f
DS8548-7 LUHS122 ND d ND b 2.59+£0.200a |0.02+0.001 defg| 2.78 +0.260 abc ND f
DS8548-7 LUHS245 ND d ND b 2.66+£0.190a |0.022+0.001 def| 2.83 +0.200 ab ND f
DS8548-7 LUHS29 ND d ND b 2.63+£0.210a |0.023 +0.002 def| 2.69 + 0.250 abcd ND f

LUHS29 — fermented with Pediococcus acidilactici LUHS29 strain; LUHS245 — fermented with Liguorilactobacillus wvarum LUHS245
strain; LUHS122 — fermented with Lactiplantibacillus plantarum LUHS122 strain. The data are represented as means + standard deviation.
a—k Mean values denoted with different letters indicate significantly different values between the different sample groups. Results are statisti-
cally significant when p < 0.05.



The majority of the FA composition consisted of palmitic, octadecenoic,
and linoleic acids in the wheat wholemeal samples. The saturated fatty acids
(SFA) were between 20.8 and 39.8 %, monounsaturated fatty acids (MUFA)
were between 14.1 and 28.8 %, and polyunsaturated fatty acids (PUFA) were
between 36.9 and 64.5 % in the samples. The first experiment results showed
that wheat variety and LAB strain interaction was significant for the majority
of the FAs, except for palmitic, octadecenoic, a-linolenic, and linoleic acids.
LAB strain was significant for octadecenoic acid concentrations. The second
experiment showed that the LAB strain and its interaction with wheat variety
were significant for SFA, MUFA, and omega-6 FAs in the wheat wholemeal
samples. Additionally, the majority of detected FAs were significantly
affected by both factors and their interaction, similarly lacking significance
for palmitic and octadecenoic acids. As wheat cereals contain only up to 3.8
% of lipids, the majority stored in the germ, their composition can be easily
affected by bacterial activity [90-92]. The literature reports similar values
in terms of individual FAs and corresponding groups (SFA, MUFA, PUFA),
denoting palmitic, oleic, and linoleic acids as major FAs and a-linolenic acid
as a major omega-3 FA [91, 93].
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Table 2.1.6. Fatty acid compositions of the wheat wholemeal samples

Sample SFA MUFA PUFA Omega 3 Omega 6 Omega 9
Ada 39.8+0.14a 23.1+0.104d | 3691+0.210r | 2.11+0.010r 34.8+0.200r |23.065+0.104d
Ada LUHS122 35.6+0.400d 17.7+0.202 jj 46.9 +0.400 n 2.07+0.100r |44.8+0.300klm | 17.7+0.202 ij
Ada LUHS245 31.4+£0345gh | 21.2+0.105f | 47.2+0.300mn | 3.09+0.1001 44.1 +£0.200 m 21.24+0.105 f
Ada LUHS29 29.7+0.1215 | 16.9+£0.100klm | 53.3+0.220hi | 2.55+0.020pq | 50.7+0.200g | 16.9 +0.100 klm
Sarta 23.9+0.128 n 154+0.104 p 60.6 £0.245 ¢ 6.23+0.030d | 54.3+0.215de | 154+0.104p
Sarta LUHS122 27.9+0.300 k 189+0.103h | 53.1+£0.210hi | 294+0.010m | 50.2+£0.200¢g 189+0.103 h
Sarta LUHS245 31.0 +0.300 hi 21.1+0.200f |47.9+£0.320klm | 2.84+0.020 mn | 45.1 £0.300 jkl | 21.1+£0.200 f
Sarta LUHS29 21.4+0.120 pqr | 14.1+£0.110q 64.5+0.220a 527+0.020¢ 59.2+0.200 a 14.1+£0.110q
DS8472-5 325+0.320fF 199+0.100g | 4744+ 0310mn | 2.73+£0.010n0 |44.7+0.300klm | 19.9+0.100 g
DS8472-5 LUHS122 250+£0310m | 17.4+0.100jk | 57.5+0.220¢ 3.38 £ 0.020 ij 54.1+0.200 ¢ 17.4+0.100 jk
DS8472-5 LUHS245 31.9+0.340 fg 19.1£0.205h | 48.8+0.320kl | 2.89+0.020m | 45.9+0.300 ij 19.1+£0.205 h
DS8472-5 LUHS29 25.5+0.230 m 19.0+£0.102 h 554+£0240g | 2.93+£0.040 m 52.5+0.200 f 19.0+£0.102 h
DS8526-2 30.3 +£0.280 ij 2224+0.206e | 47.4+£0.330mn | 2.69+0.030 op | 44.7+0.300 klm | 22.225+0.206 ¢
DS8526-2 LUHS122 21.8+0.2200pq | 21.0£0.203f | 57.1+0370ef | 3.28+0.070jk | 53.84+0.300e | 21.024+0.203 f
DS8526-2 LUHS245 26.4+0.300 1 244+0210b 489+0.323k |2.80+0.020 mno| 46.1+0.3031 244+0.210b
DS8526-2 LUHS29 20.8+0.130r 28.8+0.220a 50.3+0.250 7.45+0.050 ¢ 42.8 +0.200 n 28.8+0.220a
Gaja 29.9+0.140 j 16.1£0.201 o 53.9+0.530h | 3.22+£0.030kl | 50.7+0.500¢g 16.1+0.201 o
Gaja_LUHS122 26.4+0.2551 17.5+£0.1061) | 562+0452fg | 448+0.050¢g 51.7+0.402 f 17.5+0.106 ij
Gaja_ LUHS245 26.3+0.190 1 21.4+0.206 f 52.3+0.403 i 11.8+£0.100 a 40.5+0.303 p 21.4+0.206 f
Gaja_ LUHS29 248+0.180m | 249+0.154b 50.4+0.290 j 6.20+0.090d | 442+0.200Ilm | 24.9+0.154b
DS8888-3-6 345+0.240e |16.5+£0.105mno| 48.9+0.440k 3.39+0.0401 | 45.5+0.400ijk |16.5+£0.105 mno
DS8888-3-6 LUHS122 | 22.2+0.160 0 15.1+0.105p 62.6+0.441b 478 £0.040 f 57.9+0.401b 15.1+0.105p
DS8888-3-6 LUHS245 | 21.0£0.130qr | 152+0.203p | 63.7+0.350ab | 8.18+0.050 b 55.5+0.300 ¢ 15.2+0.203 p
DS8888-3-6 LUHS29 37.7+0.360 ¢ 23.9+0.204 ¢ 38.4+£0.224 q 2.17+0.020 r 36.2+£0.204 q 23.9+0.204 ¢
DS8535-2 32.1+£0.130 fg 21.3+020f 46.7+0.230 n 471+0.030f | 42.0+0.200n0 | 21.3+0.200 f
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Table 2.1.6 cont.

Sample SFA MUFA PUFA Omega 3 Omega 6 Omega 9
DS8535-2_ LUHS122 32.0+0.140fg | 22.4+0.200¢ 45.6+0.3200 |2.80+0.020 mno| 42.8+0.300n 22.4+0.200 ¢
DS8535-2 LUHS245 21.8+£0.120 0p | 19.2+£0.200 h 59.0+0.440d 3.73+0.040 h 55.3+0.400 ¢ 19.2+0.200 h
DS8535-2 LUHS29 344+0.254¢ 18.0+0.1001 |[47.8+0.2401mn | 3.66+0.040h | 44.1+0.200 m 18.0+£0.100 i
DS8548-7 38.1+£0.300c | 16.8+0.100 Imn | 45.1 £0.330 0 346+0.0301 41.6+0.3000 | 16.8+0.100 Imn
DS8548-7 LUHS122 247+0.143m | 16.3+0.104no | 58.9+0.420d 3.80+0.020h | 55.1+0.400cd | 16.3+0.104 no
DS8548-7 LUHS245 38.9+0.230b | 17.2+0.301 jkl | 43.8+0.320p 2.53+£0.020q | 41.3+0.3000p | 17.24+0.301 jkl
DS8548-7 LUHS29 33.9+0.323 ¢ 15.1+£0.100 p 51.0+0.220 ] 2.9+0.020 m 48.1+0.200 h 15.1£0.100 p

LUHS29 — fermented with Pediococcus acidilactici LUHS29 strain; LUHS245 — fermented with Liguorilactobacillus uvarum LUHS245
strain; LUHS122 — fermented with Lactiplantibacillus plantarum LUHS122 strain. SFA — saturated fatty acids; MUFA — monounsaturated fatty
acids; PUFA — polyunsaturated fatty acids. The data are represented as means + standard deviation. a—r Mean values denoted with different
letters indicate significantly different values between the different sample groups. Results are statistically significant when p < 0.05.



The essential and non-essential FAA concentrations of the second
experiment (involving Gaja, DS8888-3-6, DS8548-7, DS8535-2 varieties)
are presented in Table 2.1.7 and Table 2.1.8, respectively. In almost all cases,
the bioconverted sample groups contained significantly higher concentrations
of essential amino acids, in comparison to respective control groups. LAB
strain was significant for all essential amino acid concentrations. Additionally,
wheat variety was significant for essential amino acid concentrations, except
for phenylalanine and leucine/isoleucine, while the interaction of both factors
was significant for methionine, valine, and histidine. Wheat variety was a
significant factor for almost all of the non-essential amino acid concentrations,
including y — aminobutyric acid (GABA). Moreover, the LAB strain was
significant for almost all non-essential and non-proteinogenic amino acid
concentrations, except glutamic acid, while the interaction of both factors
was not significant only for serine and aspartic acid. The significant increase
in FAAs is generally associated with the LAB proteases’ activity during the
fermentation [94]. Furthermore, the amount of precipitation, temperature
and wheat variety can greatly affect protein content and its composition in
the cereals [95, 96]. GABA is a non-proteinogenic amino acid, which is
associated with LAB activity via its production from glutamic acid, using
glutamate decarboxylase [97]. GABA has GRAS status and has important
properties as a neurotransmitter, providing beneficial effects, such as blood
pressure reduction, improvement of discrimination learning, blood glucose
reduction and is able to treat sleeplessness, depression, and other illnesses
[97-99].
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Table 2.1.7. Concentrations of essential free amino acids (umol/g) in the wheat wholemeal samples

Sample Threonine Methionine Valine Phenyl-alanine IIsJoell::licl;fl/e Lysine Histidine
Gaja 046+0026gh| NDg  |0385£0020h| NDf  |0.185£0010¢g 0'360;10'021 ND g
Gaja LUHSI122 082320077 10,303 +.0.014b| 243£0.16b [1.1770.067a| 5.71£0217a | 151 +0.142b |0.169 % 0.007 b
Gaja LUHS245 0.624 = 0.034 of| 0.043 £ 0.003 | 1.95 £ 0.102 cd| 1.251 £ 0.101 a|4.17 £ 0249 be| 1.16%0.046¢ |  ND g
Gaja. LUHS29 0782 007 Ho.146+ 0008 ¢| 121 20,041 g | @707 200% 19955 .17ef | 0539 008 10,0834 0.008 ¢
DS8888-3-6 0423:004h| NDg  |0343£0034h| NDf  |0.188£0012g| 0285+002h| NDg
Dsssss-3-6_LUHS122| #7082 9029 10 1174.0.01 de| 20120174 ¢ | 98137 9038 1146740257 | 1,07 0.061 cd| 0024+ 0.001 £
DS8888-3-6_LUHS245 [0.591 + 0.035 0,146 + 0,008 ¢| 0% 309 1 0-788 = 0003 13 534 0,317 e 1.02 4 0.043 cd [ 0,031 +0.003 £
Dssss-3-6_ LUHS20 | &7 200% 1 Npg 19940079 ca| 09009 13014055 ef|0.58340.045fg  NDg
DS8535-2 0440+0021h| NDg  |0430£0035h] NDf _ |0.103+0.006g|0321£0.028h] NDg
DS8535-2 LUHSI22 | 1.23+0.094a |0.477+0.015a| 3.28+0312a 0'978; 0-083 | 5 46£0.195a | 223£0202a [0297+0.013 a
DS8535-2 LUHs24s | 070020025 | 0352 00071 764 0,08 cde | 1.07 0103 ab 3,47+ 0.303 de| 1.16+0.063 ¢ [0.145 0,005 ¢
DS8535-2 LUHS29 _ |0.909 % 0.038 b| 0.1 +0.006 ¢ | 1.87 % 0.109 cd|0.853  0.03 cd 3.54 = 0.345 cddl0.629 = 0.049 f 0.116 = 0.008 d
DS8543-7 0420£0019h| NDg  |0422£0019h] NDf  |0.162+0.013g|0224+0.014h|] NDg
Dsssag-7 LUHSI122 | %90 =002 10.15440.009 ¢|1.63 -+ 0.132 def] O5%7 = 0078 1573 2 0.140 ca| ©40 003 10,003 10,004 ¢
DS8548-7 LUHS245  [0.593 = 0.044 fo| 0.061 + 0.005 £|1.368 + 0.089 fg| O743 0074 13 56 4 0,110 de[0.702 + 0.059 eff 0.027 + 0.002 £

de




€S

Table 2.1.7 cont.

Leucine/

Sample Threonine Methionine Valine Phenyl-alanine . Lysine Histidine
Isoleucine
psssag-7 LUHS29 | %09 0001 NDg 114940.126 efgf0.641 £ 0.028 | 24740222 £ |0.671£0065¢f  NDg

LUHS29 — fermented with Pediococcus acidilactici LUHS29 strain; LUHS245 — fermented with Liguorilactobacillus uvarum LUHS245
strain; LUHS122 — fermented with Lactiplantibacillus plantarum LUHS122 strain. The data are represented as means =+ standard deviation.
a—h Mean values denoted with different letters indicate significantly different values between the different sample groups. Results are statisti-
cally significant when p < 0.05.
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Table 2.1.8. Concentrations of non-essential and non-proteinogenic free amino acids (umol/g) in the wheat wholemeal

samples
Sample Arginine |Gluta-mine| Serine Agzlir(;lc Gl:g‘(;mc Glycine | Alanine | Proline | Tyrosine | GABA
Gaja 0.521 + 1.95+ 0.971 + 0.793 + 0.581 + 0.895 + 1.74 £ 0.285 + ND h 243+
0.018d | 0.138 fgh | 0.061 gh |0.068 defg| 0.057 cde | 0.040fg | 0.157h 0.015¢g 0.125 hij
Gaja_ LUHS122 | 0.221 £ 3.07+ 1.47 + 1.38 + 0.780 £ 1.84 + 5.98 + 1.55+ 0.246 + 532+
0.013gh | 0.150bc | 0.054bc | 0.090b 0.023b | 0.124bc | 0.319b |[0.057 bede| 0.01 bc | 0.297 cde
Gaja LUHS245 | 1.09+ .12+ 1.16 + 0.686 0.477 + 1.56 + 428 £ 131+ 0.279 + 6.37+
0.102 ab 0.0521 (0.079 defgh| 0.066 fgh | 0.016 efg | 0.125cd | 0.162cd | 0.070de | 0.019a 0.409 b
Gaja_ LUHS29 0.987 + 0.452 + 142+ 0.626 £ 0.470 £ 1.76 £ 4.54 + 0.972 + 0.055 + 6.51 %
0.071b 0.023; 0.133bc | 0.020gh | 0.038efg | 0.107bc | 0.396¢ 0.042 £ 0.003 g 0.420 b
DS8888-3-6 0.578 £ 1.81 + 1.49 + 0.906 + 0.199 £ 0.527 + 211+ 0.300 + ND h 251+
0.047d | 0.095gh | 0.113b | 0.036de 0.019 i 0.033h | 0.097gh | 0.025¢g 0.085 hi
DS8888-3-6 0.236 + 2.66+ [1.35+£0.11{1.15+0.09| 0.585=+ 1.39+ 427+ 1.39 0.246 + 4.53 £
LUHS122 0.015gh | 0.184 cd bed c 0.045 cde | 0.069de | 0.176 cd | 0.066 cde | 0.007 bc | 0.392 ef
DS8888-3-6 0.722 + 1.75 + 1.26 + 0.546 + 0409+ (1.33+0.07| 4.07=+ 135+ 0.225 + 4.87
LUHS245 0.054 c 0.110 h |0.089 bedef] 0.051 hi 0.03 fg de 0.308 cd | 0.053de | 0.007 cd | 0.171 def
DS8888-3-6 0.227 £ 1.97 £ 1.30 + 0425+ 0.392 + 2.06 £ 4.51 + 222+ 0.191 £ 7.60 £
LUHS29 0.007 gh | 0.183 fgh [0.109 bede| 0.027 1 0.033fg | 0.172b 0.312¢ 0.174 a 0.007 e 0.243 a
DS8535-2 0475+ 2.01+ 1.05+ 0.739 + 0.245 + 0.663 + 1.72 + 0.336 + ND h 1.56 £
0.041 de |0.111 efgh | 0.064 efgh | 0.036 efg | 0.008 hi | 0.054 gh | 0.063 h 0.031¢g 0.138
DS8535-2 0.192 + 431+ 1.85+ 1.72 + 1.22 + 241+ 8.08 £ 2.16 £ 0.243 + 5.61
LUHS122 0.007 h 0.367 a 0.109 a 0.088 a 0.114 a 0.124 a 0.309 a 0.128a | 0.023 bc | 0.557 bed
DS8535-2 1.21+ 326+ 1.22 + 0.894 + 0.522 + 1.72 £ 428 £ 1.72 £ 0.268 £ 397+
LUHS245 0.046 a 0.299b |0.055 cdefg| 0.059de | 0.021def | 0.158c | 0.155cd | 0.152b | 0.008 ab | 0.336 fg
DS8535-2 0.105 £ 277+ 1.10 + 0.849 + 0.783 + 1.78 £ 2.68 £ 1.58 + 0.227 £ 282+
LUHS29 0.007h | 0.173 bed |0.104 defgh| 0.062 def | 0.055b | 0.107bc | 0.208 fg | 0.150 bed | 0.009 ¢cd | 0.235 hi
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Table 2.1.8 cont.

Sample Arginine |Gluta-mine| Serine Agzlir(;lc Gl:g‘(;mc Glycine | Alanine | Proline | Tyrosine | GABA

DS8548-7 0.370 + 2.52 + 1.03 £ 0.893 + 0.368 + 0.494 + 3.03+ 0.330 + ND h 227+
0.033 ef | 0.234de | 0.091 fgh | 0.057de | 0.024gh | 0.020 h 0.253ef | 0.028¢g 0.209 i

DS8548-7 0.337+ 232+ 0.919 + 0.954 + 0.677 £ 1.25+ 3.56 1.26 + 0.198 £ 325+
LUHS122 0.011 fg [0.220 defg| 0.031h 0.043d | 0.048bc | 0.120e | 0.207de | 0.078 ef | 0.008 de | 0.290 gh
DS8548-7 0.352 + 237+ 0.960 + 0.782 + 0.621 + 1.18 + 373+ 133+ 0.210 + 335+
LUHS245 0.035 efg | 0.078 def | 0.038 h | 0.070 defg| 0.026cd | 0.102ef | 0.373de | 0.072de | 0.010de | 0.127 gh
DS8548-7 0.846 + 0.134 + 1.13 £ 0.147 + 0.154 + 1.30 + 415+ 1.65 + 0.108 £ 6.061 +
LUHS29 0.048 ¢ 0.004j [0.051 defgh| 0.013; 0.009 i 0.047de | 0.129cd | 0.147 be 0.009 f | 0.466 bc

LUHS29 — fermented with Pediococcus acidilactici LUHS29 strain; LUHS245 — fermented with Liguorilactobacillus uvarum LUHS245
strain; LUHS122 — fermented with Lactiplantibacillus plantarum LUHS122 strain; GABA —y — aminobutyric acid. The data are represented as
means + standard deviation. a—h Mean values denoted with different letters indicate significantly different values between the different sample
groups. Results are statistically significant when p < 0.05.



The mycotoxin concentrations of the first experiment (involving Ada,
Sarta, DS8472-5, DS8526-2 varieties) are presented in Table 2.1.9. Only
deoxynivalenol (DON) was detected in the wheat wholemeal samples. The
significant increases were observed in Sarta, DS8472-5, and DS8526-2
sample groups after fermentation in the majority of cases. Though LAB has
the ability to neutralize mycotoxins via cell wall binding or its metabolism,
the significant increase could be explained due to rehydration of fungal spores
[100, 101].

Table 2.1.9. Mycotoxin concentrations (ug/kg) in the wheat wholemeal
samples

Sample DON HT2 T2 FB1 | FB2 | ZEA | OTA
Ada <151 <1.5 | <1.5 | <15 <15 <3 <l1.5
Ada LUHSI122 <151 <1.5 | <15 | <I5 <15 <3 <1.5
Ada LUHS245 <151 <15 | <1.5 | <15 <15 <3 <1.5
Ada LUHS29 <151 <1.5 | <1.5 | <15 <15 <3 <1.5
Sarta <151 <1.5 | <1.5 | <15 <15 <3 <1.5
Sarta LUHS122 <15i <1.5 | <1.5 | <15 <15 <3 <1.5
Sarta LUHS245 174+ 1.80hi | <1.5 | <1.5 | <15 <15 <3 <1.5
Sarta LUHS29 21.5+£2.10h | <1.5 | <1.5 | <15 <15 <3 <l1.5
DS8472-5 96.4+420g | <15 | <1.5 | <15 <15 <3 <1.5

DS8472-5 LUHS122 | 116.0+9.20fg | <1.5 | <1.5 | <15 <15 <3 <1.5
DS8472-5 LUHS245 | 134.0+£6.50f | <1.5 | <1.5 | <15 <15 <3 <1.5
DS8472-5 LUHS29 163.0+7.80e | <I.5 | <1.5 | <15 <15 <3 <1.5
DS8526-2 2744+980c | <1.5 | <1.5 | <15 <15 <3 <1.5
DS8526-2 LUHS122 | 226.0+11.6d | <1.5 | <1.5 | <15 <15 <3 <1.5
DS8526-2 LUHS245 | 323.9+14.5b | <1.5 | <15 | <15 <15 <3 <1.5
DS8526-2 LUHS29 | 3923+113a | <1.5 | <15 | <15 <15 <3 <l1.5

LUHS29 — fermented with Pediococcus acidilactici LUHS29 strain; LUHS245 — fermented
with Liquorilactobacillus uvarum LUHS245 strain; LUHS122 — fermented with Lactiplan-
tibacillus plantarum LUHS122 strain; DON — deoxynivalenol; HT2 — HT2 toxin; T2 — T2
toxin; FB1 — fumonisin B1; FB2 — fumonisin B2; ZEA — zearalenone; OTA — ochratoxin
A. The data are represented as means + standard deviation. a—i Mean values denoted with
different letters indicate significantly different values between the different sample groups.
Results are statistically significant when p < 0.05.

The VOC:s profile of the first experiment (involving Ada, Sarta, DS8472-
5, DS8526-2 varieties) is depicted in Figure 2.1.1. Major VOCs detected in
wheat wholemeal samples are various aliphatic acids, aldehydes, esters, and
alcohols. Some of the major aliphatic acid VOCs include acetic, hexanoic,
nonanoic, octanoic, heptanoic, and lactic acids. Short-chain aliphatic acids
have pungent and acidic aroma, while longer-chain acids have more fatty,
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green, and waxy notes [102, 103]. Short-chain aliphatic acids are products
of carbohydrate fermentation, while longer-chain acids are products of fat
metabolism [103, 104]. Alcohols, such as pentanol, hexanol, 1-octen-3-ol, are
described as fruity, whiskey-like, sweet, floral, and balsamic [103]. Aldehydes
in the matrix can be reduced by LAB activity into alcohols [105]. Aldehydes
can be formed from a-keto acids, amino acids, and fatty acids by LAB activity
[105, 106]. Esters are produced by LAB as well [102]. Bioconverted wheat
wholemeal samples had more diverse VOC profiles. Additionally, wheat
variety, LAB strain, and the interaction of both factors were significant for
the VOC profile in the wheat wholemeal samples.
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Fig. 2.1.1. Heatmap of volatile organic compounds in the wheat

wholemeal samples
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While fermentation scale-up does not require complex equipment to carry
out, it introduces important aspects of industrial production. In addition to
BA and mycotoxin contamination, a possible pathogenic contamination of
fermentable substrate is one of the major issues of bioconverted matrices
[107]. The pathogenic contamination is often a result of poor hygiene
protocols, process control, or the use of contaminated materials, which can
be controlled by applying tighter process control, the testing of substrate for
harmful pathogens or their metabolites [107]. Moreover, the biosafety of
the final product from the majority of the pathogens can be achieved when
the pH of substrate reaches the pH of 4 [108]. Additionally, SSF, combined
with an adequate inoculum of technological microorganisms (e.g., LAB),
represents an effective strategy for preventing the overgrowth of pathogenic
microorganisms. Furthermore, extrusion pretreatment prior to fermentation
can be recommended as an effective strategy for reducing the biological
contamination of the substrate before the fermentation process.

Bioconverted wheat samples showed great potential as a value-added,
highly functional feed material due to the high survival rate of LAB under
low-pH conditions. However, the bioconversion showed a significant increase
in BAs for the most part, thus denoting their monitoring to be an important
aspect of the fermented feed production process. The concentrations of micro-
and macroelements were significantly affected only by the wheat variety for
the most part, thus noting that bioconversion with selected LAB strains won’t
affect the final mineral feed material composition. Wheat bioconversion
increased omega-3 concentrations in most fermented wheat samples, providing
important nutrients to the animals. Additionally, fermented wheat samples
exhibited significantly higher concentrations of essential and the majority of
non-essential FAAs, indicating an enhanced biological value and nutritional
quality of the resulting feed material. Moreover, LUHS29 strain was able to
consistently produce the highest amounts of GABA, in most cases. However,
the observed increase in DON concentrations in certain sample groups
underscores the need for careful monitoring and control of mycotoxin levels
throughout the bioconversion process. The majority of VOCs detected in the
samples during fermentation were associated with lipid and carbohydrate
metabolism. A greater diversity of VOCs in fermented cereals is generally
considered indicative of improved sensory characteristics of the fermented
substrate.
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2.2. Influence of Size Reduction and LAB Strain on the Bioconverted
Lentils’ (Lens culinaris L.) Microbiological and Physicochemical
Parameters

In this study stage, red and green lentil bioconversion with LAB strains
(Lactiplantibacillus plantarum No.122 and Lacticaseibacillus casei N0.210)
and the size of the bioconverted matrix factors influence on the microbiological
and physicochemical parameters (pH, chromaticity values, FAAs, BAs, FA
composition and VOCs) were evaluated.

The chromaticity, pH, and LAB count values are presented in Table 2.2.1.
The pH after 24 h of fermentation reached values under 4.5, and LAB count
values were over 8 log, | CFU/g. Thus, the selected LAB strains were suitable
for bioconversion as similar results of LAB count were found under SMF and
SSF conditions elsewhere [109]. Only the milling factor was not significant
for the pH values of all analyzed factors (lentil variety, LAB strain) and their
interactions. Additionally, lentil variety, LAB strain, and lentil variety and
milling factor interaction were significant for LAB count values. Strong
negative correlation (r=-0.973, p <0.001) between pH and LAB count
was observed. The color coordinate values were significantly affected by
LAB strain, milling, and lentil variety and LAB strain interaction. The main
compounds, contributing to the color of the lentils, are tocopherols and
carotenoids [110, 111]. Though significant reduction of those compounds via
oxidation or even increasement can be observed in certain LAB strains, thus
providing color changes [112, 113].
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Table 2.2.1. Chromaticity, pH and LAB count values in milled and non-milled lentil samples

Sample pH after 0 h pH afer 24 h L* Color coor;i:nates, A b* ﬁ;ﬁéﬁl{lﬁg
Re 6.14£0.020 b - 559+2.34a 24.0+0.98 a 264+1.03a 421+0.330b
Re LUHS122 N 5.79+0.010ef | 4.21+0.020d 53.2+198a 19.6+1.32 be 22.8+0.870b 8.04+0.270a
Re LUHS210_ N 5.98£0.020 ¢ 433+0.010c 53.2+145a 209+1.96b 23.5+0.670b 8.15+0.190 a
Re_LUHSI122 M 5.75+0.030 fg 431+0.030 ¢ 442+ 1.540b 592+0470¢ 17.5+0.370 ¢ 7.99+0.340a
Re_LUHS210_ M 5.70+£0.020 g 4.43+£0.020 a 45.7+£2.01b 6.10£0.520 ¢ 18.5+0.380 ¢ 8.16+0.290 a
Gr 0.43+£0.020 a - 429+198b 6.28+£0.380¢ 143£0.250d 4.10+0.250b
Gr_LUHS122 N 5.81£0.030 ef | 4.37£0.020 abc 58.6+£2.05a 16.9+1.30cd 25.9+0.580 a 8.34+0.280a
Gr_LUHS210_N 5.88+0.010d 4.40 £ 0.030 ab 58.0+£293a 159+1.22d 25.8+0.760 a 8.37+0.300 a
Gr_LUHS122 M 5.99+0.010c¢ 423+0.010d 52.6+3.27a 1.87+0.110f 18.9+0.640 ¢ 8.59+0.360 a
Gr_LUHS210 M 5.82+0.040de | 4.35+0.020 be 52.7+2.62a 1.40 +0.200 f 15.6+0.310d 8.60+0.370 a

Re — non-treated red lentils; Gr — non-treated green lentils; LUHS122 — fermented with Lactiplantibacillus plantarum strain; LUSH210 — fer-
mented with Lacticaseibacillus casei strain; M —milled lentils; N — non-milled lentils; L* — lightness; a* — redness (—a* greenness); b* — yello-
wness (—b* blueness); LAB — lactic acid bacteria; NBS — National Bureau of Standards units; CFU — colony forming units. Data are represented
as means standard deviation. not analyzed; a—g Means with different letters in the column are significantly different all sample groups. Results
are statistically significant when p < 0.05.
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Table 2.2.2. Concentrations of essential, non-essential and non-proteinogenic amino acids (umol/g) in the lentil samples

Non-essential and non-proteinogenic amino acids

Sample Serine ASpi!l‘th Glutz.lmlc Glycine | Alanine | Proline | Tyrosine Gh.lta_ Arginine | GABA
acid acid mine
e 0930+ | 654+ | 980+ | 0950+ | 244+ | 506+ | 0060+ | 527+ | 852+ | o
0.080fg | 0.830a | 0.840a | 0.140b | 0230d | 0.440ab | 0.010¢ | 0.490bc | 0.790 ab
206+ | 148= | 344+ | 122+ | 660+ | 516+ | 0210« | 3.64= | 272+ | 453+
Re LUHSI2ZZ N 1 65304 | 0.110cd | 0.500¢ | 0.100b | 0.870b | 0.520a | 0.020de | 0.520cd | 0.390f | 0.400 be
e LUMS210 N | L68= | 0750= | 286= | 136+ | 726= | 397+ | 0190+ | 291+ | 379+ | 291+
-~ N1 0170 de | 0.080cd | 0360c | 02006 | 0.590ab | 0.580b | 0.010de | 0420d | 0.380¢ef | 0290 ¢
240+ | 327+ | 794+ | 264+ [895:1.00] 426+ | 0740+ | 413+ | 516+ |846+1.14
Re LUHSIZ2 M 1 250 be | 0.260b | 0770b | 0210a a 0.340ab | 0.090b | 0.300cd | 0.760 de a
201+ | 197+ | 707+ | 254+ | 631= | 456+ | 0650+ | 3.13= | 726+ |8.13+1.06
Re LUHS2I0.M | 5570 cd | 0280 be | 0.920b | 0.320a | 0.910bc | 0.660ab | 0.090b | 0300d | 0.860bed |  a
o 084+ |747+111| 375+ | 121+ | 182+ | 224+ | 0160+ | 609« | 771= | 0170=
0.120 g a 0.400¢c | 0.120b | 0230d | 0340c | 0.020de | 0.710b | 0.890abe | 0.020d
or LUNSIz2 N | L3% | 0450+ | 362+ | 0820+ | 144+ | 238= | 0440= | 524+ | 586+ [935=1.00
. N 10130 efe | 0.050d | 0320c | 0.100b | 0.120d | 0270c | 0.040¢c | 0.560bc | 0.700cde |  a
140 | 0490< | 285% | 100= | 166 | 167= | 0350 1938+1311977=1.07] 848+
Gr LUHS2I0 N 1 130 ef | 0.040d | 0320¢ | 0.120b | 0.120d | 0200¢ | 0.020cd a a 0.800 a
270 | 172= | 317+ | 220= | 667= | 212= | 0630 | 320+ | 740= | 576+
Gr LUHSI22 M| 530 ab | 0240cd | 0260¢ | 0220a | 0.570b | 0220¢ | 0.090b | 0400d | 0.570be | 0.470b
161+ | 153 | 444+ | 216 | 48l | 156< | 0950« | 355+ | 516< | 518+
Gr LUHS2I0 M 1 240 de | 0.110cd | 0460¢ | 0270a | 0.600c | 0.140¢ | 0.130a | 0250cd | 0.650de | 0.400b
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Table 2.2.2 cont.

Essential amino acids

Sample

Histidine

Leucine/
Isoleucine

Lysine

Methionine

Threonine

Phenylalanine

Valine

Re

1.05+£0.150 a

0.450 £ 0.040 c

0.410 £0.060 f

0.040 + 0.010 cd|

0.940 +0.110 cd

0.240+£0.030 ¢

1.11 £ 0.130 de

Re LUHS122 N

0.770 = 0.070
bed

2.22+0.170 b

1.08£0.160 cd

0.270 £ 0.040 b

1.81+0.210 b

0.730 = 0.080 cd

2.14+0.280 ab

Re LUHS210 N

0.710 £ 0.100 cd|

1.09 £0.160 c

0.780 = 0.090
def

0.150 £0.020 ¢

1.124+0.120 bed

0.390 £ 0.050 ¢

1.08 £ 0.150 de

Re LUHS122 M

1.01 £0.150 ab

423+0480a

1.59 £0.230 ab

0.540 £ 0.080 a

3.12+0.400 a

1.01 £0.070 ab

2.46+0.180 a

Re LUHS210 M

0.920 + 0.070
abc

430+£0370a

1.60 £ 0.160 ab

0.580+0.070 a

3.10+£0.270 a

1.08+0.100 a

2.29+£0.280 ab

Gr

0.720 £ 0.050 cd

0.400 £ 0.050 ¢

0.590 £ 0.090 ef]

0.030 + 0.0001 d

0.440 £ 0.050d

0.270 £0.030 ¢

0.720 £ 0.100 e

Gr LUHSI22 N

0.670 = 0.060 cd

0.830+0.070 ¢

1.34 £ 0.120 be

0.110 £ 0.020 cd

1.33£0.170 be

0.350+0.030 ¢

1.16 £ 0.170 de

Gr_LUHS210 N

0.620 £ 0.050d

0.750 £ 0.100 ¢

0.920 £ 0.100
cde

0.140 + 0.020 cd|

1.1+0.150 bed

0.400 £ 0.060 e

1.08 £0.110 de

Gr LUHS122 M

0.530£0.060 d

2.28+0.290b

1.29£0.150 be

0.330+0.050 b

3.13+0470a

0.610+0.090d

1.90 £ 0.150 be

Gr LUHS210 M

0.730 £ 0.080 cd

4.42+0.490a

2.02+£0.230 a

0.360 +£0.030 b

1.49 £ 0.210 be

0.840 + 0.008 bc

1.57£0.130 cd

Re — non-treated red lentils; Gr — non-treated green lentils; LUHS122 — fermented with Lactiplantibacillus plantarum strain; LUSH210 — fer-
mented with Lacticaseibacillus casei strain; M — milled lentils; N — non-milled lentils; GABA — y — aminobutyric acid. Data are represented as
means standard deviation. -not analyzed; a—g Means with different letters in the column are significantly different all sample groups. Results
are statistically significant when p < 0.05.



The concentrations of the FAAs in the milled and non-milled lentil
samples are presented in Table 2.2.2. The majority of essential FAAs, except
histidine, phenylalanine, and valine, in the lentil samples were significantly
higher in all fermented samples, in comparison to respective control samples.
Additionally, phenylalanine and valine were significantly higher in all fer-
mented milled sample groups, in comparison to respective controls. Most of
the non-essential FAAs, except aspartic acid, glutamic acid, glycine, alanine,
proline, glutamine, and arginine, were significantly higher in all fermented
sample groups, in comparison to respective controls. GABA was significantly
higher in all fermented sample groups. All analyzed factors were significant
for all the FAAs, except for alanine, glutamine, and proline. Bacterial strains
are able to produce FAAs via the breakdown of the protein and consume the
FAAs if required [114, 115]. Thus, varied tendencies for certain FAAs can be
observed during the bioconversion of the matrix.

Table 2.2.3. Concentrations of biogenic amines (mg/kg) in the lentil samples

Sample PHE | PUT |TYR|TRY|CAD |HIST|SPRMD| SPRM
Re Desed | ss0a | NP | NP | ND | Np | HOIE T
Re LUHSIZZN | P50 | Sy | NP | NP | D | ND | @00 3504
Re LUHS210N | 2loe | 40 | NP | NP | D | | R S0
Re LUHS122 M 3'721701 24_;(?;; ND | ND | ND | ND 112‘%2; 23.861;

13z | 420z 1340+ | 335

Re LUHS210 M ND | ND | ND | ND

0.110a | 3.10 cde 11.8de | 3.20cd

Gr 07606 | 6s0a | NP | ND | ND | ND T SR
Gr LUBSI22 N | (00°% | %50 eg | NP | ND | DN | (S| 9500
scsunson | 265 [ 53 Tvo [vo [ o [ 10| 567
aesons o | 1| B2 (o o [0 [ o | 02 | 22
oo sumsa | S5 | 55 [vo [ wo | o oo | 9905 2

Re — non-treated red lentils; Gr — non-treated green lentils; LUHS122 — fermented with
Lactiplantibacillus plantarum strain; LUSH210 — fermented with Lacticaseibacillus ca-
sei strain; M — milled lentils; N — non-milled lentils; TRY — tryptamine; PHE — pheny-
lethylamine; PUT — putrescine; CAD — cadaverine; HIST — histamine; TYR — tyramine;
SPRMD - spermidine; SPRM — spermine. Data are represented as means standard deviation.
-not analyzed; a—g Means with different letters in the column are significantly different all
sample groups. Results are statistically significant when p < 0.05.
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Concentrations of BAs in the milled and non-milled lentil samples are
presented in Table 2.2.3. Only phenylalanine, putrescine, spermidine, and
spermine were detected in all lentil sample groups. Non-milled fermented
samples contained significantly lower concentrations of the BAs, in
comparison to control samples. All analyzed factors were significant for almost
all detected BAs, except for putrescine. Its concentration was significantly
affected only by LAB strain and milling factors. Significant negative
correlations were observed between spermidine, spermine, putrescine and
the LAB count (r=-0.810, p < 0.001; r=-0.660, p < 0.001; r=-0.829,
p<0.001, respectively). While fermentation is often a culprit of the production
of BAs, certain LAB strains, such as Lactiplantibacillus plantarum,
Pediococcus acidilactici and Lactiplantibacillus pentosus, can excrete
amine-oxidase enzymes that degrade putrescine, tyramine, cadaverine,
phenylethylamine and histamine [116, 117]. The activity of those enzymes
can be affected by various factors, including pH, temperature, substrate and
mediators [116, 117].

The FA composition results, expressed in percentage of total detected
FAs, are presented in Table 2.2.4. A total of 5 individual FAs (palmitic, stearic,
oleic, linoleic and a-linolenic acids) were detected in the lentil samples. All
factors and their interactions were significant for almost all detected FAs,
except for linoleic and oleic acids. Omega-3 FAs were affected by lentil
variety, LAB strain, and interactions between aforementioned factors with
milling. Major detected FAs in lentil samples are oleic and linoleic acids,
as well as other notable FAs like palmitic, stearic, and a-linolenic acids, as
reported in the literature [118]. Changes observed can be attributed to the
endogenous lipoxygenases that are able to convert FAs into VOCs [119].
Additionally, FA composition changes can be assigned to LAB activity [104].
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Table 2.2.4. Fatty acid composition of the lentil samples

Sample SFA MUFA PUFA Omega 3 Omega 6 Omega 9
Re 14.1+1.34cd 26.9+0.290d 59.1+£0.440 a 11.1£0.090 a 48.0+0.350 a 26.9+0.290d
Re LUHSI122 N 17240320 a 30.0+0.210b 52.8+0.690 ¢ 8.13+0.360d 447+ 0.330c 30.0+0.210b
Re LUHS210 N 14.9 £ 0.560 be 28.4+0.340 ¢ 56.7+0.290 ¢ 10.3£0.090 b 46.4+0.200 b 28.4+0.340 ¢
Re LUHSI22 M 13.4+0.280d 28.2+0.270 ¢ 584+0.370a 10.4+0.050b 48.1+0.320 a 28.2+0.270 ¢
Re LUHS210 M | 14.4+£0.160bcd | 26.9+0.220d 58.7+£0.610 a 10.8 £ 0.080 ab 47.8+0.530a 26.9+0.220d
Gr 13.8+£0.330 cd 28.0+0.160 ¢ 58.1 +0.380 ab 10.8 £0.070 ab 474+0310a 28.0+0.160 ¢
Gr LUHS122 N 15.7+0.220 ab 30.8+0.150 a 53.5+0.170 de 9.02 +£0.060 ¢ 445+0.110 c 30.8+0.150 a
Gr LUHS210 N 15.3£0.390 be 27.8+0.110 ¢ 57.0+ 0.300 be 10.7 £ 0.080 ab 46.3+0.220b 27.8+0.110 ¢
Gr LUHS122 M 15.3£0.150 be 31.0+0.180 a 53.7+0.670de | 8.68+0.320cd 45.1+0.350 ¢ 31.0+0.180 a
Gr LUHS210 M 15.0£0.130bc | 30.4+0.140 ab 54.7+0.640d 8.68£0.510 cd 46.0+0.130 b 30.4 £ 0.140 ab

Re — non-treated red lentils; Gr — non-treated green lentils; LUHS122 — fermented with Lactiplantibacillus plantarum strain; LUSH210 — fer-
mented with Lacticaseibacillus casei strain; M — milled lentils; N — non-milled lentils; SFA — saturated fatty acids; MUFA — monounsaturated
fatty acids; PUFA — polyunsaturated fatty acids. Data are represented as means standard deviation. -not analyzed; a—e Means with different
letters in the column are significantly different all sample groups. Results are statistically significant when p < 0.05.



The VOCs of milled and non-milled lentil samples are expressed in area
percentage of total identified analytes and are depicted as the heatmap in
Figure 2.2.1. The majority of detected VOCs are aldehydes, organic acids,
and monoterpenes. Hexanal, 1-hexanol, hexanoic acid, D-limonene, and (E)-
2-nonen-1-ol were the compounds with the highest area percentage values
in the lentil samples. The majority of detected VOCs were significantly
correlated with LAB count, and the majority of aldehydes correlated with FAs
as well. Though the most of the VOCs in legume seeds are similar, certain
compounds, like D-limonene could be discriminatory for some lentil varieties
[119, 120]. Additionally, most of the aldehydes are products of FA oxidation
and terpenes are naturally occurring compounds in legume seeds [121].

60 . Hexanal

i 1-Hexanol

40 Acetic acid
4|—E Hexanoic acid
(E)-2-Nonen-1-ol

2-pentylfuran

Nonanal
Oct-(2E)-enal
4,6-Dimethyldodecane

Pantolactone

Area percentage

(E)-non-2-enal
1 1-Nonene
Dec-(2E)-enal
2-Undecenal
(2E,4E)-nona-2,4-dienal
Decanal

0.5

0

Compound

Alcohols
B Aldehydes
Aliphatic acids

(E)-B-Damascone

]

Dodecane
D-Limonene

3- Carene

| Alkanes a-Pinene

B Alkenes
Furans
Lactones

B Monoterpenes
Others

Gr

Re
Gr_LUHS122_N

Re_LUHS122_N

Re_LUHS210_N

Re_LUHS122_M

Gr_LUHS210_N

Gr_LUHS122_M

Re_LUHS210_M

Gr_LUHS210_M

Compound class [N NN YN

Fig. 2.2.1. Heatmap of the volatile organic compounds in the milled and
non-milled lentils

The lentil substrates used in the experiment proved to be suitable for LAB
fermentation with selected strains, in addition to being a potential probiotic due
to high LAB survivability at low pH. All the analyzed factors, including the
milling process, proved to have a significant effect on the majority of FAAs. In
addition, the milling factor significantly increased the majority of the essential
and non-essential FAAs. Therefore, the implementation of size reduction, in
addition to other factors, can greatly improve the potential bioavailability
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of important feed nutrients. The bioconversion of lentil substrates showed
potential BA reduction. Fermented milled samples contained significantly
lower concentrations of BAs for the most part. While the major FAs were
not affected by the analyzed factors, omega-3 FAs were significantly affected
by the lentil variety, thus noting potential variation within cultivated crops.
The bioconversion of lentils produced new VOCs, potentially improving the
sensory characteristics of the leguminous substrates.

2.3. Influence of the Type of the Fermentation and Growing Conditions
on the Lentil Microbiological and Physicochemical Parameters

The aim of the experiment was to evaluate microbiological and
physicochemical (pH, FAAs, FAs, VOCs, BAs, micro- and macroelements)
of intercropped and normally grown lentils, bioconverted via the SMF and
SSF methods, using P. acidilactici strain.

The pH of all bioconverted sample groups was significantly reduced,
and LAB counts reaching at least 7.3 log,  CFU/g, on average (Table 2.3.1).
Thus, it reached sufficient concentrations of desirable microorganisms so
that bioconverted products of lentils can be considered as probiotics. The
analyzed factors (type of fermentation, growing conditions, and fermentation
duration) were significant for pH, while type of fermentation and fermenta-
tion duration were significant for LAB count. In a similar fashion, lentil
flour, fermented in SMF via P. acidilactici, the pH reached down to 4.2,
while viable cell count was over 12 logl0 CFU/g, thus showing consistent
ability to ferment leguminous seeds and tolerate low pH [122]. Similarly, SSF
bioconverted legumes showed similar results [123]. Thus, low pH and high
viable cell count (over 7.0 log  CFU/g) showed that P. acidilactici strain is a
suitable strain for lentil bioconversion.

All the analyzed factors and their interactions, except the growing
conditions, type of fermentation, and fermentation duration interaction, were
significant for all color coordinates in the lentil samples. Many of those
compounds, responsible for the color of the legumes, such as anthocyanins and
flavonoids, can be broken down by enzymes, produced by the LAB strains,
thus producing color changes [124]. Anthocyanins and other flavonoids are
typically broken down into aglycones by breaking glycosidic bonds and
further broken down to small phenolic compounds by esterases, reductases
and other enzymes, while carotenoids can be degraded under LAB activity,
producing low molecular weight VOCs [125, 126].

68



69

Table 2.3.1. The pH, microbiological and chromaticity characteristics of the lentil samples

Sample pH = Color coor;iinates, NBS - LAB é%lgl/tg’ log,,
LR C SM 6.12+£0.030 a 68.0£0.310b 1.85+£0.110d 31.0+£0.290d 4.80+0.230d
LR C SS 6.03+£0.010b 67.9+0.220b 1.78 £0.120 d 31.3+£0.230d 4.60+0.190 de
LR SMF 24 520+0.030¢ 63.2+0.270d 1.08 £0.070 e 23.5+0410f 7.98+0.210 ab
LR SMF 48 436+ 0.020 h 61.6+£0.430¢ 2.96+0.140 c 21.6+0.360 g 827+0.220 a
LR SSF 24 522+0.030¢ 64.0+0.250d 1.19+0.080 ¢ 243+ 0.250 f 7.63 +0.230 be
LR SSF 48 472 +0.020 f 50.9+0.190 h 534+£0.210b 15.6+£0.210] 8.14+0.190 ab
L C SM 6.02+0.010b 69.6 +0.250 a 1.01 £ 0.060 e 35.7+0.370 a 4.02+0.150 ¢
L C SS 5.94+0.030 c 68.4+£0.390b 1.08+0.050 e 345+£0.410Db 4.87+0.240d
L SMF 24 5.58+0.020d 67.7£0.260 bc 1.98+£0.120d 323+£0.320c¢ 7.61 £ 0.200 bc
L SMF 48 445+0.020 g 58.8+0.320 f 5.12+£0.230b 18.6 £0.090 h 8.41+0.190 a
L SSF 24 471 +0.030 f 66.8£0.420 c 1.68£0.140 d 29.7+0.140 e 7.30+£0.220 ¢
L SSF 48 446+0.010g 54.5+0.290 g 7.03+£0.250 a 17.6 +£0.110 1 8.10+0.180 ab

C — control samples (non-fermented); L — lentils obtained from pure stands; LR — lentils obtained from relay incorporated with winter rye;
SM — submerged conditions (lentils/water ratio 1:5, w/w); SS — submerged conditions (lentils/water ratio 1:1, w/w); SMF — fermented under
submerged conditions; SSF — fermented under solid-state conditions; 24, 48 — duration of fermentation (in hours). L* — brightness or (-) dar-
kness; a* — redness or (-) greenness; b* — yellowness or (-) blueness; NBS — National Bureau of Standards units; LAB — lactic acid bacteria;
CFU - colony-forming units. Data are represented as means standard deviation. a—g Means with different letters in the column are significantly

different all sample groups. Results are statistically significant when p < 0.05.
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Table 2.3.2. Free essential, non-essential and non-proteinogenic amino acid concentrations (umol/g) in lentil samples

Non-essential and non-proteinogenic amino acids

Sample Arginine | Glutamine |Asparagine Gl:z?:lmc Serine As;)cazatlc Glycine | Alanine | Proline | Tyrosine | GABA
LR Csv | L86= | 0943= [L60=0019 342= | 0819% | (o 7| 150 | 362 | 0.750% | 0476= | 324=
C 0.028d | 0.008 f fo 0.085f | 0.057¢ 0.091¢ | 0.069g | 0.027f | 0.039¢ |0.09 gh
LR Css | 2285 | 196= (18420085 416+ | 1.03= | 0738+ | 191+ | 669+ | 0.990% | 0.679= | 361+
C 0.044¢c | 0.007a of | 0.134¢ | 0.012d | 0.027¢ | 0.023de | 0.176¢ | 0.001¢ | 0.009¢ [0.073 def
0172+ [1.17+00260 485+ | 0128+ | 0879+ | 158+ | 509+ | 0760~ | 0.635+ | 2.97+
LR_SMF 241 NDf | 614 h 0.073¢cd | 0.017 gh | 0.052d | 0.027 f | 0.078f | 0.001f | 0.011cd | 0.001 i
0178 = [133£0023 5.00< 108+ | 173+ | 523% | 0960 | 0.627= | 3.15%
LR_SMF_48 | NDf | ) o1p, eh | 0165cd| NPP 1 0005¢ | 0.026¢f | 0.077f | 0.042¢ | 0.013¢d | 0.011 hi
LR SSF 24 | 0750% | 170= [L97=0.175 473+ | 144+ | 0439+ | 226+ | 843+ | 137+ | 0.613= | 588+
SSF24 1 g041¢ | 00590 ¢ 0.120d | 0.090b | 0.012f | 0.057b | 0.035b | 0.009¢ | 0.011d | 0.029a
11+ 1900138 602+ | 167+ | 0949+ | 2.67= | 901+ | 156+ | 0753+ | 473+
LR _SSF 48 | NDf | 0396 of | 0.074a | 0.171a | 0.036d | 0.108a | 0.022a | 0.032b | 0.003b | 0.200b
L su 2905 | 1355 p63£004d 2145 | 08935 | | 162 | 390% | 0752+ | 0501+ | 365+
C_ 0.004b | 0.027c¢ b 0.051h | 0.077 de 0.001 fg | 0.090g | 0.072f | 0.042¢ |0.001 de
L e ss 435+ | 2005 P6S=0300 273+ | 125+ | o[ 220x | 832% | LI+ | 0634 | 483+
C 0.038a | 0.112a a 0.029¢ | 0.007¢ 0.080bc | 0.090b | 0.020d | 0.014cd | 0.145 b
L SMF 24 | NDp | 069%% B1420023 495+ | 0269 | 139% | 188 | 590+ | 0.890% | 0.595= | 348+
_SMF_ 0.007 g d | 0.163cd | 0.003fg | 0.016b | 0.036de | 0.046¢ | 0.002¢ | 0.009d |0.026 cfg
L SMF 48 | NDp | 0708 B23:003§ 567+ | 0427+ | 157+ | 201+ | 629+ | 15+ | 0.632% | 338+
_SMF_ 0.005 g cd | 0034b | 0.021f | 0.001a | 0.117d | 0.162d | 0.052d | 0.005cd |0.035 fgh
LSS 24 | NDp | 120+ BAT=0018 510+ | 134+ | 0928+ | 205+ | 702+ | 144+ | 0495+ | 382+
_SSF_ 0.052de | bed | 0.022¢ | 0.003bc | 0.035d | 0.014cd | 0246¢ | 0.015¢ | 0.022¢ | 0.037d
L st as | Npp | 125+ P53=0049 615+ | 174= | 1595+ | 2513+ | 8226+ | 170= | 0818= | 413+
_SSF_ 0.016¢cd | be 0.032a | 0.031a | 0.044a | 0.018a | 0.056b | 0.085a | 0.019a | 0.077¢
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Table 2.3.2 cont.

Essential amino acids

Sample Threonine Valine Methionine Phenylalanine Leucin‘e/ Lysine Histidine
Isoleucine

LR C SM 1.15+0.091g | 1.08+0.086h | 0.115+0.008 f | 0.484+0.040f | 1.27+0.019g | 1.69+0.118 f {0.620+0.019 de
LR C SS 1.46 +0.028 ef | 1.50+0.039 g | 0.195+0.025bc | 0.632+0.012¢ | 1.77+0.036 f | 2.04 +0.031 cd | 0.860 +£ 0.019 b
LR SMF 24 | 1.39+0.004f | 1.76 +0.016 ef | 0.160 + 0.002 de [0.697 + 0.020 de| 2.75+0.017 e | 1.8 + 0.007 def | 0.540 £ 0.012 ¢
LR SMF 48 | 1.47+0.011 ef | 1.65+0.008 fg | 0.152+0.008 de |0.685+0.034 de| 2.56 £ 0.108 ¢ |1.98 + 0.070 cde |0.580 + 0.017 de
LR SSF 24 | 2.10+0.061b | 2.30+0.001c | 0.112+0.002f [0.848 +0.006 bc| 3.09+0.021d | 2.77+0.086 b | 0.860 + 0.004 b
LR SSF 48 | 2.43+0.046a | 2.98+0.148b | 0.222+0.003 ab | 0.912+0.024b | 4.39+0.150b | 2.90+0.007 b | 0.730+0.044 ¢
L C SM 1.21£0.098 g | 1.122+0.103h [0.168 £ 0.014 cde | 0.428 £0.032 f | 1.22£0.101 g | 1.72+£0.113 ef {0.580 + 0.022 de
L CSS 1.594+0.023de | 1.53+0.030g | 0.219+£0.005b | 0.638+0.018e | 1.61 £0.055f | 2.24+0.041c | 1.01+0.043 a

L SMF 24 1.69+0.016d | 1.94+0.046 de | 0.176 £ 0.012 cd [0.680 + 0.005 de| 2.69+0.037 e | 1.93 +£0.014 def| 0.550 + 0.036 ¢
L SMF 48 1.93+0.047¢c | 2.05+0.060d | 0.199 +0.002 bc |0.769 + 0.025 cd| 3.48 +£0.026c | 2.73+0.031b | 0.640+0.009 d
L SSF 24 2.14+0.004b | 236+0.122¢ | 0.141+0.017 ef |0.834+0.050bc| 3.38+0.044¢ | 2.78 £0.189b | 0.730 £ 0.039 ¢
L SSF 48 2.52+0.023a | 3.33+0.051a | 0254+0.00la | 1.09+0.052a | 547+0.164a | 3.38+0.130a | 0.730+0.022 ¢

C — control samples (non-fermented); L — lentils obtained from pure stands; LR — lentils obtained from relay incorporated with winter rye;
SM — submerged conditions (lentils/water ratio 1:5, w/w); SS — submerged conditions (lentils/water ratio 1:1, w/w); SMF — fermented under
submerged conditions; SSF — fermented under solid-state conditions; 24, 48 — duration of fermentation (in hours); GABA — y — aminobutyric
acid. Data are represented as means standard deviation. a—h Means with different letters in the column are significantly different all sample
groups. Results are statistically significant when p < 0.05.



Concentrations of FAAs in the SMF and SSF bioconverted lentil samples
are presented in Table 2.3.2. In general, bioconverted lentil samples contained
significantly lower concentrations of arginine, asparagine, glutamine, and
aspartic acid concentrations, while glutamic acid, glycine, alanine, proline,
threonine, valine, phenylalanine, and leucine/isoleucine concentrations
were significantly higher than in respective control samples. Additionally,
the growing conditions and the type of fermentation were significant for all
FAAs, except for histidine, glycine, and alanine. Moreover, the fermentation
duration was significant for all FAAs, except for histidine and asparagine.
The interaction between type of fermentation and fermentation duration were
significant for all FAAs, except for lysine, asparagine, alanine, and proline.
The interaction of all analyzed factors was statistically significant for arginine,
glutamine, GABA, and tyrosine.

The LAB strains are able to produce FAAs via the breakdown of proteins
and by utilizing products of carbohydrate metabolism [127, 128]. Additionally,
the LAB strain and the fermentation duration proved to be significant factors
for the FAAs concentrations as our findings and literature suggest [129].
Significantly higher concentrations of products in SSF are often observed
in literature, while the actual mechanisms are not fully understood, some
explanations suggest that the process more closely mimics natural conditions
[130-132]. Reduction of arginine during fermentation could be attributed
to the production of BAs, while asparagine and glutamine reduction can be
linked to bacterial asparaginase and glutaminase enzymes, which convert into
aspartic and glutamic acids, respectively [133, 134]. GABA production is
associated with glutamic acid conversion via glutamate decarboxylase, which
is produced by LAB strains [135].

Only phenylethylamine, putrescine, spermidine, and spermine were
detected in the lentil sample groups Table 2.3.3. All analyzed factors were
significant for concentrations of phenylethylamine and putrescine in the
lentil samples. The growing conditions and the type of fermentation factors’
interaction were significant for all detected BAs’ concentrations in the lentil
samples. Additionally, all of the other factor interactions were significant for
phenylethylamine and spermidine. Positive correlations between putrescine,
spermine, and LAB count were established (r = 0.761, p<0.001 andr = 0.331,
p = 0.049, respectively), while putrescine was negatively correlated with the
pH (r=-0.719, p <0.001).
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Table 2.3.3. Concentrations of biogenic amines (mg/kg) in the lentil samples

Sample TRIP PHE PUT CAD HIS TYR SPRMD SPRM

LR C SM ND ND b ND f ND ND ND 75.8+5.06 ¢ 13.6+1.10h
LR C SS ND ND b 14.6+0.120 e ND ND ND 110.1 + 8.53 abc 20.7 + 1.60 bed
LR SMF 24 | ND | 49+041a 36.2+2.14 ¢ ND ND ND 87.8+6.87 de 15.2+1.20 fgh
LR SMF 48 | ND ND b 41.8+3.12¢ ND ND ND 84.7+5.42 de 13.8+1.10 gh
LR SSF 24 ND ND b 32.2+2.81 cd ND ND ND 129.0+ 823 a 253+1.60a
LR SSF 48 ND ND b 37.2+28%¢ ND ND ND 116.7£7.29 ab 22.4+1.80 abc
L C SM ND ND b ND f ND ND ND 87.3+ 532 de ND i

L CSS ND ND b 22.1+1.83 de ND ND ND 117.1 + 8.36 ab 23.9+1.50 ab
L SMF 24 ND ND b 79.5+£545b ND ND ND 96.5+7.21 cd 16.4 + 1.30 efgh
L SMF 48 ND ND b 97.4+6.84a ND ND ND 99.6 + 6.81 bed 17.9 + 1.60 defg
L SSF 24 ND ND b 713+542b ND ND ND ND f 19.5+£1.70 cde
L SSF 48 ND ND b 772+6.12b ND ND ND 101.5 + 7.46 bed 19.3 + 1.80 cdef

C — control samples (non-fermented); L — lentils obtained from pure stands; LR — lentils obtained from relay incorporated with winter rye;
SM — submerged conditions (lentils/water ratio 1:5, w/w); SS — submerged conditions (lentils/water ratio 1:1, w/w); SMF — fermented under
submerged conditions; SSF — fermented under solid-state conditions; 24, 48 — duration of fermentation (in hours); TRIP — tryptamine; PHE —
phenylethylamine; PUT — putrescine; CAD — cadaverine; HIS — histamine; TYR — tyramine; SPRMD — spermidine; SPRM — spermine; BA
— biogenic amines. ND — not detected. Data are represented as means standard deviation. a—i Means with different letters in the column are
significantly different all sample groups. Results are statistically significant when p < 0.05.



Putrescine production is associated with arginine metabolism in bacteria
via multiple pathways [136]. This is further corroborated by the negative
correlations established between putrescine and arginine in the lentil samples
(r=-0.686, p < 0.001). Polyamines such as spermidine and spermine,
however, are produced from putrescine via spermidine and spermine
synthases, mainly of bacterial origin [137]. Aromatic and heterocyclic
BAs, such as phenylethylamine, tryptamine, histamine, and tyramine, are
associated with decarboxylation reactions of amino acids (phenylalanine,
tryptophan, histidine, and tyrosine, respectively), which are often initiated by
enzymes of bacterial origin [134]. The BAs have important biological roles
in the host’s organism, but overproduction of those compounds can introduce
serious health issues [138, 139]. Some of those issues include headaches,
intestinal mucosa damage, and digestive disorders [140, 141]. In addition,
they can negatively affect the productivity parameters, such as body weight,
feed conversion ratio, and reduced hatchings [142, 143]. The World Health
Organization proposed maximum acceptable limit for only for histamine
(50 ppm), while rat model suggested that no observed adverse effect level
(NOAEL) of 2000 ppm for tyramine, putrescine, and cadaverine, 1000 ppm
for cadaverine, and 200 ppm for spermine [144, 145]. Thus, the prepared
samples in our experiment are safe for consumption from the BAs standpoint,
though significant production of the BAs should be heavily monitored.

The predominant group of FAs in lentil samples was PUFAs (Table 2.3.4).
The major component of PUFAs and omega-6 FAs was linoleic acid, ranging
between 41.3 and 50.3 % in the sample groups. The majority of SFAs consisted
of palmitic and stearic acids, ranging between 16.2-20.3 and 1.63 — 3.29 %,
respectively. Only factor interactions were significant for concentrations of all
detected SFAs. Additionally, interactions of all factors (type of fermentation,
fermentation duration, and growing conditions) were significant for all
analyzed FAs. Moreover, all factors and their interactions were significant
for a-linolenic acid, a major component of omega-3 FAs in the lentil samples.
The growing conditions and the type of fermentation were significant for
concentrations of oleic acid in the lentil samples. Positive correlation between
stearic acid and LAB count was established as well (r = 0.363, p = 0.030).
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Table 2.3.4. Fatty acid composition of the lentil samples

Sample SFA MUFA PUFA Omega 3 Omega_6 Omega 9
LR C SM 194+ 1.67bcd | 18.0+ 1.38 bedef 62.6 +2.88 ab 14.6 + 0.582 abc 48.1 +4.49 ab 18.0 + 1.45 abc
LR C SS 20.9+2.04b 16.9 £ 0.872 def 62.2+5.12 ab 14.8 +1.128 ab 473 +£3.15ab 16.9 £ 0.783 be
LR SMF 24 17.2+£0.724 cd 158+ 1.11f 67.1+221a 15.8+0.838 a 51.2+3.11a 15.8+£0.670 ¢
LR SMF 48 | 19.5+0.764 bed 16.5+0.711 ef 64.0 +3.08 ab 16 +0.502 a 48.0 = 1.55 ab 16.5 +0.894 be
LR SSF 24 20.7+1.26 be 18.0 £ 1.64 bedef | 61.3+£5.73 ab 14.0 = 1.202 abc 47.4 +£3.66 ab 18.0 + 0.884 abc
LR SSF 48 20.9+£0.754 b 17.6 = 1.26 cdef 61.4+542 ab 14.0 £ 1.059 abc 474 +£2.14 ab 17.6 £ 1.47 abc
L C SM 182+ 1.29bcd |19.2+0.771 abcde| 62.6+4.68 ab 14.4 + 1.054 abc 48.2+1.84 ab 19.2 +£1.76 abc
L CSS 17.8+0.702 bed | 19.8 +0.836 abed 62.4+2.96 ab 14.0 £ 0.606 abc 48.4 +£3.55 ab 19.8 £ 0.905 ab
L SMF 24 26.2+0.927 a 20.4 £ 0.779 abc 534+523b 12.1£0.891 ¢ 413+3.75b 20.4+1.23ab
L SMF 48 159+1.55d 19.0 £ 1.15 abcede 65.1 £5.62 ab 14.8 +£0.531 ab 50.3+4.27 ab 19.0 + 1.84 abc
L SSF 24 19.9 = 1.00 be 21.0£0.651 ab 59.2+4.67 ab 12.5+0.556 be 46.6 £4.18 ab 21.0+1.30a
L SSF 48 19.8 +£1.49 be 212+1.29a 59.0 +4.82 ab 12.6 £1.12 be 46.4 +2.86 ab 21.2+1.99a

C — control samples (non-fermented); L — lentils obtained from pure stands; LR — lentils obtained from relay incorporated with winter rye;
SM — submerged conditions (lentils/water ratio 1:5, w/w); SS — submerged conditions (lentils/water ratio 1:1, w/w); SMF — fermented under
submerged conditions; SSF — fermented under solid-state conditions; 24, 48 — duration of fermentation (in hours); SFA — saturated fatty acids;
MUFA — monounsaturated fatty acids; PUFA — polyunsaturated fatty acids. Data are represented as means standard deviation. a—i Means with
different letters in the column are significantly different all sample groups. Results are statistically significant when p < 0.05.



The main detected FAs in the lentil samples were in accordance with
the findings elsewhere [119, 120]. The differences in the FA composition
between intercropped and normally grown lentils were already observed in
the literature; furthermore, noting that geographical location and cultivar
can be significant factors as well [110, 146]. It was also established that
fermentation can significantly affect concentrations of FAs in the leguminous
crops [147, 148].

Intercropped lentils contained significantly lower concentrations of
the majority of macroelements (Na, K, and Ca) (Table 2.3.5). Regarding
the essential microelement concentrations, intercropped lentils contained
significantly lower concentrations of P, Mn, and Se, while Fe and Ni
concentrations were significantly higher, in comparison to pure stand grown
lentil samples. The majority of non-essential microelements were not detected
in the lentil samples.

Table 2.3.5. Concentrations of micro- and macroelements in the lentil samples

| LR | L
Macroelements, mg/kg (D.M.)
Na 7.12+0.450 b 21.0+1.85a
Mg 676.0+32.1a 726.0+56.3 a

K 4118+ 115b 4925+ 136 a

Ca 510.0+49.1b 747.0+57.3a
Essential microelements, mg/kg (D.M.)

P 3406+ 123 b 3899+ 142 a
Cr 0.405+0.390 a 0.405+0.028 a
Mn 8.96+0.520b 13.9+0.930a
Fe 116.0+9.35a 96.3+741b
Co 0.059 £ 0.040 a 0.064 +£0.007 a
Ni 143+0.110a 0.893 +0.090 b
Cu 7.29+0.620 a 7.12+£0.410a
Zn 220+193a 246+1.84a
Se ND b 0.014 £ 0.002 a

Non-essential microelements, mg/kg (D.M.)

Li ND ND
Be ND ND
B 248+0.120 b 6.62 £0.580 a
Al 883+1.69a 253+132b
Ti 3.19+0.250 a 0.767 +0.052 b
\Y ND ND
Ga ND ND
As 0.019+0.002 a 0.017 £0.002 a
Rb 7.22+0.520 a 6.33+0.290 a
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Table 2.3.5 cont.

LR L
Sr 2.65+0220a 3.02+0.300 a
Mo 2.09+0.19a 1.84+£0.170 a
Pd ND ND
Ag ND ND
Cd ND ND
Sn ND ND
Sb ND ND
Cs ND ND
Ba 0.865+0.023 b 149+0.110 a
Hg ND ND
Pb 0.177+0.012 a 0.036 £ 0.003 b
In ND ND
Pt ND ND
Tl ND ND
Bi ND ND
U ND ND

L — lentils obtained from pure stands; LR — lentils obtained from relay incorporated with
winter rye; D. M. — dry matter; ND — not detected. Data are represented as means standard
deviation. a—b Means with different letters in the column are significantly different all sample
groups. Results are statistically significant when p < 0.05.

Lentils are already well known for containing significant amounts of
various micro- and macroelements, such as potassium, iron, zinc, copper,
selenium, magnesium, and others, though their concentrations can vary
due to many factors, such as rainfall, soil, and temperature [149, 150].
Thus, differences of micro- and macroelements between lentil samples of
different growing conditions can be attributed to intercropping, as significant
differences were already described in the literature [151, 152].

The VOCs of the lentil samples, expressed as area percentage of total
identified VOCs, are presented in Figure 2.3.1. Most of the detected VOCs
in the lentil samples belonged to alcohols (1-hexanol, 11-hexadecyn-1-
ol, phenethyl alcohol), aldehydes (hexadecanal, pentadecanal, nonanal,
dodecanal), organic acids (hexanoic, octanoic, nonanoic acids), ketones
(B-damascenone), and allylbenzenes (eugenol and anethole). The higher
number of VOCs was detected in fermented samples in most of the cases,
in comparison to respective control samples. Additionally, a higher number
of VOCs were detected in SSF lentil samples, in comparison to SMF lentil
samples. All factors and their interactions were significant for most of the
VOC:s in the lentil samples.
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Fig. 2.3.1. Heatmap of volatile organic compounds in the lentil samples

Detected VOCs contribute to flavor and aroma of the final product, like
alcohols, such as 1-hexanol providing light apple, sweet, fruity flavor and
herbal, oily aroma; aldehydes, such as hexanal and others, providing fatty,
grassy, and fresh aroma; organic acids, such as hexanoic and octanoic acids,
contributing sour, fatty, and cheesy flavor [153-155]. Aldehyde production
is associated with fatty acid oxidation, while aromatic aldehydes and
alcohols can be linked to aromatic amino acids metabolism [156, 157].
Additionally, statistically significant correlations between benzaldehyde,
phenylacetaldehyde, phenylethyl alcohol, and phenylalanine were established
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(r=0.824,p<0.001,r=0.569, p <0.001, r = 0.660, p <0.001, respectively).
Alkanes and alkenes are generally attributed to FA metabolism by bacteria
[158]. Higher VOC profile complexity of the SSF lentil samples can be
attributed to the overall higher production rates of the enzymes, which results
in higher yields of the products [159].

The selected LAB strain was able to successfully propagate in all of
the bioconverted lentil samples, reaching substantial LAB count values
(>6.0 log,, CFU/g) at low pH. Additionally, the type of fermentation and
fermentation duration proved to be significant for LAB count, noting that
the selection of an appropriate fermentation method with the optimized
fermentation duration can significantly improve the probiotic performance of
the feed in more sustainable manner (SSF conditions). The bioconversion in
general increased almost all of the essential FAA concentrations. The growing
conditions, fermentation duration, and type of fermentation significantly
affected the majority of the FAA concentrations, thus implying the importance
of potential crop selection and fermentation conditions for the bioavailability
of AAs in the final feed material. In general, increased fermentation duration
increased concentrations of the essential and non-essential FAAs. Moreover,
SSF samples contained significantly higher amounts of FA As, for the most part.
However, the bioconversion increased the concentrations of BAs and must be
carefully monitored. All analyzed factors significantly affected omega-3 FA
composition of the lentils, so a careful selection and optimization of substrate
selection and fermentation conditions can significantly improve the nutritive
and functional value of the feed material. Additionally, lentils growing
conditions showed significant differences in the micro- and macroelemental
composition. The SSF of the lentil substrates provided a more diverse VOC
profile, in comparison to SMF. In addition to potential improvement of the
sensory properties in SSF samples, the overall higher concentrations of FAAs
were observed, thus denoting the higher rate of production over the SMF.

2.4. Influence of the Bioconversion and Wheat Variety on the Digestion
Parameters In Vitro

The aim of the experiment was to investigate differences in metabolism
between different winter wheat cereals of different varieties, Herkus and
DS8558-1 (DS), and different treatments, non-pretreated and bioconverted
using Lp. plantarum strain. The investigation of the metabolism was conducted
by applying the piglet in vitro digestion and colonic fermentation model.
The colonic fermentation stage was conducted using the faecal inoculum
of weaning piglets, approximately 42 days of age. During the experiment,
free and total AAs concentrations in the digesta; total AAs in the undigested
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residue and bioconverted/control wheat wholemeal substrates; SCFAs,
VOCs, FAAs, BAs and other small non-volatile metabolites in the in vitro
fermentation (IVF) samples were evaluated. Factor effects (bioconversion and
substrate) and their interaction were evaluated for the analyzed parameters.

The bioconverted samples featured low pH (below 4) and high LAB
count values (over 8.4 log  CFU/g) (Table 2.4.1), thus emphasizing the
Lp. plantarum good survivability at low pH and great ability to ferment
starchy substrates, as denoted in the literature [109, 160].

Table 2.4.1. Lactic acid bacteria count, total titratable acidity and the pH of
the wheat wholemeal samples

Sample pH TTA® LAB Count, log,, CFU/g
DS F 3.94+0.090 c 9.07+0.153b 8.50+0.020 a
DS NF 5.64+0.040 b 2.38+0.076 c 4.40+0.040b
Herkus_F 3.95+£0.030 ¢ 9.90+0.100 a 8.48£0.070 a
Herkus NF 5.94+0.045a 1.92+£0.076 d 442 +0.040b

Herkus — wheat variety Herkus DS; DS — wheat variety DS8558-1; F — sample fermented
with Lactiplantibacillus plantarum; NF — control sample; TTA® — total titratable acidity;
LAB - lactic acid bacteria. a—d Mean values denoted with different letters indicate signifi-
cantly different values between the different sample groups. Results are statistically signifi-
cant when p < 0.05.

Most of the AAs in the wheat wholemeal samples were not significantly
different, in comparison to the respective control samples (Table 2.4.2).
The interaction for both factors was significant for concentrations of all the
AAs. The concentrations of FAAs in the in vitro digestion (IVD) samples are
presented in Table 2.4.3. The bioconversion and substrate were significant
for concentrations of GABA, proline and glutamine, while the concentrations
of glutamic acid and glycine were significantly affected by bioconversion
alone. While certainly concentrations of total AAs in the IVD samples are
significantly higher than in blank samples, the majority of the AAs did not
differ significantly between sample groups (Table 2.4.4). Thus bioconversion
factor was only significant for the concentration of glycine, while substrate was
significant factor for the concentrations of alanine, glutamic acid, threonine,
proline, valine, methionine, phenylalanine, leucine/isoleucine, tyrosine, and
total AAs in the IVD samples. The total AAs in the undigested residue of
the IVD samples are presented in Table 2.4.5. The fermented sample groups
contained significantly higher concentrations of threonine, in comparison to
the respective control group samples. Additionally, the bioconverted Herkus
samples contained significantly higher concentrations of glutamic acid,
glycine, alanine, and proline, and total AAs, in comparison to Herkus control
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group samples. The bioconversion factor was significant for the concentrations
of the majority of the AAs in the hydrolysates, except for serine, valine,
phenylalanine, and leucine/isoleucine. However, only glutamic and aspartic
acids, threonine, proline, histidine, and total AAs were significantly affected
by the substrate factor. The interaction of the aforementioned factors was
significant for the concentrations of arginine, proline, and histidine in the
IVD residue samples.

Table 2.4.2. Total amino acid concentrations (g/100g) in the wheat wholemeal

samples

Sample DS F DS NF Herkus_F Herkus_NF
Arginine 0.406 £0.021 a | 0.408 +£0.001 a | 0.348 £0.014 b |0.351 £ 0.0003 b
Glutamic acid 2.539+0.024a|2.616+0.080a | 1.820+0.110b | 1.892 +£0.067 b
Serine 0.354+£0.029a | 0.363 +£0.004 a | 0.291 £0.043 a | 0.288 +£0.009 a
Aspartic acid 0.313£0.028 a | 0.309 £ 0.004 a | 0.259 £0.035a | 0.258 +£0.010 a
Threonine 0.225+0.007a | 0.222+0.001 a | 0.167 +£0.001 b | 0.158 = 0.008 b
Glycine 0.287+0.017a | 0.300+0.004 a | 0.221 £0.017 b | 0.233 £0.009 b
Alanine 0.281£0.019a |0.268 £0.018 ab|0.227 = 0.004 ab| 0.217 +£0.010 b
Proline 1.66+0.032a | 1.75+0.133a | 1.17+0.028b | 1.12+0.035b
Valine 0.285+0.018a | 0.298 +£0.022a | 0.231 £0.009a | 0.224 +0.024 a
Methionine 0.068+0.01a | 0.074+0.011a | 0.043 £0.005a | 0.054 £ 0.008 a
Phenylalanine 0.411+0.009a | 0.415+0.001a|0.312+0.039b|0.256£0.013 b
Leucine/Isoleucine | 0.961 £0.010a | 0.951 £0.039a | 0.741 £0.010b | 0.610 £ 0.045 ¢
Cystine 0.100£0.002a | 0.115+0.009 a | 0.072 + 0.008 b |0.092 + 0.001 ab
Lysine 0.219+£0.005 a | 0.207 =0.007 a [0.197 =0.013 ab| 0.164 +0.007 b
Histidine 0.158 £0.0004 a| 0.154 +0.008 a [{0.128 £0.011 ab| 0.110+0.015 b
Tyrosine 0.305 £0.005 ab| 0.325+0.027 a [0.268 £ 0.003 ab| 0.265 £ 0.002 b
Total amino acids | 8.57+0.162a | 8.77+0204a | 6.49+0.161b | 6.29+0.149b

Herkus — wheat variety Herkus DS; DS — wheat variety DS8558-1; F — sample fermented
with Lactiplantibacillus plantarum; NF — control sample. a-c Mean values denoted with
different letters indicate significantly different values between the different sample groups.
Results are statistically significant when p < 0.05.
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Table 2.4.3. Free amino acid concentrations (mg/L) in the in vitro digestion samples

Sample Blank DS F DS NF Herkus_F Herkus_NF
Arginine 256.1 £455b 5164+219a 555.0+£52.0a 498.5+38.1a 511.1+£50.5a
Glutamine 1254+15.0d 620.6 + 38.2 be 743.76 £33.13 a 550.2+44.8 ¢ 643.0+12.1b
Asparagine 91.7+10.7 a 108.0£179a 1193+150a 1073+ 144 a 116.3+4.34a
Glutamic acid 1483 +20.2b 179.2 £31.5 ab 1543+ 14.3 ab 2003+6.42a 176.2 = 6.96 ab
Serine 86.7+19.0b 106.0 £ 16.7 ab 115.6 £ 17.1 ab 121.8 £ 7.11 ab 131.8+ 123 a
Aspartic acid 80.8+152a 1004+ 13.7a 96.3+4.46a 97.8+253a 923+275a
Threonine 75.5+1540b 1134+1.05a 126.4+3.07 a 111.2+12.7a 119.7+14.8 a
Glycine 119.5+£8.71b 143.0+9.39a 131.2+£5.11 ab 144.6 £6.30 a 131.2+5.55 ab
Alanine 108.0+10.6 b 1823+17.8 a 1709+ 13.8 a 188.1+6.62 a 1699+ 11.8a
GABA 2.35+0.380d 20.0+2.61b 9.84+0.970 c 30.3+2.13a 16.7+0.750 b
Proline 5.23+0.530d 43.2+228a 19.8+0.740 ¢ 37.7+£121b 163+1.16¢
Tryptophan 109.8 +19.4b 139.0 £ 22.6 ab 139.8 +£ 20.8 ab 177.0+11.5a 180.3+10.4 a
Valine 111.7+£21.1b 194.5+10.6 a 216.4+193 a 205.5+27.2a 231.1+8.7a
Methionine 29.6+7.21b 90.6+9.74 a 88.9+19.7a 88.6+139a 91.6+187a
Phenylalanine 1464+ 11.0b 361.0+68.1 a 371.1+759 a 3414+ 163 a 341.8+219a
Leucine/Isoleucine 3689+ 36.4b 811.1+143.1a 770.4 + 68.9 a 778.3+80.9 a 850.0+£8.59a
Cystine 269+6.47 a 225+124a 248+2.67a 27.5+3.04a 29.24+0.990 a
Lysine 275.7+27.8b 389.8 £55.1a 372.0 £ 58.1 ab 390.2 £16.7 a 385.6+15.8a
Histidine 64.4+£830b 108.4+18.0a 116.7+150a 109.4+3.97 a 120.4 £ 7.66 a
Tyrosine 226.0+26.9a 3444+62.8a 323.5+£659a 253.5+34.53 a 302.8+56.0a
Total AA 24589 +3049b 4593.5+492.6 a 4665.8 £ 360.1 a 44593 +176.1a 46572+93.6a

Herkus — wheat variety Herkus DS; DS — wheat variety DS8558-1; F — sample fermented with Lactiplantibacillus plantarum; NF — control sam-
ple; GABA — y-aminobutyric acid. a-d Mean values denoted with different letters indicate significantly different values between the different
sample groups. Results are statistically significant when p < 0.05.
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Table 2.4.4. Total amino acids (mg/L) in the in vitro digestion samples

Sample Blank DS F DS NF Herkus_F Herkus_NF
Arginine 409.1+797b 885.5+144a 916.4+50.8a 847.6 £116.5a 718.0£84.8 a
Glutamic acid 739.9+54.8b 3538.6+93.7a 35442 +257.1a 2901.4+289.8 a 2882.2+363.5a
Serine 405.7+394b 828.8+80.9a 821.8+125.8a 731.2+899a 820.3+131.6a
Aspartic acid 770.5+1.61b 1130.7+92.7 a 1074.8 £ 754 a 1066.7 £90.3 a 1073 £ 1279 a
Threonine 2947+32.1b 594.4+28.0a 5559+33.6a 521.0+50.7 a 517.5+9.7a
Glycine 531.04 +9.81 ¢ 904.6 £46.0 a 850.8 +45.4 ab 863.3£63.9 ab 780.7+119b
Alanine 284.9+9.84 Db 580.3+34.6a 5824+21.1a 5654+549a 5244+324a
Proline 5572+84.2¢ 2633.8 £ 71.6 ab 2786.5+ 1473 a 1953.2 + 158.1 ab 2009 + 44.7 ab
Valine 3234+41.6b 801.1+77.6a 776.2+29.8a 657.8£58.6a 697.4+69.8a
Methionine 46.2+15.0Db 182.8+2.90 a 1784+t 112a 131.7+355a 133.0£10.0a
Phenylalanine 238.4+30.8d 699.8 + 18.0 ab 7578+ 79.5a 5543+ 649 ¢ 596.9 +29.5 be
Leucine/Isoleucine 678.0+17.5d 1813.9+73.1 ab 1910.7+ 2059 a 1458.0+ 131.1¢ 1479.8 £ 40.4 be
Cystine 129.0£179b 2382+7.50 a 237.4+102a 240.2+19.8a 2255+223a
Lysine 383.1+41.34b 6423+404a 693.5+554a 666.1 £253a 664.7+t51.1a
Histidine 126.6 £ 5.06 b 345.1+£169a 355.6+358a 3069+31.8a 326.0+31.4a
Tyrosine 359.5+2831¢c 771.7+289a 789.9+228a 506.0 = 109.0 be 641.2 +81.6 ab
Total AA 6304.3+4369 ¢ 16667.3 £244.8 a 16893.7 £ 586.7 a 14010.4+1183.7b 14156.7 £ 886.7 b

Herkus — wheat variety Herkus DS; DS — wheat variety DS8558-1; F — sample fermented with Lactiplantibacillus plantarum; NF — control
sample. a-d Mean values denoted with different letters indicate significantly different values between the different sample groups. Results are
statistically significant when p < 0.05.



Table 2.4.5. Total amino acids (g/100g) in the in vitro undigested residue

samples
Sample DS F DS NF Herkus_F Herkus_NF

Arginine 0.524+0.036.a | 0.527+0.029 a [0.549 + 0.039 a | 0.420 + 0.025 b
Glutamic acid 145+0.128a | 1.33+0.065a | 1.33+0.086a | 0.971 £0.144 b
Serine 0.495+£0.114a | 0.415+£0.035a [0.430+0.049a| 0.337£0.051 a
Aspartic acid 0.931+0.136a | 0.677 +0.038 b |0.782 = 0.089 ab| 0.560 + 0.076 b
Threonine 0.333+£0.036 a [0.216 +0.020 bc|0.241 + 0.007 b| 0.154 + 0.029 ¢
Glycine 0.493 £ 0.039 ab| 0.435+0.046 b | 0.526 £ 0.018 a| 0.409 = 0.028 b
Alanine 0.432+0.019a |0.345+0.023 ab|0.434 + 0.054 a| 0.310 + 0.042 b
Proline 0.960 + 0.045 a | 0.880+ 0.008 a {0.934 + 0.052 a | 0.652 + 0.058 b
Valine 0.429 +0.036.a | 0.390 + 0.033 a {0.406 + 0.051 a | 0.390 + 0.046 a
Methionine ND ND ND ND
Phenylalanine 0.361 £0.026 a | 0.322+0.024 a [0.336 +0.059a| 0.312+0.029 a
Leucine/Isoleucine | 0.860 +0.078 a | 0.746 = 0.065 a | 0.850+0.19a | 0.684 +0.032 a
Cystine ND ND ND ND
Lysine 0.502 +0.084 a {0.392 +0.031 ab|0.437 = 0.031 ab| 0.331 £ 0.051 b
Histidine 0.126 £ 0.026 a | 0.092£0.011a |0.131 £0.018 a ND b
Tyrosine 0.572+£0.017a | 0.507 +£0.058 a | 0.597 £ 0.047 a| 0.503 £0.044 a
Total AA 8.48+0.146a | 7.27+0.182ab | 7.98+0.728a | 6.03£0.635b

Herkus — wheat variety Herkus DS; DS — wheat variety DS8558-1; F — sample fermented
with Lactiplantibacillus plantarum; NF — control sample; ND — not detected. a-c Mean valu-
es denoted with different letters indicate significantly different values between the different
sample groups. Results are statistically significant when p < 0.05.

The in vitro digestibility was significantly higher in the bioconverted
sample groups, in comparison to the control sample groups, while the
opposite trend was observed for the in vitro fermentability of the IVD residue
samples (Table 2.4.6). The lowest total AA digestibility was observed in the
Herkus NF samples. Both factors were significant for the aforementioned
parameters, except digestibility. Only bioconversion and interaction of both
factors were significant for the in vitro digestibility. While the majority of
the individual AA digestibilities were not significantly different between
sample groups, the bioconversion factor was a significant factor for the
digestibility of all AAs, except glutamic acid, serine, aspartic acid, threonine,
glycine, and alanine. The substrate factor was significant for almost all of
the AA digestibilities, except of arginine, glutamic acid, serine, aspartic acid,
threonine, and lysine.

Similarly, in cases of spontaneous fermentation, no significant increase in
the total protein can be observed, while as the fermentation duration increases
up to 48 h, significantly higher concentrations of protein can be observed
[161, 162]. The differences in FAAs in the IVD samples could be attributed
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to the activity of the LAB strain, as such strains as L. plantarum are known
to excrete enzymes that degrade proteinaceous substrates, which produces
glumatate that is converted to GABA via glutamic acid decarboxylase (GAD)
[163, 164]. The IVD residue analysis showed significant alteration of the
digestibility of some non-essential (arginine, proline, tyrosine) and essential
(valine, phenylalanine, leucine/isoleucine, lysine, histidine) amino acids
of the bioconverted samples. Significant differences between bioconverted
and control samples could be attributed to bacterial activity, as it is able to
excrete proteolytic and amylolytic enzymes that help to degrade food matrix
[165, 166]. Substrate factor effects on AA digestibility could be attributed to
differences in cultivars, as certain differences were observed in the literature
[167, 168]. Lysine is often reported as having the lowest bioavailability as
it is contained mostly in the aleurone layer [167, 169]. Our research results
showed that bioconversion can improve its digestibility, as well as other
essential AAs, such as phenylalanine, histidine, leucine/isoleucine, and valine.

Table 2.4.6. The in vitro digestibility and fermentability parameters

Sample DS F DS _NF Herkus_F | Herkus NF
fz VDiIt\j[" digestibility, 83.9+0.490 a|78.8+ 0.650 b |84.8 +0.530 a|77.6 + 0.490 b
Total AA digested, % | 91.9+0.180 2 |91.1 + 0.490 ab|90.6 + 0.610 ab| 89.0+ 141 b
fz ]v)’;jl" fermentability, | 1) 7L 0240¢| 48.141.27b | 495+ 1.60b |57.5+0.830 a
OT/:)E%\/IIFZ vitro digestibility, | 56 ¢ 4 3101 |89.0+ 0220 ¢|92.3 02502905+ 0210 b

Herkus — wheat variety Herkus DS; DS — wheat variety DS8558-1; F — sample fermented
with Lactiplantibacillus plantarum; NF — control sample; AA — amino acids; DM — dry ma-
tter. a-c Mean values denoted with different letters indicate significantly different values
between the different sample groups. Results are statistically significant when p < 0.05.

The FAAs and BAs in the IVF samples are presented in Table 2.4.7.
The Herkus samples contained significantly higher concentrations of the
majority of FAAs, such as glycine, valine, leucine, serine, proline, aspartic
acid, glutamic acid, methionine, phenylalanine, histidine, tryptophan, and
tyrosine, in comparison to DS sample groups. Factor analysis showed that
bioconversion was a significant factor for all FAAs and BAs, except for
alanine, valine, leucine, threonine, aspartic acid, phenylalanine, tyramine,
histidine, and tryptophan. Although the substrate factor significantly affected
almost all concentrations of the analytes, except for lysine. The BAs play
important roles in the animal, such as acidity regulation, immunoregulation,
though a putrefactive fermentation can produce the abundance of the BAs
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that can cause serious problems to the host [138, 139, 170]. Elevated levels of
BAs are associated with pathogens, as most of the BAs produced in piglets’
colon are of bacterial origin [170, 171]. Additionally, some BAs (putrescine,
cadaverine, histamine) negatively correlated with TBC count, providing a
link between bacterial activity and its products. We failed to establish any
significant correlations between BAs and LAB count, suggesting modulation
of certain bacterial communities other than LAB.
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Table 2.4.7. Concentrations of free amino acids and biogenic amines (mg/L) in the in vitro fermentation samples

Sample B0 Bl DS F DS NF Herkus_F Herkus_NF
Alanine 111.9 £4.66 bc 1.67+0.830d 109.1£16.0¢ 153.7+18.5abc | 175.1+£21.6ab 186.7+39.1a
Glycine 38.5+2.58b 533+0.710 ¢ 821+£3.10¢ 56.1 £9.18 ab 71.8+2.72a 724+154a
Valine 102.5+7.40a 9.19+1.76 cd 2.38+0.150d 1.48 +£0.090 d 27.5+3.73 bc 40.2+19.8b
Leucine 231.4+9.75a 9.92+1.6l1c 2.30+0.350 ¢ 2.02+0.330 ¢ 309+2.23b 374+159b
Isoleucine 745+ 1.76 a 8.09+1.16¢c 5.18+0.050 ¢ 4.21+0.670 c 596+0.630 ¢ 41.7+234b
GABA ND ¢ ND ¢ 44.0+4.89 ¢ 303.6 £105.2b 385.3+509b 628.0 +77.0a
Serine 65.0+19.0a NDc NDc NDc 27.7+0.61b 33.9+3.34b
Threonine 470+ 144 a NDc 14.6 + 1.06 bc 11.6 + 0.440 be 25.6+ 1.47 ab 39.7+ 164 a
Proline 24.7 +0.050 be 25.3+5.04 bc 2.66+0.810 ¢ 55.0+13.0b 331.8+139a 3454+ 174 a
Asparagine ND ND ND ND ND ND
Aspartic acid 264+331a 5.20+0.200 b 8.85+0.120b 7.86+4.50b 35.1+824a 26.0+873a
Phenylethylamine | 1.82+0.130 a ND b ND b ND b ND b ND b
Glutamic acid 554+19.2¢c 23.7+10.0c 13.8+0.480 c 9.90+231c 358.3+50.2a 1854+ 139b
Methionine 42.1+11.4 ab 9.25+0.240 ¢ 11.2+0.260 ¢ 162+524 ¢ 31.9+3.88b 48.1+7.06 a
Phenylalanine 81.0£30.3 bc 947+327c¢ 6.40+0.780 ¢ 105.0+32.5b 290.4+19.6 a 2547+ 53.6a
Putrescine NDc NDc 116.5+6.63 b 1079+ 12.7b 1603+ 16.5a 1072+ 11.5b
Cadaverine 538+£0.210c¢ ND ¢ 63.2+6.41b 60.0+5.48b 89.7+4.15a 60.0£8.06b
Histamine ND ¢ NDc 233+197b 240+1.15b 38.0+4.78 a 26.3+558b
Tryptamine NDc NDc 5.69 £ 0.060 b 5.76 £0.750 b 18.1+3.29a 6.39+0.630b
Lysine 57.6+11.1a NDd 39.6 + 0.060 bc 27.1+0.290 ¢ 42.9+3.88 ab 33.1+8.83 be
Tyramine ND b ND b 4.25+0.04b 742+3.10b 39.39+19.1a 10.80£431b
Histidine 375.0+ 349 a NDc NDc NDc 336.5 + 6.93 ab 291.1£52.2b
Tryptophan 31.9+2.72b NDd NDd 11.5+3.50c 43.0+292a 332+4.17b
Tyrosine 74.1+252a 596+0.340 b 28.5+0.170 b 11.9+£5.00b 874+186a 66.2+4.56a

Herkus — wheat variety Herkus DS; DS — wheat variety DS8558-1; F — sample fermented with Lactiplantibacillus plantarum; NF — control
sample; Bl — fermentation blank at 48 h; BO — fermentation blank at 0 h. a-d Mean values denoted with different letters indicate significantly
different values between the different sample groups. Results are statistically significant when p < 0.05.



The highest concentrations of acetic acid were observed in the DS samples
(Table 2.4.8). The Herkus_NF samples contained the highest concentrations
of butanoic and pentanoic acids. The bioconversion significantly affected
branched-chain SCFAs (2-methylpropanoic and 3-methylbutanoic acids),
butanoic and pentanoic acids, while substrate was a significant factor for
almost all SCFAs, except for propanoic and hexanoic acids. The interaction
of both factors showed a significant effect on the concentrations of propanoic,
butanoic, pentanoic, and hexanoic acids in the IVF samples.

The concentrations of alkanes, such as tridecane, octadecane, hexadecane,
dodecane, tetradecane, aromatic and heterocyclic compounds, such as
benzothiazole, 2-phenoxyethanol, naphthalene, skatole, 4-ethylphenol,
2,4-ditertbutylphenol, some organic acids and alcohols, such as nonanoic acid,
4-methylpentanoic acid, 3-hexadecanol, were significantly lower in almost all
IVF DS and Herkus samples, in comparison to blank after 24 h IVF samples
(Figure 2.4.1). Statistical analysis showed that the bioconversion factor was
significant for the majority of VOCs (over 58% of analytes). Additionally,
substrate factor significantly affected over 67% of the VOCs detected in the
IVF samples. However, the interaction of these factors was significant only for
six organic acids (propanoic, 2-methylpropanoic, butanoic, 3-methylbutanoic,
pentanoic, and hexanoic acid), indole, hydrocinnamic acid, p-cresol, pentyl
levulinate, tetradecanal, and octadecane.
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Table 2.4.8. Concentrations of short-chain fatty acids (mmol/L) in the in vitro fermentation samples

Sample B0 Bl DS F DS NF Herkus_F Herkus_NF

Acetic acid 6.16+£0.142 ¢ 344+£10.5b 86.5+791a 74.8+8.17a 474+£12.0b 50.4+0.989b
Propanoic acid 2.06 +0.094 c 8.08+0.167 ¢ 39.3+2.66b 51.6+3.23a 51.3+701a 46.9 + 1.62 ab
2-methylpropanoic acid | 0.232+0.032d | 2.61+0.063 b 326+0.135a | 2.78+0.180ab | 2.62+0.195b 1.95+0.295¢c
Butanoic acid 1.31+£0.041d 11.2+£0.266 ¢ 23.7+0.585b 23.5+2.13b 23.8+4.02b 384+355a
3-methylbutanoic acid | 0.253+0.025c¢ | 3.82+0.078ab | 4.50+0.102 a 4.15+0.168 a 3.98 £0.24 ab 3.25+£0.661b
Pentanoic acid 0.376+0.030e | 6.46+0.187d 12.3+0.726 ¢ 16.4+0.194 b 16.6+1.74 b 26.0+1.88a
4-methylpentanoic acid <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Hexanoic acid <0.1c 0.085+0.02¢c | 0.752+0.064a | 0.525+0.155ab | 0.342+0.116 bc | 0.711 £0.166 a
Heptanoic acid <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Herkus — wheat variety Herkus DS; DS — wheat variety DS8558-1; F — sample fermented with Lactiplantibacillus plantarum; NF — control
sample; Bl — fermentation blank at 48 h; BO — fermentation blank at 0 h. a-e Mean values denoted with different letters indicate significantly

different values between the different sample groups. Results are statistically significant when p < 0.05.
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2.4.1. Heatmap of volatile organic compounds in the in vitro fermentation samples
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The PLS-DA plots showed clear separation between groups, in the case
of bioconversion (Figure 2.4.2-a) or substrate (Figure 2.4.2-c) is used as a
classifier. The VIP analysis showed that VOCs isophorone, mesityl oxide,
acetone, pentyl levulinate, methyl thioacetate, aliphatic organic acids (penta-
noic, butanoic, nonanoic, octanoic, 2-methylpropanoic, 3-methylbutanoic
acids), alkanes (hexadecane, tridecane, octadecane, dodecane), aldehydes
(pentadecanal, hexadecanal, dodecanal, decanal), aromatic compounds
(p-cresol, 1isocreosol, 2-phenoxyethanol, 2,4-ditertbutylphenol) were
contributing the most for the PLS-DA model, where classifier was bio-
conversion (Figure 2.4.2-b). However, aromatic VOCs (acetophenone,
benzeneacetic acid, hydrocinnamic acid, naphthalene, 4-ethylphenol,
phenylethyl alcohol, 2-phenoxyethanol, p-cresol), indoles (skatole, indole),
aliphatic organic acids (acetic, 4-methylpentanoic, nonanoic, pentanoic,
octanoic, 2-methylbutyric, heptanoic acids), alkanes and aliphatic aldehydes
(nonanal, hexadecanal, octadecane, tetradecane, dodecane, oct-(2E)-enal),
v —decalactone, benzothiazole, hexyl n-valerate, and ethyl palmitate were the
most significant contributors to the differences between different substrates
(Figure 2.4.2-d).
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Fig. 2.4.2. PLS-DA and VIP analysis of the volatile organic compounds in the in vitro fermentation samples

a, c — PLS-DA analysis plots, where categorical values are bioconversion and substrate; b, d — VIP plots of the respective PLS-DA analyses.



Volcano plot analysis depicted that p-cresol, mesityl oxide, isophorone,
and pentyl levulinate were significantly upregulated in the fermented IVF
samples (Figure 2.4.3-a). However, benzenacetic acid, hexyl n-valerate,
hydrocinnamic acid, indole, p-cresol, oct-(2E)-enal, and pentyl pentanoate
were significantly upregulated in the DS samples, in comparison to the
Herkus IVF samples.

a

Fermented vs nonfermented Herkus vs DS

EnhancedVolcano EnhancedVolcano

@ NS @ Log,FC p-value @ p-valueandlog, FC © NS © Log;FC @ p-value @ p-valueandlog, FC

= Log10 P
= LOg10 P
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Log, fold change Log, fold change

total = 53 variables total = 53 variables

Fig. 2.4.3. Volcano plots of the volatile organic compounds in the in vitro
fermentation samples

Propanoic, pentanoic, nonanoic, and 2-methylpropanoic acids were
significantly different between bioconverted and control samples, and their
VIP values were greater than 1, denoting their significant contribution to
the PLS-DA models. Additionally, we found that acetic, 4-methylpentanoic,
nonanoic, pentanoic, octanoic, 2-methylbutyric, and heptanoic acids were
significantly different between substrates as well. The SCFAs are generally
products of carbohydrate fermentation, which provide many benefits to
the host, ranging a from food source to epithelium to the provision of a
favorable environment to the beneficial bacteria [138, 172]. Branched-chain
fatty acids (BCFA) are associated with the fermentation of AAs in the colon
[138, 172]. In addition, we found significant negative correlations between
some AAs (valine, leucine, isoleucine, serine, threonine, and histidine) and
BCFAs (2-methylpropanoic, 2-methylbutyric, and 3-methylbutanoic acid)
in the IVF samples, thus aligning with the literature. Additionally, some
SCFAs (butanoic, propanoic, pentanoic, and hexanoic acids) negatively
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correlated with total bacterial count (TBC) and BCFAs (2-methylpropanoic
and 3-methylbutanoic acids) negatively correlated with LAB counts. Such
correlations might indicate certain microbiota modulation mechanisms, as
similar observations were made in the literature as well [173, 174].

The majority of detected analytes of the untargeted analysis of BTSFA
derivatives were significantly higher in DS and Herkus sample groups, in
comparison to the blank samples (Figure 2.4.4). The bioconversion factor
showed to be significant for the concentrations of aliphatic acids (succinic,
glyceric, 2-deoxytetronic, a-hydroxyglutaric acids), aromatic acids (dihydro-
cinnamic, 4-hydroxyphenylacetic, 3-hydroxyphenylpropionic acids), and
heterocyclic acids (pyroglutamic, indole-3-acetic acids) in the IVF samples.
Moreover, substrate was significant for concentrations of certain aliphatic
acids (lactic, glycolic, 4-hydroxybutyric, succinic, glyceric, 2-deoxytetronic,
a-hydroxyglutaric, 5-aminopentanoic acids), aromatic acids (B-phenyllactic,
3-hydroxyphenylpropionic, 4-hydroxyhydrocinnamic, dihydroferulic, benze-
neacetic, dihydrocinnamic acids), and the same heterocyclic acids in the
IVF samples. PLS-DA analysis of the BSTFA derivatives showed clear
separation between different substrates (Herkus and DS), while bioconverted
and control samples were partially overlapped (Figure 2.4.5-a,c). VIP
analysis results showed that certain aromatic acids (4-hydroxyphenylacetic,
3-hydroxyphenylpropionic, dihydrocinnamic acids), aliphatic acids
(2-deoxytetronic, succinic, a-hydroxyglutaric acids), ethanolamine, pyro-
glutamic acid, and propane-1,3-diol had the highest VIP values for the
fermented — nonfermented PLS-DA model. Additionally, compounds that
contributed most to the Herkus — DS PLS-DA model were aliphatic acids
(5-aminopentanoic, 4- hydroxybutyric, glyceric, lactic, a-hydroxyglutaric,
glycolic, and succinic acids), aromatic acids (benzeneacetic, B-phenyllactic,
4-hydroxyhydrocinnamic, dihydroferulic, dihydrocinnamic acids), and
indole-3-acetic acid.
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a, c — PLS-DA analysis plots, where categorical values are bioconversion and substrate; b, d — VIP plots of the respective PLS-DA analyses.



Volcano plot depicts significantly lower concentrations of 4-hydroxy-
phenylacetic acid and higher concentrations of 3-hydroxyphenylpropionic
acid in fermented IVF samples (Figure 2.4.6-a). Moreover, aliphatic acids
(glyceric, succinic, lactic, a-hydroxyglutaric acids) and B- phenyllactic acid
were upregulated in the Herkus samples, while aromatic acids (benzenacetic,
4-hydroxycinnamic, dihydroferulic, dihydrocinnamic, 3-hydroxyphenyl-
propionic acids), S-aminopentanoic, and indole-3-acetic acid were down-
regulated, in comparison to the DS samples (Figure 2.4.6-b).
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Fig. 2.4.6. Volcano plots of the untargeted metabolites of the in vitro
fermentation samples

We found that some aliphatic aldehydes and alkanes were contributing
to the differences between bioconversion and substrate factors in the PLS-
DA models. This could suggest certain differences in lipid metabolism
between sample groups, as those compounds are generally attributed to the
degradation of lipids [175-177]. Another important phenolic amino acid
degradation products by gut bacteria, such as Escherichia coli, Clostridium
sporogenes, Clostridium difficile, include p-cresol and 4-ethylphenol [178,
179]. While 4-ethylphenol is a naturally occurring compound, also having a
fairly unpleasant odor in high concentrations, its ability to cross the blood-
brain barrier on high consumption could lead to serious health complications
[180, 181]. P-cresol was downregulated, and 4-hydroxyphenylacetic acid,
precursor to p-cresol, was upregulated in the non-bioconverted samples, thus
possibly hinting certain at inhibition of its conversion to p-cresol in non-
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bioconverted samples. Moreover, we found significant negative correlations
between p-cresol and LAB count, hinting at the p-cresol ability to modulate
gut microbiome, especially LAB strains, as similar observations were made
in the literature [182]. Additionally, various phenolic metabolites, such as
3-hydroxyphenylpropionic, benzenacetic, 4-hydroxyhydrocinnamic, and
B-phenyllactic acids are products of bacterial degradation of phenolic amino
acids, such as phenylalanine and tyrosine [183-186]. While some of the
aforementioned metabolites, in addition to hydrocinnamic and dihydroferulic
acids, can also be obtained through bacterial degradation of ferulic and caffeic
acids, which are abundant in wheat cereals [187-189]. We found benzenacetic,
dihydrocinnamic, and 4-hydroxyhydrocinnamic acids upregulated in DS
samples and significant negative correlations with phenolic amino acids,
thus possibly hinting its origin to the metabolism of amino acids. The higher
concentrations of B-phenyllactic acid were observed in Herkus samples, and
significant negative correlations with TBC were observed, thus hinting at its
bacterial community modulation properties as they were established earlier
[190].

Acetone production in the IVF samples could be attributed to the acetone-
butanol-ethanol fermentation (ABE) of solventogenic clostridia [191, 192].
Acetone was significant for the PLS-DA bioconverted — non-bionconverted
model, thus the bioconversion of substrate could affect further metabolism
of feed in the gut. Glyceric acid is a product of glycerol and carbohydrate
fermentation, which can cause serious health issues in high doses [193]. We
found its concentrations upregulated in the Herkus samples, in addition to all
analyzed factors and their interactions being significant to its concentrations
in the IVF samples. Thus, the bioconversion and substrate management can
help to manage its production in the gut.

We found lactic acid upregulated production in the Herkus samples.
It is a classical product of bacterial fermentation in the gut, though it can
originate from carbohydrate or amino acid fermentation [194, 195]. However,
significant positive correlations between lactic acid and branched-chain AAs
suggest its origin from the carbohydrate fermentation, especially when wheat
substrates have an abundance of it.

The upregulation of S5-aminopentanoic acid and downregulation of
succinic and o-hydroxyglutaric acids in the DS samples could suggest
possible inhibition of 5-aminopentanoic acid conversion to succinic acid
[196]. Substrate fermentation produced significant amounts of GABA, and
both factors were significant for its concentrations in the IVF samples.

The bioconversion of selected wheat substrates successfully reached
appropriate LAB count values at low pH, providing evidence for the LAB
strain’s ability to ferment selected substrates and provide functional properties
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to the feed material. The interaction of both analyzed factors significantly
affected the total AA composition, thus pointing out the importance of
the selection of substrate and the optimization of fermentation conditions
to improve the nutritive quality of the feed material. In addition, the
bioconversion factor was significant for the majority of the essential AA in
vitro digestibility, including lysine, so its bioavailability can be significantly
improved by utilizing the bioconversion methods. Moreover, the bioconversion
significantly improved the total in vitro digestibility, while reducing the in
vitro fermentability. Both factors and their interaction significantly affected
the majority of the analyzed SCFAs. Also, we found significant differences
in concentrations of aliphatic aldehydes and alkanes, suggesting altered lipid
metabolism. Additionally, we observed significant upregulation of phenolic
metabolites in DS samples, which could be linked to protein degradation.
These findings indicate substrate selection and bioconversion significance on
overall nutrient bioavailability and microbiota activity.
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CONCLUSIONS

1. Bioconversion of cereal grains from wheat varieties Ada, Sarta,
DS8472-5, DS8526-2, Gaja, DS8888-3-6, DS8548-7, and DS8535-
2 using selected LAB strains (LUHS29, LUHS245, LUHS122) is a
suitable technology for modifying wheat grain parameters in a desirable
way, except for micro- and macroelement concentrations. Wheat variety
was a significant factor influencing these concentrations in the samples,
whereas the LAB strain was not significant in most cases:

I.1.

1.2.

1.3.

1.4.

L.5.

1.6.

1.7.

Effective fermentation was confirmed by achieving high viable
counts of LAB (>8.00 log , CFU/g and by a decrease in pH from
4.67 to 3.55 in some samples.

The main BAs detected in the wheat samples were phenylethyl-
amine, putrescine, spermidine, and cadaverine. The concentrations
of putrescine, spermidine, cadaverine, and the total BAs were
significantly higher in the bioconverted wheat wholemeal samples
and the LAB strain, wheat variety, and their interaction was
significant (p <0.05) for all of the BAs concentrations in the wheat
wholemeal samples.

The SFAs, MUFAs, and PUFAs in the wheat wholemeal samples
were 20.8-39.8%, 14.1-28.8%, and 36.9-64.5%, respectively,
and, the LAB strain and its interaction with wheat variety were
significant (p < 0.05) for SFA, MUFA, and omega-6 FAs in the
wheat wholemeal samples.

The significant increase in essential FAAs were observed in
bioconverted wheat wholemeal samples, and the LAB strain and
wheat variety were significant (p < 0.05) for concentrations of the
most of the essential FAAs. Both of the factors were significant
(p <0.05) for the most of the non-essential FAAs.

Fermentation led to higher GABA content in bioconverted
wheat wholemeal samples and both of the analyzed factors were
significant (p < 0.05) for its concentration in the wheat wholemeal
samples.

The increasement of DON was observed in bioconverted wheat
wholemeal samples.

Fermentation led to more diverse profile of the VOCs, and the

majority of the VOCs were aliphatic organic acids, esters, alcohols,
and aldehydes.
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2. The combination of red and green lentil bioconversion using selected
LAB strains (LUHS122 and LUHS210) with substrate particle size
reduction is a suitable technology for increasing fermentation efficiency:

2.1.

2.2.

2.3.

2.4.

2.5.

2.6.

The pH of fermented lentil samples dropped from 4.43 to 4.21, and
the LAB count values reached about 8.0 log, CFU/g, on average,
thus confirming the ability of the selected LAB strains to ferment
proteinaceous substrates. The lentil variety and milling factor
interaction were significant (p < 0.05) for the LAB count.

The LAB strain, particle size, and lentil variety and LAB strain
interaction significantly (p < 0.05) affected the chromaticity cha-
racteristics of the lentil samples.

The most of the essential FAAs and GABA were significantly
(p <0.05) higher in the fermented samples and the lentil variety,
particle size, and LAB strain factors were significant (p < 0.05) for
almost all the concentrations of FAAs in the lentil samples.

The four BAs, phenylalanine, putrescine, spermidine, and spermi-
ne, were detected in the lentil samples. The non-milled fermented
samples contained significantly lower concentrations of the BAs,
in comparison to the control samples and all of the analyzed factors
were significant (p < 0.05) for all the detected BAs in the lentil
samples, except for putrescine. Negative Pearson’s correlations
between the BAs (spermidine, spermine, putrescine) and the LAB
count (r=-0.810, p < 0.001; r=-0.660, p < 0.001; r=-0.829,
p <0.001, respectively) were observed.

All factors and their interactions were significant (p < 0.05) for
palmitic, stearic, and a-linolenic acids in the lentil samples. The
LAB strain, lentil variety, and their interactions with particle size
factor were significant (p < 0.05) for the omega-3 FA concentra-
tions in the lentils.

The profile of the lentils VOC mainly consisted of aliphatic alde-
hydes, organic acids, and monoterpenes, the significant correlations
between most of the VOCs and LAB count, and aldehydes with the
FAs.

3. The use of SSF and SMF for seeds of the Fabaceae family lentils
(variety Danaja — pure and intercropped) processing allows modulation
of FAA, FA, and VOC profiles, as well as other physicochemical
parameters in most cases:

3.1.

The pH of lentil samples reached down to 4.3, and the LAB
count values were over 7.3 log,, CFU/g, on average. The type
of fermentation, fermentation duration, and growing conditions
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3.2.

3.3.

3.4.

3.5.

3.6.

factors were significant (p < 0.05) for the pH values, while LAB
count values were significantly (p < 0.05) affected by the type of
fermentation (SSF or SMF) and fermentation duration.

The essential FAAs were significantly (p < 0.05) higher in the
SMF and SSF samples in most cases, in comparison with non-
fermented ones. Also, SSF samples contained significantly higher
concentrations of FAAs and GABA in most of the cases, in
comparison with SMF samples. All of the analyzed factors were
significant (p < 0.05) for the concentrations of FAAs and GABA
in the lentil samples. The type of fermentation and fermentation
duration interaction, as well as interaction of all of the analyzed
factors were significant (p < 0.05) for the majority of the analyzed
FAAs in the lentil samples.

Phenylethylamine, putrescine, spermidine, and spermine of all
analyzed BAs were detected in lentil samples. The fermented
samples contained significantly (p < 0.05) higher amounts of the
BA in most of the cases. The factor interaction of the growing
conditions and the type of fermentation significantly (p < 0.05)
affected the concentrations of all detected BAs in the lentil
samples.

The major FAs in the lentil samples were linoleic, palmitic,
and stearic acids, ranging between 41.3-50.3, 16.2-20.3, and
1.63-3.29%, respectively. The interactions of analyzed factors
significantly (p < 0.05) affected all of the analyzed FAs in lentil
samples. All of the factors and their interactions were significant
(p < 0.05) for the concentrations of a-linolenic acid in the lentil
samples.

The growing conditions showed significant (p < 0.05) differences
in micro- and macroelement concentrations in the lentil samples.
Most of the detected VOCs in the lentil samples were aliphatic
acids, ketones, aldehydes, and alcohols, and the SSF samples
showed higher diversity of detected VOCs, in comparison to the
SMF samples. All of the analyzed factors and their interactions
significantly (p < 0.05) affected VOC concentrations in the lentils,
in most of the cases.

. The application of an in vitro digestion model for the evaluation of wheat
sample bioconversion is a suitable approach for predicting potential in
vivo changes in both non-bioconverted and fermented substrates, as
significant differences were observed in digestion- and fermentation-
related parameters, as well as in other analyzed metabolites:
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4.1.

4.2.

4.3.

4.4,

4.5.

4.6.

The bioconversion did not significantly alter the concentrations of
AAs in the wheat wholemeal samples, however, the wheat variety
and bioconversion factors’ interaction significantly affected
(» <0.05) most of the AAs in the substrates.

The concentrations of FAAs in the IVD digesta samples, such as
GABA, proline, and glutamine were significantly affected by the
bioconversion and substrate factors. Only bioconversion factor
was significant (p < 0.05) for the concentrations of glutamic acid
and glycine. The most of the total AA concentrations in the IVD
undigested residue samples were significantly (p < 0.05) affected
by bioconversion, while the substrate was significant only for
threonine, proline, histidine, glutamic and aspartic acids, and
total AAs. The digestibility of the essential AAs, such as lysine,
phenylalanine, and valine, were significantly (p < 0.05) increased.
The concentrations of the most of the FAAs and BAs in the IVF
samples were significantly (p < 0.05) affected by the bioconver-
sion and substrate factors. The GABA concentration in the IVF
samples were significantly (p < 0.05) affected by the both factors.
The significant (p < 0.05) negative correlations between some of
the BAs (putrescine, cadaverine, histamine) and the TBC were
found.

The concentrations of branched-chain SCFAs, butanoic, and
pentanoic acids in the IVF samples were significantly (p < 0.05)
affected by the bioconversion factor. The substrate factor was
significant (p <0.05) for all almost all SCFAs, except for propanoic
and hexanoic acids.

The bioconversion significantly (p < 0.05) increased the in vitro
digestibility of the wheat wholemeal samples, while the same
factor significantly (p < 0.05) reduced their in vitro fermentability.
The PLS-DA and VIP analysis results of the IVF samples
pointed out differences in aliphatic alkanes and aldehydes,
suggesting differences in lipid metabolism between the different
sample groups. The significant (p < 0.05) differences of the
phenolic metabolites, such as benzenacetic, dihydrocinnamic,
and 4-hydroxy-hydrocinnamic acids, suggesting differences in
phenolic AA metabolism.
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RECOMMENDATIONS

. Bioconversion of cereal grains from wheat varieties Ada, Sarta,
DS8472-5, DS8526-2, Gaja, DS8888-3-6, DS8548-7, and DS8535-
2 using selected LAB strains (LUHS29, LUHS245, LUHSI122) is
recommended as an effective approach for modifying grain cha-
racteristics in a desirable manner, particularly for increasing essential
FAAs and GABA concentrations.

. To improve the characteristics of red and green lentils, especially by
enhancing essential FAAs and GABA concentrations, a combination of
bioconversion using selected LAB strains (LUHS122 and LUHS210)
and substrate particle size reduction is recommended. However, the
formation of BAs during the process should be controlled.

. The SSF process is recommended for the bioconversion of wheat cereal
grains and lentil seeds because it promotes a higher production of
functional molecules than the SMF while providing a more sustainable
processing approach due to its lower water requirements.

. The application of an in vitro digestion model for evaluating wheat
cereal bioconversion is recommended as a primary step for predicting
potential in vivo changes in both non-bioconverted and fermented
substrates.
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SUMMARY IN LITHUANIAN

SANTRUMPOS
AA — Aminoraigstis
ABE — Acetono-butanolio-etanolio fermentacija
ANF — Antimitybiniai veiksniai
BA — Biogeniniai aminai
BCFA — Sakotos grandinés riebaly rigstys
BSTFA — N, O-Bis(trimetilsilil)trifluoroacetamidas
DON — Deoksinivalenolis
DS — Kuvieciy veislé Nr. DS8558-1
FA — Riebaly rugstis
FAA — Laisvoji aminoraigstis
GABA — v — Aminobutyriné riigstis
GAD — Glutamo rugsties dekarboksilazé
GC-MS — Dujy chromatografija — masiy spektrometrija
GRAS — Visuotinai pripaZintas saugiu
IVD — In vitro virskinimas
IVF — In vitro fermentacija
LAB — Pieno riigsties bakterija
LUHS122 - Lactiplantibacillus plantarum
LUHS210 - Lacticaseibacillus casei
LUHS245 - Liquorilactobacillus uvarum

LUHS29 — Pediococcus acidilactici

MUFA — Mononesociosios riebaly riigstys
NOAEL - Nepastebéto neigiamo poveikio lygis
PLS-DA - Daliné maziausiy kvadraty diskriminantiné analizé
PUFA — Polinesociosios riebaly rigstys

QPS — Kovalifikuota saugos prezumpcija
SCFA — Trumpiosios grandinés riebaly rugstis
SFA — Sociosios riebaly riigstys

SMF — Tradiciné fermentacija skystoje faz¢je
SPME — Kietafazé mikroekstrakcija

SSF — Kietafazé fermentacija

TBC — Bendras bakterijy skaiCius

TTA — Bendras titruojamasis ragstingumas
VIP — Kintamyjy svarba projekcijoje

VOC — Lakusis organinis junginys
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IVADAS

Didéjant zmoniy populiacijai, efektyvus visuomenés apriipinimas gyviini-
ma, taikant selektyvy veisima, bei integruojant iSmanigsias agrotechnologijas
[3-5]. Siekiant uztikrinti gyvulininkystés plétra, pasSary efektyvus panaudoji-
mas tampa vienu pagrindiniy prioritety [6, 7]. Gyviiny mitybos raciono pra-
turtinimui naudojami vitaminai, prebiotikai, probiotikai, fitobiotikai, jvairios
riebaly rugstys, fermentai ir kt. [6-9]. Nors vyksta diskusijos dél gyviininés
kilmeés produkty vartojimo mazinimo zmoniy mityboje, taciau gyviningés kil-
més maisto produktai islieka svarbus, dé¢l savo unikalios sudéties ir jsisavi-
namumo [10-16]. Su gyvininiais produktais gaunamy veikliyjy komponenty
trikumas Zzmoniy mityboje gali sukelti jvairias sveikatos problemas [12, 17-
20]. Nors $iy medziagy poreikj mityboje galima patenkinti vartojant papildus,
taciau pastarieji gali kelti riziky, susijusiy su netyCiniu perdozavimu, nepa-
geidaujama vaisty ir papildy veikliyjy komponenty saveika, nenumatytais
Salutiniais poveikiais ir kt. [21, 22]. D¢l Siy priezasciy, siekiant uztikrinti pil-
navert¢ zmoniy mityba, svarbu kurti tvarias gyviiny auginimo technologijas,
apimancias efektyvy pasariniy zaliavy panaudojimg gyviiny sveikatingumui
bei produktyvumui uztikrinti.

Kviecdiai yra pagrindiné griiddiné kultiira Zmoniy bei gyviiny mityboje [23].
Be krakmolo ir kity polisacharidy, kvieciuose yra baltymy, B grupés vitami-
ny, skaiduliniy medziagy, funkcionaliosiomis savybémis pasizyminciy mole-
kuliy (pvz., fitoestrogeny, flavonoidy ir kt.), mineraliniy medziagy ir kt. [24].
Kita svarbi augaly grupé, tai Fabaceae Seimos augalai. Juose yra didelis bal-
tymy, mazas riebaly ir drégmés kiekis [25, 26], vidutiniskai, 14 proc. skaidu-
liniy medziagy, reikSmingi kiekiai mikro- ir makroelementy, karotenoidy, B
grupés vitaminy, flavonoidy ir kity fenoliniy junginiy [27, 28]. Taciau Faba-
ceae Seimos augaly maistiniy medziagy biologinj prieinamuma mazina juose
esantys antimitybiniai veiksniai: fitatai, saponinai, lektinai, taninai, proteazes
inhibitoriai ir kt. [27, 29]. KvieCiy griiduose taip pat yra antimitybiniy veiks-
niy, pvz., tripsino inhibitoriy [30]. Antimitybiniy veiksniy koncentracijos
mazinimui taikomi jvairiis technologiniai sprendimai: malimas, mirkymas,
virimas, autoklavavimas, daiginimas, ekstruzija, fermentacija ir kt. [31].

Be pagrindiniy energine verte suteikianc¢iy komponenty, kvieciuose ir
ankstiniuose augaluose yra jvairiy biologiskai aktyviy molekuliy: karotenoi-
dy, antocianiny, flavonoidy ir kt. [32-34]. Dalis $iy junginiy pasiZymi an-
tioksidacinémis, prieSuzdegiminémis, antibakterinémis, prieSgrybelinémis,
antiprotozoinémis, antiparazitinémis ir kitomis savybémis [34-36]. Spalvotieji
kvieciai sulaukia vis daugiau démesio d¢l aleurono ir perikarpio sluoksniuose
esanciy antocianiny [37-40]. Pastarieji junginiai pasizymi pageidautinu fizi-
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ologiniu poveikiu, pvz., mazina metano gamybg atrajojantiems gyvuliams,
didina prieaugj, gerina produkcijos juslines savybes [37-40]. Dauguma jy yra
gliukozes, galaktozés ar rutinozés bei aglikony (cianidino, malvidino, peoni-
dino, delfinidino ir petunidino) dariniai, o jy koncentracijos kvieciuose siekia
nuo 3 iki 100 ar daugiau mg/kg [39, 41, 42]. Spalvotose ankstiniy augaly
séklose yra antocianiny (dazniausiai glikozidiniai aglikony dariniai) [32].
Atitinkamai, gliukoze ir galaktozé yra pagrindiniai sacharidy fragmentai an-
tocianiny molekulése, jy koncentracijos ankStiniy augaly séklose gali virSyti
200 mg/kg [32, 43]. Nors in vitro vir§kinimo metu antocianiny koncentracija
reikSmingai sumazg¢ja, praneSama apie in vivo $iy junginiy kumuliacijg akiy,
kepeny ir smegeny audiniuose [44, 45].

Efektyvesniam paSary maistiniy medziagy isisavinamumo gerinimui tai-
komi jvairtis technologiniai sprendimai, i§ kuriy fermentacija apibiidinama,
kaip yra efektyvus procesas antimitybiniy veiksniy (ANF) mazinimui, Zaliy
baltymy kiekio didinimui bei baltymy ir angliavandeniy vir§kinamumo geri-
nimui [46, 47]. Taikant fermentacijg galima sumazinti antigeniniy baltymuy,
fitaty, taniny ir fermenty inhibitoriy kiekius bei padidinti vitaminy, fosforo,
trumposios grandinés riebaly rtig§ciy koncentracijas [48-50]. Fermentuotas
pasaras gali pasizyméti prebiotinémis, probiotinémis, postbiotinémis bei pa-
rabiotinémis savybémis, o bakterijy susintetintos trumposios grandinés rie-
baly rugstys ir bakteriocinai gali inhibuoti patogeninius mikroorganizmus
[51-54].

Nepaisant pageidaujamos paSary cheminiy junginiy konversijos bei sinte-
z¢s fermentacijos metu, fermentuojamo substrato uZter§tumas patogeniniais
mikroorganizmais ir jy simbiotin¢ veikla su technologiniais mikroorganiz-
mais gali lemti ir toksiniy junginiy susidaryma [62, 63]. Fermentuotame
substrate labai svarbi ir biogeniniy aminy (BA) kontrolé [63, 64]. Pastaryjy
junginiy sinteze gali lemti tiek technologiniai mikroorganizmai (pvz., LAB),
tiek patogeniniai oportunistiniai.

Pasary gamybai gali biiti taikoma kietafaz¢ fermentacija (SSF) bei tra-
diciné (SMF) skystoje fazeje [48]. Vykdant SSF, mikroorganizmai auga ant
substrato esant labai mazam laisvo vandens kiekiui, o SMF substratas, daznu
atveju, yra skystas [48, 62, 65]. SSF procesui reikalingas mazesnis vandens
bei energijos kiekis, gaunamos didesnés metabolity koncentracijos, naudoja-
ma nesudétinga jranga, nebitinas substrato sterilizavimas, lyginant su SMF
[48, 62, 65]. D¢l $iy priezas¢iy SSF procesas yra patrauklus pramoninei ga-
mybai. Tac¢iau SMF procesa lengviau kontroliuoti, uztikrinti pastovy nasuma
ir tikslinio produkto i§skyrimg i§ substrato, todél §is procesas daznai naudo-
jamas fermenty ir antriniy metabolity gamybai [66, 67]. Technologiniai skir-
tumai tarp SMF ir SSF procesy apima ir mikroorganizmy kultiiry parinkimg
[62]. Pieno riigSties bakterijos (LAB) placiai naudojamos jvairiy substraty
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fermentacijai [68]. LAB iSskiria fermentus, kurie pagerina substrato anglia-
vandeniy ir baltymy vir§kinamuma [68, 69] bei sintetina jvairius metabolitus,
kurie gerina fermentuojamo substrato biosaugos rodiklius ir juslines savybes
[68, 69]. LAB padermés ,,visuotinai pripazintos saugiomis* (GRAS) ir turi
,kvalifikuotos saugos prezumpcijos* (QPS) statusg [69].

Fermentacijos technologija pasizymi kompleksiSkumu. Vienas i$ veiks-
niy, lemianéiy fermentuoty Zaliavy kokybe yra substrato sudétis. Siame darbe
sprendziama moksliné problema siejama su Lietuvoje sukurty naujy veisliy
kvieCiy gridy bei lesiy biokonversijos schemy modeliavimu, parenkant tech-
nologinius rodiklius: bakterijy kultiiras bei vandens kiekj substrate, siekiant
kuo tvaresnio biokonversijos buido. Literatiiroje néra duomeny apie Siame
darbe analizuojamy spalvotagrudziy kvieciy ir Fabaceae Seimos augaly deta-
lig cheming sudétj bei jos pokycius fermentacijos metu. Siekiant efektyvaus
naujai sukurty Zaliavy pritaikomumo paSary pramong¢je, iSkyla biitinybe ies-
koti technologiniy sprendimy bei jvertinti veiksnius, lemiancius fermentuoto
substrato kokybe, jskaitant in vitro virskinimo rodiklius.

Lietuvos selekcininky sukurtos spalvotyjy kvieciy linijos pasizymi itin di-
deliu biologiSkai aktyviy junginiy kiekiu, ypa¢ antocianiny, kurie gali biiti
perspektyvis didesnés pridétinés vertés pasariniy zaliavy kiirimui. AnkStiniy
augaly seklos pasiZymi dideliu baltymy, skaiduliniy medziagy ir kity funkci-
onaliyjy komponenty kiekiu. Taciau jy bioprieinamumga riboja antimitybiniai
veiksniai. Siai problemai i§spresti kuriami inovatyviis technologiniai spren-
dimai. Gauti iSsamiis duomenys apie $iy zaliavy detalig cheming sudétj papil-
dys moksliniy Ziniy baz¢ bei sudarys prielaidas jy efektyvesniam panaudoji-
mui, kuriant didesnés pridétinés vertés pasarines Zaliavas.

Disertacijos tikslas

Disertacijos tikslas — iSanalizuoti naujai sukurty lietuvisky spalvotyjy
kvieciy veisliy ir Fabaceae Seimos augaly sudétj, sukurti technologijas, didi-
nancias jy pridéting verte tvaresniy paSariniy zaliavy gamybai bei pritaikyti
in vitro virSkinimo modelj, siekiant prognozuoti Siy paSariniy zaliavy in vivo
efektyvuma.

Darbo uzdaviniai

1. IStirti pasirinkty LAB padermiy (LUHS29, LUHS245, LUHS122) po-
veiki skirtingy kvieciy veisliy (Ada, Sarta, DS8472-5, DS8526-2, Gaja,
DS8888-3-6, DS8548-7, DS8535-2) griidy biokonversijai, ypatingg dé-
mesj skiriant laisvyjy aminortigséiy (FAA), riebaly ragsciy (FA), bioge-
niniy aminy (BA) ir kt. metabolity analizei, vertinant kvieciy veislés ir
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LAB padermes jtakos reikSminguma substrato fizikiniams cheminiams
pokyc¢iams.

2. I8analizuoti LAB padermiy (LUHS122 ir LUHS210) ir substrato dale-
liy dydzio poveikj raudonyjy ir Zaliyjy lesiy sékly (CDC Lemay ir CDC
Red Rider) fermentacijos efektyvumui.

3. Ivertinti veiksniy: skirtingy Fabaceae Seimos lgsiy veisliy (Danaja),
tradicinio ir tarpinio pase¢lio auginimo sistemy, SSF ir SMF salygy jta-
ka, tiriant lgSiy sékly substrato FAA, FA, lakiyjy organiniy junginiy
(VOC) profilius, bei kt. fizikinius cheminius rodiklius.

4. Pritaikyti in vitro virSkinimo modelj spalvotyjy kvieciy gridy biokon-
versijos vertinimui ir galimiems in vivo pokyCiams prognozuoti, lygi-
nant virSkinimo ir fermentacijos rodiklius bei metabolity profilius, su-
sidarancius i$ neapdoroty ir fermentuoty méginiy.

Mokslinis naujumas ir praktinis naudingumas

Disertaciniame darbe pateikiamas iSsamus naujai sukurty kvieciy griady ir
ankstiniy augaly sékly biokonversijos atrinktomis LAB padermémis jvertini-
mas, kaip novatoriSkas sprendimas, siekiant pagerinti pasariniy zaliavy funk-
cionaluma ir maisting verte. Disertacijos mokslinis naujumas gludi (I) naujai
sukurty kvieciy grudy veisliy ir jy biokonversijos atrinktomis LAB pader-
mémis jtakos substraty biocheminéms modifikacijoms vertinime, (II) leSiy
sékly substrato daugiafaktoriniame apdorojime, taikant SSF ir SMF bei subs-
trato daleliy dydzio modifikacijas, (III) neapdorotiems ir biokonvertuotiems
spalvotiesiems kvie¢iy griidams in vitro virSkinimo modelio taikyme, siekiant
prognozuoti pasariniy zaliavy in vivo efektyvumg. Disertacijoje analizuoja-
mas taikyty kompleksiniy technologiniy sprendimy poveikis placiam spek-
trui jautriy substrato rodikliy: FAA, FA, VOC ir kt. Sukurtos Zinios suteikia
daugiamatj supratimg apie augaliniy zaliavy pokycius biokonversijos metu ir
lemia praktiniy rekomendacijy, skirty efektyvinti kvieciy gridy ir 1¢Siy sékly
panaudojimg gyvulininkystéje. Disertaciniame darbe skelbiamais rezultatais
jrodytas LAB pagrindu vykdomy biokonversijos schemy efektyvumas patvir-
tina jy galimg pritaikomuma augaliniy Zaliavy baltymy kokybés gerinimui
(didinant FAA ir GABA koncentracijas). Disertacijoje akcentuojama zaliavy
sudéties ir apdorojimo salygy parinkimo svarba, siekiant optimaliy rodikliy.
Atkreiptinas démesys, kad validuoty in vitro virSkinimo modeliy taikymas
suteikia ekonomiskai ir praktiskai efektyvias galimybes prognozuoti poveikj
in vivo. Disertacijoje skelbiami rezultatai reikSmingai prisideda prie tvariy,
ziedine ekonomika pagrjsty, perdirbimo strategijy kiirimo, siejamy su auga-
linés kilmés istekliy efektyviu naudojimu bei gali prisidéti prie priklausomy-
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bés nuo importuojamy baltymy Saltiniy mazinimo ir Zemés ukio bei pasary
pramongés konkurencingumo bei atsparumo iSoriniams veiksniams didinimo.

1. MEDZIAGOS IR METODAI
1.1. Eksperimente naudotos medzZiagos

Eksperimentuose naudotos kvieciy griiddy veislés: tradicines: Ada, Gaja,
Herkus; vaSkiniai kvieciai: DS8888-3-6, Sarta; spalvotieji: DS8472-5,
DS8526-2, DS8548-7, DS8535-2, DS8558-1) ir Fabaceae Seimos augaly
(lgsiy) séklos: veislés — CDC Lemay, CDC Red Rider, Danaja (tradicinio ir
tarpinio séjimo).

Substraty biokonversijai naudotos LAB padermés: Pediococcus acidilac-
tici (LUHS?29), Liquorilactobacillus uvarum (LUHS245), Lacticaseibacillus
casei (LUHS210) ir Lactiplantibacillus plantarum (LUHS122) [70].

1.2. Augaliniy Zaliavy paruosSimas eksperimetui

Griidai ir séklos susmulkinti laboratoriniu maltinu iki 1-2 mm skersmens
daleliy dydzio. Biokonversijai: SMF — substrato ir vandens santykis 1:5
(m:m), SSF — 1:1 (m:m) ir 10:6 (m:m). Fermentacijai inicijuoti, ] substra-
tus pridéta 3 proc. (nuo sausosios mases) 8,6-8,7 log, | KSV/ml) atitinkamos
LAB padermés grynos kultiiros. Substraty biokonversija vykdyta 24 ir/arba
48 valandas.

1.3. Principinés eksperimenty schemos

Principiné kvie¢iy griidy biokonversijos schema pavaizduota 1.3.1 pav.
Siame etape buvo tirta SSF LUHS29, LUHS245 ir LUHS122 LAB pader-
mémis jtaka skirtingy risiy kvieciy grudy (4da, Gaja, DS8888-3-6, Sarta,
DS8472-5, DS8526-2, DS8548-7, DS8535-2) mikrobiologiniams ir fiziki-
niams cheminiams rodikliams: LAB KSV/g skaiciui, pH, bendram titruo-
jamajam ragstingumui (TTA), spalvy koordinatéms, BA, FAA, mikro- ir
makroelementy, FA, VOC ir mikotoksiny koncentracijai.

Lesiy veisliy ‘CDC Lemay’ ir ‘CDC Red Rider’ sékly tyrimy principi-
né eksperimento schema pateikta 1.3.2 pav. Siame etape analizuota substrato
daleliy dydzio ir SSF LUHS122 ir LUHS210 LAB padermémis jtaka mikro-
biologiniams ir fizikiniams cheminiams sékly rodikliams: LAB KSV/g skai-
¢iui, pH, TTA, spalvy koordinatéms, BA, FAA, FA ir VOC sudéciai.

Tradicinio ir tarpinio séjimo lesiy sékly (Danaja) tyrimy principiné ekspe-
rimento schema pateikta 1.3.3 pav. Siame etape atlikta lesiy sekly SMF ir SSF
LUHS29 LAB paderme. Substrato rodikliai analizuoti po 24 ir 48 valandy,
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tiriant LAB KSV/g skaiciy, pH, TTA, spalvy koordinates, BA, FAA, mikro- ir
makroelementy koncentracija, FA ir VOC profiliy poky¢ius.

Kvieciy (spalvotyjy DS8558-1 ir tradiciniy Zieminiy Herkus DS) in vitro
virSkinimo principiné eksperimento schema pateikta 1.3.4 pav. Tyrimas atlik-
tas pagal Brodkorb et al. (2019) [71] metodika, fermentacijos protokolas vyk-
dytas pagal Burillo et al. (2021) [72] metoda. Metodikos modifikuotos, kad
tiksliau atitikty Sus Scrofa Domesticus modelj [72]. In vitro virSkinimo meégi-
niuose analizuotos laisvosios ir suminés aminorigs¢iy (AA) koncentracijos;
in vitro fermentacijos méginiuose analizuota FAA, BA, VOC, trumposios
grandings riebaly ragstys (SCFA) ir kiti nelakds ir pusiau lakiis metabolitai.

1.4. Analizés metodai
1.4.1. Mikrobiologiniy ir fizikiniy cheminiy tyrimy metodai

Meéginiy pH vertés nustatytos pH elektrodu (PP-15, Sartorius, Getingenas,
Vokietija). TTA analizei taikytas titrimetrinis metodas.

Meéginiy spalvy koordinaciy analizei naudotas kolorimetras ,,CromaMeter
CR-400* (Konica Minolta, Japonija). TBC ir LAB skaiCius buvo nustatytas
auginant s¢jimus ant Petri 1éksSteliy anaerobinése salygose, naudojant atitin-
kamai MRS ir nespecifinius agarus.

BA kokybinei ir kiekybinei analizei naudota Varian Prostar efektyviosios
skys¢iy chromatografijos sistema su UV detektoriumi (Varian Corp., Palo Al-
tas, Kalifornija, JAV).

Laisvyjy aminortig§¢iy nustatymui méginiai buvo ekstrahuojami 0,1 M
HCl1 tirpalu, iStirpintos analités derivatizuotos dansilchlorido tirpalu
(20 mg/ml acetonitrile) ir analizuojami Varian Prostar skys¢iy chromatografu
(Varian Corp., Palo Altas, Kalifornija, JAV) ir Thermo Scientific LCQ FLEET
(Thermofisher Scientific, San Chosé, Kalifornija, JAV) masiy spektrometru.

Mikro- ir makro elementy koncentracijos nustatytos Agilent 7700x
ICP-MS (Agilent Technologies, Tokijas, Japonija) induktyviai susietos plaz-
mos masiy spektrometru. Méginiai buvo veikiami azoto riig§timi ir vande-
nilio peroksidu, o po to kaitinami 30 minuciy 150 °C temperatiiroje ir dar
30 minuciy 200 °C temperattiroje. Detali metodika apraSyta Bartkiene et al.
(2018) [79].

Riebaly rugsciy sudéties analizé heksano ekstrakcijos metodu vykdyta FA
ekstrahuojant heksanu, o gautg tirpalg derivatizuojant 2 M KOH tirpalu kam-
bario temperatiiroje. Gautas tirpalas analizuotas GCMS-QP2010 (Shimadzu,
Kiotas, Japonija) dujy chromatografu — masiy spektrometru [75].

Riebaly riigS8¢iy sudéties analizé Folch ekstrakcijos metodu vykdyta FA
ekstrahuojant chloroformo: metanolio miSiniu (2:1 tiirio santykiu). Gautas
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miSinys iSvalytas 0.9 proc. NaCl tirpalu. Dalis organinio sluoksnio iSgarinta
azoto srove, o sausasis likutis derivatizuotas 2 M KOH tirpalu kambario tem-
peratiiroje. Gautas tirpalas analizuotas GCMS-QP2010 (Shimadzu, Kiotas,
Japonija) dujy chromatografu — masiy spektrometru [78].

Mikotoksiny analizei méginio ekstrakcija atlikta pagal QUEChERS proto-
kolg. Méginiai analizuoti efektyviosios skys¢iy chromatografijos sistema su
Thermo Scientific TSQ Quantiva (ThermoFisher Scientific, Voltamas, Masa-
Cusetsas, JAV) trigubo kvadrupolio masiy spektrometru [75].

VOC analizei, apie 1-2 g méginio disperguojama 10-yje ml fosfatinio bu-
ferio (pH = 3,00). Analités i$ virSerdvés ekstrahuotos kietafazés mikroekst-
rakcijos prietaisu. Adsorbuotos analités analizuotos GCMS-QP2010 (Shima-
dzu, Kiotas, Japonija) dujy chromatografu — masiy spektrometru [68,69,71].

Suminiy AA analiz¢ atlikta hidrolizuojant meéginius 6 M HCI tirpalu, tu-
rin¢iu 0,1 proc. fenolio, 110 °C temperatiiroje 23 valandas. Gautas miSinys
neutralizuotas ir analizuotas efektyviosios skys¢iy chromatografijos — masiy
spektrometrijos metodu, aprasytu anksciau.

Laisvyjy aminoriig§¢iy ir biogeniniy aminy analizei in vitro fermentacijos
meéginiuose, 0,1 M HCI tirpalu ekstrahuotos analités derivatizuojamos izobu-
tilchloroformatu, gauti derivatai analizuott GCMS-QP2010 (Shimadzu, Kio-
tas, Japonija) dujy chromatografu — masiy spektrometru [73].

Netiksliné pusiau lakiy ir nelakiy metabolity analizé in vitro fermenta-
cijos méginiuose atlikta metanolinius méginiy ekstraktus derivatizuojant
N, O-Bis(trimetilsilil)trifluoracetamidu (BSTFA). Gauti derivatai analizuoti
GCMS-QP2010 (Shimadzu, Kiotas, Japonija) dujy chromatografu — masiy
spektrometru [73].

SCFA analizei méginiai buvo skiedZiami 0.1 M HCI tirpalu deSimt karty
ir analizuojami GCMS-QP2010 (Shimadzu, Kiotas, Japonija) dujy chromato-
grafu — masiy spektrometru.

In vitro virskinimo protokolas buvo adaptuotas pagal Brodkorb et al.
(2019) [71]. Esm¢é — méginiai veikiami pepsino ir pankreatino fermentais, ati-
tinkamai simuliuojant skrandzio ir Zarnyno virSkinimo etapus. Nesuvirskintas
likutis apdorojamas, pagal Burillo et al. (2021) metodika [72]. Nesuvirskintas
likutis buvo fermentuojamas parseliy fekalijy inokuliatu 39 °C temperatiiroje
48 valandas termostate.

1.4.2. Statistiniai metodai

Mikrobiologiniy ir fizikiniy cheminiy rodikliy duomenys pateikti kaip vi-
durkis + standartinis nuokrypis. Statistiniai skai¢iavimai atlikti naudojant R
statistinio programavimo programinés irangos paketus. Veiksniy poveikiui
analizuotiems rodikliams jvertinti naudota dispersiné analizé (ANOVA), o
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skirtumams tarp im¢iy grupiy nustatyti — Tukey HSD (Tukey saZiningo reiks-
mingo skirtumo) post hoc testas. Normalumui ir homoskedastiSkumui nusta-
tyti atlikti Shapiro-Wilko ir Levene testai, naudojant ,,stats* (4.4.2 versija) ir
»car (3.1-3 versijos) paketus. Linijiniai Pearsono koreliacijos koeficientai
apskaiCiuoti ir vizualizuoti, naudojant ,,psych* (2.5.6 versija) ir ,,corrplot*
(0.95 versija) paketus. Rezultatai interpretuoti kaip statistiSkai reikSmingi, kai
p <0,05. ,,Heatmap* vizualizavimas ir analizé atlikti naudojant R statistinio
programavimo programings jrangos paketg ,,ComplexHeatmap* (2.25.2 ver-
sija). Daliné maziausiy kvadraty diskriminantiné analizé (PLS-DA) ir kinta-
myjy svarbos projekcijoje (VIP) buvo atliktos naudojant ,,mixOmics* paketa
(6.26.0 versija). ,,Volcano plot™ analizé ir vizualizacijos atliktos naudojant
,EnhancedVolcano* paketa (1.24.0 versija). Trukstamos ,,Volcano plot* ana-
lizei reikalingos reikSmés buvo uzpildytos, naudojant pusés minimumo me-
toda.

2. REZULTATAI

2.1. Biokonversijos jtaka kvieciy gridy mikrobiologiniams ir
fizikiniams cheminiams rodikliams

Ivertinus pagrindinius fermentacijos rodiklius (LAB skaiciy ir rugstingu-
mo rodiklius) Nustatyta, kad visuose fermentuotuose méginiuose LAB skai-
Cius virsijo 8,00 log KSV/g, o jy pH vertés varijavo nuo 3,55 iki 4,67. Nu-
statyta reikSminga neigiama koreliacija tarp méginiy TTA ir pH (r = —0,422,
p=10,003), o LAB padermé buvo reikSmingas veiksnys TTA (p =0,011,
p < 0,001). Kvieciy veislée, LAB padermé bei Siy veiksniy sgveika turéjo
reikSmingos jtakos substrato spalvy koordinac¢iy pokyciams.

IS visy tirty BA, tik feniletilaminas nustatytas visuose kvieciy griidy me-
giniuose (2.1.2 lentel¢). Kadaverinas susidaré méginiuose, apdorotuose Lig.
uvarum ir Lp. Plantarum. Putrescino aptikta visuose Ada ir Sarta kvieciy gru-
dy méginiuose. Kvieciy veislé, LAB padermé ir analizuoty veiksniy sgveika
buvo reikSminga visy BA koncentracijai kvie¢iy méginiuose.

Mikro- ir makroelementy koncentracijos kvie¢iy gridy méginiuose pateik-
tos 2.1.3, 2.1.4 ir 2.1.5 lentelése. Nustatyta, kad kvieciy veislé yra reikSmin-
gas veiksnys visy tirty mikro- ir makroelementy koncentracijai méginiuose,
priesSingai, veiksnys — LAB padermé daugumai nustatyty mikro- ir makroele-
menty koncentracijai reikSmingos jtakos neturéjo.

Pagrindinés FA kvie¢iy griidy méginiuose buvo palmitino, oktadecenoiné
ir linolo rugstys. Kvieciy veislés ir LAB padermés veiksniy sgveika buvo
reikSminga daugeliui identifikuoty kvie€iy griiduose FA, iSskyrus paltimino,
oktadecenoing, a —linoleno ir linolo. LAB padermé buvo reikSmingas veiks-
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nys oktadecenoinés riigties koncentracijai. Antrojo eksperimento rezultatai
patvirtino, kad LAB paderme ir jos sgveika su kvieciy veisle yra reikSmin-
gi veiksniai so€iosioms (SFA), mononesociosioms (MUFA) ir omega-6 FA
kvieCiy méginiuose.

Antrojo eksperimento FAA rezultatai pateikti 2.1.7 ir 2.1.8 lenteléje. Ana-
lizuojant FAA, nustatyta, kad LAB padermé yra reikSmingas veiksnys visoms
nepakei¢iamoms ir pakei¢iamoms FAA, iSskyrus, glutamo rugst;.

IS visy analizuoty mikotoksiny, kvie¢iy griiduose aptiktas tik deoksiniva-
lenolis (DON). Daugeliu atvejy fermentuotuose méginiuose DON koncentra-
cija nustatyta didesné, lyginant su kontroliniais méginiais.

Fermentacija turéjo jtakos kvieciy gruady VOC profiliui, o fermentuoty
gridy VOC profilis buvo jvairesnis (2.1.1 pav.). Pagrindinés VOC grupés
identifikuotos kvieciy griiduose: alifatinés organinés riigStys, aldehidai, es-
teriai ir alkoholiai. Visi analizuoti veiksniai ir jy saveikos buvo reikSmingi
identifikuotiems VOC analizuotuose méginiuose.

2.2. Fermentacijos tipo, LAB padermés ir substrato daleliy dydzio jtaka
leSiy sékly mikrobiologiniams ir fizikiniams cheminiams rodikliams

Siame etape buvo analizuota veiksniy: fermentacijos tipo, LAB padermés
ir substrato daleliy dydzio bei jy sgveikos jtaka zaliyjy ir raudonyjy lgSiy mi-
krobiologiniams ir fizikiniams cheminiams rodikliams (2.2.1-2.2.4 lentelés
ir 2.2.1 pav.).

Ivertinus pagrindinius fermentacijos efektyvumo rodiklius, nustatyta,
kad LUHS122 ir LUHS210 padermés yra tinkamos lesiy apdorojimui (po
24 valandy fermentacijos lgSiy méginiy pH vertés <4,5, LAB skaiciaus
>8 log,, KSV/g. Substrato daleliy dydis netur¢jo reikSmingos jtakos lgSiy
meginiy pH vertéms. LeSiy veisleé, LAB padermée bei leSiy veislés ir subs-
trato daleliy dydzio veiksniy sgveika turéjo reikSmingos itakos LAB skai-
¢iui méginiuose. Nustatyta neigiama labai stipri koreliacija tarp pH ir LAB
skaiciaus (r =-0,973, p < 0,001). LAB padermé¢, substrato daleliy dydis bei
lesiy veislés ir LAB padermés veiksniy sgveika buvo reikSminga lesiy spalvy
koordinaciy pokyc¢iams. Fermentuotuose méginiuose, daugeliu atvejy, nusta-
tytos didesnés nepakei¢iamy FAA ir GABA koncentracijos (2.2.2 lentelé).
Visi analizuoti turéjo reikSmingos jtakos daugeliui FAA, iSskyrus alaning,
proling ir glutaming. IS tirty BA, feniletilaminas, putrescinas, spermidinas ir
sperminas nustatyti lgSiy méginiuose (2.2.3 lentelé). Visi analizuoti veiks-
niai buvo reikSmingi daugeliui BA, i8skyrus putrescing, o LAB padermé ir
substrato daleliy dydis buvo reik§mingi veiksniai putrescino koncentracijai.
Nustatytos neigiamos koreliacijos tarp LAB skai¢iaus méginiuose ir spermi-
dino, spermino bei putrescino (r =—0,810, p < 0,001; r =—0,660, p < 0,001;
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r=-0,829, p < 0,001). LeSiy méginiy FA profilyje identifikuotos penkios
pagrindinés FA: palmitino, stearino, oleino, linolo ir a-linoleno rigstys. Ana-
lizuoti veiksniai ir jy saveika buvo reikSmingi daugeliui identifikuoty FA,
i§skyrus linolo ir oleino. LeSiy veisle, LAB padermé, substrato daleliy dy-
dis bei lesiy veislés ir LAB padermés sgveika buvo reikSminga omega-3 FA
koncentracijai leSiy méginiuose. Jvertinus lgsiy méginiy VOC, nustatyta, kad
dauguma identifikuoty lgSiy VOC profilio aldehidy koreliavo su FA. Taip pat,
nustatytos koreliacijos tarp daugelio VOC ir LAB skaic¢iaus méginiuose.

2.3. Agrariniy veiksniy ir fermentacijos tipo jtaka leSiy sékly
mikrobiologiniams ir fizikiniams cheminiams rodikliams

Lesiy, uzauginty, taikant tradicinio ir tarpinio s¢jimo metodus bei apdo-
roty SMF ir SSF mikrobiologiniai ir fizikiniai cheminiai rodikliai pateikti
2.3.1-2.3.5 lentelése ir 2.3.1 paveiksle.

Fermentuotuose méginiuose visais atvejais nustatytas >7,3 log,  KSV/g
LAB skaicius ir <5,22 pH vertés (2.3.1 lentel¢). Analizuoty veiksniy (fermen-
tacijos tipo, fermentacijos trukmes ir auginimo salygy) jtaka buvo reikSminga
meéginiy pH vertéms. Tac¢iau augimo salygos nebuvo reikSmingas veiksnys
LAB skaic¢iui méginiuose. Visi analizuoti veiksniai ir jy sgveikos (iSskyrus
visy veiksniy sgveikg), buvo reikSmingi l¢Siy spalvy koordinaciy reikSméms.

Daugeliu atvejy fermentuotuose leSiy méginiuose nustatytos didesnés ne-
pakeiciamyjy FAA koncentracijos (2.3.2 lentel¢). Augimo salygos ir fermen-
tacijos tipas tur¢jo reikSmingg jtaka daugeliui FAA, iSskyrus histiding, glicing
ir alaning. Fermentacijos trukmé buvo reikSmingas veiksnys daugelio FAA
koncentracijai, i§skyrus histidino ir asparagino. Fermentacijos trukmés ir fer-
mentacijos tipo veiksniy bei visy analizuoty veiksniy sgveikos buvo reiks-
mingos daugeliui identifikuoty FAA koncentracijy lgSiy méginiuose. IS visy
analizuoty BA, feniletilaminas, spermidinas, sperminas ir putrescinas buvo
nustatyti leSiy meéginiuose (2.3.3 lentel¢). Visi analizuoti veiksniai turéjo
reikSmingos jtakos putrescino ir feniletilamino koncentracijoms lesSiy meégi-
niuose. Augimo sglygy ir fermentacijos tipo veiksniy sgveika turéjo reikSmin-
gos jtakos visy aptikty BA koncentracijoms lgSiuose. Nustatytos teigiamos
koreliacijos tarp LAB skaiciaus ir BA (putrescino ir spermino) ir (atitinka-
mai, r=0,761, p <0,001 ir r = 0,331, p = 0,049). Linolo riigstis, priklausanti
PUFA, sudaré¢ didziausig koncentracija analizuoty l¢Siy junginiy FA sudétyje
(2.3.4 lentel¢). Stearino ir palmitino FA sudar¢ didzigja dalj lesiy sekly SFA
profilio. Analizuoty veiksniy sgveikos buvo reikSmingos visy aptikty SFA
koncentracijoms lgSiy méginiuose. Visy veiksniy sgveika buvo reikSminga vi-
soms aptiktoms FA l¢Siy méginiuose. Visi veiksniai ir jy sgveikos buvo reiks-
mingi a-linoleno FA koncentracijai. Analizuojant mikro ir makroelementy
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koncentracijas lgsiy sékly meéginiuose, nustatyta, kad tarpinio pasélio leSiy
méginiuose yra reikSmingai mazesnés Na, K ir Ca koncentracijos (2.3.5 len-
tele) bei nepakeiiamyjy mikroelementy P, Mn ir Se. Taciau Fe ir Ni kiekiai
tarpinio s¢jimo leSiuose nustatyti reikSmingai didesni, lyginant su tradicinio
s¢jimo biidu uzauginty paséliy s¢klomis. Pagrindiniai VOC, aptikti leSiy mé-
giniuose, priklausé alifatiniy alkoholiy, aldehidy ir organiniy rtigsciy klaséms
(2.3.1 pav.). Fermentuotuose méginiuose nustatyta didesné VOC jvairove, o
lyginant SMF ir SSF méginius, didesn¢ VOC jvairové nustatyta SSF meéginiy
VOC profilyje. Analizuoti veiksniai ir jy sgveikos turé¢jo reikSmingos jtakos
daugeliui identifikuoty VOC lesiy méginiy VOC profilyje. Tarp fenilalanino
ir fenoliniy VOC (benzaldehido, fenilacetaldehido, feniletilalkoholio) nusta-
tyti koreliaciniai rysSiai (r = 0,824, p < 0,001, r = 0,569, p < 0,001, r = 0,660,
p <0,001).

2.4. Biokonversijos ir kvie€iy veislés jtaka virSkinamumo
rodikliams in vitro

Fermentuoty kvie€iy griidy mikrobiologiniai ir fizikiniai cheminiai rodi-
kliai pateikti 2.4.1-2.4.8 lentelése ir 2.4.1-2.4.6 paveiksluose. LAB skaiCius
fermentuotuose méginiuose visais atvejais buvo >8,4 log , KSV/g) (2.4.1
lentelé). Nors suminis AA kiekis daugeliu atvejy tarp méginiy reikSmingai
nesiskyre, taciau biokonversijos ir veislés veiksniy sgveika buvo reikSmin-
ga visoms suminiy AA koncentracijoms kvieiy méginiuose (2.4.2 lente-
1¢). Nustatyta reikSminga biokonversijos ir substrato jtaka GABA, prolino
ir glutamino koncentracijoms in vitro virskinimo (IVD) méginiuose (2.4.3
lentel¢). Biokonversija tur¢jo reikSmingos jtakos glutamo rtigsties ir glicino
FA A koncentracijoms IVD méginiuose. Dauguma suminiy AA koncentracijy,
lyginant skirtingy grupiy IVD meéginius, reikSmingai nesiskyré (2.4.4 len-
tele). Biokonversija tur¢jo reikSmingos jtakos suminei glicino koncentraci-
jai, o kvie¢iy veislé buvo reikSmingas veiksnys alanino, glutamo riigsties,
treonino, prolino, valino, metionino, fenilalanino, leucino/izoleucino, tirozi-
no ir bendrai suminei AA koncentracijai [IVD méginiuose. Biokonvertuotuose
nesuvirskinty IVD liku¢iy méginiuose nustatyta reikSmingai didesné treoni-
no koncentracija, lyginant su kontrolinémis grupémis (2.4.5 lentel¢). Nusta-
tyta reikSminga biokonversijos jtaka daugelio suminiy AA koncentracijoms
nesuvirskinty IVD liku¢iy méginiuose, iSskyrus sering, valing, fenilalaning
ir leucing/izoleucing. Veislé buvo reikSmingas veiksnys glutamo ir asparto
rugsciy, treonino, prolino, histidino koncentracijai ir suminiam AA kiekiui
nesuvirsSkintuose IVD liku¢iy méginiuose.

Biokonvertuoty kvie€iy méginiy in vitro virSkinamumas buvo didesnis,
taciau Sie méginiai pasizymeéjo mazesniu in vitro fermentuojamumu (2.4.6
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lentel¢). Maziausias bendras AA virSkinamumas nustatytas kontroliniy Her-
kus veislés méginiy. Abu analizuoti veiksniai tur¢jo reikSmingos jtakos
in vitro fermentuojamumui ir AA virSkinamumui. Biokonversija ir abiejy
veiksniy sgveika buvo reikSminga in vitro virSkinamumui. Biokonversija
buvo reikSmingas veiksnys daugelio AA (iSskyrus glutamo ir asparto riigs-
ties, serino, treonino, glicino ir alanino) in vitro virSkinamumui. Daugelio
AA (i8skyrus glutamo, asparto, arginino, serino, treonino ir lizino) virskina-
mumui kvie¢iy veislé buvo reikSmingas veiksnys. Tyrimo rezultatai parode,
kad biokonversija gali reikSmingai pagerinti lizino ir kity nepakei¢iamyjy AA
virskinamuma.

FFA ir BA koncentracijos in vitro fermentacijos (IVF) méginiuose pateik-
tos 2.4.7 lenteléje. Herkus veislés kvieciy méginiuose, daugeliu atvejy, nusta-
tytos reikSmingai didesnés FAA koncentracijos, lyginant su DS8558-1 (DS)
kvie€iy veislés griidy méginiy grupémis. Biokonversija tur¢jo reikSmingos
itakos daugumai FAA ir BA, i8skyrus alaning, valing, leucing, treonina, aspar-
to rtgst], feniletilalaning, tiraming, histiding ir triptofang. Kvieciy veislé buvo
reikSmingas veiksnys daugumai FAA ir BA IVF méginiuose, iSskyrus lizing.
DS kvieciy veislés méginiy grupés pasizyméjo didziausiu acto rigsties kiekiu
(2.4.8 lentele). Kontroliniuose Herkus veislés kvieiy méginiuose nustatyti
didziausi butano ir pentano rigsties kiekiai. Biokonversija buvo reik§mingas
veiksnys Sakotos grandinés SCFA bei butano ir pentano riigsties koncentraci-
joms, o kvieciy veislé buvo reik§mingas veiksnys daugeliui SCFA, i$skyrus
propano ir heksano riigs§tims. Veiksniy sgveika buvo reik§minga propano, bu-
tano, pentano ir heksano rtigs¢iy koncentracijoms IVF kvie€iy méginiuose.

VOC analizés rezultatai pateikti 2.4.1 pav. Analizuoti veiksniai (biokon-
versija ir kvie¢iy veislé) buvo reikSmingi daugumai identifikuoty VOC IVF
méginiuose. Siy veiksniy saveika buvo reik§minga $esiy alifatiniy organiniy
rugsciy (propano, 2-metilpropano, butano, 3-metilbutano, pentano ir heksano
rugsties), indolo, hidrocinamono riigsties, p-krezolio, pentillevulinato, tetra-
dekanalio ir oktadekano koncentracijoms meéginiy VOC profilyje. Dalinés
maziausiy kvadraty diskriminantinés analizés (PLS-DA) rezultatai parodé
skirtumus tarp grupiy, pagal analizuotus veiksnius: biokonversijos (2.4.2-a
pav.) ir kvieciy veislés (2.4.2-c pav.). Kintamyjy svarbos projekcijoje (VIP)
rezultatai parodé kai kuriy VOC (izoforono, mezitilo oksido, acetono, pen-
tillevulinato, metiltioacetato, dalies alifatiniy organiniy riigsciy, alkany, al-
dehidy ir kt.) skirtumus PLS-DA modelyje tarp biokonvertuoty ir kontroliniy
méginiy (2.4.2-b pav.). Kai kurie VOC (acetofenonas, benzenacto riigstis,
hidrocinamono riigstis, naftalenas, 4-etilfenolis, feniletilalkoholis, 2-fenok-
sietanolis, p-krezolis), indolai, keletas alifatiniy organiniy rigsc¢iy, aldehidy,
esteriy ir alkany bei kt., buvo reikSmingi PLS-DA modelui tarp Herkus ir
DS méginiy grupiy (2.4.2-d pav.). ,,Volcano plot* analizés rezultatai parode¢,
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kad reik§mingai didesnés p-krezolio, mezitilo oksido, izoforono ir pentillevu-
linato koncentracijos yra biokonvertuotuose IVF méginiuose (2.4.3-a pav.).
ReikSmingai didesnés benzenacto, hidrocinamono riig§¢iy, heksilvalerato,
indolo, p-krezolio, okten-(2E)-alio ir pentilpentanoato koncentracijos nusta-
tytos DS méginiy grupéje, lyginant su Herkus grupe (2.4.3-b pav.). SCFA
analizé¢ PLS-DA modeliu parodé skirtumus tarp grupiy (paminétini skirtumai
tarp acto, 4-metilpentano, propano, pentano, oktano, nonano ir 2-metilpro-
pano rugsciy). Nustatytos neigiamos koreliacijos tarp kai kuriy AA ir BCFA.
Tarp LAB skaiciaus ir propano, butano, pentano ir heksano ruags¢iy nustatytos
neigiamos koreliacijos.

Dauguma identifikuoty BTSFA derivaty koncentracijy buvo reikSmingai
didesnés DS ir Herkus méginiy grupése, lyginant su tusciais IVF méginiais
(2.4.4 pav.). Biokonversijos veiksnys buvo reik§Smingas alifatiniy (gintaro,
glicerino, 2-deoksitetrono, a-hidroksiglutaro), aromatiniy (dihidrocinamono,
4-hidroksifenilacto, 3-hidroksifenilpropiono) riig§¢iy bei heterocikliniy jun-
giniy (piroglutamo ir indol-3-acto riigsties) koncentracijoms. Kvieciy veisle
buvo reikSmingas veiksnys identifikuotoms alifatiniy (pieno, glikolio, 4-hi-
droksisviesto, gintaro, glicerino, 2-deoksitetrono, a-hidroksiglutaro, 5-ami-
nopentano) ir aromatiniy (B-fenilpieno, 3-hidroksifenilpropiono, 4-hidrok-
sthidrocinamono, dihidroferulo, benzenacto, dihidrocinamono) rtgséiy ir
heterocikliniy junginiy koncentracijoms IVF méginiuose. PLS-DA analizés
rezultatai parodé aisky grupiy atsiskyrimag tarp DS ir Herkus méginiy (2.4.5-
a,c pav.). Aromatinés (4-hidroksifenilacto, 3-hidroksifenilpropiono, dihidro-
cinamo) ir alifatinés (2-deoksitetrono, gintaro, a-hidroksiglutaro) rugstys, eta-
nolaminas, piroglutamo rtigstis ir propan-1,3-diolis skyrési biokonvertuoty ir
kontroliniy méginiy grupiy PLS-DA modelyje (2.4.5-b pav.). PLS-DA analize,
lyginant Herkus ir DS méginius parodé skirtumus tarp alifatiniy ir aromatiniy
(5-aminopentano, 4-hidroksisviesto, glicerino, pieno, a-hidroksiglutaro, gli-
kolio, gintaro, benzenacto, B-fenilpieno, 4-hidroksihidrocinamono, dihidro-
ferulo, dihidrocinamono) riigs¢iy bei indol-3-acto riigSties (2.4.5-d pav.).
Biokonvertuotuose IVF méginiuose nustatyta mazesné 4-hidroksifenilacto
rugsties ir didesné 3-hidroksifenilpropiono riigsties koncentracija (2.4.6-a
pav.). Alifatiniy rugs¢iy (glicerino, gintaro, pieno, a-hidroksiglutaro rugscéiy)
ir B-fenilpieno riigsties koncentracijos Herkus grupés méginiuose nustatytos
didesnés, o aromatiniy rugs¢iy (benzenacto, 4-hidroksicinamono, dihidro-
ferulo, dihidrocinamono, 3-hidroksifenilpropiono riig§¢iy), S-aminopentano
ir indol-3-acto riig§¢iy - mazesnés, lyginant su DS méginiais (2.4.6-b pav.).
Nustatyta neigiama koreliacija tarp p-krezolio ir LAB skaiciaus. Benzenacto,
dihidrocinamono ir 4-hidroksihidrocinamono riigStys neigiamai koreliavo su
aromatinémis AA. Biokonversija ir kvieciy veislé turéjo reikSmingos jtakos
GABA koncentracijai [IVF méginiuose.
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3. REZULTATU APTARIMAS

Disertacinio darbo rezultatai pagrindZia analizuoty augaliniy Zaliavy bio-
konversijos potencialg ir atkreipia démes;j | fermentacijos proceso komplek-
siSkuma bei technologiniy veiksniy jtaka biokonvertuoty zaliavy rodikliams.
Apibendrinant visy eksperimenty duomenis, galima iSskirti kelias pagrindi-
nes tendencijas, susijusias su fermentacijos efektyvumu, fizikiniy cheminiy
rodikliy poky¢iais bei in vitro virSkinamumo poky¢iais.

Visuose fermentuotuose meginiuose nustatytas >6 log, KSV/g LAB
kiekis (>7-8 log,, KSV/g) ir reikSmingai sumaz¢jusios pH vertés patvirti-
na Siame darbe analizuoty fermentacijos procesy efektyvuma. Tai rodo, kad
eksperimentams naudotos LAB padermés yra tinkamos disertaciniame darbe
nagrinéty kvieciy ir l¢Siy veisliy fermentacijai [80-82, 109, 122, 123, 160].
Nustatytos neigiamos koreliacijos tarp pH ir LAB skaiciaus (ypac stiprios
lgsiy atveju, r =—0,973) patvirtina klasikinj fermentacijos mechanizma, kai
didéjant LAB kiekiui — intensyveéja organiniy riig§ciy gamyba ir mazéja ter-
pés pH. Toks pH pokytis yra svarbus ne tik substrato saugos rodikliams, bet ir
jo stabilumui bei galimam fiziologiniam poveikiui [109, 160].

BA analiz¢ atskleidé, kad jy susidarymas priklauso nuo keliy veiksniy —
zaliavos, LAB padermés ir jy saveikos. Nors kai kurie BA (pvz., feniletila-
minas) buvo aptikti visuose méginiuose, kity (pvz., kadaverino ar putrescino)
susidarymas buvo labiau selektyvus. Tai rodo, kad fermentacijos procesas
gali turéti dvejopa poveikj: viena vertus, gerinti maisting ir funkcionaligja
verte, kita vertus — skatinti nepageidaujamy junginiy susidaryma [87, 88]. Kai
kuriais atvejais nustatytos neigiamos koreliacijos tarp LAB ir BA, ypac lesiy
meéginiuose, leidzia daryti prielaida, kad tinkamai parinktos padermés gali
slopinti Siy junginiy kaupimasi [116, 117].

Riebaly rugsciy (FA) ir laisvyjy aminoriigsciy (FAA) poky¢iai rodo reiks-
mingg fermentacijos jtaka substrato biocheminiams rodikliams. Kvieciy gri-
dy méginiuose dominavo palmitino, oleino ir linolo rtgstys, o lesiy séklo-
se nustatyta ir a-linoleno riigStis. Pastarosios FA leSiuose rodo Siy ankstiniy
augaly sékly, kaip omega-3 Saltinio potencialg. Biokonversija parinktomis
LAB padermémis, tur¢jo reikSmingos jtakos tiek so€iyjy, tiek nesociyjy rie-
baly rugsciy kiekiams. Taip pat nustatytas FAA padidéjimas fermentuotuose
méginiuose, kuris gali biiti siejamas su baltymy hidrolize fermentacijos metu
[94]. FAA gerina produkto biologing verte, jskaitant virSkinamuma.

Mikro- ir makroelementy analizé parodé, kad didziausig jtaka jy koncen-
tracijoms turéjo veislé ir auginimo salygos, fermentacija nebuvo reikSmingas
veiksnys. Tai leidzia daryti iSvada, kad mineraliné sudétis yra labiau genetis-
kai ir agronomiskai nulemta, nors fermentacija gali turéti jtakos jy biologi-
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niam prieinamumui, ta¢iau néra reikSmingas veiksnys §iy elementy koncen-
tracijoms [149-152].

Didesn¢ VOC jvairové nustatyta fermentuotuose méginiuose, tiek kvie-
ciuose, tiek lesiuose. Identifikuotos pagrindinés junginiy grupés — aldehidai,
alkoholiai, esteriai ir organinés rugstys yra svarbios formuojant produkto aro-
matg ir juslines savybes [102, 103, 153-155]. Taip pat, jos gali biiti interpre-
tuojamos ir kaip jautriis biocheminiai zymenys substrato kitimams vertinti
[103, 104, 121, 156-158]. Nustatytos koreliacijos tarp VOC ir FA ar FAA
rodo, kad fermentacijos metu vyksta kompleksinés biocheminés reakcijos,
lemiancios naujy junginiy susidarymg.

In vitro virSkinamumo analizé parodé, kad biokonversija gali pagerinti
AA, ypac nepakeic¢iamyjy (pvz., lizino), virSkinamuma. Nors virSkinamumas
didéja, fermentuojamumas gali mazeéti, kas rodo galimus pokycius substrato
prieinamume Zarnyno mikrobiotai. Taip pat nustatyta, kad kvieciy veislé yra
svarbus veiksnys, lemiantis tiek aminoriig§ciy profilio sudety, tiek jy isisavi-
nimg. SCFA ir kity metabolity analizé in vitro fermentacijos modelyje parode,
kad biokonversija ir Zaliavos tipas turi reikSmingos jtakos metabolity profi-
liui. Nustatytos koreliacijos tarp LAB ir atskiry metabolity rodo, kad mikro-
organizmai gali moduliuoti metabolinj atsakg fermentacijos metu [173, 174].

Apibendrinant galima teigti, kad biokonversijos technologiniy veiksniy
modeliavimas: nuo substrato cheminés sudéties, daleliy dydzio, vandens kie-
kio ir kt., turi reik§minga potenciala augaliniy Zaliavy kokybei gerinti. Siame
disertaciniame darbe gauti rezultatai pagrindzia LAB padermés pasirinkimo,
substrato tipo, jo daleliy dydzio bei agrariniy veiksniy kompleksine jtakg ga-
lutiniams Zaliavy rodikliams. Gauti rezultatai svarbiis efektyvesniam zemés
tkio resursy panaudojimui.

ISVADOS

1. Kvieciy veisliy Ada, Sarta, DS8472-5, DS8526-2, Gaja, DS8888-3-6,
DS8548-7 ir DS8535-2 griidy biokonversija, naudojant pasirinktas LAB
padermes (LUHS29, LUHS245, LUHS122) yra tinkama technologija
modifikuoti gridy sudétj palankia linkme, iSskyrus mikro- ir makroele-
menty koncentracijas. Kvieciy veislé, daugeliu atvejy, yra reikSmingas
veiksnys analizuotiems kvieciy grudy rodikliams, prieSingai nei LAB
padermé, pastarasis veiksnys, daugeliu atvejy, nebuvo reikSmingas:
1.1. Gyvybingy LAB skaicius nustatytas substratuose >8,00 logio
KSV/g, pH vertés sumazéjo nuo 4,67 iki 3,55.

1.2. Pagrindiniai kvieCiy gridy méginiuose identifikuoti BA fenile-
tilaminas, putrescinas, spermidinas ir kadaverinas. ReikSmingai
didesnés putrescino, spermidino, kadaverino ir suminé BA kiekio
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1.3.

1.4.

1.5.

1.6.

1.7.

koncentracija nustatyta biokonvertuoty kvieciy gridy méginiuose,
o LAB padermé, kvieciy grudy veislé ir Siy veiksniy sgveika buvo
reikSmingi (p < 0,05) visiems identifikuotiems BA.

Kvie¢iy gridy SFA, MUFA ir PUFA sudaré atitinkamai 20,8—
39,8 proc., 14,1-28,8 proc. ir 36,9—64,5 proc.; veiksnys LAB pa-
dermée ir veiksnio LAB padermé sgveika su veiksniu ,,kvie¢iy veis-
1¢* buvo reikSminga (p < 0,05) SFA, MUFA ir omega-6 FA kon-
centracijoms kvie€iy griidy meéginiuose.

Biokonvertuoty kvie¢iy gridy méginiuose nustatytas reikSmingas
nepakei¢iamyjy FAA koncentracijos padidé¢jimas; LAB padermé
ir kvie¢iy veislé buvo reikSmingi veiksniai (p < 0.05) daugumos
nepakei¢iamyjy ir pakei¢iamyjy FAA koncentracijy pokyc¢iams
substrate.

Fermentacija padidino GABA koncentracija méginiuose; anali-
zuoti veiksniai (LAB padermé ir kvieciy grudy veisle) buvo reiks-
mingi (p < 0.05) Siam rodikliui.

Fermentuotuose méginiuose nustatytas didesnis DON kiekis, lygi-
nant su nefermentuotais méginiais.

Fermentacija léme jvairesn] VOC profil}, kuriame dominavo alifa-
tinés organinés rugstys, esteriai, alkoholiai ir aldehidai.

. Raudonyjy ir zaliyjy lgSiy biokonversija parinktomis LAB paderme-
mis (LUHS122 ir LUHS210) ir substrato daleliy dydZio mazinimas yra
efektyvi technologija Zaliavos sudéties modeliavimui:

2.1.

2.2.

2.3.

2.4.

Gyvybingy LAB skaiius substratuose nustatytas >8,00 logio
KSV/g, pH sumazéjimas iki 4,21 — 4,43; LeSiy veislés ir substra-
to daleliy dydzio veiksniy sgveika buvo statistiSkai reikSminga
(» <0,05) LAB skaic¢iui méginiuose.

LAB padermé, substrato daleliy dydzio ir lgSiy veislés bei LAB
padermés veiksniy sgveika buvo reikSmingi (p < 0,05) leSiy mégi-
niy spalvy koordinaciy vertéms.

Daugelis nepakei¢iamyjy FAA ir GABA kiekis biokonvertuotuose
meéginiuose nustatytas didesnis (p <0,05), lyginant su kontroliniais
méginiais; lesiy veislés, daleliy dydzio ir LAB padermés itaka dau-
geliui FAA lgSiy méginiuose buvo reikSminga (p < 0,05).
Dominuojantys BA l¢Siy méginiuose: fenilalaninas, putrescinas,
spermidinas ir sperminas. Nesmulkinto fermentuoto substrato
meéginiuose BA koncentracijos nustatytos mazesnés, lyginant su
smulkintais fermentuotais méginiais; visi analizuoti veiksniai tu-
réjo reikSmingos jtakos BA koncentracijai (p < 0,05) lgSiy mégi-
niuose, iSskyrus putrescino kiekiui. Nustatyta neigiama koreliacija
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2.5.

2.6.

tarp LAB skaiciaus ir atskiry BA (spermidino, spermino, putres-
cino, atitinkamai, r =-0,810, p < 0,001; r=-0,660, p < 0,001;
r=-0,829, p <0,001).

Visi analizuoti veiksniai ir jy sgveika buvo reikSmingi (p < 0,05)
palmitino, stearino ir a-linoleno riigs¢iy kiekiui leSiy méginiuose.
LAB padermé, lesiy veislé ir Siy veiksniy sgveika su daleliy dydzio
veiksniu buvo reikSmingi (p < 0,05) omega-3 FA koncentracijoms
leSiy méginiuose.

Lesiy VOC profilyje dominavo alifatiniai aldehidai, organinés
rugstys ir monoterpenai. Nustatytos koreliacijos (p < 0,05) tarp
daugumos VOC ir LAB skaic¢iaus méginiuose bei tarp aldehidy ir
FA.

. SSF ir SMF taikymas Fabaceae Seimos skirtingy l¢siy veisliy sékloms
apdoroti yra tinkama priemoné FAA, FA ir VOC profiliy bei kity fiziki-
niy cheminiy rodikliy modeliavimui palankia linkme:

3.1.

3.2.

3.3.

3.4.

Gyvybingy LAB skai¢ius substratuose nustatytas >7,3 logio KSV/g,
pH sumazéjo iki 4,3; Fermentacijos tipas, fermentacijos trukme
ir lesiy auginimo technologija tur¢jo reikSmingos (p < 0,05) jta-
kos substraty pH vertéms, o fermentacijos tipas ir fermentaci-
jos trukmé turéjo reikSmingos jtakos LAB skaifiui méginiuose
(p <0,05).

Daugeliu atvejy nepakei¢iamyjy FAA kiekis SSF ir SMF mé-
giniuose nustatytas reikSmingai (p < 0,05) didesnis, lyginant su
nefermentuotais méginiais. SSF méginiuose daugeliu atvejy FAA
ir GABA koncentracijos nustatytos didesnés, lyginant su SMF mé-
giniais. Visi analizuoti veiksniai buvo reikSmingi (p < 0,05) FAA
ir GABA koncentracijoms leSiy méginiuose. Fermentacijos tipo ir
fermentacijos trukmés sgveika bei visy analizuoty veiksniy sgvei-
ka buvo reikSminga (p < 0,05) daugumai analizuoty FAA koncen-
tracijoms leSiy méginiuose.

Lesiy méginiuose nustatyti feniletilaminas, putrescinas, spermidi-
nas ir sperminas; daugeliu atvejy didesné BA koncentracija nusta-
tyta fermentuotuose meéginiuose. Auginimo salygy ir fermentacijos
tipo saveika buvo reik§minga (p < 0,05) BA koncentracijai lgSiy
meéginiuose.

Pagrindinés FA leSiy méginiuose nustatytos linolo, palmitino
ir stearino; jy kiekis, atitinkamai, varijavo nuo 41,3-50,3 proc.,
16,2-20,3 proc. ir 1,63-3,29 proc. Analizuoty veiksniy sgveika
buvo reikSminga (p < 0,05) visy FA kiekiui leSiy méginiy FA pro-
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3.5.

3.6.

filyje. Visi analizuoti veiksniai ir jy sgveikos buvo reik§mingos
(p <0,05) a-linoleno riigsties koncentracijai lesSiy méginiuose.
Lesiy auginimo technologija tur¢jo reikSmingos jtakos (p < 0,05)
mikro- ir makroelementy koncentracijai lesiy séklose.

Daugumoje lesiy méginiy identifikuoti VOC, tai alifatinés rugs-
tys, ketonai, aldehidai ir alkoholiai; SSF méginiuose nustatyta di-
desn¢ VOC jvairove, lyginant su SMF meéginiais. Visi analizuoti
veiksniai ir jy sgveikos daugeliu atvejy turéjo reikSmingos jtakos
(p <0,05) VOC koncentracijoms.

4. In vitro virskinimo modelio taikymas kvieciy méginiy biokonversijai
jvertinti yra tinkamas metodas prognozuoti galimus neapdoroty ir fer-
mentuoty kvie€iy gridy in vivo pokycius; nustatyti reikSmingi skirtu-
mai tarp in vitro virSkinamumo ir fermentacijos rodikliy bei kity anali-
zuoty metabolity:

4.1.

4.2.

4.3.

4.4.

4.5.

Biokonversija neturéjo reikSmingos jtakos aminortig§¢iy koncen-
tracijai kvieCiy griidy méginiuose. Kvieciy veislés ir biokonver-
sijos veiksniy sgveika buvo reikSminga daugumai aminoriigsciy
analizuotuose substratuose.

GABA, prolino ir glutamino koncentracijoms in vitro virskini-
mo méginiuose reikSmingos jtakos tur¢jo biokonversija ir kvieciy
veislé. Biokonversija buvo reikSminga (p < 0,05) glutamo rugs-
ties ir glicino koncentracijoms. Daugeliui suminiy aminoriig§¢iy
koncentracijy in vitro virSkinimo nesuvirskinty liku¢iy meéginiuo-
se reikSmingos jtakos turéjo biokonversija (p < 0,05); substratas
buvo reikSmingas veiksnys treonino, prolino, histidino, glutamo ir
asparto rugsciy koncentracijoms bei suminiams aminoriigsciy kie-
kiams. Biokonverty griidy méginiy nepakei¢iamyjy aminorugsciy:
lizino, fenilalanino ir valino, virSkinamumas nustatytas reikSmin-
gai didesnis (p < 0,05).

Daugeliui FAA, BA ir GABA koncentracijoms IVF méginiuose
reik§mingos (p < 0,05) jtakos turéjo biokonversijos ir kvieciy veis-
lés veiksniai. Nustatytos (p < 0,05) neigiamos koreliacijos tarp
TBC ir putrescino, kadaverino bei histamino).

BCFA, butano ir pentano riig¢iy koncentracijoms IVF méginiuo-
se reikSmingos (p < 0,05) jtakos tur¢jo biokonversijos veiksnys.
Kvieciy veislé buvo reikSmingas veiksnys (p < 0,05) daugeliui
SCFA, isskyrus propano ir heksano rugstis.

Biokonversija reikSmingai padidino (p < 0,05) kvieciy gridy in
vitro virSkinamuma, taciau biokonversijos veiksnys reikSmingai
sumazino (p < 0,05) kviec¢iy grudy in vitro fermentuojamuma.
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4.6. IVF meéginiy PLS-DA ir VIP analizés rezultatai parode alifatiniy
alkany ir aldehidy skirtumus, rodancius lipidy metabolizmo skirtu-
mus tarp skirtingy méginiy grupiy. Reik§mingi (p <0,05) fenoliniy
metabolity (benzenacto, dihidrocinamono ir 4-hidroksihidrocina-
mono rigséiy) skirtumai rodo fenoliniy aminortigsciy metaboliz-
mo skirtumus.

REKOMENDACIJOS

. Rekomenduojamas kvieciy veisliy Ada, Sarta, DS8472-5, DS8526-2,
Gaja, DS8888-3-6, DS8548-7 ir DS8535-2 griidy biokonversijos me-
todas, naudojant LAB padermes LUHS29, LUHS245, LUHS122, nes
tai veiksminga technologija modifikuoti kvieciy griidy substratus, su-
teikiant pridétine verte, t.y., padidinant nepakei¢iamyjy FAA ir GABA
koncentracijas.

. Norint pagerinti raudonyjy ir zaliyjy lgsiy sékly maistines savybes,
ypac padidinti nepakei¢iamy amino rigsciy ir GABA koncentracijas,
rekomenduojama taikyti maZzesniy daleliy dydzio substrato konversija
LAB padermémis LUHS122 ir LUHS210. Proceso metu rekomenduo-
jama vykdyti BA stebésena.

. SSF rekomenduojamas Siame darbe analizuoty kvieciy gridy ir leSiy
s¢kly biokonversijai, nes, lyginant su SMF, uztikrina didesn¢ funkcio-
naliyjy molekuliy sinteze substrate ir yra tvaresnis dél mazesnio van-
dens poreikio, reikalingo biokonversijai uztikrinti.

. Rekomenduojama taikyti in vitro virskinimo modelj kvieciy gridy mé-
giniy biokonversijos efektyvumui jvertinti, kaip tinkamga jrankj progno-
zuojant galimus paSariniy zaliavy in vivo pokycius.
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Abstract: The aim of this study was to analyse and compare the acidity, microbiological and
colour characteristics, fatty (FA) and amino (AA) acid profiles, biogenic amine (BA) and gamma-
aminobutyric acid (GABA) concentrations, and macro- and microelement contents in non-treated
(non-fermented) and fermented wholemeal cereal flours of ‘Gaja’ (traditional wheat) and new breed
lines DS8888-3-6 (waxy wheat), DS8548-7 (blue wheat) and DS8535-2 (purple wheat). Independent fer-
mentations were undertaken with selected strains of Pediococcus acidilactici, Liquorilactobacillus woarum
and Lactiplantibacillus plantarum. The results revealed that all the wholemeal cereal flours of the anal-
ysed wheat varieties are suitable for fermentation with the selected strains because all the fermented
samples showed lactic acid bacteria (LAB) viable counts higher than 8.00 log;y CFU/g and desirable
low pH values. In most of the cases, fermentation increased the concentration of essential amino
acids in the wholemeal cereal samples, and the LAB strain used for fermentation proved to be a
significant factor in all the essential amino acid content of wholemeal wheat (p < 0.0001). When
comparing the non-fermented samples, the highest GABA content was found in ‘Gaja’ and waxy
wheat samples (2.47 umol/g, on average), and, in all the cases, fermentation significantly increased
GABA concentration in the wholemeal cereals. On the other hand, total levels of biogenic amines in
wholemeal samples ranged from 22.7 to 416 mg/kg. The wheat variety was a significant factor in all
the analysed macro- and microelement contents (p < 0.0001) in the wholemeal cereals. Furthermore,
fermentation showed to be a significant factor in most of the FA content of the wholemeal cereal
samples. Finally, fermentation can also contribute to improving the biological and functional value of
wholemeal wheat flours (by increasing essential amino acids and GABA concentrations); however,
safety parameters (e.g., biogenic amines) also should be taken into consideration when optimizing
the most appropriate technological parameters.

Keywords: waxy wheat; purple wheat; blue wheat; fermentation; lactic acid bacteria; chemical
composition

Fermentation 2022, 8, 563. https:/ /doi.org/10.3390/ fermentation8100563

https:/ /www.mdpi.com/journal / fermentation

138



Fermentation 2022, 8, 563

20f23

1. Introduction

Nowadays, consumers, as well as food and livestock producers, are looking for higher-
value foodstuffs to meet the requirements of a balanced diet for both human and animal
nutrition. Cereal grains are the most important food and feed material around the world
due to their possible long-term storage, relatively easy transportation and concentrated
nutritional and energy value. In addition to the most traditional cereals, progress in the
development of new cereal varieties can be seen often, and, as a result, new and higher-
value cereal grains are suggested for consumption. However, despite new varieties or
hybrid lines that may show good chemical composition and a higher content of bioactive
and functional compounds, data concerning its changes during the fermentation process
are scarce, which is the main technology used in the cereal industry for both food and
feed processing.

Additionally, to the chemical composition evaluation of new breed lines of wheat
cereals, we hypothesized that different wheat varieties (traditional, waxy, blue, purple)
may constitute a significant factor in the chemical composition of fermented cereal flours,
including fatty and amino acid profiles, biogenic amines (BA) and gamma-aminobutyric
acid (GABA) formation. Taking into consideration that lactic acid bacteria (LAB), as tech-
nological microorganisms used for cereal flour fermentation, are sensitive to environment
conditions (including the nutrient composition of fermentable substrates), fermentation of
different cereal grain varieties is very likely to lead to different final compositions of the
fermented substrate/matrix. Moreover, in addition to the desirable microbial metabolites
(e.g., organic acids and free amino acids), toxic compounds can be formed, such as biogenic
amines. Finally, experimental data on the chemical composition of new wheat grain vari-
eties (non-fermented and fermented flours with different LAB strains) can be important for
their better application in the food and feed industries.

Waxy wheat was developed in 1995 [1]. Its unique properties, including the quan-
tity of amylose, alter the texture parameters, stability and viscosity of the resulting food
products [2-5]. Waxy starch has a higher swelling capacity in comparison with common
starch [6]. Moreover, waxy wheat starch can be used as a thickener in the food and feed
industry [7]. It was reported that the supplementation of waxy wheat flour with traditional
ones can improve the quality and sensory properties of quick-frozen products [8]. The low
amylose concentration of waxy wheat grain leads to better quality bread, including a longer
shelf-life [9]. Additionally, the supplementation of waxy wheat flour to the main bread
formula leads to a better flavour of the products [10]. Taking into consideration specific
properties of the waxy wheat starch, we hypothesized that these characteristics could have
a greater influence on LAB activity and viability, as well as on the metabolites released by
them to the fermentable substrate.

Along with waxy wheat, coloured wheat grain has recently gained important attention
from researchers and technologists [11-14]. The purple colour of wheat grain is explained
by the presence of anthocyanin in the pericarp, and the blue colour in the aleurone [15]. The
grain of coloured wheat has shown anti-inflammatory, antimicrobial and other desirable
biological activities for human and animal nutrition [11,13,14,16-19]. However, presently,
the data about the chemical composition of coloured wheat are scarce [20]. Furthermore,
changes in the chemical composition of coloured wheat grains during the fermentation
process was not reported so far. Taking into consideration specific compounds of the
coloured wheat, which can induce inhibition of microorganisms, we hypothesized that
differences can be attained in coloured wheat fermentation in comparison with traditional
(‘Gaja’) and waxy wheat.

However, the chemical composition of the main substrate (i.e., wholemeal wheat grain)
and the microorganisms used for fermentation are key factors. In this study, three LAB
strains were selected for wholemeal wheat fermentation because of their proven good tech-
nological properties [21,22], desirable antimicrobial and antifungal characteristics [23], as
well as a positive influence in vivo on piglets microbiota and other health parameters [24].
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The aim of this study was to analyse and compare the acidity, microbiological and
colour characteristics, fatty (FA) and amino (AA acid) profiles, BA and GABA concentration,
macro- and microelement contents in non-treated (non-fermented or raw material) and
fermented wholemeal cereal flours of ‘Gaja’ (traditional wheat) and new breed lines of
DS8888-3-6 (waxy wheat), DS8548-7 (blue wheat) and DS8535-2 (purple wheat), and using
three LAB strains, viz. Pediococcus acidilactici, Liquorilactobacillus wvarum and Lactiplantibacil-
lus plantarum strains. This study will also contribute to the creation of a database on the
chemical composition of the new breed lines of wheat grains.

2. Materials and Methods
2.1. Wheat Varieties Used in the Experiments

The schematic representation of the experimental design is given in Figure 1. The
grains of wheat varieties ‘Gaja’ (traditional wheat) and new breed lines DS8888-3-6 (waxy
wheat), DS8548-7 (blue wheat) and DS8535-2 (purple wheat) were provided by the Insti-
tute of Agriculture, Lithuanian Research Centre for Agriculture and Forestry (LAMMC,
Akademija, Kédainiai distr., Lithuania). Field trials were conducted during 2020-2021 at
the experimental base of the LAMMC in Akademija, Kédainiai distr., Lithuania (55°39’ N
23°57" E). Field experiment description in detail is given in Supplementary File S1.

‘Gaja’ (traditional Hybrid line DS8888- | Hybrid line DS8548-7 | Hybrid line DS8535-2 Control
wheat) 3-6 (waxy wheat) (blue wheat) (purple wheat) samples (100g

1 of grain
Milling (particle size 1-2 mm) wholemeal and
60 mL water):
Grain wholemeal (100 g), water (60 mL), suspension of lactic acid bacteria (LAB) strain (3% Gaja’, DS8888-
. .. 3-6,DS8548-7,

of dry matter of the grain wholemeal mass) containing 8.7 log;; CFU/mL DS8535-2

‘Gaja’,
DS8888-3-6,
DS8548-7,
DS8535-2

Liquorilactobacillus

I

‘Gaja’,

DS8888-3-6,
DS8548-7,

DS8535-2

Fermentation
at (30+2)°C
for24 h

Pediococcus
acidilactici

uovarum “

Lactiplantibacillus plantarum

‘Gaja’,
DS8888-3-6,
DS8548-7,
DS8535-2

A total of 16 samples: evaluation of acidity, microbiological and chromaticity characteristics, determination of
biogenic amine content, analysis of macro- and microelements, evaluation of fatty acid profile

Figure 1. Experimental design of this study.

Wheat grains (moisture content of the wheat grain was 14%) were milled with Lab-
oratory Mill 120 (Perten Instruments AB, Stockholm, Sweden) until the particle size was
1-2 mm. The moisture content of the grain was determined by using Infratec™ 1241 Grain
Analyser (FOSS, Foss Allé DK-3400, Hilleroed, Denmark).

2.2. Lactic Acid Bacteria Strains (LAB) Used in the Experiments and Wholemeal Wheat
Flour Fermentation

The LAB strains Pediococcus acidilactici, Liquorilactobacillus uvarum and Lactiplantibacil-
lus plantarum were used for wholemeal wheat flour fermentation. The LAB strains, possess-
ing antibacterial and antifungal properties [23] as well as good technological characteristics
for wheat bread preparation [25,26], were obtained from the Lithuanian University of
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Health Sciences (Kaunas, Lithuania). Before the experiments, the LAB strains stored at
—80 °C (Microbank system, Pro-Lab Diagnostics, Birkenhead, UK) were activated and mul-
tiplied in de Man-Rogosa-Sharpe (MRS) broth (Oxoid Ltd., Hampshire, UK) at (30 & 2) °C
for 24 h, under aerobiosis, before use in the wholemeal cereal flour fermentation. The
wholemeal wheat flours, water and a suspension of LAB strain (3% of dry matter of the
wholemeal flour) containing 8.7 logg CFU/mL were fermented at (30 & 2) °C for 24 h. For
100 g of wholemeal wheat flour, 60 mL of water was added and mixed. Non-fermented
wholemeal samples were analysed as a control. The analysis of total titratable acidity, pH,
microbiological and colour characteristics was performed directly after fermentation, while
the rest of samples were vacuum packed and frozen at —18 °C until further analysis of
other compounds.

2.3. Evaluation of Total Titratable Acidity (TTA), pH, Microbiological and Colour Characteristics of
Wholemeal Wheat Flour Samples

The total titratable acidity (TTA) was evaluated for a 10 g wholemeal wheat flour
mixed with 90 mL of water. Results were expressed as the volume in mL of 0.1 mol/L
NaOH solution required to achieve a pH value of 8.2. The pH of wholemeal samples was
measured using a pH electrode (PP-15; Sartorius, Goettingen, Germany). The LAB viable
count was determined according to the method described by Bartkiene et al. [22]. The
colour characteristics of wholemeal samples were evaluated on the sample surface using a
CIE L*a*b* system (CromaMeter CR-400, Konica Minolta, Tokyo, Japan). The results were
expressed as the CIE colour values, i.e., L* (brightness/darkness), a* (redness/greenness)
and b* (yellowness/blueness).

2.4. Analysis of the Amino Acids (AA) and Gamma-Aminobutyric Acid (GABA) of Wholemeal
Wheat Flour Samples

Sample preparation and dansylation were performed according to the method of
Hua-Lin Cai et al. [27], with some modifications, which are given in Supplementary File S2.

2.5. Analysis of the Biogenic Amine (BA) Content of Wholemeal Wheat Flour Samples

The extraction and determination of BA in non-fermented and fermented whole-
meal wheat flour followed the procedures developed by Ben-Gigirey et al. [28]. Detailed
description of the method is given in Supplementary File S3.

2.6. Analysis of Macro- and Microelements Content of Wholemeal Wheat Flour Samples

For macro- and microelement analysis in wholemeal wheat flour samples, an Agilent
7700x ICP-MS (Agilent Technologies, Hachioji, Japan) and software Mass Hunter Work
Station for ICP-MS, version B.01.01 (Agilent Technologies, Hachioji, Japan) were used.
Description of the method in detail is given in Supplementary File S4.

2.7. Fatty Acid (FA) Composition Analysis of Wholemeal Wheat Flour Samples

The fatty acid (FA) composition of the wholemeal wheat grain samples was determined
using GC-MS-QP2010 (Shimadzu, Kyoto, Japan) gas chromatograph with a mass spectrom-
eter. The fatty acid methyl esters (FAME) concentration was determined using a prepared
calibration curve, and results were expressed as the percentage of total FAME concentration
in the sample. Description of the method in detail is given in Supplementary File S5.

2.8. Statistical Analysis

Microbiological results were expressed as the mean (1 = 5) & standard error (SE), and
physicochemical results were expressed as the mean (1 = 3) & standard error (SE). The ex-
periment was performed by preparing three parallel samples (/replicates) for fermentation.
In order to evaluate the effects of the different wheat varieties and different LAB strains
used for wheat grain wholemeal fermentation, the data were analysed by multivariate
analysis of variance (ANOVA). Shapiro-Wilk Test was used to determine the normality,
whereas for homoscedasticity evaluation, the homoscedasticity test was performed by
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using SPSS Statistical Package. The linear Pearson’s correlation coefficients were calculated
using the statistical package SPSS for Windows [version 28.0.1.0 (142), SPSS, Chicago, IL,
USA]. Correlation level interpretation was performed in accordance with the procedure by
Evans [29]. The results were recognized as statistically significant at p < 0.05.

3. Results and Discussion
3.1. Acidity, Microbiological and Chromaticity Characteristics of Wholemeal Wheat Flour Samples

The pH, total titratable acidity (TTA), colour and microbiological characteristics of the
wheat grain wholemeal are shown in Table 1. Significant differences between the control
group (non-fermented) and fermented dough samples were found when comparing the
acidity, and the lowest pH was achieved with the wholemeal ‘Gaja’” and DS8535—2 (purple
wheat) samples (on average, 6.00). However, higher TTA values were found in ‘Gaja’ and
DS8888-3-6 (waxy wheat) samples (on average, 1.22° N), in comparison with DS8548—7
(blue wheat) and DS8535—2 (purple wheat) (on average, 1.01° N). When comparing the
pH of non-treated and fermented samples, in all the fermented groups, the lowest pH
was reached in samples fermented with Pediococcus acidilactici strain. In addition, most
of the latter samples (fermented ones) showed the highest TTA, as expected. The test
between the subjects showed that the LAB strain used for fermentation was a significant
factor in TTA (p < 0.0001). Moreover, a moderate positive correlation was established
(r=0.552, p < 0.001) between the TTA and type of LAB. The concentration of organic acids
in fermented wholemeal flours depend on numerous factors, including LAB strain used,
processing parameters and flour composition. [30]. However, controlling excessive acidity
is one of the major challenges in fermented wheat, especially when they are used as a
sourdough for breadmaking. Previous studies reported the influence of the interaction
of processing factors on fermented cereal acidity parameters, microorganism growth,
volatile compounds and amino acids formation [30]. However, the changes in waxy and
coloured wheat grain during the fermentation process were not described. Thus, this study
demonstrated that the cereal variety is not a significant factor in the acidity parameters
(pH and TTA) of the fermented wholemeal wheat flours when using Pediococcus acidilactici,
Liquorilactobacillus uvarum and Lactiplantibacillus plantarum. It was also possible to conclude
that all these LAB strains are suitable for acidic fermentation of the new varieties of
wholemeal wheat grains under scrutiny in this research study.

When analysing the colour characteristics of non-fermented and fermented wholemeal
wheat samples, with all the tested LAB strains, the fermented ‘Gaja’ samples showed higher
L* (lightness) coordinates in comparison with non-fermented ones. However, opposite
tendencies of the waxy, blue and purple wholemeal wheat cereals were found, as in the
latter samples, L* decreased after fermentation (except DS8888-3-6 fermented with Lactiplan-
tibacillus plantarum). Cereal variety proved to be a significant factor in the L* coordinates
of the samples (p = 0.023). Different trends were established when comparing a* (redness)
coordinates. After fermentation, a* coordinates showed tendencies to increase in all fer-
mented ‘Gaja’ samples, in wholemeal waxy wheat fermented with Pediococcus acidilactici,
wholemeal waxy wheat cereal fermented with Liquorilactobacillus uvarum and in wholemeal
purple wheat fermented with Pediococcus acidilactici. However, fermentation decreased a*
coordinates in all the fermented wholemeal blue wheat cereal samples. Comparing the b*
(yellowness) coordinates, they were lower in both fermented wholemeal coloured wheat in
comparison with non-fermented ones. However, in traditional wheat ‘Gaja’, fermentation
with Liquorilactobacillus uvarum and Lactiplantibacillus plantarum increased b* coordinates
by 76.5 and 108.7%, respectively. Opposite trends were found in wholemeal waxy wheat
samples, as fermentation with Pediococcus acidilactici and Liquorilactobacillus uvarum de-
creased b* values by 27.1 and 20.2%, respectively, in comparison with non-fermented ones.
Variation in colour components in the cereal grain depends on genetic factors, growing
conditions, as well as on technological processes [12]. Yellow C-glycosides of flavones
are mainly present in the outer layer of cereal grains. However, carotenoids are located
in the endosperm [12]. In addition, there is a great diversity of anthocyanin composition
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among various cereals [31], and the stability of these compounds can be influenced by
substrate pH, temperature, the presence of ascorbic acid, oxygen and enzymes, among
other factors [32]. This study showed that the LAB strain used for fermentation, cereal
variety and the interaction between these factors had a significant impact on a* coordinates
of wholemeal cereal samples (p = 0.021, p < 0.023 p < 0.001, respectively), and in most of
the cases, fermented samples showed lower redness and yellowness.

Table 1. pH, total titratable acidity (TTA), colour and microbiological characteristics of the wholemeal
wheat flour samples (non-fermented flours and fermented baking doughs).

Wholemeal H TTA, °N Colour Coordinates, NBS LAB Viable Counts,
Wheat Samples P 4 L* a* b* logio CFU/g
Traditional Wheat
‘Gaja’ 6.01+0.0194  123+0.1128 41,94 + 01224 4.39 + 0.09 2€ 9.07 £ 0.11 A 454403224
‘Gaja’ Pa 44440028 491 4 0.09 A 4411 4 0.14 5B 4.86 + 0.07 b€ 9.16 + 0.09 >€ 8.48 + 0.18 AB
‘Gaja’ Li.u 4374+0.02%P 490 +0.06 >4 52.11 4 0.23 <P 4.88 + 0.06 € 16.01 + 0.13 P 8.52 +0.21 PAB
‘Gaja’ La.p 401+£0.01%¢ 500+ 0.05%A 54.78 + 0.15 9C 5.89 £ 0.08 °¢ 18.93 £+ 0.14 <P 8.63 £ 0.14 >4
Waxy Wheat
DS8888-3-6 6.11 + 0.03 4B 1.20 +0.03 %8 52.29 +0.21 P 3.06 + 0.03 ¥ 14.78 + 0.22 <P 419 +£027 A
DS8888-3-6 Pa 4.09 +0.02>4 5.22 4 0.05>8 48.48 +0.352C 3.36 + 0.05>A 10.77 £ 0.18 P 8.08 +0.14 >4
DS8888-3-6 Li.u 42040018 5.43 + 0.04 <P 49.06 + 0.21 € 3.54 + 0.06 °P 11.79 4 0.21 € 8.48 +0.11 A
DS8888-3-6 Lap 399 +0.022C 561+ 0.099B 52.29 + 0.19 <B 3.06 + 0.09 A 14.78 £ 0.16 °€ 8.61 +0.16 A
Blue Wheat
DS8548-7 6.18 £ 0.02 9€ 1.02 £0.11 24 49.51 +0.149€ 410 +0.05 98 12.68 + 0.15 9€ 4.69 £ 03124
DS8548-7 Pa 413 +£0.02%A 523+ 0.06"P 44.04 +0.23 5B 3.76 £ 0.11 P 7.09 + 0.09 >B 8.16 +0.23 A
DS8548-7 Li.u 427 +0.02 € 542 +£0.10P 48.21 +0.17 B 2,93 + 0.09 @A 8.76 + 0.08 °F 8.49 +0.16 >4
DS8548-7 La.p 3554001  61040.149€ 41.69 & 0.25 24 334 +0.04 P8 7.65 4 0.11>A 894+ 0224
Purple Wheat

DS8535-2 598 +0.0294 1,00 + 0.05%A 4514 +0.16 9B 5.93 +0.12 5P 11.16 + 0.12 4B 441 +0.132A
DS8535-2 Pa 4.40 +0.02 8 5.52 4 0.07 b€ 38.68 + 0.22 A 6.08 + 0.08 >P 6.55 + 0.07 >4 8.74 +0.19 >B
DS8535-2 Li.u 3.72 4+ 0.03 >A 621 £+ 0.05C 38.00 &+ 0.13 >4 5.67 + 0.06 2P 5.08 + 0.08 ¥4 8.92 +0.21 58
DS8535-2 La.p 361400128 630+ 0.11°C 41.98 +0.16 A 5.95 + 0.09 >€ 810+ 0.11¢P 8.99 +0.17 b4

TTA—total titratable acidity; L*—lightness; a*—redness (—a* greenness); b*—yellowness (—b* blue-
ness); LAB—lactic acid bacteria; CFU—colony forming units; Pa—fermented with Pediococcus acidilactici;
Li.u—fermented with Liquorilactobacillus uvarum; La.p—fermented with Lactiplantibacillus plantarum. The data
of pH, TTA and colour coordinates are represented as means (1 = 3) + SE. The data of LAB viable counts are
represented as means (1 = 5) + SE. 4 Means with different letters in the column are significantly different
between the same variety of the non-treated and fermented samples (p < 0.05). A-° Means with different letters in
the column are significantly different between the different variety of samples (between non-treated and between
with the same LAB strain treated samples) (p < 0.05).

Comparing LAB viable counts in fermented wholemeal wheat flours, the purple wheat
samples fermented with Pediococcus acidilactici and Liquorilactobacillus uvarum showed the
highest numbers of viable LAB (on average, 8.83 logig CFU/g). As a matter of fact, techno-
logical microorganisms play a major role in developing the characteristics of fermented
cereal flours [33]. A moderate positive correlation was established between the LAB vi-
able counts and TTA (r = 0.552, p < 0.001). In addition, the type of LAB strain used for
fermentation was a significant factor on samples TTA (p < 0.0001). Fermented cereal dough
is a stressful ecosystem that is characterized by a low pH, high carbohydrate concentra-
tions, oxygen limitation and viable cell counts of LAB > 10% CFU/g [34]. In this study,
all the fermented wholemeal wheat flour samples showed LAB viable counts higher than
8.00 logip CFU/g, and the type of LAB strain used for fermentation was a significant factor
in LAB viable counts of wholemeal fermented flours (p < 0.0001). Finally, despite the
colour intensity of the colored wheats being reduced during fermentation, all the tested
wholemeal wheat flour samples showed desirable low pH values and a high number of
viable LAB after fermentation.
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3.2. Amino Acids (AA), y-Aminobutyric Acids (GABA) and Biogenic Amines (BA) of Wholemeal
Wheat Flour Samples

Essential amino acid concentrations of the wholemeal wheat grain samples are shown
in Table 2. When comparing non-fermented samples, no significant differences were
found in threonine, methionine, phenylalanine and histidine concentrations. However,
in comparison with traditional and waxy wheat samples, higher valine concentration in
both colored wholemeal wheat cereals was established (on average, by 14.6% higher). In
contrast to these findings, in comparison with both colored wheat, traditional (‘Gaja’) and
waxy wheat samples showed higher concentrations of leucine/isoleucine. Simultaneously,
the highest concentration of lysine was found in ‘Gaja” samples (0.360 umol/g). In most of
the cases, fermentation increased essential amino acid concentration in wholemeal wheat
flour samples, but methionine in DS8888-3-6 La.p and in DS8548-7 La.p, and histidine in
‘Gaja’Li.u, DS8888-3-6 La.p. and DS8548-7 La.p. The LAB strain used for fermentation
proved to constitute a significant factor on all the essential amino acid concentrations in
wholemeal wheat grains (p < 0.0001). On the other hand, wheat variety was a significant
factor on threonine, methionine, valine, lysine and histidine concentrations (p = 0.002,
p <0.0001, p = 0.002, p = 0.034, p < 0.0001, respectively), and interaction of these factors
was showed to be significant on methionine, valine and histidine contents (p < 0.0001,
p <0.0001, and p < 0.01, respectively).

Table 2. Essential amino acid concentration of the wholemeal wheat flour samples (non-fermented
flours and fermented baking doughs).

Concentration Essential of Amino Acids in Sample, umol/g

Wholemeal
Wheat Sampl Tt Methioni Valine Phenylalanine Leucine/ Lysine Histidine
Isoleucine
Traditional Wheat

‘Gaja’ 0.460 + 0.026 ** <0.020 0.385 + 0.020 A <0.020 0.185 + 0.010 *B< 0.360 4 0.021 *¢ <0.020
‘Gaja’ Pa 0.823 +0.0779€  0.303 £ 0.014 °C 2.43 +0.16 9¢ 1.18 + 0.07 € 571 +0.229¢ 151 +£0.14 48 0.169 = 0.007 >¢

‘Gaja’ Liu 0.624 £ 0.034>4  0.043 £ 0.003 >4 1.95 £ 0.10 € 1.25 4 0.10°€ 417 +£ 0258 1.16 + 0.05 8 <0.020
‘Gaja’ La.p 0.780 £+ 0.074 %A 0.146 + 0.008 >® 1.21 +£0.04 A 0.767 + 0.034 P 295+ 0.17 b8 0.839 + 0.044 B 0.083 + 0.008 >~

Waxy Wheat

DS8888-3-6 0.423 =+ 0.040 >4 <0.020 0.343 + 0.034 >4 <0.020 0.188 =+ 0.012>C 0.285 + 0.020 >8 <0.020
DS8888-3-6Pa 0.768 £ 0.0299  0.117 £ 0.010 A 2,01 40.17 98 0.813 £ 0.058 > 4.67 £ 0268 1.07 £ 0.06 0.024 £ 0.001 A
DS8888-3-6 Liu 0591 +0.035>A  0.146 + 0.008 ¢ 1.65 + 0.06 >® 0.788 + 0.065 *>A 353 +£032 A 1.02+0.04 8 0.031 +0.003 >4

DS8888-3-6 Lap 0715 % 0.054 %A <0.020 1.99 = 0.08 <€ 0.695 = 0.065 *A 3.01 + 0.26 >BC 0583 £ 0.045 >4 <0.020

Blue Wheat

DS8548-7 0.420 + 0.019 24 <0.020 0.422 + 0.019 *B <0.020 0.162 £ 0.013 *B 0.224 £ 0.014 24 <0.020
DS8548-7 Pa 0.656 4 0.024 A 0.154 =+ 0.009 >® 1.63 +0.13 %4 0.857 + 0.078 >AB 373 +£0.14 94 0.946 +0.056 “A  0.093 + 0.004 >B
DS8548-7Liu 0593 +0.044>A  0.061 + 0.005*® 137 +0.09 0.743 + 0.074 204 3.20 £0.11 94 0.702 £ 0.059 “*  0.027 £ 0.002 A

DS8548-7Lap  0.685 + 0.060 A <0.020 149 £ 0.13°B 0.641 £ 0.028 ** 247 +£0.2204 0.671 % 0.065 >4 <0.020

Purple Wheat

DS8535-2 0.440 + 0.021 A <0.020 0.430+ 0.035 *8 <0.020 0.103 +0.006 **  0.321 =+ 0.028 *BC <0.020
DS8535-2 Pa 123400990 0477 £0.015 3.28 +031P 0.978 + 0.083 8 5.46 + 0.20 °C 2.23 4 0.20 4€ 0.297 £ 0.013 %
DS8535-2 Li.u 0.791 +0.025>  0.135 + 0.007 > 1.76 + 0.08 >B 1.07 +£0.10>8 347 £0.30 >4 1.16 4 0.06 <® 0.145 4 0.005 >B
DS8535-2 La.p 0.909 +0.038<%  0.100 £ 0.006 ** 1.87 £0.115€ 0.853 4 0.030 *€ 3.54 +0.35>C 0.629 +0.049%4 0116 + 0.008 *®

Pa—fermented with Pediococcus acidilactici; Li.u—fermented with Liquorilactobacillus uvarum; La.p—fermented
with Lactiplantibacillus plantarum. The data are represented as means (1 = 3) = SE. >4 Means with different letters
in the column are significantly different between the same variety of the non-treated and fermented samples
(p < 0.05). AP Means with different letters in the column are significantly different between the different variety
of samples (between non-treated and between with the same LAB strain treated samples) (p < 0.05).

Nonessential amino acid and GABA concentrations of the wholemeal wheat grain
samples are shown in Table 3. Regarding the nonessential amino acid concentrations in
non-fermented samples, ‘Gaja” and waxy wholemeal wheat flours showed higher arginine
content, in comparison with both wholemeal coloured wheat, and wheat variety has shown
to be a significant factor on arginine content (p = 0.21).
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The highest glutamine concentration was found in wholemeal blue wheat (2.52 pmol/g),
and the wheat variety was a significant factor in glutamine content (p < 0.0001). The
highest glutamic acid and glycine concentration was obtained in the ‘Gaja’ samples. The
highest serine content was found in wholemeal waxy wheat, and the highest alanine
content was established in wholemeal blue wheat. Wheat variety was a significant factor
in the content of most of these amino acids, but alanine (p = 0.015, p = 0.028 and p = 0.009,
respectively). The aspartic acid concentration in ‘Gaja’ and purple wheat samples was, on
average, 15.5% lower in comparison with wholemeal waxy and blue wheat grain samples.
The lowest proline concentration was found in the ‘Gaja’ samples (0.285 pmol/g). In all
the cases, tyrosine content in non-fermented samples was lower than 0.020 pmol/g. When
comparing fermented samples, different tendencies were found, and the type of LAB strain
used for fermentation represented a significant factor in arginine, glutamine, aspartic acid,
glycine, alanine, proline and tyrosine content (p < 0.0001, p < 0.0001, p < 0.0001, p = 0.004,
p <0.0001, p < 0.0001, p < 0.0001, respectively). The interaction between LAB strain used
for fermentation and wheat variety was significant with regards to the arginine, glutamine,
glutamic acid, alanine, proline and tyrosine concentrations (p < 0.0001, p < 0.0001, p = 0.027,
p =0.005, p =0.003, p = 0.039, respectively).

Despite wheat grains being a good source of protein, the amounts of essential amino
acids (especially lysine) are low [35]. Finally, the quality of the protein must be taken
into consideration because the cereal-based diet tends to be deficient in some essential
amino acids. Having in mind that the amino acid profile (especially essential amino acids)
shows the quality of protein, the use of fermentation in this study showed prospective
results, as most of the essential amino acid concentrations in wholemeal wheat cereal
samples increased. Cereal grain proteins supply 47% of total global protein intake [36], and
cereal-based proteins are a predominant protein source in developing countries [37]. For
this reason, finding technological solutions to increase the biological value of wheat cereal
varieties becomes very important. Protein content in wheat grains can vary due to genetic
differences, agronomic factors, cultivation conditions, etc., but essential amino acids are
the most important parameter from nutritional and physiological points of view [36,38,39].
Better knowledge of the amino acid profile of different wheat varieties is beneficial not
only to wheat farmers but also to food and feed manufacturers [40]. The recommended
daily intake of total essential amino acids is 83.5 mg/kg of body weight [41]. In addition
to lysine, threonine, which is present at low concentrations in cereals, is very important
from a nutritional standpoint [42]. Recommended daily intake for threonine is about
19 mg/kg [43]. Recommended daily intake for histidine is 8 and 12 mg/kg of body
weight/day in adults [44-46]. Phenylalanine is essential for the growth and development
of children [47]. Leucine stimulates muscle protein synthesis [44,48]. Recommended daily
intake for leucine is 39 mg/kg body weight per day [41].

It was reported that in wheat cereal grains, the predominant nonessential amino acid is
glutamic, which concentration can range from 24.79 to 37.05 g/100 g protein [49]. Glutamic
acid plays a major role in amino acid metabolism in the body and shows neurotransmitter
function [47]. The mean daily intake of glutamic acid is 15 g/day [44]. Moreover, usually,
wheat grains show low content of cysteine, methionine and histidine [50].

The results of this study showed that the quality of wholemeal wheat grain proteins
can be significantly improved trough the modification of the amino acid profile by using
fermentation biotechnology with selected LAB strains. However, it should be pointed out
that for a feed industry, these results can be of great interest because one can obtain products
with higher biological added value for feed purposes. However, for the food industry,
fermented wholemeal wheat grain should be further tested (e.g., in bread production), and
the quality, as well as the food safety parameters of the end-products, must be taken into
consideration because, during the thermal treatment, various (desirable and not) changes
may occur.

When comparing GABA concentration in non-fermented samples, the highest content
was found in wholemeal ‘Gaja” and waxy wheat samples (on average, 2.47 umol/g).
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Conversely, fermentation increased GABA concentration in all wholemeal cereal doughs.
In addition, the LAB strain used for fermentation, the wheat variety and the interaction of
these factors were shown to be significant on GABA concentration in wholemeal wheat
grain samples (p < 0.0001, p = 0.002 and p = 0.004, respectively).

GABA is a non-protein amino acid compound produced during the decarboxyla-
tion of L-glutamic acid [51]. GABA shows many desirable effects in the body, including
neurotransmission and regulation of brain metabolism [52].

Due to the activity of LAB (decarboxylation, deamination, transamination, etc.), the
production of several functional compounds in cereal grains may occur [53-57], including
GABA [58,59]. It was reported that during the fermentation with LAB, GABA could
be formed [60-62], and, as a matter of fact, fermented food is a good source of dietary
GABA [53]. The selection of cereal varieties, based on their nutritional and functional
potential, may be very useful in improving the features of food and feed products. Finally,
our study showed that fermentation with selected LAB increases GABA concentration in
all the tested wholemeal wheat cereal samples and can be a very prospective technology to
increase the functional value of cereals.

Biogenic amine concentration in wholemeal wheat cereal samples is shown in Table 4.
Phenylethylamine was found in all the wholemeal cereal samples (fermented and non-
fermented), and a higher concentration of this compound was disclosed in non-fermented
samples of the wholemeal ‘Gaja’, waxy and blue wheat flour (on average, by 14.2, 24.1 and
27.2%, respectively, higher in comparison with fermented ones). However, opposite
trends were found in wholemeal purple wheat cereal samples, and the lowest phenylethy-
lamine concentration was found in samples fermented with Lactiplantibacillus plantarum
(30.9 mg/kg). Putrescine was observed in non-fermented ‘Gaja’” samples, in waxy wheat
cereal samples fermented with Liquorilactobacillus uvarum, and in wholemeal waxy, blue
and purple wheat cereals fermented with Lactiplantibacillus plantarum. Waxy wheat samples
fermented with Lactiplantibacillus plantarum showed 8.3 and 2.3 times higher concentra-
tions of putrescine, in comparison with wholemeal blue and purple wheat, respectively,
fermented in the same conditions. Cadaverine was formed in all samples fermented with
Liquorilactobacillus wvarum and Lactiplantibacillus plantarum strains. When comparing cadav-
erine concentration between different cereal groups fermented with the same LAB strain,
the highest concentration was found in purple wheat samples fermented with Liquorilac-
tobacillus uvarum (122.6 mg/kg). Furthermore, the cereal group consisting of wholemeal
‘Gaja’, waxy and purple wheat samples fermented with Lactiplantibacillus plantarum showed,
on average, a concentration as high as 120.0 mg/kg cadaverine. Histamine was just formed
in wholemeal waxy, blue and purple wheat cereal samples fermented with Lactiplantibacil-
lus plantarum, and the highest concentration of histamine was reached in wholemeal purple
wheat samples (66.3 mg/kg).

Tyramine (35.6 mg/kg) was formed in wholemeal purple wheat cereal samples fer-
mented with Lactiplantibacillus plantarum, and it also displayed the highest spermidine
concentration (51.8 mg/kg). When comparing spermidine in all wholemeal cereal groups,
non-fermented wholemeal ‘Gaja’, waxy and blue flours contained spermidine concen-
trations above 20.0 mg/kg. Nevertheless, spermidine was not found in non-fermented
whole purple wheat samples. In opposite to these trends, spermidine was found in all the
fermented whole purple wheat samples, and its content ranged from 24.5 to 51.8 mg/kg
(in fermented samples with Pediococcus acidilactici and Lactiplantibacillus plantarum, re-
spectively). Spermine was just found in wholemeal purple wheat flour fermented with
Lactiplantibacillus plantarum (20.2 mg/kg). Multivariate analyses of between-subjects effects
indicated that the LAB strain used for fermentation, the wheat variety and their interaction
were significant factors in the concentration of all biogenic amines (p < 0.0001).
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Table 4. Biogenic amine concentration of the wholemeal wheat flour samples (non-fermented flours
and fermented baking doughs).

Wholemeal Biogenic Amines, mg/kg
Wheat Samples  Tryptamine Phenyl- Putrescine Cadaverine Histamine Tyramine Spermidine Spermine
ethylamine
Traditional Wheat
‘Gaja’ <0.1 585 4 3.7 199+ 1.1 <0.1 <01 <01 31.8+298 <0.1
‘Gaja’ Pa <0.1 461 +£29 %A <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
‘Gaja’ Liu <0.1 52.6 4+ 4.1 2B <0.1 94.4+£542C <0.1 <0.1 <0.1 <0.1
‘Gaja’ La.p <0.1 52,0 + 4.8 20C <0.1 116.3 £ 8158 <0.1 <0.1 <0.1 <0.1
Waxy Wheat
DS8888-3-6 <0.1 573 44508 <0.1 <0.1 <01 <0.1 227+164 <0.1
DS8888-3-6 Pa <0.1 429 +38%A <0.1 <0.1 <01 <0.1 <0.1 <0.1
DS8888-3-6 Li.u <0.1 459 4+ 4.1 %A 103.8 +7.2a 63.6 4.9 <01 <0.1 <0.1 <0.1
DS8888-3-6 La.p <0.1 418 +358 226.2 +14.1°C 127.9 + 8208 201 +£1.74 <0.1 <0.1 <0.1
Blue Wheat
DS8548-7 <0.1 559 + 4.8 B <01 <0.1 <0.1 <0.1 30.9 £2528 <0.1
DS8548-7 Pa <0.1 405 +£3.1A <0.1 <0.1 <0.1 <0.1 295 +2298 <0.1
DS8548-7 Li.u <0.1 420 +29%4 <01 524 4734 <0.1 <0.1 40.6 +3.1°8 <0.1
DS8548-7 La.p <0.1 39.7 £3.08 272174 84145304 499 +3.88 <01 257 £13%A <0.1
Purple Wheat
DS8535-2 <0.1 44143504 <01 <0.1 <0.1 <01 <0.1 <0.1
DS8535-2 Pa <0.1 44144204 <0.1 <0.1 <01 <01 2454224 <0.1
DS8535-2 Li.u <0.1 50.9 4 4.7 8 <0.1 122.6 + 8.4 P <0.1 <0.1 29.8 +2.8 b4 <0.1
DS8535-2 La.p <0.1 30.9 +£29 %A 87.3+63° 115.1+£9.1%8 663 +51€ 35.6 +£3.2 51.8 +4.9°8 202413

Pa—fermented with Pediococcus acidilactici; Li.u—fermented with Liquorilactobacillus uvarum; La.p—fermented
with Lactiplantibacillus plantarum. The data are represented as means (1 = 3) = SE. *° Means with different letters
in the column are significantly different between the same variety of the non-treated and fermented samples
(p < 0.05). AP Means with different letters in the column are significantly different between the different variety
of samples (between non-treated and between with the same LAB strain treated samples) (p < 0.05).

Increased concentrations of cadaverine, putrescine and spermidine in products are
associated with microbial activity [63]. There are a few mechanisms of action for the ac-
cumulation of biogenic amines in food, which are explained by their possible synthesis
via the decarboxylation of amino acids, as well as by transamination of aldehydes or ke-
tones [64,65]. There are published works highlighting the negative effects of tyramine and
phenylethylamine on human [66] and animal health [67]. In addition to the negative effect
on health, putrescine and cadaverine are characterised as specifically smelly molecules [68],
whose presence in food or feed may reduce their acceptability. The total amount of biogenic
amines in food is very important because they can increase toxicity [66,69]. Arginine can
be metabolised via bacterial action to putrescine; lysine can be converted to cadaverine, his-
tidine to histamine, tyrosine to tryptophan and phenylalanine to tyramine, tryptamine and
f3-phenylethylamine, respectively [70]. Histamine is the most toxic biogenic amine [71-73].
Tyramine is related to migraines, and cadaverine and putrescine can increase the toxic
effect of other biogenic amines [74]. The Food and Drug Administration (FDA) suggested
that the maximum permitted histamine in food should be limited to 500mg/kg, and a level
of >1000 mg/kg should be considered, for safety for consumption purposes, as unfit for
human consumption [75,76]. The European Union (EU) regulation suggests values between
100 and 200 mg of histamine per kilogram of food for the Scomberesocidae and Scombridae
fish families [77], as well as the highest concentration of 300 mg/kg for the total biogenic
amine content in fish and derivatives.

According to the results obtained in this study, the formation of biogenic amines
in whole wheat cereal products should be taken into consideration, as the total levels of
biogenic amine ranged from 22.7 (in non-fermented DS8888-3-6 samples) to 416 mg/kg
(in samples DS8548-7 fermented with Lactiplantibacillus plantarum) (Figure 2). Moderate
positive correlations were found between cadaverine concentration, TTA and viable LAB
viable counts (r = 0.308, p = 0.033 and r = 0.581, p = 0.0001, respectively). However, a
moderate positive correlation between histamine concentration and LAB viable counts was
revealed (r = 0.306, p = 0.034).
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Figure 2. Total biogenic amine content (mg/kg) of the wholemeal wheat flour samples (non-
fermented flours and fermented baking doughs). Pa—fermented with Pediococcus acidilactici;
Li.u—fermented with Liquorilactobacillus uvarum; La.p—fermented with Lactiplantibacillus plantarum.

3.3. Macro- and Microelements of Wholemeal Wheat Flour Samples

Macroelement concentrations in wholemeal wheat cereal samples are shown in Table 5.
Significant differences were found in the Na content when comparing the macroelement
concentrations in non-fermented and fermented groups, which, in all the cases, was lower
in non-fermented samples. These differences can be explained by the addition of the LAB
suspension, which contained a physiological (NaCl) solution.

When comparing the varieties of wholemeal wheat cereals under scrutiny, the highest
Mg and K concentrations were obtained in wholemeal ‘Gaja’ wheat. However, the highest
Ca content was found in wholemeal waxy wheat samples. Multivariate test of between-
subject effects showed that the LAB strain used for fermentation and the interaction with
the wheat variety had a significant impact on the Na concentration in wholemeal cereals
(p < 0.0001) and showed as well that the wheat variety was a significant factor on the
concentration of all the analysed macroelements (p < 0.0001).

Essential microelement concentrations of the wholemeal wheat cereal samples (except
Co, Ni and Se, whose concentrations were lower than 0.010, 0.5 and 0.20 mg/kg, respec-
tively) are given in Table 6. A concentration higher than 0.010 mg/100 g Cr was only
detected in wholemeal waxy wheat samples (on average, 0.154 mg/100 g), and fermen-
tation was not a significant factor towards the Cr content. Wholemeal blue and purple
wheat samples showed the highest Mn concentration (on average, 16.2 mg/kg), and, com-
paratively, in wholemeal ‘Gaja’ and waxy wheats, the Mn concentration, on average, was
21.0 and 53.5% lower, respectively. The highest Fe content was found in wholemeal ‘Gaja
(on average, 24.8 mg/kg), and s waxy, blue and purple wheats showed, on average, 35.1%
lower Fe concentrations. Moreover, wholemeal ‘Gaja” showed the highest Cu content (on
average, 2.19 mg/kg), and wholemeal waxy, blue and purple wheat samples showed,
on average, 47.9, 55.6 and 63.2% lower Cu concentrations, respectively. The highest con-
centration of Zn was found in wholemeal purple wheats (8.31 mg/kg), and wholemeal
‘Gaja’, waxy and blue wheats showed, on average, 21.1, 33.7 and 20.0% lower Zn contents,
respectively. A multivariate test of between-subject effects showed that the LAB strain
used for fermentation was a significant factor in Cr concentration in wholemeal cereals
(p =0.007). On the other hand, wheat variety was a significant factor in Cr, Mn and Cu
contents (p < 0.0001), and LAB strain and wheat variety interaction were significant factors
in Cr concentration in wholemeal wheat samples (p < 0.0001).

’
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Table 5. Macroelement concentrations of the wholemeal wheat flour samples (non-fermented flours

and fermented baking doughs).

Wholemeal Wheat Macroelements, Dry Matter (d.m.)
Samples Na, g/100 g Mg, g/kg K, g/kg Ca, glkg
Traditional Wheat
‘Gaja’ <0.002 0.682 + 0.053 254 4+ 0228 0.210 4 0.019 B
‘Gaja’ Pa 0.010 + 0.002 € 0.638 + 0.051 P 23240.192C 0.199 + 0.018 B
‘Gaja’ Li.u 0.008 + 0.001 B 0.669 + 0.042 € 2.38 +£0.132B 0.192 + 0.019 ¥AB
‘Gaja’ La.p 0.007 + 0.002 24 0.641 % 0.050 *€ 2.37 £0212B 0.189 + 0.020 ¥4
Waxy Wheat
DS8888-3-6 <0.002 0.448 + 0.045 @A 1.98 +0.17 24 0.345 4 0.031 €
DS8888-3-6 Pa 0.013 4 0.001 &€ 0.501 + 0.041 @A 238 +0.232C 0.310 4 0.026 €
DS8888-3-6 Li.u 0.011 4 0.002 B 0.438 + 0.040 A 2204 0.18 B 0.321 4 0.027 €
DS8888-3-6 La.p 0.014 + 0.001 *B 0.509 + 0.051 #AB 2.37 £0.232B 0.322 + 0.030 €
Blue Wheat
DS8548-7 <0.002 0.510 4 0.048 @A 1.93 +0.16 4 0.213 4 0.018 #B
DS8548-7 Pa 0.003 + 0.001 24 0.511 + 0.027 @A 1.84 4 0.11 %A 0.205 + 0.014 @B
DS8548-7 Li.u 0.002 =+ 0.002 A 0.513 4 0.022 #AB 1.88 +0.09 A 0.210 4 0.016 B
DS8548-7 La.p 0.004 + 0.001 24 0.534 + 0.043 2B 1.82 4 0.10 ¥4 0.214 + 0.012 @B
Purple Wheat

DS8535-2 <0.002 0.482 4 0.041 @A 1.75 +0.16 ¥4 0.173 4 0.016 @A
DS8535-2 Pa 0.006 + 0.001 2B 0.458 + 0.039 A 1.86 + 0.20 *B 0.162 =+ 0.015 A
DS8535-2 Li.u 0.006 + 0.002 #AB 0.495 + 0.036 >4 1.77 £0.14 24 0.163 4 0.012 @A
DS8535-2 La.p 0.006 =+ 0.001 @A 0.438 + 0.034 >4 1.84 +0.11 24 0.162 4+ 0.013 24

Pa—fermented with Pediococcus acidilactici; Li.u—fermented with Liquorilactobacillus uvarum; La.p—fermented
with Lactiplantibacillus plantarum. The data are represented as means (1 = 3) + SE. * Means with different letters
in the column are significantly different between the same variety of the non-treated and fermented samples
(p <0.05). A-C Means with different letters in the column are significantly different between the different varieties
of samples (between non-treated and between the same LAB strain treated samples) (p < 0.05).

Table 6. Essential microelement concentrations of the wholemeal wheat flour samples (non-fermented

flours and fermented baking doughs).

Wholemeal Wheat Essential Microelements, Dry Matter (d.m.)
Samples Cr Mn Fe Cu Zn
mg/100 g mg/kg
Traditional Wheat
‘Gaja’ <0.010 128 +£1.328 248 £212P 219 +£0.222C 6.56 + 0.61 ¥4
‘Gaja’ Pa <0.010 117 £1.228 224 4203C 201 +0.183C 6.46 & 0.59 ¥~
‘Gaja’ Li.u <0.010 117 £1.228 2504232 214 £0.16 € 6.03 + 0.42 ¥AB
‘Gaja’ La.p <0.010 1154+ 1228 24.8 +22238 223 +0.18 2P 621 +0.4234
Waxy Wheat
DS8888-3-6 0.151 +£0.014 2 7.54 +0.71 A 15.6 + 1.4 A 1.14 +0.112AB 551 4 0.55 %A
DS8888-3-6 Pa 0.161 4 0.007 7.77 4 0.80 A 14.6 + 1324 1.27 £0.13 2B 5.81 4 0.57 &7
DS8888-3-6 Li.u 0.145 £ 0.025 2 7.69 +0.92 34 152 4+ 1.7 A 1.23 +0.122AB 5.87 + 0.42 34
DS8888-3-6 La.p 0.158 4 0.014 2 771 £1.0%A 159 + 1.6 24 1.22 +0.192€ 5.74 4 0.53 #A
Blue Wheat
DS8548-7 <0.010 15.6 +1.32C 162 + 1.6 >4 0.973 4 0.097 &4 6.65 + 0.63 #A
DS8548-7 Pa <0.010 154 +1.22C 15.0 + 1.1 24 0.926 + 0.073 #AB 6.73 + 0.50 ¥4
DS8548-7 Li.u <0.010 14.1+1.12€ 16.7 + 1224 0.938 4 0.074 &4 6.38 + 0.51 ¥AB
DS8548-7 La.p <0.010 15.3 £ 1.02€ 16,5 + 1244 0.921 £ 0.071 B 6.43 £ 0.58 ¥AB
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Table 6. Cont.

Wholemeal Wheat Essential Microelements, Dry Matter (d.m.)
Samples Cr Mn Fe Cu Zn
mg/100 g mg/kg
Purple Wheat
DS8535-2 <0.010 17.8 +1.52C 16.6 + 1.7 %A 0.805 + 0.081 A 8.31 +0.79 2B
DS8535-2 Pa <0.010 16.1 +1.32€ 17.3 +£1.8 A8 0.797 + 0.080 A 7.94 + 0.75 ¥AB

DS8535-2 Li.u <0.010 17.9 +1.2P 16.7 + 1.5 %A 0.775 + 0.078 A 7.57 +0.7238
DS8535-2 La.p <0.010 17.4 +1.22€ 17.0 £ 1324 0.764 + 0.070 A 7.54 + 0.61 2B

Pa—fermented with Pediococcus acidilactici; Li.u—fermented with Liquorilactobacillus uvarum; La.p—fermented
with Lactiplantibacillus plantarum. The data are represented as means (1 = 3) & SE. * Means with different letters
in the column are significantly different between the same variety of the non-treated and fermented samples
(p < 0.05). AP Means with different letters in the column are significantly different between the different variety
of samples (between non-treated and between with the same LAB strain treated samples) (p < 0.05).

Non-essential microelement concentrations of the wholemeal wheat cereal samples
(except V, Mo, Ag, Sb, Cs, Ti, Al and Li, whose concentrations were lower than 2, 0.5, 2,
05,2, 2,5 and 0.050 mg/kg, respectively) are shown in Table 7. Wholemeal ‘Gaja’ samples
showed higher concentrations of As and Rb in comparison with wholemeal waxy, blue and
purple wheat flours, in which these microelements were absent. The highest concentration
of Sr was found in wholemeal blue wheat samples (2.58 mg/kg), and the wholemeal ‘Gaja’
samples showed the highest Cd content (0.54 mg/kg). The highest Ba concentration was
found in wholemeal blue wheat samples, and the highest Pb content was disclosed in
purple wheat wholemeal.

Table 7. Non-essential microelement concentrations of the wholemeal wheat flour samples (non-
fermented flours and fermented baking doughs).

Non-Essential Microelements, mg/kg (d.m.)

Whol "
Wheat Samples As Rb Sr cd Ba Pb
Traditional Wheat
‘Gaja’ 0.007 + 0.001 2 144 +0.142 0.963 + 0.091 %A 0.054 + 0.005 *C 2.35 +0.24 A 0.012 + 0.001 @A
‘Gaja’ Pa 0.009 + 0.002 2 1.36 +0.12° 0.976 £ 0.083 >4 0.053 £ 0.006 > 221 £0.19 ¥4 0.014 + 0.002 @A
‘Gaja’ Li.u 0.008 + 0.001 2 1.4140.10° 0.984 4+ 0.074 %A 0.057 + 0.004 *P 233 +£0.22%4 0.013 + 0.001
‘Gaja’ La.p 0.008 + 0.002 143 4+0.11° 0.962 +0.087*A  0.058 =+ 0.005 P 2.36 +0.23 A 0.012 + 0.001 *A
Waxy Wheat
DS8888-3-6 <0.005 <1 1.50 +0.13 2B 0.029 + 0.003 B 22240214 <0.010
DS8888-3-6 Pa <0.005 <1 1.46 +0.1224 0.033 + 0.003 *€ 2.45 +0.25 ¥AB <0.010
DS8888-3-6 Li.u <0.005 <1 142 + 0138 0.035 -+ 0.004 € 22340224 <0.010
DS8888-3-6 La.p <0.005 <1 1.52 +0.14 2P 0.034 + 0.004 > 2.35 + 0.26 A <0.010
Blue Wheat
DS8548-7 <0.005 <1 258 +0.26 0 0.021 + 0.002 @A 2,90 + 0.29 #B <0.010
DS8548-7 Pa <0.005 <1 2,59 £020€ 0.020 + 0.001 P 2.78 + 0.26 *B <0.010
DS8548-7 Li.u <0.005 <1 2.66 +0.19 P 0.022 + 0.001 B 2.83 +0.20 *B <0.010
DS8548-7 La.p <0.005 <1 2630210 0.023 + 0.002 > 2,69 + 0.25 A <0.010
Purple Wheat
DS8535-2 <0.005 <1 2,00 £+ 0.20 2 0.019 + 0.003 4 <2 0.032 + 0.003 *B
DS8535-2 Pa <0.005 <1 1.97 +£0.19 28 0.016 =+ 0.002 #* <2 0.029 + 0.002 *B
DS8535-2 Li.u <0.005 <1 1.90 + 0.14 € 0.017 = 0.003 @A <2 0.031 + 0.003 *B
DS8535-2 La.p <0.005 <1 1.87 +0.172€ 0.016 =+ 0.002 @A <2 0.028 + 0.003 B

Pa—fermented with Pediococcus acidilactici; Li.u—fermented with Liquorilactobacillus uvarum; La.p—fermented
with Lactiplantibacillus plantarum. The data are represented as means (1 = 3) & SE. * Means with different letters
in the column are significantly different between the same variety of the non-treated and fermented samples
(p < 0.05). AP Means with different letters in the column are significantly different between the different variety
of samples (between non-treated and between with the same LAB strain treated samples) (p < 0.05).
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A multivariate test of between-subject effects revealed that the wheat variety was a
significant factor on all the analysed non-essential microelement contents (p < 0.0001) in
wholemeal cereals. This finding can lead to the conclusion that different cereal varieties
present different capacities to accumulate these elements from the environment.

Cereal grains are an important source of macro- and microelements [78]. Macro- and
microelements are essential compounds for human and animal nutrition [79]. The mineral
and trace element contents of many raw plant-based materials are known to be related to
the cultivar and variety of plant, soil and weather conditions, fertilisers used, etc. [80,81].
The levels of some elements can vary in a large range [78]. From the nutritional standpoint,
major attention has been given to the elements Fe, Ca, Cu and Zn [82].

However, other trace elements are also very important, and micronutrient malnutrition
afflicts billions of people [83]. According to World Health Organization (WHO), 46% of
children (from 5 to 14 years-old) have Fe deficiency anaemia, 48% of pregnant women are
Fe deficient [84], and, on average, 200 million people lack essential trace elements [85]. The
food industry tries to solve this problem by the addition of nutrients to food, but they do
not ensure nutrient absorption from the end product [86]. If nutrient-rich wheat cereal grain
can be bred, the problems mentioned above might be solved. It was reported that coloured
wheat grains contain numerous nutrients which are beneficial to human health [87-89],
and black wheat showed higher contents of iron, zinc, manganese, copper, selenium,
magnesium, potassium and phosphorus when compared to traditional ones [90]. Likewise,
organic chromium content in black wheat was, on average, four times higher in comparison
with traditional ones [90]. Correspondingly, it was reported that Se concentration in purple
wheat is higher than in control by, on average, 173.6% [83].

Finally, the determination of the nutrient content in cereals, such as essential ele-
ments, is necessary to perceive their dietary intake. Calcium is an element in bone tissues.
Potassium and Na play an important role in maintaining osmotic pressure and in the
transmission of nervous impulses, and Mg is a cofactor in more than 300 enzymatic reac-
tions. Trace elements (Fe, Cu, Co, Zn, Mn, Mo) are also needed for the proper functioning
of the organism but are required in smaller quantities [91-95]. These trace elements are
involved in numerous biological processes: Fe is involved in oxygen transport, Co is an
element forming part of cobalamin or vitamin B12, and Mo, Mn, Zn or Cu are components
in many enzymes [96-98]. This study, considering the importance of cereals in the diet,
demonstrates the importance of creating databases of new wheat varieties, which can be a
good source of micro- and macroelements in human and animal diets.

3.4. Fatty Acid Composition of Wholemeal Wheat Flour Samples

Fatty acid composition (expressed as a percentage of the total fatty acid content) of
the wholemeal wheat cereal samples is given in Table 8. Moreover, the detailed fatty acid
profile is given in Supplementary Table S1. A detailed fatty acid profile of the wheat cereal
wholemeal samples is in the heatmap of Figure 3.

The highest saturated fatty acids content was found in wholemeal blue wheat flour
(38.14% from the total fatty acid content) when comparing the non-fermented samples.
Nonetheless, in most of the cases, fermentation reduced the saturated fatty acid content of
wholemeal wheat samples—except wholemeal waxy and purple wheat fermented with
Lactiplantibacillus plantarum and wholemeal blue wheat fermented with Liquorilactobacillus
uvarum. A multivariate test of between-subjects effects showed that the LAB strain used
for fermentation, wheat variety and the interaction of these factors were significant in the
saturated fatty acid content of wholemeal wheat cereals (p < 0.0001).
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Table 8. Fatty acid composition (% from the total fatty acid content) of the wholemeal wheat flour
samples (non-fermented flours and fermented baking doughs).

Whol 1 Fatty Acid Composition, % from the Total Fatty Acid Content

Wheat Samples SFA MUFA PUFA Omega-3 (w-3) Omega-6 (w-6) Omega-9 (w-9)
Traditional Wheat
‘Gaja’ 29.85+0.09%4  16.07 +0.08*B 5408 +£025°  3224+006**  50.86+032°C  16.07 £ 0.11 24
‘Gaja’ Pa 26.38 +0.06°C 1751 £0.05PC 5611 +02198F 448+ 011°C  51.63+02998 1751 4 0.06 >C
‘Gaja’ Li.u 2631+ 0.04°C 21344012 5235401708 11.8540239P 4050+ 02524  21.34 4 0.14 %P
‘Gaja’ La.p 2473 +0.11%A 2484401490 5044 4+0222C  620+£010°° 4424 +023PB 24844 0.139P
Waxy Wheat

DS8888-3-6 3454+ 0129C 1654 +0.11°C 48924+ 011°C 339+ 0.09PF 45534+ 026PF 1654 4 0.14PB

DS8888-3-6 Pa
DS8888-3-6 Li.u
DS8888-3-6 La.p

22264 0.08>A 1510+ 0.1024 6264 +023°° 478 +011°P 5786 +0.199P 1510 +0.1324
21.06 +0.1424 1523 +0.1224 6371 £0359P 818+ 0.149C 5552+ 0229C 1523 +0.1024
3773402590 2391+£0.15°C 3837 +028%A 217+0.08*A 3620+ 0.14>* 2391 +0.19°C

Blue Wheat

DS8548-7
DS8548-7 Pa
DS8548-7 Li.u
DS8548-7 La.p

3814 +£032°P 16814 022°C 4504 +£026PA  346+0.13°F 4158 +02132  16.81 +0.14 B
2477 +0.18*8 1631 +0.12P8  5892+0339C  380+0.0998  5512+019°C 1631 +0.12B
3897 +£0.159P 1723 +0.0998 4380 +0.19>4 253+0.07>A 4127 +022°8 1723 +0.1598
33.87 +0.12°8  1512+£0.10%4 51.02+0.17°P 290+ 0.14>B 4811+ 025PC 1512+0.10>4

Purple Wheat

DS8535-2
DS8535-2 Pa
DS8535-2 Li.u
DS8535-2 La.p

3201 4+0.03%F 2133 +0.13%" 4666 +0.15°F 471 4+015°C  4195+0.15%A  21.33 +0.11C
3199 +0.14PP 22384+ 0.099P 4563 +0212A 280 +0.10>A  42.83+0.22PA 22384013 9P
21.86 +0.1228 1916 £0.15>C 5899 +0.169C 373 +0.09PB 5526 4+0.319C  19.15+0.18 >C
34304+ 0249C 1798 01328 477240328 366+ 0.07PC 4406+ 0148  17.98 +0.152P

Pa—fermented with Pediococcus acidilactici; Li.u—fermented with Liquorilactobacillus uvarum; La.p—fermented
with Lactiplantibacillus plantarum. SEA—saturated fatty acids, MUFA—monounsaturated fatty acids, PUFA—
polyunsaturated fatty acids. The data are represented as means (1 = 3) + SE. a-d Means with different letters in the
column are significantly different between the same variety of the non-treated and fermented samples (p < 0.05).
A-D Means with different letters in the column are significantly different between the different variety of samples
(between non-treated and between with the same LAB strain treated samples) (p < 0.05).
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Figure 3. Fatty acid profile of the wholemeal wheat flour samples (non-fermented flours and fer-
mented baking doughs). Pa—fermented with Pediococcus acidilactici; Li.u—fermented with Liquorilac-
tobacillus uvarum; La.p—fermented with Lactiplantibacillus plantarum.
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Different tendencies of the monounsaturated fatty content were obtained. In addition,
when comparing non-fermented samples, the highest content was displayed in wholemeal
purple wheat samples (21.33% from the total fatty acids content). However, after fermenta-
tion with Lactiplantibacillus plantarum and Liquorilactobacillus uvarum, the monounsaturated
fatty content in wholemeal purple wheat was reduced. Conversely, in samples fermented
with Pediococcus acidilactici, an increase in monounsaturated fatty acid content was detected.
Furthermore, fermentation with any of the tested LAB strains increased monounsatu-
rated fatty acid content in wholemeal ‘Gaja” wheat cereal. Moreover, it also increased
monounsaturated fatty acid content in wholemeal waxy wheat cereal samples fermented
with Lactiplantibacillus plantarum, in wholemeal blue wheat cereal samples fermented with
Liquorilactobacillus uvarum fermented, and, finally, in wholemeal purple wheat cereal sam-
ples fermented with Pediococcus acidilactici. A multivariate test of between-subjects effects
showed that the type of LAB strain used for fermentation and its interaction with the
wholemeal wheat variety had a significant effect on the monounsaturated fatty acid content
of wholemeal wheat flours (p = 0.038).

When analysing polyunsaturated fatty acids in non-fermented samples, the highest
content was found in wholemeal ‘Gaja” wheat cereal. In turn, in fermented samples, dif-
ferent tendencies were established, and, in most of the cases, fermentation increased the
polyunsaturated fatty acid content of wholemeal wheat cereal samples, viz.: in wholemeal
‘Gaja’, waxy and blue wheat cereal samples fermented with Pediococcus acidilactici; in whole-
meal waxy and purple wheat cereal samples fermented with Liguorilactobacillus uvarum; and
in wholemeal blue and purple wheat cereal samples fermented with Lactiplantibacillus plan-
tarum fermented. However, analysed factors were not significant in the polyunsaturated
fatty acid content of wholemeal cereal samples.

Comparing the omega-3 (w-3), omega 6 (w-6) and omega 9 (w-9) content, fermentation
reduced w-3 content in wholemeal waxy, blue and purple wheat cereal samples fermented
with Lactiplantibacillus plantarum, as well as in wholemeal blue and purple wheat cereal
samples fermented with Liquorilactobacillus uvarum, and in wholemeal purple wheat cereal
samples fermented with Pediococcus acidilactici. A lower content of w-6 after fermentation
was found in wholemeal ‘Gaja’ and blue wheat cereal samples fermented with Liquori-
lactobacillus uvarum, and in wholemeal ‘Gaja” and waxy wheat cereal samples fermented
with Lactiplantibacillus plantarum. Moreover, fermentation with Lactiplantibacillus plantarum
reduced w-9 content in both wholemeal colored wheat samples; fermentation with Pedio-
coccus acidilactici and Liquorilactobacillus uvarum reduced w-9 content in wholemeal waxy
wheat; and finally, fermentation with Pediococcus acidilactici and Liquorilactobacillus wvarum
was a significant factor on reducing w-9 content in wholemeal blue and purple wheat
samples, respectively. Multivariate test of between-subjects effects showed that the LAB
strain used for fermentation and its interaction with wholemeal wheat variety interaction
was significant on w-6 content of wholemeal wheat cereal samples (p < 0.050). However,
analysed factors and their interaction were not significant on w-3 and w-9 concentrations
of wholemeal cereal samples.

When analysing the content of individual fatty acids in wholemeal wheat samples,
the results unveiled that the dominant fatty acids in all wholemeal wheat cereal samples
were linoleic acid (C18:2), palmitic acid (C16:0), octadec-9-enoic acid (C18:1 cis, trans),
stearic acid (C18:0) and «-linolenic acid (C18:3 «) (Figure 3). Moreover, fermented samples
revealed a wider variety of individual fatty acids. In most of the fermented samples,
tetradecanoic acid (C14:0) was formed, with the highest content observed in DS8548-7
Li.u wholemeal samples (2.24% of the total fatty acid content). Moreover, six fermented
samples showed, in their fatty acid profile, the presence of palmitoleic acid (C16:1), and
the highest concentration of C16:1 was found in DS8888-3-6 La.p cereal wholemeal (0.682%
from the total fatty acid content). Cis-5,8,11,14-eicosatetraenoic acid (C20:4) accounted for
just 4 out of 16 analysed wholemeal samples, and its content ranged from 0.051 to 0.527%
of the total fatty acid content (in DS8888-3-6 Pa and DS8888-3-6 La.p, respectively). Cis-
13-docosenoic acid (C22:1) (4.88% from the total fat content) and cis-15-tetracosenoic acid
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(C24:1) (0.367% from the total fat content) were formed just in ‘Gaja’La.p samples. Moreover,
tricosanoic acid (C23:0) was just found in ‘Gaja’Pa and DS8888-3-6 La.p wholemeal cereal
samples (0.628 and 1.17% from the total fatty acid content, respectively). Multivariate
test of between-subjects effects showed that the type of LAB strain used for fermentation
was a significant factor on the concentrations of C14:0, C16:1, C18:0, C18:2, C20:4, C22:1,
C23:0 and C24:1 in wholemeal cereals (p < 0.0001, p < 0.0001, p = 0.034, p = 0.023, p < 0.0001,
p <0.0001, p <0.0001, p < 0.0001, respectively). Moreover, wholemeal wheat variety was a
significant factor on the content of C14:0, C16:1, C18:3 «, C20:1, C20:4, C22:1, C23:0 and
C24:1 (p < 0.0001, p < 0.0001, p = 0.002, p < 0.0001, p < 0.0001, p < 0.0001, p < 0.0001 and
p <0.0001, respectively). However, the interaction of LAB strain and wheat variety was
significant on the concentrations of C14:0, C16:1, C18:0, C18:2, C18:3 «, C20:1, C20:4, C22:1,
C23:0 and C24:1 in wholemeal wheat samples (p < 0.0001, p < 0.0001, p = 0.004, p < 0.0001,
p <0.001, p <0.0001, p < 0.0001, p < 0.0001, respectively).

It was reported that cereal grains are rich in unsaturated fatty acids as well as are
a good source of essential polyunsaturated fatty acids (namely, linoleic and linolenic
acids) [99]. Wheat lipids also contain saturated fatty acids [palmitic (20.5%) and stearic
acids (1.5%)]. The fatty acids composition of wheat grain makes from a nutritional point of
view the cereals balanced foodstuffs [99].

Dominant unsaturated fatty acids in wheat are C18:2, C18:1, C18:3 and C16:1 (which
includes two essential ones to know: linoleic and linolenic acids) [99]. Essential fatty acids
are involved in many metabolic processes, including cholesterol metabolism [100-102].
The fatty acid profile of wheat is dependent on many factors, including genetics [103],
environmental conditions and agronomic practices [100,103,104]. It was reported that
durum and hard red wheat have a higher lipid content and distinct fatty acid profile in
comparison with soft white wheat [99]. Moreover, cold weather can increase the total lipid
concentration and the unsaturated fatty acid content in wheat cereal grains [105]. Bottari
et al. reported more than 60 fatty acids in wheat cereal, with even numbers of carbon
atoms from C12 to C30 as well as C15 and C17. The major fatty acids were saturated
and unsaturated C16 and C18 and, particularly, C16:0, C18:1 and C18:2, which together
represented around 90% of the total [106]. However, the main fatty acids in wheat cereals
are C16:0, C18:0, C18:1, C18:2 and C18:3, and other fatty acid contents represent, on average,
1-2%. The differences in wheat fatty acid profile reported in different studies are explained
by the different genetic, climatic and agronomical conditions, as well as the interaction
between genotype x year X treatment as the main factor towards the variability of the
fatty acid concentration observed in durum wheat samples [104]. Armanino et al. reported
that the fatty acid profile of durum wheat is influenced by the cultivar [103]. In addition,
variation in saturated and unsaturated fatty acids within the same wheat cereal grain variety
can be obtained, and both biotic and abiotic stresses are related to these differences [105,107].
Finally, the fatty acid composition and level of unsaturation also vary according to the type
of cereal, for example, when comparing maize and rye flours [108-112]. Regarding the
fatty acid content, this study showed that in addition to the wheat variety, the process of
fermentation is a significant factor on most of the fatty acid content in wholemeal wheat
cereal grain. Finally, the changes of fatty acid profile during the biotechnological processes
should also be taken into consideration to achieve the best technological and nutritional
characteristics of the cereal-based end product.

4. Conclusions

Although coloured wheat grain has attracted attention due to its anti-inflammatory, an-
timicrobial and other desirable biological activities, the reported data, especially about the
impact of fermentation, are still scarce. Therefore, this work contributes to the knowledge
of the impact of LAB (Pediococcus acidilactici, Liquorilactobacillus uvarum and Lactiplantibacil-
lus plantarum) fermentation on acidity, microbiological and colour traits, fatty and amino
acid profiles, gamma-aminobutyric acid and biogenic amine concentrations, macro- and
microelement contents in wholemeal cereal grains of ‘Gaja’ (traditional wheat) and new
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breed lines DS8888-3-6 (waxy wheat), DS8548-7 (blue wheat) and DS8535-2 (purple wheat).
As our study indicated, due to the good viability of LAB and obtained low pH values in
tested samples, all wholemeal wheat varieties were an appropriate substrate for fermenta-
tion with selected LAB strains. In most of the samples, essential amino acids and GABA
content significantly increased after fermentation, while wholemeal ‘Gaja’ and waxy wheat
samples contained the most GABA (on average, 2.47 umol/g). The content of macro- and
microelements depended on the wheat variety, while most of the fatty acids in wholemeal
cereal grains were significantly affected by the fermentation. In addition to the improved
nutritional value of fermented wholemeal wheat flours, some safety aspects, such as the
formation of biogenic amines, should be pointed out in the production process, as the total
levels of biogenic amines in tested samples ranged from 22.7 (in non-fermented DS8888-3-6)
to 416 mg/kg (in DS8548-7 fermented with Lactiplantibacillus plantarum). The results of this
study are beneficial for agri-food and feed industries since it gives information on the effect
of fermentation on the final characteristics of cereal-based products.
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Simple Summary: Nowadays, consumers are looking for higher functional value products that
can meet the nutritional requirements of functional compounds. Wheat is the most important
crop in the world, and to improve its functional properties, colored wheat has become a very
attractive option. However, most of the valuable compounds of the wheat cereal (including colored)
are located in the outer layer of the cereal. From this point of view, application of non-refined
(wholemeal) flour became very important. The aim of this study was to analyze and compare
physico-chemical and microbiological parameters of the nontreated ‘Ada’, ‘Sarta’, and new breed
blue and purple wholemeal wheat lines with those fermented with lactic acid bacteria (LAB) strains
(Pediococcus acidilactici, Liquorilactobacillus uvarum, Lactiplantibacillus plantarum). It was found that
all of the used LAB strains are suitable for the tested wheat wholemeal fermentation. However,
most of the analyzed parameters were influenced by the wheat variety, the type of LAB used for
fermentation, and their interaction. Despite the fact that fermented wheat wholemeal showed a large
number of viable LAB, good acidification rates, and a more diverse volatile compound profile. further
studies are needed to indicate the technological parameters that lead to the lowest BA formation and
mycotoxin degradation.

Abstract: The aim of this study was to analyze and compare the acidity, microbiological, and
chromaticity parameters; fatty acid (FA) and volatile compound (VC) profiles; and biogenic amine
(BA), macro- and microelement, and mycotoxin concentrations in nontreated ‘Ada’, ‘Sarta’, and new
breed blue (DS8472-5) and purple (DS8526-2) wheat lines wholemeal (WW) with those fermented with
lactic acid bacteria (LAB) possessing antimicrobial /antifungal properties, isolated from spontaneous
sourdough: Pediococcus acidilactici-LUHS29, Liquorilactobacillus uvarum-LUHS245, Lactiplantibacillus
plantarum-LUHS122). All the fermented WW showed >8.0 log;9 CFU/g of LAB count, and the type of
LAB was a significant factor in the WW acidity parameters. Phenylethylamine was the predominant
BA in WW, and the wheat variety (WV), the type of LAB, and their interaction were significant factors
on the BA formation. Despite the fact that some differences in trace element concentrations in WW
were obtained, in most of the cases fermentation was not a significant factor in their content. The
main FAs in WW were palmitic acid, all-cis, trans-octadecenoic acid, and linoleic acid. Fermented WW
showed a more diverse VC profile; however, the influence of fermentation on deoxynivalenol in WW
was varied. Finally, further studies are needed to indicate the technological parameters that would be
the most effective for each WV, including the lowest BA formation and mycotoxin degradation.

Biology 2022, 11, 966. https:/ /doi.org/10.3390/biology11070966
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1. Introduction

Wheat is the most important food and feed crop in the world [1]. It provides many
beneficial nutrients (vitamins B and E; minerals iron and zinc; various phytochemicals,
etc.) [2]. The grains of traditional wheat (T. aestivum) varieties are amber in color; however,
nowadays, colored wheat grain has become a very attractive option because of the higher
content of anthocyanins and other phytochemicals [3,4], which provide numerous health
benefits [3,5,6]. Also, the antimicrobial activity of these valuable compounds against dif-
ferent Gram-positive and Gram-negative human pathogens could be very promising [7,8].
However, on the other hand, antimicrobial compounds could influence the fermentation
process, which is the main technological step in sourdough bread preparation. For this
reason, in this study, in addition to the traditional wheat variety (‘Ada’), the waxy wheat
variety (‘Sarta’), and new breed lines of the colored wheat (blue wheat DS8472-5 and purple
wheat DS8526-2) for wheat wholemeal (WW) sourdough preparation were tested.

Despite the fact that larger amounts of whole grain products are recommended in
the human diet [9-12], there are many challenges associated with the technological and
safety characteristics of such types of products. To improve the technological and safety
characteristics of WW, fermentation with selected lactic acid bacteria (LAB) strains could
be suggested. Also, our previous studies showed that a combination of extrusion and
fermentation technologies for wheat bran pre-treatment could be a very attractive solution
for the reduction of biogenic amines (BAs) and mycotoxins [13,14].

Opverall, sourdough is a mixture consisting mainly of cereal grain flour and water fer-
mented by a heterogeneous microbiota, with predominantly LAB and yeast strains [15,16].
However, characteristics of spontaneous sourdough are dependent on many factors (con-
tamination of flour, environment, etc.). In addition, when WW is used, higher contam-
ination of the outer layer should be taken into consideration. For this reason, the use
of selected LAB starter cultures, which possess antifungal and antimicrobial properties
and/or are capable of degrading mycotoxins, could be very promising. Also, during the
sourdough fermentation process, enzymatic and microbial changes lead to the formation
of various volatile compounds (VCs) that improve the overall acceptability of the cereal
products [17,18]. However, studies regarding the sourdough VCs are scarce [19]. The
acidification properties, microbiological characteristics, and VC production are interesting
properties of the sourdough, and the selection of LAB starters has become important to
improve the technological properties of cereal products.

Factors affecting sourdough fermentation include microbial diversity, fermenta-
tion conditions, and flour composition [20]. In this study, four wheat varieties (‘Ada’,
‘Sarta’, new breed lines of the colored wheat known as blue wheat DS8472-5 and purple
wheat DS8526-2), and three LAB strains (Pediococcus acidilactici, Liquorilactobacillus uvarum,
Lactiplantibacillus plantarum) possessing antimicrobial properties were tested for WW sour-
dough preparation. The antimicrobial and antifungal properties as well as the metabolic
capacity to ferment a large number of carbohydrate sources were taken into consideration
in the selection of LAB strains for sourdough preparation [21].

Despite the fact that fermented wheat products are associated with many health
benefits [22-26], it should be pointed out that lactofermentation is also associated with
the formation of biogenic amines (BAs), which are toxic nitrogenous bases formed by
the decarboxylation of amino acids. The tolerance ranges of some BAs have been sug-
gested: histamine, 50-100 mg/kg; tyramine, 100-800 mg/kg; and 2-phenylethylamine,
30 mg/kg [27,28]. Presently, for putrescine and cadaverine, no toxic concentrations were
available [29]. However, spermine and spermidine increases the toxicity of histamine and
tyramine [30]. For this reason, analysis of the BAs of the prepared sourdoughs in this study
was included.
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In addition, the fatty acid (FA) profile of the prepared sourdoughs was analyzed.
It was reported that hydroxy FAs produced by sourdough LAB exhibit antifungal activ-
ity [31], which is related to the increase in the fungal membrane permeability [31]. Also,
when sourdough is prepared from cereal bran and /or WW, both the antifungal and my-
cotoxin degradation properties of the used LAB starters for sourdough preparation are
very important. Despite the fact that aflatoxins B1, B2, G1, and G2 are the most important
known carcinogenic mycotoxins [16], in addition to regulated mycotoxins, emerging and
masking mycotoxins should be controlled. Emerging toxins are a group of mycotoxins
for which no regulations exist at the present [32]. The clinical observations in animals in
some cases of mycotoxicosis did not correlate with the low mycotoxin content determined
in the corresponding feed [33]. The unexpectedly high toxicity has been attributed to
undetected conjugated forms of mycotoxins that were possibly hydrolyzed in vivo [32].
Our previous studies showed that cereal pre-treatment by using fermentation with selected
LAB strains could lead to the better detoxication of some mycotoxins in vivo [34]. Finally,
biocontrol of mycotoxins by LAB could be an important factor to reduce their risks during
food fermentation.

The aim of this study was to analyze and compare the acidity, microbiological, and
chromaticity parameters; fatty acid (FA) and volatile compound (VC) profiles; and bio-
genic amine (BA), macro- and microelement, and mycotoxin concentrations in nontreated
and fermented (with antimicrobial/antifungal properties possessing LAB strains, iso-
lated from spontaneous sourdough: Pediococcus acidilactici-LUHS29, Liquorilactobacillus
wvarum-LUHS245, Lactiplantibacillus plantarum-LUHS122) ‘Ada’, ‘Sarta’, and new breed
blue (DS8472-5) and purple (DS8526-2) wheat lines WW. Also, this study will contribute to
the creation of the database of the grain chemical composition of the new breed wheat lines.

2. Materials and Methods
2.1. Wheat and Lactic Acid Bacteria Strains Used in the Experiments and Wheat Wholemeal
Preparation and Fermentation

The principal scheme of the experiment is given in Figure 1. The grains of wheat
varieties ‘Ada’ (traditional wheat), ‘Sarta’ (waxy wheat), and new breed lines DS8472-5
(blue wheat) and DS8526-2 (purple wheat) were provided by the Institute of Agriculture,
Lithuanian Research Centre for Agriculture and Forestry (LAMMC, Akademija, Kédainiai
distr., Lithuania). Field trials were conducted during 2020-2021 at the experimental base
of the LAMMC in Akademija, Kédainiai distr., Lithuania (55°39’ N 23°57’ E). Field ex-
periments were designed in four replications (plot size 5 x 1.6 m), and each replication
was grown in a separate block, where the field plots were randomly arranged. The tri-
als were conducted under a sustainable growing technology. The soil was light loam
Endocalcari-Epihypogleyic Cambisol. Topsoil (0-30 cm) pH was low acid (5.5), close to
low in humus (1.6%), high in available phosphorus (251 mg/kg P»0Os), and moderate in
available potassium (175 mg/kg K,O). Winter wheat was sown with treated seeds at the
seed rate of 4.5 million ha™! in the beginning of the 10th of September (2020) after the black
fallow. Complex mineral fertilisers (N15P50K109) were applied in the entire experimental
field before sowing. Nitrogen fertilisers (ammonium nitrate) were applied after resumption
of spring vegetation (on the 8 April 2021) and when plants reached the stem elongation
stage (on the 4 May 2021). The rate of Njgo430 was used. Weeds were controlled by the rec-
ommended herbicides in the autumn and spring. Yield was harvested on the 21 July 2021.
The elevation of the experimental area is 82 m above sea level, belongs to the mid-latitude
climate zone in the southwestern subregion of the Atlantic continental forest area. Accord-
ing to the data of the local Dotnuva Meteorological Station (55°23'49.0” N 23°51'55.0" E),
the climatic conditions were characterized by the long-term (1924-2021) average annual
temperature of 6.5 °C and precipitation of 570 mm. Both experiment growing seasons,
especially the spring—summer period, were warmer (2.3 °C ). In addition, the 2020-2021
growing season was dryer than the long-term average. The autumn of 2020 was warmer
and dryer than usual. The winters were quite hard, and thick snow cover protected the
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St I 25 PR B : / samples (100g
‘Ada’ (traditional ‘Sarta’ (waxy Hybrid line DS8472-5  Hybrid line DS8526-2 of wheat
wlﬁeat) wheat) (blue wheat) (purple l\l\rlleat) wholemeal and

plants from cold damage but provoked intense development of snow mold. The spring
meteorological conditions were variable—March was warmer and dryer, April was colder
and dryer, and May was extremely cold and wet as precipitation was twice as much. The
drought period was recorded from the middle of June to the end of July. June and July were
warmer by 3.1 °C and 4.7 °C, respectively. The first part of July was warmer by 6.5 °C; this
affected the rapid maturation of plants, which formed small grains. A wheat wholemeal
(WW) was prepared by milling wheat grains (moisture content of the wheat was 14%)
with Laboratory Mill 120 (Perten Instruments AB, Stockholm, Sweden) until the particles
size was 1-2 mm. The moisture content of the grain was determined by using Infratec™
1241 Grain Analyser (FOSS, Foss Allé DK-3400, Hilleroed, Denmark).

Control

60 mL water):

L] 1
Milling (particle size 1-2 mm) ‘Ada’, ‘Sarta’
Jl ’ ’

Wheat wholemeal (100 g), water (60 mL), suspension of lactic acid bacteria strain
(3% of dry matter of the wheat wholemeal mass) containing 8.7 log;y CFU/mL

DS8472-5,
DS8526-2

‘Ada’yasas Fermentation at - ‘Ada’ yus
‘Sarta’ with 30+2°C for 24 P with ‘Sarta’

JEeRe = LUHS245 strain h in anaerobic LUHS29 strain=| LU
DS8472-5; ursass conditions DS8472-5 ypsa0
DS8526-2 ynisass DS8526-2 yns2e

with LUlisnz strain
‘Ada’Lunsiz
‘Sarta’tynsiz
DS8472-5; yys122
DS8526-2 ynsiz;
:
A total of 16 1 1 of acidity, microbiological and ch ticity ch istics, determination of biogenic amine content,

analysis of macro- and microelements, evaluation of fatty acid and volatile compounds profile, analysis of emerging and masking mycotoxins

Figure 1. The principal scheme of the experiment (Pediococcus acidilactici LUHS29, Liquorilactobacillus
uvarum—LUHS245, and Lactiplantibacillus plantarum—LUHS122).

The LAB strains Pediococcus acidilactici LUHS29, Liquorilactobacillus uvarum-LUHS245,
and Lactiplantibacillus plantarum-LUHS122, were used for WW fermentation. The LAB
strains were obtained from the Lithuanian University of Health Sciences (Kaunas, Lithua-
nia). Our previous studies showed, that the LUHS122 strain ferment 28, LUHS245—23, and
LUHS183—20 out of 47 tested carbohydrates; LUHS122 and LUHS183 showed tolerance
to 30, 37, and 45 °C and LUHS122 to 30 and 37 °C; the concentration of viable cells after
2 h incubation at pH 2.5 for LUHS122 was 5.72 4 0.2 logjg CFU/mL, for LUHS245 was
7.55 £ 0.2 logip CFU/mL, for LUHS183 was 3.20 + 0.2 logjo CFU/mL [21].

Before the experiments, the LAB strains were stored at —80 °C (Microbank system,
Pro-Lab Diagnostics, Birkenhead, UK) and multiplied in de Man-Rogosa-Sharpe (MRS)
broth (Oxoid Ltd., Hampshire, UK) at 30 + 2 °C for 24 h, before using them in the WW
fermentation. The WW, water, and a suspension of LAB strain (3% of dry matter of the WW
mass) containing 8.7 logjg CFU/mL were fermented at 30 + 2 °C for 24 h in a chamber
incubator (Memmert GmbH + Co. KG, Schwabach, Germany). For 100 g of WW, 60 mL of
water was used. Nonfermented WW samples were analyzed as a control.
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2.2. Evaluation of Acidity, Microbiological, and Chromaticity Characteristics of Wheat
Wholemeal Samples

The pH of WW was measured using a pH electrode (PP-15; Sartorius, Goettingen,
Germany). The total titratable acidity (TTA) was evaluated for a 10 g WW sample mixed
with 90 mL of water; results were expressed as mL of 0.1 mol/L NaOH solution required
to achieve a pH value of 8.2. The LAB count was determined according to the method
described by Bartkiene et al. [35]. The chromaticity characteristics of WW were evaluated
on the WW surface using a CIE L*a*b* system (CromaMeter CR-400, Konica Minolta,
Japan). The results were expressed as the CIE color values L* (brightness/darkness),
a* (redness/greenness), and b* (yellowness /blueness).

2.3. Determination of the Biogenic Amine Content in Wheat Wholemeal Samples Nonfermented
and Fermented with Different Lactic Acid Bacteria Strains

The extraction and determination of BA in nonfermented and fermented WW followed
the procedures developed by Ben-Gigirey et al. (1999) [36]. Perchloric acid (0.4 mol/L,
10 mL) containing a known amount of 1,7-diaminoheptane as an internal standard was
added to 3 g of sample, and the mixture was homogenized with Ultra-Turrax apparatus
(IKA Labortechnik, Staufen, Germany) and centrifuged at 3000 g for 10 min. The residue
was extracted again with an equal volume of 0.4 mol/L perchloric acid. Both supernatants
were combined, and the final volume was adjusted to 30 mL with 0.4 mol/L perchloric acid.
The extract was filtered through Whatman No. 1 paper filter. One mL of extract or standard
solution was mixed with 200 mL of 2 mol/L NaOH solution and 300 mL of saturated
NaHCOj3 solution. A 10 mg/mL solution of 5-(dimethylamino)naphthalene-1-sulphonyl
chloride (dansyl chloride) (2 mL) in acetone was added to the mixture and incubated at
40 °C for 45 min. Residual dansyl chloride was removed by the addition of 25 mg/L
aqueous ammonia solution (100 mL). After incubation at room temperature for 30 min,
the mixture was adjusted to 5 mL with acetonitrile. Finally, the mixture was centrifuged
at 3000x g for 5 min, the supernatant was then filtered through a 0.2 um filter (Millipore,
Bedford, MA, USA) and stored at 25 °C until HPLC analysis.

An Agilent 1200 HPLC system (Carlsbad, CA, USA) equipped with a diode array
detector and Chemstation LC software was employed in combination with a Chromolith
C1g HPLC column (100 mm x 4.6 mm x 4 pm, Merck KGaA /EMD Chemicals, Darmstadt,
Germany). Ammonium acetate (0.1 mol/L) and acetonitrile were used as the mobile phases
at the flow rate of 0.45 mL/min. The injected sample volume was 10 uL and the amines
were monitored at 254 nm wavelength. The detection limits for standard amine solutions
were approximately 0.1 mg/kg.

2.4. Analysis of Macro- and Microelements of Wheat Wholemeal Samples Nonfermented and
Fermented with Different Lactic Acid Bacteria Strains Using Inductively Coupled Plasma Mass
Spectrometry (ICP-MS)

For macro- and microelement analysis in WW samples, an Agilent 7700x ICP-MS
(Agilent Technologies, Tokyo, Japan) and software MassHunter Work Station for ICP-
MS, version B.01.01 (Agilent Technologies, Tokyo, Japan) were used. The samples were
milled and homogenized (final particle size < 150 um). For the analysis the following
chemicals were used: nitric acid (concentration > 69.0%), for trace analysis (Saint Quentin-
Fallavier, Sigma—-Aldrich, Saint Quentin-Fallavier, France), hydrogen peroxide, 30% w/w
(weight/weight), extra pure (Scharlau, Barcelona, Spain), multielement standard solution
V for ICP-MS calibration (Sigma—Aldrich, France). Agilent 7700x ICP-MS (Agilent Tech-
nologies, Tokyo, Japan), software MassHunter Work Station for ICP-MS, version B.01.01
(Agilent Technologies, Tokyo, Japan) were used for analysis. Sample preparation for ICP-
MS analysis was carried out as follows: 0.3 g of the WW was accurately weighed in a
microwave vessel; then, 2 mL of de-ionized water, 8 mL of concentrated nitric acid, and
2 mL of concentrated hydrogen peroxide were added. This was left for 2-8 h for reaction
stabilization until the formation of bubbles was finished. The vessel was sealed and heated
in the microwave system. The following thermal conditions were applied: 150 °C was
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reached in approximately 20 min and remained for 30 min, and then 200 °C was reached
in approximately 20 min and remained for 30 min for the completion of specific reactions.
After cooling (approximately 40 min), the prepared solution was filtered through the filter
with a pore size 8-10 um. The solution was transferred to the 50 mL volumetric flask and
filled with water to 50 mL volume. The following operating conditions of Agilent 7700x
ICP-MS were used for the analysis of the samples: plasma mode—normal, robust; RF
forward power 1300 W; sampling depth 8.00 mm; carrier gas flow 0.6 L/min; dilution
gas flow 0.4 L/min; spray chamber temperature 2 °C; extraction lens 1 V; kinetic energy
discrimination 3 V.

2.5. Fatty Acid Composition Analysis

The fatty acid (FA) composition of the WW samples was determined using GCMS-
QP2010 (Shimadzu, Kyoto, Japan) gas chromatograph with a mass spectrometer. The fatty
acid methyl esters (FAME) concentration was determined using a calibration curve and
results were expressed as the percentage of total FAME concentration in the sample. The
sample was prepared by homogenizing 1 g of WW sample in 5 mL of 30% (w/v) NaCl
solution. Next, 5 mL of hexane were added. The mixture was shaken on a laboratory
shaker for 1 h. The mixture was centrifuged at 4000 rpm. Afterwards 4 mL of the hexane
extract were reacted with 300 uL of methylation reagent (2 mol/L of KOH in methanol) by
vortexing and shaking using a laboratory shaker for 1 h. The mixture was centrifuged at
4000 rpm and the upper layer was filtered using a 0.22 um membrane syringe filter and
used for the analysis. Capillary Stabilwax-MS column (30 m x 0.25 mm ID x 0.25 um film
thickness. Mass spectrometer operated at full scan mode. Analyte was injected in split
mode at 1:60 split ratio. The following parameters were used: MS ion source temperature:
240 °C, MS interface temperature 240 °C, helium (carrier gas) flow: 0.90 mL/min, injector:
240 °C, oven temperature 50 °C (4 min), 10 °C/min to 110 °C (1 min), 15 °C/min to 160 °C
(2 min), 25 °C/min to 195 °C (1 min), 2 °C/min to 230 °C (1 min), 2 °C/min to 240 °C
(12 min).

2.6. Evaluation of Volatile Compound Profile

The VCs of the WW samples were analyzed by gas chromatography-mass spectrome-
try (GC-MS). A solid phase microextraction (SPME) device with a Stableflex™ fibre coated
with a 50 um PDMS-DVB-Carboxen™ layer (Supelco, St. Louis, USA) was used for the
analysis. A WW sample was weighed and blended with an aqueous NaCl solution (30%
w/v) in a ratio of 1 g of WW to 3 mL of NaCl solution. For headspace extraction, 8 g of
prepared sample was transferred to the 20 mL extraction vial, sealed with a polytetrafluo-
roethylene septum, and thermostatted at 60 °C for 15 min before exposing the fibre in the
headspace. The fibre was exposed to the headspace of the vial for 10 min and desorbed in
an injector liner for 2 min (splitless injection mode). Prepared samples were analyzed with
a GCMS-QP2010 (Shimadzu, Kyoto, Japan) gas chromatograph and mass spectrometer.
The following conditions were used for the analysis: injector temperature of 250 °C, ion
source temperature of 220 °C, interface temperature of 260 °C. Helium was used as the
carrier gas at a flowrate of 0.95 mL/min. A Stabilwax-DA capillary column (0.25 mm ID,
0.25 pm film thickness, 30 m length (Restek, Bellefonte, PA, USA)) was used for the analysis.
The temperature gradient was programmed from a starting temperature of 40 °C (3 min
hold) to 220 °C (6 °C/min) to 250 °C (10 °C/min) (6 min hold). The VCs were identified
according to mass spectrum libraries (NIST11, NIST11S, FENSC2).

2.7. High-Performance Liquid Chromatography Coupled to Triple Quadrupole Mass Spectrometry
(HPLC-MS/MS) for Mycotoxin Analysis

2.7.1. Materials and Chemicals

Mycotoxin standards were of at least 95% purity. Standards were supplied by Romer
Labs (Tulln, Austria) (Ochratoxin A, Fumonisin B1, Fumonisin B2, T2-Toxin, HT-2 Toxin,
Zearalenone, Deoxynivalenol) and Fermentek (Jerusalem, Israel) (Aflatoxin B1). HPLC
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grade acetonitrile and methanol (>99% assay), ACS grade formic acid (>96.0% assay) was
used. Ultrapure water (18.2 MQ) x cm) was generated by a Milli-Q system (Millipore, Bil-
lerica, MA, USA). QUEChERS bulffer-salt extraction kits consisting of magnesium sulphate
(4 g), sodium chloride (1 g), trisodium citrate dihydrate (1 g), and disodium hydrogen
citrate sesquihydrate (0.5 g) per portion and QUEChERS dSPE kit consisting of magnesium
sulphate (900 mg), PSA (primary and secondary amines) (150 mg) and C18E (150 mg)
per 15 mL polypropylene tubes were purchased from Phenomenex (Torrance, CA, USA).
Unprocessed wheat was used as a blank sample.

2.7.2. Sample Preparation

Samples (2.50 £ 0.01 g) were accurately weighed in 50 mL PP tubes. The quality
control (blank) samples were spiked with mycotoxin standard solutions at the appropriate
spiking levels. Then water (10 mL), acetonitrile (10 mL), and formic acid (20 uL) were
gradually added to the tubes and extraction was started by mixing for 10 min on mechanical
shaker. One portion of the QUEChERS buffer salt kit was added to each of the tubes and the
extraction was continued for additional 10 min. The obtained mixtures were centrifuged
(4500 rpm, 10 min). The supernatants were transferred to 15 mL centrifuge tubes and placed
for 15 min at —80 °C in a Heto PowerDry® freeze dryer (Thermo Fisher Scientific, Waltham,
MA, USA). After removal, the extracts were immediately centrifuged (4000 rpm, 15 min) at
15 °C, and 500 pL of the upper layer were transferred to 15 mL centrifuge tubes. Then, 6 mL
of the remaining extract were transferred to QUEChERS dspe kit, then mixed for 5 min on
a mechanical shaker and centrifuged (3000 rpm, 10 min). Next, 3500 uL of supernatant
were combined with 500 pL from before and then the combined extracts were evaporated
to dryness at 50 °C under a gentle nitrogen stream. The dry residues were reconstructed
in 300 uL 0.1% formic acid in water/methanol (6/4;/,). Extracts were filtered through
0.22 um Millipore UltraFree MC centrifuge filters (3900 g, 10 min) and transferred into
the autosampler for analysis.

2.7.3. Chromatographic Method

The analysis was performed on an UltiMate™ 3000 (Thermo Fisher Scientific, Waltham,
MA, USA) HPLC coupled with a Thermo Scientific TSQ Quantiva MS/MS detector. The
separation was performed on a Kinetex 1.7 um C18 reversed-phase analytical column
(50 x 3.0 mm, 1.7 pm). The autosampler was maintained at 15 °C and the column tempera-
ture was 40 °C. The sample injection volume was 15 pL. Ion monitoring was conducted
in both positive and negative ion modes and the mass analysis was performed in selected
reaction monitoring (SRM) mode. The following instrumental settings were used: spray
voltage 3.5 kV (positive ion mode), 2.5 kV (negative ion mode), vaporiser temperature
350 °C, ion transfer temperature 300 °C, sheath gas 55 arbitrary units (arb), auxiliary gas
25 arb, and sweep gas 5 arb. Data processing was performed with TraceFinder software
(Thermo Fisher Scientific). More detailed information on parameters of HPLC and MS/MS
is provided in Supplementary File S1 Tables S1 and S2.

Six-point calibration curves were constructed using blanks spiked with mycotoxin
standard mixtures (1 pg/kg (or LOQ) to 250 ug/kg). The least squares regression method
was used for slope construction and calculation of the determination coefficients (R2) of the
calibration curves, which were evaluated to a fit of at least 0.99.

2.8. Statistical Analysis

Microbiological results were expressed as the mean (n = 5) &+ standard error (SE),
and physico-chemical results were expressed as the mean (n = 3) + standard error (SE).
The experiment was performed by preparing three parallel samples for fermentation. In
order to evaluate the effects of the different wheat varieties and different LAB strains
used for WW fermentation, the data were analyzed by multivariate analysis of variance
(ANOVA). To determine the normality the Shapiro-Wilk Test was used, for homoskedastic-
ity evaluation the homoskedasticity test by using SPSS Statistical Package was performed.
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The linear Pearson’s correlation coefficients were calculated using the statistical package
SPSS for Windows (v15.0, SPSS, Chicago, IL, USA). Correlation strength interpretation
was performed in accordance with the procedure by Evans (1996) [37]. The results were
recognized as statistically significant at p < 0.05.

3. Results and Discussion
3.1. Acidity, Chromaticity, and Microbiological Characteristics of the Wheat Wholemeal Samples

The acidity, chromaticity, and microbiological characteristics of the WW samples are
shown in Table 1. When comparing the acidity parameters (pH and TTA) of the fermented sam-
ples, it was established that the type of LAB used for fermentation was a significant factor in
sample pH and TTA (p = 0.0001 and p = 0.011, respectively) (Supplementary File S2 Table S3).
However, the wheat variety and the wheat variety * LAB type interaction was not a signifi-
cant factor in the acidity parameters of the samples. Between the pH and TTA, a negative
moderate correlation was found (r = —0.422, p = 0.003) (Supplementary File S2 Table S4).
When comparing the pH of the fermented samples in different wheat variety groups,
in ‘Ada’” and DS8472-5 blue WW, the lowest pH was found after fermentation with the
LUHS122 strain (on average, pH 3.97). Also, in the ‘Sarta” WW group, the lowest pH was
found in the samples fermented with LUHS245 and LUHS122 strains (on average, pH 3.83).
Opposite tendencies of the DS8526-2 purple WW were established, and the lowest pH
of the DS8526-2 fermented with LUHS29 was obtained (pH 4.24). When comparing the
chromaticity characteristics of the samples, the wheat variety * LAB type interaction was
a significant factor in the sample redness (a*) (p = 0.004) (Supplementary File S2 Table S3);
however, significant correlations between the a* and acidity parameters were not found
(Supplementary File S2 Table S4). WW lightness (L*) and yellowness (b*) showed mod-
erate positive correlations with sample TTA (r = 0.578, p = 0.0001 and r = 0.341, p = 0.018,
respectively) (Supplementary File S2 Table S4), and when comparing the sample L* in non-
treated and fermented different variety WW groups, different tendencies were established.
In the “Ada’ and DS8526-2 purple WW group, fermented samples showed a decrease in
the L* coordinates (in comparison with the nonfermented ones, on average, by 8.7% and
14.1%, respectively). Opposite tendencies in the ‘Sarta” sample group were found, in which
L* coordinates increased after fermentation (in comparison with the nonfermented ones,
on average, by 12.6%). The L* of the DS8472-5 blue WW samples was dependent on the
LAB strain used for fermentation: the LUHS29 strain decreased the L* (on average, by
14.1%), and fermentation with LUHS245 and LUHS122 increased the L* (on average, by
5.6%). When comparing the a* and b* coordinates of the nontreated and fermented samples,
fermentation with all three tested LAB strains reduced the a* and b* parameters of the
DS8526-2 purple WW, and the same tendencies were found for the a* coordinates of the
fermented ‘Sarta’ samples. However, fermentation increased the a* coordinates of the
DS8472-5 blue WW and b* coordinates of the ‘Sarta’ samples. The chromaticity parameters
of the other fermented samples were varied and depended on the LAB strain used for
fermentation and the wheat variety.

Anthocyanin, flavonoids, carotenoids, and some other phenolics are responsible for the
different colors in wheat [38]. Anthocyanins are located in the cereal pericarp and account
for the blue, purple, or a combination of both colors depending on its concentration [5]. It
was reported that the anthocyanin concentration could be reduced during the fermentation
process [39]. The yellow color of cereal is related to the presence of carotenoids, and
the red color is associated with the presence of phlobaphenes [40]. It was reported that
an increase in the carotenoid content can be obtained in fermented doughs, and these
changes were explained by an increased mobilization of membrane-associated lipophilic
compounds from the cereal matrix; however, this process is strain-specific [41]. In addition,
the changes in the lutein and zeaxanthin content in doughs fermented by the different LAB
strains are variable and could be due to the higher degradation of this compound during
fermentation, probably because of the higher lipid oxidation involving the endogenous
lipoxygenase/linoleate system [42]. Also, LAB could possess strong antioxidative effects,
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through a decrease in the oxidation-reduction potential of sourdough [43], and, conversely,
to reduce oxidation of the color compounds.

Table 1. Acidity, chromaticity, and microbiological characteristics of the wheat wholemeal samples.

Color Coordinates, NBS

o LAB Count,
Wheat Samples pH TTA, °N P - b logio CFU/g
Traditional Wheat Variety
‘Ada’ 6.68 + 0.03 9D 1.30 4 0.022C 52.8 +1.21 b€ 5.79 +0.11 <P 16.6 + 0.13 <P 44140118
‘Ada’tumse 429 4 0.02 € 490 4 0.08 B 42.0+1.10°C 427 +0.102€ 8.88 +0.112C 8.52 + 0.15 €
‘Ada’Lunsus 4.21 +0.01°€ 4.80 + 0.09 bA 50.6 + 1.50 € 5.46 + 0.16 >B 15.7 +0.21 >P 8.61 +0.14 4
‘Ada’Lunsiz 3.99 £+ 0.02 B 510+ 0.1594 51.9 £ 0.97 >P 5.79 £ 0.13 <P 16.8 £ 0.19 <€ 8.72 +£0.18 >4
Waxy Wheat Variety
‘Sarta’ 6.42 £+ 0.03 < 1.00 £ 0.03 >4 409 +£1.192A 443 +0.09B 8.10 + 0.20 *A 433 £0.09 ¥4
‘Sarta’t UHs29 419 4+ 0.02>B 450 4 0.09 oA 449 +0.94 b0 3.85 + 0.07 @bA 9.59 +0.14 P 8.11 4+ 02104
‘Sarta’L uns24s 3.84 +0.01 A 5.50 + 0.16 °C 46.7 £1.17P 3.72 +£0.11%A 9.89 +0.11 %P 8.37 +0.18 >4
‘Sarta’t Ups122 3.81 +0.02A 5.70 + 0.12 “BC 48.9 + 1.41 95 3.94 + 0.08 A 14.3 +£0.13 98 8.64 +0.16 >4
Blue Wheat—New BreedLine
DS8472-5 6.09 4 0.02 44 1.0 £+ 0.02 A 47.6 +0.3208 3.03 + 0.07 <A 11.3 4 0.09 b€ 4.30 + 0.06 ¥
DS8472-5, yis29 4.07 £ 0.01 >A 5.40 + 0.08 ©¢ 40.9 £ 02728 4.08 + 0.06 >B 6.12 +0.1428 8.31 +0.120AB
DS8472-51 yrsaes 4154 0.028 510 4+ 0.12>8 50.3 + 1.18 <€ 6.85 + 0.16 4 13.8 4 0.21 € 8.53 £ 0.20 beA
DS8472-5; ypisiza 3.94 £ 0.03 %P 5.80 £ 0.04 4€ 50.6 + 0.34 <P 476 + 0.07 <€ 14.0 £ 0328 8.92 +0.21 A
Purple Wheat—New BreedLine

DS8526-2 6.18 £ 0.02 4B 1.20 £ 0.03 2B 46.14+1.32°F 5.12 4 0.11 ¢ 9.52 +£0.17 B 4.53 £ 0.09 *F
DS8526-21 UHs29 4.24 +0.03 2BC 5.00 +0.11>B 38.6 + 0.77 ¥4 425 £0.12PBC 5.42 +0.08 ¥4 8.31+0.11>AB
DS8526-21 ynsaas 4.86 + 0.04 <P 5.90 £ 0.12 4P 40.3 + 0.89 2bA 3.58 + 0.10 A 529 + 0.12 A 8.45 + .17 beA
DS8526-21 Urisiza 4.67 +0.02 € 5.60 + 0.14 <P 39.8 + 1.14 27 4.10 + 0.09 >P 5.86 + 0.14 >4 8.76 + 0.09 ©A

TTA—total titratable acidity; L*—lightness; a*—redness (—a* greenness); b*—yellowness (—b* blueness); LAB—lactic
acid bacteria; CFU—colony forming units; LUHS29—fermented with Pediococcus acidilactici LUHS29 strain;
LUHS245—fermented with Liquorilactobacillus uvarum LUHS245 strain; LUHS122—fermented with Lactiplantibacil-
lus plantarum LUHS122 strain. The data of physico-chemical parameters are represented as means (1 = 3) & SE.
The data of lactic acid bacteria count are represented as means (1 = 5) + SE. a-d Means with different letters in the
column are significantly different between the same variety of the non-treated and fermented samples (p < 0.05).
A-D Means with different letters in the column are significantly different between the different variety of samples
(between non-treated and between the same LAB strain treated samples) (p < 0.05).

It was reported that all of the LAB strains belonging to the genera Lactobacillus as
well as P. pentosaceus acidified the medium at around pH 3.5 [44]. When comparing the
LAB count in the fermented samples, all the fermented WW showed higher than 8.0 log
CFU/g of the LAB number, and a moderate negative correlation between the LAB count
and sample pH was established (r = —0.406, p = 0.004) (Supplementary File S2 Table S4).
The main factors that lead to the competitiveness of technological LABs in fermented cereal
are fast LAB multiplication in a substrate as well as increases in TTA and decreases in
pH [45]. According to other studies, a lower LAB number and acidification rate are ob-
tained in homofermentative LAB fermented cereal in comparison with heterofermentative
ones [46]. However, the acidification rate is related to many factors (variety of cereal, type
of flour, fermentation temperature, acidification of LAB strain, moisture content, duration
of the fermentation process, etc.) [47]. The mechanisms in cereal fermentation are very
complex [48]. During fermentation, in addition to biochemical changes that occur in the
carbohydrate of the flour, changes in the protein components also take place due to the
action of both microorganisms and indigenous flour enzymes [49], as well as endogenous
factors in the cereal substrate (free fatty acids, minerals, carbohydrates, nitrogen sources,
enzyme activities, etc.) [48]. Also, it should be taken into consideration that the bran
fraction contains more minerals and other micronutrients that improve the effectiveness
of LAB growth [47]. In addition, the ash has an influence on the buffering capacity of
the fermentable substrate; for this reason, it is possible to reach a higher TTA. This study
showed that the LAB type is a significant factor in the LAB count in the samples (p = 0.0001);
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however, the wheat variety and wheat variety * LAB type interaction were not a significant
factor in the LAB number in the samples (Supplementary File S2 Table S3).

3.2. Biogenic Amine Content in Wheat Wholemeal Samples

The biogenic amine (BA) content in WW samples is shown in Table 2. Tryptamine
(TRY) and spermine (SPRM) were not found in WW; however, all the other BAs identified
in the WW samples were significantly influenced by the wheat variety, the type of LAB
used for fermentation, and the wheat variety * LAB type interaction (Supplementary
File S3 Table S5). Also, between the sample pH and phenylethylamine (PHE), a positive
weak correlation was found (r = 0.389, p = 0.006). Also, between the LAB count in the
samples and the spermidine (SPRMD) concentration, a positive moderate correlation
was established (r = 0.422, p = 0.003) (Supplementary File S3 Table S6). PHE was the
predominant BA in the WW samples, and the lowest PHE concentration was found in
the DS8526-2 purple WW samples fermented with the LUHS245 strain (26.4 mg/kg). In
the other samples, the PHE concentration was from 2.8 to 1.8 times higher (in nontreated
‘Ada” WW and in LUHS245 fermented ‘Sarta’” samples, respectively). Putrescine (PUT) was
established in all (nontreated and fermented) ‘Ada’ and ‘Sarta’ samples. When comparing
the PUT concentration in the ‘Ada’ samples, the lowest PUT content was found in the
LUHS29 fermented ‘Ada” WW (20.3 mg/kg). However, in nontreated and in LUHS245
fermented ‘Ada’ samples, on average, a 40.9% higher PUT concentration was established,
and the highest PUT content was formed in the LUHS122 fermented samples (98.1 mg/kg).
PUT was not found in DS8472-5 blue WW, and when comparing DS8526-2 purple WW,
PUT was formed in just one sample (fermented with the LUHS245 strain) (26.8 mg/kg).
Cadaverine (CAD) was not found in waxy wheat ‘Sarta” WW and in other wheat varieties
WW fermented with the LUHS29 strain. Also, CAD was not established in DS8472-5 blue
WW fermented with the LUHS245 strain; however, in DS8526-2 purple WW fermented
with the LUHS245 strain, the CAD concentration was, on average, 84.0 mg/kg. In both blue
and purple WW fermented with the LUHS122 strain, on average, a CAD concentration of
94.0 mg/kg was found. Histamine (HIS) was found in just two samples (in “Ada’ and ‘Sarta’
WW fermented with the LUHS122 strain), and tyramine (TYR) was found in one sample
(DS8526-2 purple WW fermented with the LUHS122 strain). The spermidine (SPRMD)
concentration in WW samples ranged from, on average, 28.0 mg/kg (in nonfermented
and LUHS245 fermented ‘Ada’, in LUHS245 fermented ‘Sarta’, in LUHS29 and LUHS122
fermented blue WW, and in all purple WW samples) to, on average, 36.3 mg/kg (in LUHS29
fermented ‘Ada’” WW and in LUHS245 fermented blue WW).

HIS, TYR, PUT, CAD, TYR, agmatine, SPRM, and SPRMD are the main BAs in food
and beverages [50,51]. Despite the fact that the LAB has a GRAS (Generally Recognized
as Safe) status, these very popular industrial microorganisms are the main BA producers
in fermented foods [52]. In addition, it was reported that the pH between 4.0 and 5.5 is
optimal for enzymes, forming BAs, activities [50]. Other factors that influence the formation
of BAs are bacterial activity, humidity, the concentration of free amino acids, etc.; however,
the number of bacterial cells in the substrate does not always correlate with the amount
of BAs [53]. Consumption of food containing a high concentration of BAs is implicated
in various pharmacological reactions [54], which lead to different types of foodborne
diseases [27]. HIS can be formed from histidine, TYR from tyrosine, CAD from lysine, PUT
from arginine, and SPRMD and SPRM from arginine and methionine, and their toxicity
depends on synergistic effects, e.g., HIS toxicity is enhanced by the presence of CAD, PUT,
and TYR [55]. Despite the fact that HIS and TYR are the most toxic BAs [56-59], PUT and
CAD, although not toxic themselves, aggravate the adverse effects of HIS and TYR [60].
Until now, the European legislation does not specify a BA threshold; however, the European
Food Safety Authority (EFSA) reported a scientific opinion on the risk associated with the
formation of BAs in fermented products [29]. Based on the mean content in foods and
consumer exposure data, fermented food categories were ranked with respect to HIS and
TYR, but other BAs were not included. Finally, further research on BAs in fermented foods
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is needed, and, as this study indicated, there is a significant influence of the wheat variety,
the type of LAB used for fermentation, and the wheat variety * LAB type interaction on the
formation of BAs in fermented WW.

Table 2. Biogenic amine concentration (mg/kg) in wheat wholemeal samples.

Wheat Biogenic Amine, mg/kg
Samples TRY PHE PUT CAD HIS TYR SPRMD SPRM
Traditional Wheat Variety

‘Ada’ nd 72.8 +545C 35.6 £29bA nd nd nd 234 £22%4 nd

‘Ada’Luns nd 56.9 £3.93PA 203+ 1.8%A nd nd nd 36.1 £335F nd

‘Ada’Lunsus nd 50.3 +3.4 %8 33.1+25b08 102.3 4+ 6.9 8 nd nd 32.6 + 3.8 A nd

‘Ada’Lunsin nd 64.1+4758C 981+ 638 2053 +9.8%8 3524264 nd nd nd

‘Waxy Wheat Variety

‘Sarta’ nd 68.8 +5.0 B 32.6 £260A nd nd nd nd nd

‘Sarta’t yHs29 nd 68.6 + 5208 289 +2.12abB nd nd nd nd nd

‘Sarta’L yHs245 nd 469 +3.13B 267 £1.9%A nd nd nd 319 +344 nd

‘Sarta’LuHs122 nd 55.6 + 3.6 ¥ 26.6 +2.1 %A nd 774 +548 nd nd nd

Blue Wheat—New BreedLine

DS8472-5 nd 57.2 +3.9abA nd nd nd nd nd nd

DS8472-5; ypis2o nd 53.6 + 3.5 %A nd nd nd nd 26.7 £3234 nd

DS8472-51 Unisa4s nd 622 +445€ nd nd nd nd 365+ 3.8PB nd

DS8472-51 Upis122 nd 68.7 +5.1°C nd 88.0 £594 nd nd 319 +4.154 nd

Purple Wheat—New BreedLine

DS8526-2 nd 58.0 +43bA nd nd nd nd 214 +£23%4 nd

DS8526-21 yHs29 nd 70.4 + 538 nd nd nd nd 30.7 £ 3594 nd

DS8526-21 Utis245 nd 26.4 + 244 26.8 +2.74 84.0 + 587 nd nd 27.2 +3.1bcA nd

DS8526-21 yrisi22 nd 51.9 +32bA nd 99.9 + 6504 nd 76.0 + 5.4 26.3 +2154 nd

LUHS29—fermented with Pediococcus acidilactici LUHS29 strain; LUHS245—fermented with Liquorilactobacillus
uvarum LUHS245 strain; LUHS122—fermented with Lactiplantibacillus plantarum LUHS122 strain.; TRY—tryptamine;
PUTR—putrescine; CAD—cadaverine; HIS—histamine; TYR—tyramine; SPRMD—spermidine; SPRM—spermine;
nd—not found. Data are represented as means (1 = 3) + SE. ** Means with different letters in the column are
significantly different between the same variety of non-treated and fermented samples (p < 0.05). A€ Means
with different letters in the column are significantly different between the different variety of samples (between
non-treated and between the same LAB strain treated samples) (p < 0.05).

3.3. Macro- and Microelements of Wheat Wholemeal

Macroelement concentrations in the WW samples are shown in Table 3. When com-
paring the Na concentration in the WW samples, the Na concentration was higher in all
the fermented WW compared to the nontreated WW. Taking into consideration that LAB
multiplication was performed in a medium (MRS broth) containing sodium acetate, it could
be that the LAB strains were the source of Na in the WW samples. The wheat variety and
LAB strain used for fermentation were not significant factors on the Mg and K concentra-
tions in WW; however, for the Ca concentration, the wheat variety was a significant factor
(p = 0.002).

Essential microelement concentrations in the WW samples are shown in Table 4. In
all the tested samples, the Co concentration was <0.010 mg/kg, the Ni concentration was
<0.500 mg/kg, and the Se concentration was <0.200 mg/kg. Also, the Cr concentration was
<0.010 mg/100 g in most of the samples except the ‘Ada” WW fermented with LUHS122,
nontreated and fermented with LUHS29 ‘Sarta’, and nontreated DS8472-5 blue wheat WW.
Both the wheat variety and LAB strain used for fermentation were significant factors on
the Mn concentration in the WW samples (p = 0.001). When comparing the nonfermented
samples, the highest Mn content was found in the DS8526-2 purple WW (15.3 mg/kg),
and other varieties showed similar Mn concentrations (on average, 9.77 mg/kg). Also,
the wheat variety and LAB strain used for fermentation were significant factors on the Fe
concentration in the WW samples (p = 0.003). When comparing the nontreated samples,
‘Ada” WW showed the highest Fe concentration (on average, 34.1% higher, in comparison
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with “Sarta’, DS8472-5, and DS8526-2 varieties), and Zn concentration in nontreated WW
was, on average, 7.27 mg/kg. Wheat variety was a significant factor in the Cu concentration
in WW (p = 0.001). When comparing nontreated WW samples, the highest Cu concentration
was found in “Ada” WW (1.85 mg/kg) and the lowest in DS8472-5 blue WW (0.763 mg/kg).

Non-essential microelement concentrations in the WW samples are given in Table 5.
The wheat variety and LAB strain used for fermentation were significant factors on the Sr
concentration in the WW samples (p = 0.018 and p = 0.041, respectively). When comparing
nontreated WW, a higher concentration of Sr in both colored wheat was found in compari-
son with traditional and waxy wheat (on average, by 33.9%). Also, the wheat variety was
a significant factor in the Cd concentration in WW (p = 0.41). Pb was found only in ‘Ada’
WW. Most of the other non-essential microelements in the WW samples were below the
detection limits.

Table 3. Macroelement concentrations in wheat wholemeal samples.

Macroelements, d.m.

Wheat Samples
Na, g/100 g Mg, g/kg K, g/kg Ca, g/kg
Traditional Wheat Variety
‘Ada’ <0.002 0.662 & 0.066 B 1.98 +0.194 B 0.229 +0.023 *¢

‘Ada’Luns29

0.010 4 0.001 2B

0.601 =+ 0.060 B

1.91 +0.187 A

0.192 4 0.019 2B

‘Ada’Luns4s

0.007 =+ 0.002 @B

0.551 + 0.055 A

1.74 + 0.170 #AB

0.197 £ 0.018 *B

‘Ada’Lynsio 0.007 = 0.002 A 0.578 + 0.058 &P 1.79 + 0.175 2B 0.197 = 0.020 2€
Waxy Wheat Variety

‘Sarta’ <0.002 0.555 4 0.056 B 1.98 +0.194 <B 0.305 4 0.031 <P

‘Sarta’| yHs29 0.011 + 0.002 B 0.607 + 0.061 <P 1.82 +0.178 oA 0.293 + 0.029 <€

‘Sarta’| yHs245 0.009 + 0.001 @B 0.479 = 0.048 PA 1.52 + 0.152 A 0.225 + 0.025 bB

‘Sarta’Luns122

0.011 4 0.002 @A

0.373 + 0.037 B

1.15 + 0.113 ¥4

0.160 + 0.015 2B

Blue Wheat—New BreedLine

DS8472-5

<0.002

0.401 + 0.040 @A

1.45 4 0.150 #A

0.160 + 0.014 <B

DS8472-5 1 Uisoo

0.008 + 0.001 2B

0.445 + 0.040 *A

1.96 + 0.200 A

0.148 + 0.015 #bA

DS8472-5 Lunsoas

0.009 4 0.001 2B

0.431 4 0.043 @A

1.71 £ 0.170 ¥>AB

0.126 4 0.013 #A

DS8472-5 | yps12

0.007 4 0.002 @A

0.456 + 0.046 €

1.76 -+ 0.180 PB

0.147 + 0.015 #bAB

Purple Wheat—New BreedLine

DS8526-2

<0.002

0.518 = 0.025 <B

1.93 + 0.190 >B

0.146 + 0.015 24

DS8526-2 1 Uis29

0.005 = 0.001 A

0.376 + 0.038 >A

1.96 =+ 0.160 >4

0.124 + 0.012 @A

DS8526-2 1 uHs245

0.004 + 0.001 @4

0.500 + 0.050 “A

2.00 + 0.200 b8

0.129 + 0.013 @A

DS8526-2 Lunsiz2

0.006 = 0.003 A

0.292 + 0.029 A

1.11 4+ 0.110 @A

0.134 +0.011 @A

LUHS29—fermented with Pediococcus acidilactici LUHS29 strain; LUHS245—fermented with Liquorilactobacillus
uvarum LUHS245 strain; LUHS122—fermented with Lactiplantibacillus plantarum LUHS122 strain. Data are
represented as means (1 = 3) + SE. * Means with different letters in the column are significantly different
between the same variety of non-treated and fermented samples (p < 0.05). AP Means with different letters in the
column are significantly different between the different variety of samples (between non-treated and between the
same LAB strain treated samples) (p < 0.05).
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Wheat grain could be a very important source of micro- and macroelements in the
human diet [61]; for this reason, it is very important to have a database of the detailed
chemical composition of wheat grains. Also, the concentration of trace elements is a very
important factor in wheat-breeding programs focused on obtaining plants resistant to envi-
ronmental stress [62]. However, the mineral content and their bioavailability can change
during the fermentation of cereal [63]. Minerals have a significant role in microorganism
growth and their enzyme-excreting properties, as well as the enzyme activity [64]. It was
reported that Mn?Zt, Mgz*', Ca?t, Fe?*,K*, and Na* are essential for the nutrient metabolism
and enzymatic activity of LABs [65]. From this point of view, they can affect the main
processes of the bread preparation, especially sourdough bread production. The colored
wheat breed has been reported as a specific micronutrient source, of which the organic Cr
content is four times higher than that of common wheat [66]. Also, according to He and
Ning, black wheat “Qinhei 1” showed the Fe and Zn contents by 19.2 and 4.1 times higher,
respectively, than that of common wheat, and the contents of Mn, Cu, Se, Mg, K, and P
also were higher than that of common wheat [67]. It was reported that the Zn, Fe, and Mg
content in colored wheat is, on average, from 108.54 to 142.68%, from 8.57 to 42.86%, and
from 5.31 to 40.63% higher than that in common wheat, respectively [68]. These results
may be related to the lower yield of colored wheat. According to Tian, Chen, and Wei,
blue wheat has the highest Ca content [68]. However, published studies on the micro- and
macroelements in various wheat varieties are varied. It was reported that the fertilizers
that are used are a significant factor in the concentration of these compounds, i.e., fertilizers
increases the Fe content in the red wheat variety (68.88 mg/kg) and the Zn content in the
common variety (40.43 mg/kg); however, the same fertilizer was not so effective on the
Fe and Zn content in the purple wheat variety (Fe—55.59 mg/kg, Zn—38.50 mg/kg) [69].
Finally, the development of the database of new wheat cereal breed lines is very important
because of the efficient use of the cereal in food and/or feed industries.

3.4. Fatty Acid Composition of the Wheat Wholemeal Samples

The saturated (SFA), monounsaturated (MUFA), polyunsaturated (PUFA) fatty acids,
omega 3, omega 6, and omega 9 composition of the WW samples is shown in Figure 2,
and the detailed FA profile is given in Supplementary File S4 Table S7. The main FAs in
WW were palmitic acid (C16:0), all-cis,trans-octadecenoic acid (C18:1), and linoleic acid
(C18:2). The type of LAB used for fermentation was a significant factor in the C18:1 content
in WW (p = 0.033). Also, the wheat variety, LAB type used for fermentation, and their
interaction were significant factors on most of the FA content except C18:3 o (alfa linolenic
acid) (Supplementary File S4 Table S8). When comparing ‘Ada” WW, in all the cases,
in nontreated WW and WW fermented with the LUHS122 strain, SFA, MUFA, PUFA,
omega 3, omega 6, and omega 9 quantities were similar (on average, 39.95, 23.12, 36.93,
2.11, 34.82, and 23.12%, respectively). However, in WW samples fermented with LUHS29
and LUHS245 strains, SFA, MUFA, and omega 9 were decreased (in comparison with
nontreated ones, on average, by 23.4, 17.4, and 17.34%, respectively), and PUFA, omega 3,
and omega 6 were increased (in comparison with nontreated ones, on average, by 36.1,
36.0, and 36.3%, respectively). When comparing nontreated and fermented waxy wheat
‘Sarta’ samples, fermentation with LUHS29 decreases SFA, MUFA, and omega 3 and 9 and
increases PUFA and omega 6 in WW. Opposite tendencies (except omega 3) were found
in samples fermented with LUHS245 and LUHS122, in which an increase in SFA, MUFA,
and omega 9 was found, as well as a decrease in PUFA, omega 3 and 6. When comparing
nontreated and fermented DS8472-5 blue WW, all the tested LAB strains showed the same
tendency of decreasing SFA, MUFA, and omega 9 and increasing PUFA, omega 3, and
omega 6. Different tendencies of the FA in DS8526-2 purple WW were found. All the
fermented samples showed lower SFA and higher PUFA and omega 3 content; however,
fermentation with LUHS29 and LUHS245 increases MUFA and omega 9, and fermentation
with LUHS122 showed opposite tendencies: decrease in MUFA and omega 9 in the WW
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samples. Also, fermentation with LUHS29 decreases omega 6 in the purple WW samples
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Figure 2. Fatty acid profiles of wheat wholemeal samples: (a) Traditional wheat variety fatty acid
profile (b) Waxy wheat variety fatty acid profile (c) Blue wheat—new breed line fatty acid profile
(d) Purple wheat—new breed line. LUHS29—fermented with Pediococcus acidilactici LUHS29 strain;
LUHS245—fermented with Liguorilactobacillus uvarum LUHS245 strain; LUHS122—fermented with
Lactiplantibacillus plantarum LUHS122 strain; SFA—saturated fatty acids, MUFA—monounsaturated
fatty acids, PUFA—polyunsaturated fatty acids. Data are represented as means (1 = 3) + SE. * Means
with different letters in the column are significantly different between the same variety of non-treated
and fermented samples (p < 0.05).

It was reported that the wheat kernels grains contain, on average, 2.4-3.8% dry basis
of lipids [70]. The lipid location by botanical wheat part is followed: on average, 66% of
lipids are located in germ, 15% in the bran, and 20% in the endosperm [71]. According to
Narducci et al., wheat lipids consist of mostly unsaturated FAs, and linoleic and linolenic
FAs are essential [71]. The above mentioned FAs are precursors of prostaglandins and
membrane phospholipid molecules in the human body and are involved in regulation
processes of the blood lipid [70,72,73]. However, the lipid content in wheat cereal and
their composition is related to many factors [70,74,75]. It was reported that cold weather
increases the lipid content in wheat [76]. Also, biotic and abiotic stresses have an influence
on the FA composition in wheat [77]. In addition, different analytical methods can also
be a factor that influences the differences in the FA profile [70,78]. It was reported that
in the FA profile of wheat cereal, more than 60 peaks were identified, and the major
components were saturated and unsaturated C16 and C18 and particularly C16:0, C18:1,
and C18:2; however, C16:0, C18:0, C18:1, C18:2, and C18:3 were mentioned as the most
important FAs in durum wheat [70]. The differences in the FA composition in wheat
cereal are explained by the differences in genetic characteristics, pedoclimatic conditions,
agronomical treatments, and analytical procedures [71]. It was reported that the interaction
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of genotype x year X treatment is the main factor that contributes to the variability in the
FA in durum wheat [75]. In addition, the differences in SFA and UFA within the same
variety could be associated with various kinds of biotic and abiotic stresses [76,77]. Finally,
the knowledge of this research will be very useful in updating common and new lines
wheat cereal composition databases in general.

3.5. Volatile Compound Profile of the Different Wheat Wholemeal Varieties

Volatile compounds (VCs) that were >5% in at least one WW sample are shown in
Figure 3, and the detailed VC profile is given in Supplementary File S5 Table S9. When
comparing acetic acid in the WW samples, it was not established in all the nonfermented
samples, as well as in both color WW samples fermented with the LUHS245 strain. The
odor of acetic acid is described as sharp, pungent, sour, and vinegary. However, in small
concentrations, acetic acid is a flavor enhancer [15]. Heterofermentative LAB produces
acetic acid, as well as specific esters, and reduces aldehydes to alcohols [79,80]. In purple
WW fermented with the LUHS122 strain, 1-butanol was found (8.03% of the total VC). The
odor of 1-butanol is described as fusel, oily, sweet, balsamic, and like whiskey. Acetoin,
whose odor is described as creamy, dairy, sweet, oily, milky, buttery and like yogurt, was
found only in nonfermented samples except purple WW. 1-Pentanol, which possesses a
pungent, fermented, bready, yeasty, fusel, winey, and solvent-like odor, was one of the main
compounds of nonfermented ‘Ada” WW (27.7% of the total VC). Also, 2,3-butanediol (fruity,
creamy, buttery odor) was found in all nonfermented WW, and its concentration changed in
relation to the LAB strain used for fermentation. When comparing nonfermented samples,
hexanal was found only in ‘Sarta” WW (29.9% of the total VC); also, after fermentation,
this VC was established in LUHS29 fermented “‘Ada’, ‘Sarta’, and purple WW (2.67, 6.66,
and 5.51% of the total VC, respectively), in LUHS245 strain fermented ‘Ada” and ‘Sarta’,
and in LUHS122 strain fermented ‘Sarta’” WW. The hexanal concentration was 28.8% of
the total VC. The odor of hexanal is described as aldehydic, fatty, green, and powerful.
It was reported that the VC in the sourdoughs varied in relation with the starter culture
used [81]. According to Hammes and Ginzle (1998) and Corona et al. (2016), the main VCs
in wheat sourdough are acetic acid, hexanal, and octenal [48,82]. The lipid oxidation is the
main factor for hexanal formation [18]. A high concentration of hexanal is undesirable, and
the heterofermentative LAB could reduce its negative flavor by converting aldehydes to
alcohols [18,83,84]. It was reported that hexanol is present in all fermentations [15]. Ethyl
butyrate (sweet, fruity, tutti frutti, lifting, and diffusive odor) was found only in LUHS122
fermented purple WW (19.9% of the total VC). Ethyl lactate (sweet, fruity, acidic, etherial
with a brown nuance odor) was found only in LUHS29 fermented ‘Ada’, ‘Sarta’, and blue
WW (3.61, 5.05, and 5.99% of the total VC, respectively). Butanoic acid (sharp, dairy-like,
cheesy, buttery with a fruity nuance odor) was one of the main VCs in LUHS122 fermented
purple WW (37.7% of the total VC), while 1-Hexanol (citrus, fresh, floral, oily, sweet odor)
was established in most of the samples except in purple WW fermented with the LUHS122
strain. L-lactic acid (sugar, wheat, malt, sweet odor) was found in “Ada’ and purple WW
fermented with the LUHS29 strain and in ‘Ada’, ‘Sarta’, and blue WW fermented with
the LUHS245 strain. More than half of the entire VC profile in blue WW fermented with
the LUHS122 strain was 4-methylpentanoic acid (54.8% of the total VC), whose odor is
described as pungent cheese. Furthermore, 2-Heptenal (intense green, fatty, oily, with fruity
overtones odor) was found in most of the WW samples except in nonfermented ‘Sarta’,
purple WW, and blue WW fermented with the LUHS122 strain. Hexanoix acid, whose
odor is described as sour, fatty, sweat, and like cheese, was not formed in nonfermented
‘Ada’ and both colored WW samples, while 2-Pentylfuran (fruity, green, earthy beany with
vegetable like nuances odor) was not established in only two WW samples (blue WW
fermented with the LUHS122 strain and nontreated purple WW). Butylbutanoate (fruity,
banana, pineapple, green cherry, tropical fruit, ripe fruit, and juicy fruit odor) was typical
for purple WW fermented with the LUHS122 strain (17.9% of the total VC). The highest
content of hexanoic acid ethyl ester (sweet, fruity, pineapple, waxy, green, banana odor)
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was found in LUHS122 fermented blue WW (22.4% of the total VC), and the LUHS245
fermented ‘Ada” and blue WW had the highest content of 3-ethyl-2-methyl-1,3-hexadiene
(on average, 9.50% of the total VC). Benzeneacetaldehyde (green, sweet, floral, honey, and
cocoa odor) was typical for all the fermented samples, and oct-(2E)-enal (fresh, cucumber,
fatty, green, herbal, banana, waxy, and green leaf odor) was found in most of the samples
except in LUHS29 fermented blue WW. LUHS245 fermented purple WW had the highest
content of 4-ethylguaiacol (spicy and clove-like with medicinal, woody, and sweet vanilla
nuances odor) (8.27% of the total VC). Deca-(2E,4E)-dien-1-ol was abundant only in ‘Sarta’
WW fermented with all the tested LAB strains, and a very small amount of this compound
was established in nonfermented blue WW. The odor of Deca-(2E, 4E)-dien-1-ol is described
as fatty and waxy, like white meat chicken and turkey with a slight melon fruity and a dairy
nuance. The highest content of 4-vinylguaiacol (sweet, spicy, clove, carnation, phenolic,
peppery, smoky, woody, powdery odor) was found in the VC profile of nonfermented
purple WW (16.2% of the total VC).

2.3-Butanediol

4-methylpentanoic acid
Hexanoic acid ethyl ester

4-yinylguaiacol

3-ethyl-2-methyl-1.3-hexadiene

L-Lactic acid

2-pentylfuran

Ada
AdaLUHS29
AdaLUHS245
AdaLUHS122
- - Sarta
Sartal UHS29
Sartal UHS245
B sartaLuts 122 i
DS84725 L
DSB4T25LUHS20
DS8472-5 LUHS245
DS8472-5 LUHS122
DS8526-2
DS8526-2LUHS29
DS8526-2LUHS245
DS8526-2 LUHS122

voC composition, %
6

.

Hexanoic acid

Ethyl lactate
Benzeneacetaldehyde
2-Heptenal

Deca-(2E 4E)-dien-1-ol
4-ethylguaiacol
1-Butanol

Acetoin

1-Pentanol

Butanoic acid

Ethyl butyrate
Butylbutanoate

Acetic acid

1-Hexanol
Oct-(2E}-enal

Hexanal

Figure 3. Volatile compounds that are >5% in at least one wheat wholemeal sample (LUHS29—fermented
with Pediococcus acidilactici LUHS29 strain; LUHS245—fermented with Liquorilactobacillus uvarum
LUHS245 strain; LUHS122—fermented with Lactiplantibacillus plantarum LUHS122 strain. Data are

represented as means (1 = 3)).

VCs that were >1% and <5% in at least one WW sample are shown in Figure 4,
and the detailed FA profile is given in Supplementary File S5 Table S10. (E)-2-Nonenal,
octanoic acid, ethyl octanoate, nonanoic acid, and dihydro-5-pentyl-2(3H)-furanone were
found in all the WW samples. When comparing all WW samples, the highest content of
2,5-dimethylpyrazine, 1-heptanol, 1-octen-3-ol, heptanoic acid, phenethyl alcohol, and
dodecanoic acid were found in DS8472-5 blue WW fermented with the LUHS29 strain.
The highest content of (E,E)-2,4-nonadienal, (E E)-2,4-decadienal, 4-ethyl-3-nonen-5-yne,
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and trans-4,5-epoxy-(E)-2-decenal were found in ‘Sarta” WW fermented with the LUHS245
strain. 4-methylhexanoic acid and ethylhydrocinnamate were found only in DS8472-5
blue WW fermented with the LUHS245 strain. The highest content of benzaldehyde was
found in DS8526-2 purple WW. Blue WW DS8472-5 fermented with the LUHS245 strain
showed the highest 2-nonanone and 4-ethylphenol content, and the nonfermented blue
WW showed the highest content of nonanal. Found in only two samples was 4-methyl-1-
(pent-4-en-1-yl)-2,3-diazabicyclo [2.2.1] hept-2-ene, and the highest content of this VC in
nontreated blue WW was established.
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Figure 4. Volatile compounds that are >1% and <5% in at least one wheat wholemeal sample
(LUHS29—fermented with Pediococcus acidilactici LUHS29 strain; LUHS245—fermented with Liquori-
lactobacillus voarum LUHS245 strain; LUHS122—fermented with Lactiplantibacillus plantarum LUHS122
strain. Data are represented as means (1 = 3)).

VCs that were <1% in the WW samples are shown in Figure 5, and the detailed
VC profile is given in Supplementary File S5 Table S11. Further, 3-methylbutanoic acid,
2-methylbutanoic acid, (Z)-3-hexadecene, butyl caprylate and propanoic acid, and 2-
methyl-, 1-(1,1-dimethylethyl)-2-methyl-1,3-propanediyl ester were found in only purple
WW fermented with the LUHS122 strain; heptanal was only found in nontreated ‘Sarta’;
and oct-3-en-2-one, (Z)-2-nonen-4-yn-1-ol, and hexylbutyrate were found only in ‘Sarta’
WW fermented with LUHS122. Undecane was identified in nontreated blue WW, and
2-(ethylthio)propanoic acid ethyl ester; sorbic acid vinyl ester; and benzothiazole were only
found in DS8472-5 blue WW fermented with the LUHS122 strain. It was found that 2,4,7,9-
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Phenethyl alcohol

Tetramethyl-5-decyn-4,7-diol; 2,6,10-trimethyldodecane; 2,4-bis(1,1-dimethylethyl)phenol;
pentadecane; and hexadecane were more typical for the colored WW samples (nontreated
and fermented ones).
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Figure 5. Volatile compounds that are <1% in wheat wholemeal samples (LUHS29—fermented with
Pediococcus acidilactici LUHS29 strain; LUHS245—fermented with Liquorilactobacillus uvarum LUHS245
strain; LUHS122—fermented with Lactiplantibacillus plantarum LUHS122 strain. Data are represented
as means (n = 3)).

During the WW fermentation, many factors have an influence on VC formation, such
as protein hydrolysis due to the cereal proteases at low pH, release of phenolic compounds,
synthesis of flavor precursors, etc. [50]. LAB based sourdough has a more diverse VC
profile in comparison with yeast-fermented doughs [85], and the most abundant VCs are
carboxylic acids, esters, alcohols, ketones, aldehydes, and heterocycles [86]. It should be
mentioned that the dominant VC produced by various processes of sourdough fermentation
are often reported differently [82,86]. It was reported that the LAB fermentation can also
mask bitterness due to the increased bran content in WW in comparison with refined flour,
and these changes are related to the degradation of phenolic acids and aldehydes [87].
Sourdough fermentation can also increase the fruitiness [88]. Our results showed that the
wheat variety, LAB strain used for fermentation, and their interaction are significant factors
on the content of most of the identified VC compounds in the WW samples (Supplementary
File S5 Table S12). Finally, according to the obtained results, a desirable VC profile of the
wheat sourdoughs could be designed by selecting the appropriate wheat variety as well as
LAB strains for its fermentation.

3.6. Changes in the Mycotoxin Concentration in Wheat Wholemeal during Fermentation

The mycotoxin concentration in the WW samples is shown in Table 6. In “‘Ada’ samples
(nontreated and fermented) and nonfermented and LUHS122 strain fermented ‘Sarta’
samples, all the tested mycotoxin concentrations were below the detection limits. However,
in ‘Sarta” samples fermented with the LUHS29 and LUHS245 strain, the deoxynivalenol
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(DON) concentration was, on average, 19.5 ug/kg. Also, DON was established in all the
tested DS8472-5 blue and DS8526-2 purple WW, with the highest DON concentration in
samples fermented with LUHS29 (163.0 and 392.3 ug/kg, respectively). In DS8472-5 blue
WW samples, after fermentation with all the tested LAB strains, the DON concentration was
increased in comparison with the nontreated samples (in samples fermented with LUHS29
by 69.1%, in samples fermented with LUHS245 by 39.0%, and in samples fermented with
LUHS122 by 20.3%). Different tendencies of the DON concentration in DS8526-2 purple
WW samples were established, and after fermentation with LUHS29 and LUHS245, an
increase in DON was found (by 43.0% and 18.0%, respectively); however, after fermentation
with LUHS122, a 17.6% lower concentration of DON was established in the WW samples.
It was reported that the anti-fungal activity of sourdough LAB is mainly attributed to the
inhibitory metabolites produced during fermentation [89] and the synergistic interactions
of the LAB metabolites with dough or microbial derived compounds, and this inhibitory
effect may even change depending on the type of flour used [90,91]. However, the reduction
of mycotoxins by LAB mainly depends on the binding of the toxin to the bacterial cell
wall or, more rarely, due to the metabolism of the toxin [92]. Despite the fact that the main
role in the removal of mycotoxins is attributed to the bacterial cell-wall components, [93]
it was reported that the organic acids and antifungal ingredients such as phenyllactic
acid, hydroxyphenyllactic acid, and indole lactic acid produced by the LAB also have anti-
aflatoxigenic effects. To summarize, differences in the structure of the bacterial cell wall,
the initial concentration of the toxin, the bacterial population, the incubation conditions,
the type of the LAB, and probably the types and the amounts of the LAB metabolites
are important in this effect [93,94]. Finally, it could be suggested that by changing the
duration of the fermentation, moisture content of the fermentable substrate, etc., the
results of the mycotoxin concentration in fermented WW could vary. Further research is
needed to evaluate the influence of technological parameters on mycotoxin degradation in
WW samples.

3.7. The Limitations and Perspectives of the Current Study

Taking into consideration that the functional and/or higher value food market is
growing, the new data on the colored wheat chemical composition and its possible changes
during fermentation are very important. Fermentation is the main process in bread as well
as in cereal beverages preparation, and this study showed that despite all the tested WW
and LAB strains being suitable for WW treatment, most of the parameters were related to
the cereal variety, LAB strain used, and the interaction of these factors. From this point
of view, further studies are needed to evaluate more parameters (i.e., enzyme activities,
dietary fibre compounds, amino acids, etc.) and to optimize the fermentation process.
Also, it would be very prospective to analyze the new breed lines cereal grains, which
growth was performed at the different conditions, because the same conditions could have
a different effect on different cereal breed lines grain chemical as well as technological
characteristics. As a perspective, the application of fermented WW could be promising
for various food products and feed preparation. However, taking into consideration
the different technological requirements for different food materials, to produce good
sensory properties possessing and safe food products, an optimization process (of the
WW fermentation) could be performed specifically, just to obtain desirable properties for
specific products.
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Table 6. Mycotoxin concentration in wheat wholemeal samples.

Mycotoxin Concentration, ug/kg

Wheat Samples
DON HT2 T2 FB1 FB2 ZEA OTA
Traditional Wheat Variety
‘Ada’
:;:LLL‘;::;:S <15 <15 <15 <15 <15 <3 <15
'Ada’Lunsiz2
Waxy Wheat Variety
‘Sarta’ <15 5
s;:tf;?;‘;i f;i i ié e <15 <15 <15 <15 <3 <15
‘Sarta’yypsi2 <15
Blue Wheat—New BreedLine
DS8472-5 96.4 +4.2 ﬂ:l
555:7722_ 55]1‘13}:5522;5 112?11?) i Zg A <15 <15 <15 <15 <3 <15
DS8472-51 yris122 116.0 +9.2bA
Purple Wheat—New BreedLine
DS8526-2 274.4 £ 9.8 98

DS8526-2 Utiszo
DS8526-2 uns245
DS8526-2 ynsiz2

392.3 +11.3 b8
323.9 + 1458
226.0 +11.6 2B

<1.5 <1.5 <15 <15 <3 <15

LUHS29—fermented with Pediococcus acidilactici LUHS29 strain; LUHS245—fermented with Liquorilactobacillus uvarum
LUHS245 strain; LUHS122—fermented with Lactiplantibacillus plantarum LUHS122 strain. DON—deoxynivalenol;
HT2—HT?2 toxin; T2—T2 toxin; FB1—fumonisin B1; FB2—fumonisin B2; ZEA—zearalenone; OTA—ochratoxin
A. Data are represented as means (1 = 3) = SE. *4 Means with different letters in the column are significantly
different between the same variety of non-treated and fermented samples (p < 0.05). #8 Means with different
letters in the column are significantly different between the different variety of samples (between non-treated and
between the same LAB strain treated samples) (p < 0.05).

4. Conclusions

All the fermented WW showed >8.0 logjg CFU/g of LAB count, and the type of
LAB was a significant factor in the WW acidity parameters. Phenylethylamine was the
predominant BA in WW, and the wheat variety (WV), the type of LAB, and their interaction
were significant factors in the BA formation. Despite the fact that some differences in
trace element concentrations in WW were obtained, in most of the cases fermentation
was not a significant factor in their content. The main FAs in WW were palmitic acid,
all-cis,trans-octadecenoic acid, linoleic acid. Fermented WW showed a more diverse VC
profile; however, the influence of fermentation on deoxynivalenol in WW was varied.
Finally, further studies are needed to indicate technological parameters that would be the
most effective for each WV, including the lowest BA formation and mycotoxin degradation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biology11070966/s1, Supplementary File S1. Instrumental pa-
rameters for the HPLC-MS/MS analysis of mycotoxins: Table S1. HPLC parameters. Table S2.
Analyzed compound retention time, precursor and product n/z. Supplementary File S2. Statistical
data of the WW acidity, chromaticity, microbiological characteristics: Table S3. The influence of
the wheat variety and type of LAB on the acidity, chromaticity, and microbiological characteristics
of the WW samples. Table S4. Pearson correlations between the WW acidity, chromaticity, and
microbiological characteristics. Supplementary File S3. Statistical data of the biogenic amines in
WW samples: Table S5. The influence of the wheat variety and type of LAB on the biogenic amine
content in WW samples. Table S6. Pearson correlations between the WW acidity, chromaticity, and
microbiological characteristics. Supplementary File S4. Table S7. Fatty acid profile of the wheat
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samples. Table S8. The influence of the wheat variety and type of LAB on the fatty acid content in WW
samples. Supplementary File S5. Wheat sample volatile compounds: Table S9. Volatile compounds
that are >5% in at least one wheat wholemeal sample. Table S10. Volatile compounds that are >1%
and <5% in at least one wheat wholemeal sample. Table S11. Volatile compounds that are <1% in at
least one wheat wholemeal sample. Table S12. The influence of the wheat variety and type of LAB on
the acidity, chromaticity, and microbiological characteristics of the WW samples.
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The aim of this study was to evaluate the influence of lactic acid bacteria (LAB)
strains (Lactiplantibacillus plantarum No.122 and Lacticaseibacillus casei No.210)
and milling process on the solid-state fermented (for 24h, at 30°C) green and red
lentils (Lens culinaris L.) properties, chiefly pH, LAB viable counts, color coordinates,
free amino acid (FAA) profile, y-aminobutyric acid (GABA) and biogenic amine
(BA) concentrations, fatty acid (FA) and volatile compound (VC) profiles. Results
showed that both of the tested LAB strains are suitable for the fermentation of
lentils: pH of fermented lentils was <4.5 and LAB viable counts >8.0 log,, colony-
forming units (CFU)/g. A very strong negative correlation was found (r=—0.973,
p<0.0001) between LAB counts and pH of the samples. Also, fermentation and
milling process were significant factors toward color coordinates of the lentils. In
most of the cases, solid-state fermentation (SSF) increased essential FAA content
in lentils; however, some of the non-essential FAA content was reduced. SSF
significantly increased GABA concentration in lentils and milling process was a
significant factor on GABA content of the samples (p<0.05). The main BA in lentils
was spermidine, and SSF decreased their total BA content (34.8% on average in
red lentils and 39.9% on average in green lentils). The main FA in lentils were
linoleic and oleic. The main VC in lentils were hexanal, 1-hexanol, hexanoic
acid, D-limonene and (E)-2-nonen-1-ol. Furthermore, most of the VC showed
significant correlations with pH of lentil samples, LAB counts and FA content.
Finally, the LAB strain used for fermentation and the milling process of lentils are
significant factors for most of the analyzed parameters in lentil. Moreover, despite
the higher GABA concentration found in green non-milled SSF lentils, application
of combined milling and SSF is recommended because they showed the lowest
BA content in addition to higher essential FAA and GABA concentrations.
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lentils (Lens culinaris L.), solid-state fermentation, lactic acid bacteria, gamma-
aminobutyric acid, biogenic amines

1. Introduction

Lentils (Lens culinaris L.; Family: Fabaceae) are used as a very
valuable stock for human (1) and animal nutrition (2). Nowadays,
these plant species are diversified (3) and well known for their
rich dietary compositions (4). Depending on the cultivar., lentils
can be yellow, orange, red, green, brown or black (5). According
to the Food and Agriculture Organization (FAO), the global
production of the lentils is primarily cultivated and harvested in
Canada and India, which are estimated to be 1.99 and 1.1 million
metric tons, respectively (6). There has been growing scientific
interest to study lentils as a functional material due to their high
biological value, as well as the presence of bioactive
compounds (1).

Lentils have low fat content and their fatty acid (FA) fraction
comprising 16.7% of saturated, 23.7% of monounsaturated and 58.8%
of polyunsaturated FA (7). However, the composition of lentils varies
widely, viz.: protein from 15.9 to 31.4%, carbohydrates from 43.4 to
74.9%, fat from 0.3 to 3.5%, total fiber content from 5.1 to 26.6% and
ash content from 2.2 to 6.4% (8). These variations are explained by
plant genetics, agri-ecological factors and production practices, as well
as biotic and abiotic stresses (8). According to the nutrient data of US
Department of Agriculture, raw lentil contains 24.6% protein, 63.4%
carbohydrates, 1.1% fat and 2.7% ash (9). Despite that, in comparison
with wheat or rice, lentils are richer in protein and lower in
carbohydrates (10).

To increase the functional value, lentils can be fermented. Indeed,
fermentation is an effective technology to lead many beneficial
characteristics of the fermentable substrate, including higher
quantities of phenolic compounds (11, 12) and better antioxidant
properties (13, 14). In comparison submerged and solid-state
fermentation (SSF), the latter is more sustainable because of the lower

Abbreviations: Ala, Alanine; AA, Amino acid; Arg, Arginine; Asp, Aspartic acid; BA,
Biogenic amines; —b*, Blueness; CAD, Cadaverine; CFU, Colony-forming units;
MRS, De Man, Rogosa and Sharpe; EU, European Union; FAME, Fatty acid methyl
esters; FA, Fatty acids; FAO, Food and Agriculture Organization; FAA, Free amino
acids; GABA, y-aminobutyric acid; GC, Gas chromatographer/phy; GRAS, Generally
regarded as safe; Glu, Glutamic acid; Gln, Glutamine; Gly, Glycine; Gr, Green
lentils; —a*, Greenness; His, Histidine; Ile, Isoleucine; LAB, Lactic acid bacteria; Lc.
caseli, Lacticaseibacillus casei; Lp. plantarum, Lactiplantibacillus plantarum; Leu,
Leucine; L*, Lightness; Lys, Lysine; MS, Mass spectrometer/try; Met, Methionine;
MUFA, Monounsaturated fatty acids; PHE, Penylethylamine; Phe, Phenylalanine;
PUFA, Polyunsaturated fatty acids; Pro, Proline; PUTR, Putrescine; Re, Red lentils;
a*, Redness; SFA, Saturated fatty acids; Ser, Serine; SPME, Solid-phase
microextraction; SSF, Solid-state fermentation; SPRMD, Spermidine; SPRM,
Spermine; SE, Standard error; Thr;, Threonine; TRP, ryptamine; TYR, Tyramine;
Tyr, Tyrosine; UV/VIS, Ultra-violet/visible; Val, Valine; VC, Volatile compounds; b*,

Yellowness.
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water content, smaller fermentation vessels used, in addition to the
fact that during SSF various enzymes are excreted in higher
concentrations by the existing microorganisms (15). Also, during the
fermentation, antinutritional compounds are significantly degraded
(11, 16).

Though many studies on modeling, the nutritional and
functional characteristics of lentils via SSF have been carried out,
to the best of our knowledge, changes in free amino acid (FAA)
profile, y-aminobutyric acid (GABA) and biogenic amine (BA)
concentrations, fatty acid (FA) and volatile compound (VC) profiles
due to SSF with Lactiplantibacillus plantarum No. 122 and
Lacticaseibacillus casei No. 210 and milling process of the
fermentable substrate have not been discussed so far. Also, to
evaluate an influence of milling process is very important. Particle
size can be of significance when biological treatment is applied,
because of microorganism nutrients accessibility, technological
starters can show different excretion properties of the enzymes, as
well as other metabolites, which can lead to different properties of
the fermented substrate.

The most abundant amino acid (AA) in lentils is glutamic acid,
followed by aspartic acid, arginine, leucine and lysine. However,
methionine and tryptophan are limiting AA in lentils (10). Taking
into consideration the AA profile of lentils, we hypothesized in this
study that SSF of lentils can be a good mean to increase the content
of FAA as well as GABA. GABA is a potent bioactive compound
which is most commonly produced via decarboxylation of
glutamate, and lactic acid bacteria (LAB) strains are most widely
used for producing GABA-enriched products by fermentation (17).
Despite, that most of the production studies on GABA synthesis
have been reported by submerged fermentation, SSF is more
suitable in cost effective GABA production (10). It was reported
that Limosilactobacillus fermentum, Lactobacillus delbrueckii subsp.

lactis, Lactococcus lactis, Pediococcus pentosaceus, Limosilactobacillu

reuteri, Bifidobacterium spp., Levilactobacillus brevis, Pediococcus
acidilactici and Latilactobacillus sakei are the most popular LAB for
GABA production (18, 19). Despite LAB fermentation technology
has a Generally Regarded As Safe (GRAS) status, there are two main
metabolic pathways—chiefly glutamate decarboxylase pathway and
putrescine pathway—which are followed by microorganisms in the
production of GABA, and during the same pathways BA can
be formed (20). In the case of fermented substrates, decarboxylase-
producing microorganisms can be used as technological starter
cultures (21). From here, on may conclude that the control of BA
concentration in the end-product is required.

Under this context, the present research study was carried out
to evaluate the influence of two LAB strains (Lactiplantibacillus
plantarum No.122 and Lacticaseibacillus casei No.210) and
milling process on the properties (pH, LAB count, color
coordinates, FAA profile, GABA and BA concentrations, FA and
VC profiles) of green and red lentils (Lens culinaris L.)
subjected to SSF.
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2. Materials and methods

2.1. Characteristics of the lentils, lactic acid
bacteria used for fermentation of the lentils
and fermentation conditions

Green (variety ‘CDC Lemay’) and red (variety ‘CDC Red Rider’)
lentils (composition per 100 g of the green lentils: total carbohydrates
48.5g, protein 24.0 g, fat 1.5g; composition per 100 g of the red lentils:
total carbohydrates 25.0g, protein 13.0g, fat 0.7 g) were provided by
Ltd. ‘Galinta ir partneriai’ (Kaunas, Lithuania). To evaluate the
influence of the milling process, samples were grounded with a
Laboratory Mill 120 (Perten Instruments AB, Stockholm, Sweden) to
1-2mm particle size.

The LAB strains (Lactiplantibacillus plantarum No. 122 and
Lacticaseibacillus casei No. 210) were acquired from the
Lithuanian University of Health Sciences collection (Kaunas,
Lithuania). Before the experiment, LAB strains were incubated
and multiplied in De Man, Rogosa and Sharpe (MRS) broth
culture medium (Biolife, Milano, Italy) at 30°C under anaerobic
conditions for 24 h. A total of 3 mL of fresh viable LAB grown on
MRS broth (average cell concentration of 8.6 log,, CFU mL) were
inoculated in 100 g of lentils (lentils/water ratio was 1:1, w/w),
where the final densities of the viable LAB strain in the lentils-
water mixtures were on average 5.02 (red lentils) and 4.98 (green
lentils) log,, CFU/g. Afterwards, the lentil samples were fermented
under anaerobic conditions in a chamber incubator without
agitation (Memmert GmbH Co. KG, Schwabach, Germany) for
24h, at 30°C. Non-fermented lentil samples (mixed with water)
were analyzed as the control.

10.3389/fnut.2023.1118710

The applied experimental design gave rise to a total of 10 samples,
chiefly: non-treated (i.e. non-milled and non-fermented) red and
green lentils (Re and Gr, respectively); non-milled red and green
lentils (solid-state) fermented with No.122 and No. 210 LAB strains
(Reyz, Rezyg, Griz, Gy, respectively); milled red and green lentils
(solid-state) fermented with No.122 and No. 210 LAB strains
(Re12omitteds Rez1omitteds G 122milted> Gl10mitleas T€Spectively).

Before and after fermentation, the pH, color coordinates, LAB
viable counts, FAA profile, GABA and BA concentrations, FA and VC
profiles of the lentil samples were analyzed. The experimental design
is schematised in Figure 1.

2.2. Analysis of pH, color coordinates, and
lactic acid bacteria viable counts in the
lentil samples

The pH of lentil samples was evaluated using a pH meter (Inolab
3, Hanna Instruments, Venet, Italy) by inserting the pH electrode into
the lentil samples. The color coordinates of the lentil samples were
evaluated on the surface using the CIE L*a*b* system (CromaMeter
CR-400, Konica Minolta, Marunouchi, Tokyo Japan). The LAB viable
counts were determined according to the method described by
Bartkiene et al. (22).

Evaluation of free amino acid (FAA) profile and gamma-
aminobutyric acid (GABA) concentration in the lentil samples.

Sample preparation and dansylation was performed according to
the method of Ben-Gigirey et al. (23) with some modifications here
described. Homogenizsd sample (~ 1,000mg) was weighted in a
15mL sample tube and analytes were extracted with 10 mL of aqueous

LAB», LAB,,, LAB,»

LAB,,,

Non-fgrmented samples

LABx LAB, LAB)», LAB,),

| Solid-state fermentation at 30 °C under anaerobic conditions for 24 h |

U

Analysis of the sample’s pH, color coordinates, lactic acid bacteria count,
free amino acid profile, gamma-aminobutyric acid and biogenic amine
concentrations, fatty acid and volatile compound profiles.

hOs

Evaluation of the influence of different factors and their interaction [lentil
variety, lactic acid bacteria (LAB) strain used for fermentation, and lentil
particle size] on the analysed lentil characteristics.

FIGURE 1

Experimental design (LAB—lactic acid bacteria strain; 1,,—Lactiplantibacillus plantarum strain; »,,—Lacticaseibacillus casei strain)
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0.1M HCI solution by shaking for 1h. Resultant mixture was
centrifuged at 4,000rpm for 10min. For derivatization, 100 uL of
resultant supernatant was diluted to 500 pL with 0.1 M HCl solution.
Resultant mixture was alkalinised by adding 40 uL of 2M NaOH and
70 pL of saturated NaHCO; solution. Derivatization was performed
by adding 1 mL of 10mg/mL dansyl chloride solution in acetonitrile
and heating the resulting mixture at 60°C for 30min. Reaction
mixture was quenched using 50 pl of 25% ammonia solution and
filtered through a 0.22 pm membrane filter to the autosampler vial.
Concentration of analytes were determined using a Varian ProStar
HPLC system (Varian Corp., Palo Alto, California, USA, two ProStar
210 pumps, a ProStar 410 autosampler) and Thermo Scientific LCQ
Fleet Ton trap mass detector. For analyte detection, the mass
spectrometer operated at positive jonisation single ion monitoring
mode and single reaction monitoring mode (for glutamine).
Concentration of analytes was determined using the standard addition
method by spiking extract with known concentration of analytes. For
the separation of derivatives, a Discovery® HS C18 column
(150 x4.6 mm, 5 pm; SupelcoTM Analytical, Bellefonte, Pennsylvania,
USA) was used. The mobile phase A was 0.1% formic acid in 5%
aqueus acetonitrile and the mobile phase B was 0.1% acetonitrile. A
flow-rate of 0.3 mL/min and an injection volume of 10 uL were used
for analysis. The analytical gradient of the mobile phase was as follows:
0 to 10min (linear gradient) 15 to 60% B, 10 to 40min (linear
gradient) 60 to 95% B and 40 to 48min 95% B, followed by
reequilibration for 10 min with 15% B (increased to 0.6 mL/min flow-
rate). The limit of quantification (according to lowest concentration of
constructed calibration curve) was 0.02 pmol/g.

2.3. Analysis of biogenic amine
concentration in the lentil samples

Sample preparation and identification and quantification of the
BA—which included tryptamine (TRP), phenylethylamine (PHE),
putrescine (PUTR), cadaverine (CAD), histamine (HIS), tyramine
(TYR), spermidine (SPRMD) and spermine (SPRM)—in lentil
samples was conducted by following the experimental procedure
reported by Ben-Gigirey et al. (24) with some modifications. Briefly,
the standard BA solutions were prepared by dissolving known
amounts of each BA (including internal standard) in 20mL of
deionised water. The extraction of BA in samples (5g) was
undertaken by using 0.4 mol/l perchloric acid. The derivatization of
sample extracts and standards was performed using dansyl chloride
solution (10 mg/mL) as reagent. The chromatographic analyses were
carried out using a Varian ProStar HPLC system (Varian Corp., Palo
Alto, California, USA) with two ProStar 210 pumps, a ProStar 410
auto-sampler, a ProStar 325 UV/VIS Detector and Galaxy software
(Agilent, Santa Clara, California, USA) for data processing. For the
separation of amines, a Discovery"" HS C18 column (150 x 4.6 mm,
5pm; SupelcoTM Analytical, Bellefonte, Pennsylvania, USA) was
used. The eluents of the mobile phase were ammonium acetate (A)
and acetonitrile (B) and the elution programme consisted of a
gradient system at 0.8 mL/min flow-rate. The detection wavelength
was set to 254 nm, the oven temperature was 40°C and samples were
injected in 20 pl aliquots. The target compounds were identified
based on their retention times in comparison to their
corresponding standards.
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2.4. Analysis of fatty acid profile in the lentil
samples

The extraction of lipids for FA quantification was undertaken with
chloroform/methanol (2:1, v/v) and fatty acid methyl esters (FAME)
were prepared according to the protocol described by Pérez-Palacios
et al. (25). The FA composition of the lentil samples was identified
using a gas chromatograph GC-2010 Plus (Shimadzu Europa GmbH,
Duisburg, Germany) equipped with a mass spectrometer GCMS-
QP2010 (Shimadzu Europa GmbH, Duisburg, Germany). Separation
was carried out on a Stabilwax-MS column (30 m length, 0.25 mmID
and 0.25pm df) (Restek Corporation, Bellefonte, US). The mass
spectrometer operated at full scan mode and the analyte was injected
in split mode at 1:60 split ratio. The following parameters were used:
MS ion source temperature: 240°C; MS interface temperature 240°C;
helium (carrier gas) flow-rate: 0.90 mL/min; injector: 240°C and oven
temperature programme was: 50°C (4min), 10°C/min to 110°C
(1min), 15°C/min to 160°C (2min), 2.5°C/min to 195°C (1 min),
2°C/min to 230°C (1min) and 2°C/min to 240°C (12min). The
individual FAME peaks were identified by comparing their retention
times with FAME standards (Merck & Co., Inc., Kenilworth, NJ,
USA). The quantification was determined by using the corrected area
normalization method.

2.5. Analysis of volatile compound profile
in the lentil samples

The VC of the lentil samples were analyzed by gas
chromatography-mass spectrometry (GC-MS). A solid-phase
microextraction (SPME) device with Stableflex™ fiber coated with a
50 pm PDMS-DVB-Carboxen™ layer (Supelco, USA) was used for
analysis. For headspace extraction, 1g of sample and 10mL of 1M
phosphate buffer (pH = 3) were transferred to the 20 mL extraction
vial, mixed, sealed with a polytetrafluoroethylene septum and
thermostated at 60°C for 30 min before exposing the fiber in the
headspace. The fiber was exposed to the headspace of the vial for
10min and desorbed in an injector liner for 2min (splitless injection
mode). Prepared samples were analyzed with a GCMS-QP2010
(Shimadzu, Japan) gas chromatograph coupled with a mass
spectrometer. The following conditions were used for analysis: injector
temperature 250°C; ion source temperature 220°C and interface
temperature 260°C. Helium was used as the carrier gas at 0.65 mL/min
flowrate. For separation of VC, a low polarity Rxi®-5MS column
(Restek, USA) (length 30 m, coating thickness 0.25 pm, inner diameter
of 0.25mm) was used. The temperature gradient was programmed
from starting at 40°C (3 min hold) to 220°C (5°C/min) up to 310°C
(15°/min) (6 min hold). The VC were identified according to mass
(NIST11, NIST11S, and FENSC2). For
identification purposes, alkane mix (C8-C20) was analyzed to obtain

spectrum libraries

the retention indexes of unknown compounds.

2.6. Statistical analysis
Statistical analysis was completed using IBM SPSS Statistics for

Windows, v28.0.1.0 (142) (SPSS, Chicago, Illinois, USA). The results
were expressed as the mean values (for lentil samples n =6;
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TABLE 1 pH, color coordinates, lactic acid bacteria (LAB) viable counts and images of non-treated and fermented lentils.

Lentil samples pH after Oh = pH after Color coordinates, NBS LAB viable
24h . . counts, log;o
& CFU/g
Parameters of the red lentil samples
Re 6.14%0.02° - 55.90 +2.34" 24.04 £ 098¢ 26.40 + 1.03' 421033
Rep, 579 +0.01% 4.21+0.02 53.19 + 1.98" 19.59 + 1.32° 22.79 + 0.87° 8.04+027°
Reyo 5.98 +0.02¢ 43340.01° 53.23 + 145" 20.92 + 1.96 23.46 + 0.67° 8.15+0.19
Remiea 575 +0.03* 431003 4418 +1.54* 5.92+0.47° 17.51 £ 0.37 8.01+034°
Resomiea 570 + 0.02* 443 %0.02° 45.86 +2.01* 6.10 + 0.52¢ 18.45+0.38" 8.16 + 0.29>
Parameters of the green lentil samples
Gr 6.43+0.02' - 42.88 +1.98* 6.28 +0.38° 14.32£0.25 4.10+0.25°
Gri 5.81+0.03 437 £0.02% 58.55 + 2.05" 16.94 + 1,30 2591 +0.58' 8.34+0.28>
G 5.88 +0.01° 4.40 % 0.03° 57.98 +2.93" 15.93 +1.22¢ 25.83 +0.76" 837 + 030>
Glinmia 599 +0.01d 4.23+0.01° 52.61+3.27" 1.87+0.11° 18.91+0.64" 8.59 + 0.26°
Glaomia 5.82+0.04b 435+0.02° 52.68 +2.62° 1.40 +0.20* 15,57 £0.31° 8.60+0.17¢

Images of the non-treated and treated lentils

Reyy Reynamitied

Rezomitiea

Gr Grin

Grag Grizmilea

Graiomiled

L* - lightness; a* - redness (—a* b — yell (=b* bl

LAB, lactic acid bacteria; NBS, National Bureau of Standards units; CFU, colony forming units; Re, non-treated

red lentils; Gr, non-treated green lentils; 1., - fermented with Lactiplantibacillus plantarum strain; »,, - fermented with Lacticaseibacillus casei strain; s - milled lentils. Data are represented
as means (n=6) + SE. -not analyzed; **Means with different letters in the column are significantly different all sample groups (p <0.05).

fermentation was performed two times, and from one substrate 3
samples were taken for analysis) + standard error (SE). In order to
evaluate the effects of different lentil cultivars, different LAB used for
fermentation and milling process on the lentil quality parameters, data
were analyzed by multivariate analysis of variance and Tukey-HSD
tests as post-hoc tests. A linear Pearson’s correlation was used to
quantify the strength of the relationship between the variables. The
results were recognized as statistically significant at p <0.05.

3. Results and discussion

PpH, color coordinates and lactic acid bacteria (LAB) viable counts
in the lentil samples.

The pH, color coordinates, LAB viable counts and images of the
lentil samples are given in Table 1. When comparing the red lentil
samples, the lowest pH values were reached with Re,,, samples (4.21),
and samples Rey;o and Rejymied pH was, on average, 4.32. Regarding
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the green lentil group, the lowest pH values was attained in Gryminea
samples (4.23), whereas in the other samples, the pH was 2.8, 3.3 and
4.0% higher (Grjominess Griz, and Gryy, respectively). Most of the
analyzed factors and their interactions were significant on the pH of
the milling process (Supplementary Table S1.1).

In comparison LAB count in all the lentil groups, in all the SSF
groups, LAB count was above 8.0 log;, CFU/g, and the milling process
was not a significant factor on LAB count in lentils
(Supplementary Table S1.1). However, between the LAB viable counts
and pH, a very strong negative correlation was found (r=-0.973,
<0.0001).

Mousavi et al. reported that the beverages produced by 100% of
lentil and fermented with Bifidobacterium bifidum displayed
significantly higher acidity values, in comparison with beverages
produced with lower content of lentil flours (26). Also, the number of
lactobacilli and bifidobacteria (after 24 h of fermentation) in beverages
was over 9.0 log;, CFU/mL. Another study reported that the Lp.
plantarum TK9 and Lacticaseibacillus paracasei TK1501 strains are
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suitable to ferment lentils both under liquid-state and solid-state
fermentation conditions and LAB viable counts were higher than 8.0
log,, CFU/g (27). Our study showed that despite the low pH values of
the fermented samples, viable LAB counts over than 8.0 log,, CFU/g
were established. This finding can be explained by the high tolerance
to acidic conditions of the LAB strains used for fermentation. Our
previous studies showed that Lactiplantibacillus plantarum 122 and
Lacticaseibacillus casei 210 strains are versatile technological
microorganisms with high-acidity resistance (28). Nevertheless, the
adaptation of LAB to low pH conditions depends on the environmental
factors and phenotype traits of the strains (29). This can explain
different results reported in different studies. Indeed, LAB strain and
milling process can be manipulated to obtain the most appropriated
characteristics of the end products, including high viable
counts of LAB.

Observing the lightness (L*) of red lentil samples, Re;opieq and
Re;1omitea showed, on average, 16.8% lower values than non-treated
(Re) and non-milled (solid-state) fermented samples (Re,, and Reyy).
In all the cases, fermentation decreased red lentil redness (a*), and the
lowest a* coordinates were attained in the milled and fermented
samples (i.e., Rejpminea and Reyjomiea Samples with a* coordinates of
45.02 NBS, on average). Similar tendencies were found of the red lentil
yellowness (b*), and the lowest b* coordinates were found in Re;miea
samples (17.51 NBS).

In what concerns to the green lentil group, in all cases the
fermentation process increased L* and, in comparison with the
non-treated green lentil sample, fermented samples showed, on
average, 29.3% higher L* values. However, significant differences on
L* coordinate between non-milled- and milled-fermented samples
were not observed. The lowest a* coordinate was obtained with the
sample Gryjgmiea (1.40 NBS), and the lowest b* coordinate was
displayed by the green lentil control (14.32 NBS). In comparison with
the non-treated sample (Gr), b* coordinates of fermented samples
were 8.73% (in Gryjmiea sample) to 80.6% (in Gry,, and Gry
samples) higher.

The color of the product is a very important quality indicator and
critical to consumer’s sensory acceptance. The main colored
compounds in lentils are carotenoids and tocopherols, and lentils are
a good source of both (30). It was reported data about carotenoid and
tocopherol compositions in ten red and ten green lentils (31). The
predominant tocopherol in lentils was y-tocopherol (96-98% of the
total tocopherol content), followed by 8- and a-tocopherols (31).
Changes in the color of lentils during the fermentation can
be explained by their reaction with organic acids as well as by
enzymatic hydrolysis. It was reported that the acidic additive or LAB
inoculation can affect the a-tocopherol and B-carotene content of the
substrate (32); however, the results from different studies
are inconsistent.

The microorganism strains used for fermentation can utilize
phytochemicals and lead to their degradation (33, 34). Hubert et al.
reported that a decrease in tocopherols can be obtained during the
soybean germ lactofermentation (33). Our study showed that
significant factors on L* of the lentil samples were the LAB strain
process
(Supplementary Table S1.1). Finally, all the analyzed factors showed
individually to significantly influence the a* and b* coordinates of
lentils, but not all of their interactions were statistically significant
(Supplementary Table S1.1).

used for fermentation and the milling
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3.1. Free amino acid profile and
gamma-aminobutyric acid concentration
in the lentil samples

The content of GABA and FAA in lentil samples is given in
Supplementary Table S2.1 and Figure 2.

In most of the cases, fermentation increased the essential FAA
content in both type of lentils (red and green lentils), except valine in
Re;) and histidine in Rey,), Reyjo Rejmomiess and Reyjomined and Gryyy,
G510, G 1omiiea a0d GI5jgminea Samples. In comparison with all the tested
lentil groups, the highest content of threonine was found in Gr i
samples (3.13pmol/g). The highest content of methionine and
phenylalanine was found in red lentil samples Re;yuiies and Re;jgmitea
(on average, 0.560 and 1.04 pmol/g, respectively). In comparison with
red and green lentil samples, in most of the cases (except Gry,
samples), higher concentration of valine was found in red lentil
samples and fermentation increased valine content in samples by 2
times on average. The highest concentration of leucine/isoleucine was
detected in Re,ymines and Res omiea> and Gryomines samples (on average,
4.32 pmol/g). However, the highest amount of lysine was displayed in
Gryjominea Samples (2.02 pmol/g). Comparing histidine content in
lentils, different tendencies were established: in 4 out of 10 analyzed
sample groups, SSF decreased histidine content (in Re», Rey,
Resiomitleas and Grzineq Samples, on average, by 26.4, 32.0, 12.9, and
49.7%, respectively) in comparison with non-fermented ones.

Analyzing the content non-essential FAA in lentil samples, in all
the cases, SSF increased serine and tyrosine content in samples in
comparison with non-fermented ones. Comparing red lentil groups,
SSF increased in every case glycine and alanine concentration (on
average, from 1.4 to 2.7 times and from 2.6 to 3.7 times, respectively)
and decreased glutamine and arginine (Arg) concentrations (on
average, from 1.8 to 1.3 times and from 3.1 to 1.2 times, respectively),
in comparison with the control. However, asparagine concentration
was lower in both red and green lentils after SSF but Gr,;gmines samples,
in which asparagine content after SSF remained similar to the control
group (on average, 4.10 umol/g). In the majority of the SSF samples,
glutamic acid concentration showed a tendency to reduce, except Gry,,
and Gry,, — where, in these last samples, glutamic concentration
remained similar (on average, 5.24 pmol/g) and slightly higher (by
31.1%), respectively, in comparison with control ones. Different trends
were found in green lentil samples: glycine and alanine contents
increased in both milled green lentil samples, however, proline (Pro)
content decreased in both green lentil groups (non-milled and milled)
fermented with No. 210 LAB strain. Opposite trends were observed
in the arginine content in green lentil samples; moreover, arginine
concentration increased after SSF with No. 210 strain but decreased
after fermentation with No. 122 strain. Yet, in milled green lentil
samples fermented with No. 210 strain, arginine concentration was
found lower, in comparison with non-fermented ones.

As depicted in the Supplementary Table S1.2, most of the analyzed
factors and their interactions were significant on the FAA
concentration in lentil samples.

Looking at the GABA concentration in lentil samples, the values
were always higher in SSF samples, when compared with
non-fermented ones. In non-fermented red lentil samples, GABA was
inexistent. However, in non-milled SSF samples with No. 122 and No.
210 strains, GABA content was, on average, 4.53 and 2.91 umol/g,
respectively. Milling process was proved to be a significant factor on

frontiersin.org

194



Mockus et al. 10.3389/fnut.2023.1118710
1 2 3 4
Re122milled Hmolig
© 10
Re210milled 8
Gr122milled 6
f _
Gr21omilled 4
| Re122 Iz
Lol
Re210 0
Gr210
o
Gr122
2 222 2 oi e o o
< £ 8% € s 5 £ E
S o e g © 8
> § § 3 £ ET <3
= a 2 = £ o
g = 2 3 E]
T < § 9]
o
S
FIGURE 2

Gamma-aminobutyric acid (GABA) and free amino acid (FAA) content in lentil samples (Re—non-treated red lentils; Gr—non-treated green lentils;
122—fermented with Lactiplantibacillus plantarum strain; ,;0—fermented with Lacticaseibacillus casei strain; mies—

milled lentils)

GABA content of lentils (Supplementary Table S1.2). Indeed, in milled
SSF red lentil samples higher GABA concentration was obtained (on
average, by 1.87 and 2.79 times, in SSF with No. 122 and No. 210
strains, respectively). Furthermore, opposite tendencies were found in
green lentil samples: non-milled SSF samples contained higher GABA
concentration, in comparison with milled - non-fermented ones (by
1.62 and 1.63 times, in SSF with No. 122 and No. 210 strains samples,
respectively).

Naturally, different fermentation designs lead to variations in the
protein or amino acid profiles of fermentable substrate (35). Several
studies reported that the protein concentration increases during
fermentation (34, 36). However, antagonist results were also reported
(36). These differences may be explained by the loss of dry matter, as
a result of the microbial metabolic activities (35). Furthermore, the
degradation of protein by microbial starters release FAA to the
fermentable substrate (36). On the other hand, fermenting
microorganisms can use FAA as a nutritional source (36, 37).
Important to note that during fermentation the microorganisms
increases the digestibility of plant proteins (36, 38). Also, the
combination of fermentation with other processing technologies (for
instance, thermal treatment) is more effective in reducing
antinutritional factors (35). Pranoto et al. reported that Lp. plantarum
can breakdown complex proteins, thereby releasing more peptides and
FAA (36). As a matter of fact, during the fermentation a simultaneous
increase and decrease of FAA in the fermentable substrate can
be observed. Therefore, a control of the technological fermentation
conditions as well as the quality parameters of the end-product are
needed to avoid a loss of protein.

GABA production in fermented material also varied and these
variations are related with many factors, including fermentation
temperature, pH, substrate composition, process duration, etc (39). It
was reported that the optimum process temperature for GABA
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synthesis is 30°C; however, other authors reported that the optimal
temperature is 37°C (40). These differences can be related with the
strains used for fermentation (28). The synthesis of GABA is catalyzed
by the glutamic acid decarboxylase (18,41, 42), which can be produced
by LAB, yeasts and fungi (43-48). Though, decarboxylation of FAA
can lead to BA formation. For this reason, this factor should be taken
consideration when selecting the appropriate
fermentation technology.

into most

3.2. Biogenic amine concentration in the
lentil samples

The BA concentrations in non-treated and fermented lentil
samples are given in Table 2. Biogenic amines tryptamine (TRY),
cadaverine (CAD), histamine (HIST) and tyramine (TYR) were not
detected in lentil samples, and the main BA in lentil samples was
spermidine (SPRMD). In all the cases SSF decreased SPRMD
concentration in samples, and the lowest SPRMD content was
found in Grypmiied and Gryjomied Samples (on average, 108 mg/kg).
Separate analyzed factors were significant on SPRMD concentration
in lentil samples; conversely, their interactions were not significant
on SPRMD formation (Supplementary Table S1.3). Between
SPRMD concentration and pH of the samples, moderate positive
correlation was found (r=0.795, p<0.0001), as well as a strong
negative correlation between SPRMD concentration and LAB count
was established (r=-0.810, p <0.0001). In comparison spermine
(SPRM) content in samples, all the SSF samples showed lower
contents, in comparison with non-fermented ones. Furthermore,
the lowest SPRM content was found in Gryymiess Glaiominea and
Reziomitles Samples (on average, 30.3 mg/kg). Likewise SPRMD, all the
separate analyzed factors were significant on SPRM concentration
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TABLE 2 Biogenic amine (BA) concentration (mg/kg) in non-treated and fermented lentil samples.

Lentil Biogenic amine, mg/kg
samples CAD HIST
Parameters of the red lentil samples

Re nd 7.43 +0.65° 83.9+53¢ nd nd nd 235+15.3¢ 69.1 +4.3°

Re; nd 5.52+0.32° 59.8 + 3.8 nd nd nd 168 +9.32¢ 55.0 + 4.8

Rey nd 5.43+0.41° 62.4 +4.5° nd nd nd 172 +£11.2¢ 55.8 +3.9¢

Repmiled nd 9.27 £ 0.71° 41.0 £2.9* nd nd nd 142 £12.5 36.1+2.9"

Re2omilled nd 113 +0.11% 420+3.1° nd nd nd 134 +11.8 33.5+32%

Parameters of the green lentil samples

Gr nd 9.49 +0.76 82.8+6.8" nd nd nd 204 +16.3¢ 552+ 4.6

Gryp nd 6.57 +0.54 ¢ 529+3.9° nd nd nd 138 +10.5" 427 4+2.7°

Gryy nd 0.640 + 0.025" 53.8 +4.1° nd nd nd 139 +11.4° 43.6 +2.6°

Grizomilied nd 4.18 +0.29" 393+2.5° nd nd nd 108 £9.1° 29.2+2.7*

Gr210mited nd 8.69 +0.62° 41.6 £2.9* nd nd nd 108 + 8.6" 282+2.1°
Re, non-treated red lentils; Gr, non-treated green lentils; ,, - fermented with Lactiplantibacillus plantarum strain; ,,, - fermented with Lacticaseibacillus casei strain; s - milled lentils. TRY,
tryptamine; PHE, phenylethylamine; PUT, p ine; CAD, cadaverine; HIST, histamine; TYR, tyramine; SPRMD, spermidine; SPRM, spermine; nd, not detected. Data are represented as

means (n=6) +SE. “#*Means with different letters in the column are significantly different all sample groups (p <0.05).

in lentil samples; however, their interactions were not significant
(Supplementary Table S1.3). Between the SPRM concentration and
pH of the samples, a moderate positive correlation was found
(r=0.627, p<0.0001), as well as a strong negative correlation
between SPRM concentration and LAB viable counts was
recognized (r=-—0.660, p<0.0001). Similar tendencies were
established with putrescine (PUT). Particularly, SSF samples
constantly showed lower PUT concentration, and the lowest content
was found on both samples of red and green milled and fermented
with both LAB strains (on average, 41.0mg/kg). Significant
influence on PUT concentration in lentils was obtained with the
factors LAB strain used for fermentation and milling process
(Supplementary Table S1.3). Also, strong positive correlation was
found between the PUT concentration and samples pH (r=0.844,
p<0.0001), as well as a strong negative correlation between PUT
concentration and LAB viable counts was attained (r=-0.829,
p<0.0001). PHE concentration in red lentil samples ranged from
5.48 mg/kg (in Re,, and Re,;, samples) to 11.3 mg/kg (in Resiominea
samples), whereas in green lentil samples ranged from 0.640 mg/kg
(in Gr,,, samples) to, on average, 9.09 mg/kg (in Gr and Grominea
samples). Finally, all the analyzed factors and their interactions
significant on PHE samples
(Supplementary Table S1.3).

Correlations between GABA and FAA with BA concentration
were also analyzed in lentil samples (Table 3). Between the biogenic
amine phenylethylamine (PHE) and aspartic acid (Asp), glutamic acid
(Glu), glycine (Gly), methionine (Met), phenylalanine (Phe), leucine

were content in lentil

(Leu)/isoleucine (Ile) and histidine (His) moderate positive
correlations were found. However, between PHE and glutamine (Gln)
negative moderate correlation was established. The biogenic amine
PUT showed negative correlations with serine (Ser), threonine (Thr),
glycine, GABA, alanine (Ala), methionine, valine (Val), phenylalanine,
leucine/isoleucine, lysine (Lys) and tyrosine (Tyr). Similar tendencies
on the correlations between the biogenic amine SPRMD and FAA and
GABA were found; however, SPRM showed positive correlation with
aspartic acid, proline and histidine, in addition to negative correlations
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with threonine, glycine, GABA, methionine, valine, phenylalanine,
leucine/isoleucine, lysine and tyrosine.

The amino acid arginine can be converted to agmatine or to
ornithine from which PUTR is formed during the decarboxylation
pathway. The amino acid lysine can be decarboxylised into
CAD. Moreover, HIS, TYR, TRYP and PHE can be formed from
the amino acids histidine, tyrosine, tryptophan and
phenylalanine, respectively. SPRM is formed from SPRMD, which
is formed from PUTR, by SPRM synthase and SPRMD synthase,
respectively (20). Physiologically, the most important BA are
HIST and TYR because of their toxicity (49). These later BA were
not found in lentil samples. Usually, plant-based material contain
PUTR, SPRM and SPRMD and lower concentrations of HIST
(21), and the European Union (EU) established legislative limit
values only for HIST in fish (50). However, there are
recommendations for PHE (30 mg/kg) in food (51). Indeed, it
was reported about the BA present in fermented soybean
products (52-56). The presence of BA has been reported in
legumes, and the total BA content in lentils was established to
be 130 mg/kg, with predominant CAD (57, 58). However, studies
about BA content in fermented lentils are very scarce. Overall,
fermented vegetables were reported as the group of products in
which high quantities of PUTR (264mg/kg) and CAD
(26-35.4mg/kg) can be formed (59). Finally, taking into
consideration that the high concentration of BA (1,000 mg of
total BA/kg and 8 mg of HIST) can cause serious health problems
(60, 61), the control of the end-product is of foremost importance.

3.3. Fatty acid profile in the lentil samples

The FA concentrations (% from total fat content) in the lentil
samples are shown in Table 4 and Figure 3. Its content in red lentil
samples ranged from 44.70% (in Re,,, samples) to, on average,
47.95% (in Re, Re pmited and Reyjomied samples), whereas in green
lentil samples ranged from, on average, 44.76% (in Gry,, and
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Gr/5omitea Samples) to, on average, 47.35% (in Gr samples). All the  Additionally, positive moderate correlation was found between pH
analyzed factors and their interactions were significant on linoleic ~ and linoleic acid concentration in lentil samples (r=0.501,
acid content in lentil samples (Supplementary Table S1.4).  p=0.005), as well as moderate negative correlation was observed

TABLE 3 Pearson correlati 1 gamr i ityric acid (GABA), free amino acid (FAA) and biogenic amine (BA) concentration in lentil
samples.
Amino acids Biogenic amines
SPRMD

Serine =0.077 0.686 —0.549%* 0.002 —0.416* 0.022 —0.353 0.055
Aspartic acid 0.472%% 0.009 0.714%% 0.0001 0.740%* 0.0001 0.516%% 0.003
Glutamic acid 0.569%* 0.001 0.180 0.342 0.418* 0.021 0.225 0.233
‘Threonine 0.236 0.210 —0.0720%* 0.0001 —0.530%% 0.003 —0.608%* 0.0001
Glycine 0.497%% 0.005 —0.642%* 0.0001 —0.487*% 0.006 —0.653%* 0.0001
Alanine 0.237 0.207 —0.487%* 0.006 —0.282 0.131 —0.294 0.115
Proline 0.340 0.066 0.271 0.148 0.527%% 0.003 0.517%% 0.003
Methionine 0.424* 0.019 —0.752%% 0.0001 —0.562%* 0.001 —0.664%* 0.0001
Valine 0.312 0.093 —0.616%* 0.0001 —0.399* 0.029 —0.452% 0.012
Phenylalanine 0.463%* 0.010 —0.696%* 0.0001 —0.520%* 0.003 —0.613%* 0.0001
Leu/Ile 0.508%* 0.004 —0.722%% 0.0001 —0.574%* 0.001 —0.685%* 0.0001
Lysine 0.328 0.077 —0.794%% 0.0001 —0.747%% 0.0001 —0.792%% 0.0001
Histidine 0.596%* 0.001 0.282 0.131 0.528%* 0.003 0.378% 0.040
Tyrosine 0.298 0.109 —0.0814%* 0.0001 —0.774%* 0.0001 —0.869%* 0.0001
Glutamine —0.461% 0.010 0.361 0.050 0.249 0.185 0.266 0.155
Arginine —0.150 0.429 0.244 0.195 0.189 0.316 0.062 0.744
GABA -0.132 0.486 —0.761%% 0.0001 —0.704%* 0.0001 —0.651%% 0.0001

PHE, phenylethylamine; PUT, putrescine; SPRMD, spermidine; SPRM, spermine; GABA, gamma-aminobutyric acid; r, Pearson correlation; p, significance, correlation is significant, when
p<0.05. ** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed).

TABLE 4 Fatty acid (FA) profile in lentil samples.

Lentil samples Fatty acids

Palmitic acid Stearic acid Oleic acid (C18:1 Linoleic acid a-Linolenic acid
(C16:0) (C18:0) cis, trans) (C18:2) (C18:3 )

Fatty acids concentration, % from total fat content

Parameters of the red lentil samples

Re 12.56 +0.23* 1.50 +0.14¢ 26.90 +0.29* 47.97 +0.35% 11.12 +0.09°
Reys 15.70 + 0.20° 146 +0.12¢ 30.00 +0.21¢ 44.70 +0.33" 8.13 +0.36°

Reyo 13.52+0.45" 1.39+0.11¢ 28.40 + 0.34° 46.35+0.20° 10.33 +0.09°
Rezomited 13.02 +0.28* 0.363 +0.002° 28.20 +0.27° 48.07 +0.32¢ 10.36 + 0.05°
Reziomied 13.57 £0.14 0.857 +0.023¢ 26.90 +0.22* 47.82 £ 0.53 10.83 +0.08¢

Parameters of the green lentil samples

Gr 13.04 +0.29*" 0.787 +0.03° 28.00 +0.16° 47.35+0.31° 10.78 +0.07¢
Gryp 1443 +0.13° 1.31+0.09¢ 30.81 +0.15¢ 4447 +0.21° 9.02 £ 0.06"
Gryjo 14.01 +£0.31° 1.24 +0.08¢ 27.80 +£0.11° 46.26 +0.22° 10.73 + 0.08¢
GIi2omiled 14.39 +0.13° 0.858 +0.021¢ 31.00 +£0.18° 45.05 +0.35* 8.68 +0.32*°
GI1omiled 1434 +0.12¢ 0.617 +0.014" 30.41 +0.24° 4599 +0.13" 8.68 +0.51*"

Re, non-treated red lentils; Gr, non-treated green lentils; 1, - fermented with Lactiplantibacillus plantarum strain; » - fermented with Lacticaseibacillus casei strains s - milled lentils; SFA,
saturated fatty acids, MUFA - monounsaturated fatty acids; PUFA, polyunsaturated fatty acids. Data are represented as means (11=6) + SE. **Means with different letters in the column are
significantly different all sample groups (p <0.05).
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Saturated (SFA), monounsaturated (MUFA) and polyunsaturated (PUFA) fatty acid, omega-3, omega-6 and omega-9 contents in lentil samples (Re—
non-treated red lentils; Gr—non-treated green lentils; 1.,,—fermented with Lactiplantibacillus plantarum strain; ,;,—fermented with Lacticaseibacillus
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between LAB viable counts and linoleic acid concentration in lentil
samples (r=—0.482, p=0.007). The following dominant FA in the
lentil samples was oleic acid and most of the factors and their
interaction had a significant effect on this FA content
(Supplementary Table S1.4). Comparing oleic acid content in red
and green lentils, one found out, on average, a 3.93% higher content
in green lentils. However, different tendencies of the oleic acid
content in SSF samples were disclosed. Moreover, when looking
among red lentil samples, the content of oleic acid in Re,,,, Re;;o and
Re 2milles> increased but in Rey;gmines remained similar to the control.
Comparing green lentil samples, the lowest oleic acid content was
found in Gr,,, samples (on average, 27.80% from total fat content)
and the highest in Gr,mies samples (on average, 31.00% from total
fat content). In both red and green lentil samples, SSF increased
palmitic acid content. In addition, in red lentils the highest palmitic
acid content was found in Re,,, samples (on average, 15.70% from
total fat content). Besides, palmitic acid content in all the fermented
green lentil samples increased in comparison with the control, and
the average content was 14.29%. All the analyzed factors and their
interactions were significant on palmitic acid content in lentil
samples but ReGr x LAB
(Supplementary Table S1.4). A negative moderate correlation

strain interaction
between pH and palmitic acid concentration in lentil samples was
unfolded (r=-0.573, p=0.001), as well as a moderate positive
correlation was found between LAB viable counts and palmitic acid
(r=0.606, p=0.0001). In most of the cases, SSF decreased
a-linolenic acid concentration in lentil samples but Gr,;, samples.
a-Linolenic acid concentration in lentils showed moderate positive
correlation with pH values (r=0.549, p=0.002), and moderate
negative correlation (r=—0.511, p=0.004) with LAB viable counts
in lentils.
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Saturated (SFA), monounsaturated (MUFA) and polyunsaturated
(PUFA) fatty acids, and omega-3, omega-6 and omega-9 fatty acid
contents in lentil samples are illustrated in Figure 3. Predominant FA
groups in lentils were PUFA and MUFA, and SSF showed the tendency
to increase MUFA in both red and green lentils. However, opposite
trends of PUFA were obtained and their content in SSF samples was
lower in comparison with the controls. Also, SSF increase SFA content
in green lentils and, in most of the cases, in red lentil samples but
Reipmitee. Comparing omega-3 content in lentils, in all fermented
samples, omega-3 content was lower in comparison with the controls.
Similar trends were unfolded with omega-6 content: in most of the
fermented samples, omega-6 content was lower but Rejmiea-
Nevertheless, opposite tendencies were disclosed regarding the
omega-9 content in lentil samples, and in fermented samples in most
of the cases (except Gr,,, samples) omega-9 content was higher than
the controls.

It was reported that the main FA in lentil samples are linoleic,
palmitic, oleic and linolenic acids (62). Yet, in lentil samples were
detected stearic, cis 11 eicosenoic and myristic acids. The PUFA
were the major group of FA in lentils, whereas SFA were found in
minor concentrations. Also, omega-6:omega-3 ratio in lentils was
found to be between 1.67 and 6.65, which is in accordance with the
average values described by Paucean et al. for red and green
lentils (63).

The changes obtained during the fermentation can
be explained by activities of the endogenous enzymes, which are
present in legumes, e.g. lipoxygenase utilize unsaturated fatty
acids to release volatile compounds—some of which possessing
undesirable odors (64). This is especially a problem for legumes
with a high proportion of unsaturated fatty acids (>80%). The
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FIGURE 4
Volatile compound (VC) profile (% from the total volatile compounds content) in lentil samples (Re—non-treated red lentils; Gr—non-treated green
lentils; 1,,—fermented with Lactiplantibacillus plantarum strain; ,;,—fermented with Lacticaseibacillus casei strain; mies—milled lentils)

evolution and presence of volatile compounds are discussed
further in the next section.

3.4. Volatile compounds profile in the lentil
samples

The VC profile in lentil samples (% from the total VC content) is
given in Supplementary Table $3.1 and Figure 4. The main VC in lentil
samples, which content (% from the total VC content) was at least in
one sample higher than 10%, were hexanal, 1-hexanol, hexanoic acid,
D-limonene and (E)-2-nonen-1-ol. Hexanal flavor is described as
green, fatty, leafy, vegetative, fruity and clean with a woody nuance;
1-hexanol flavor is pungent, ethereal, fusel oil, fruity and alcoholic,
sweet and with a green top note; hexanoic acid is sour, fatty, sweat and
cheese; D-limonene is citrus, orange, fresh and sweet and (E)-2-
nonen-1-ol flavor is described as green, fatty, melon and with an oily
tallow nuance (Supplementary Table $3.2). Likewise hexanoic acid in
non-fermented green lentils, in non-fermented red lentil samples
hexanoic acid and (E)-2-nonen-1-ol were not detected. In
non-fermented red and green lentils 13 and 17 VC, respectively, were
identified. However, in non-milled and milled SSF with No. 122 strain
18 and 19 VC were found, respectively, as well as in non-milled and
milled SSF with No. 210 strain 17 and 18 VC were identified,
respectively. Despite that in non-fermented green lentils higher variety
of VC was found, in fermented samples (with both tested LAB strains)
9 VC were detected. In opposite to this trend, in milled SSF samples
more than two times broader spectrum of VC was formed: 20 VC in
G pminea and 21 VC in Gryomineq were identified. Analyzed factors were
statistically significant on most of the VC content in lentil samples
(Supplementary Table S1.5). Correspondingly, most of the VC
concentrations showed significant correlations with pH and LAB
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viable counts of the samples (Table 4). Additionally, some of the VC
showed  significant  correlations ~ with ~ FA  content
(Supplementary Table S4.1).

It was reported that different cultivars and color of legumes
have similar characteristic volatile compound profiles (64). The
undesirable odors of legumes are related to the lipoxygenase-
catalyzed unsaturated fatty acid oxidation (65, 66), viz. volatile
terpenes may be formed from degradation of carotenes by either
legume lipoxygenases or hydroperoxides generated from autolytic
and enzyme-catalyzed lipid oxidation (67). D-limonene is
considered as potential discriminant VC in lentils (64). The latter
is associated with a citrus and fresh odor (68). Beany and green
odors are majorly derived from hexanal and 1-octen-3-ol (65, 66,
69). Previous studies were focused on soybean volatile
compounds (65, 70-73) and the experimental data concerning
lentil volatile compounds are scarce (Table 5).

The FA composition of legumes in conjunction with their VC
were studied. The study conveyed that the large number (13) of
terpenes and hexanal sets up the most abundant compounds in lentils
(64). In opposite to aldehydes, alcohols, ketones and hydrocarbons,
which are products of FA oxidation, terpenes are naturally present in
plants (67), and «- and p-pinene are the most common terpenes in
legumes (64). Furthermore, nonanal and 2-hexenal were the second
and third most abundant VC in legumes (64). These findings are in
agreement with our current study. The difference in hexanal
abundance was explained by the difference in the content of linoleic
and linolenic FA, because they are the precursor for lipoxygenase-
catalyzed evolution of hexanal (65). Hydroperoxide lyase isozymes
degrade hydroperoxides into isomeric nonenals, including hexanal
(74, 75). The latter VC can be further used by enzymes, further
generating additional volatile aldehydes (76), which may help to
explain the presence of other analogous aldehydes. Also, legumes
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TABLE 5 Pearson correlations between pH and lactic acid bacteria (LAB) viable counts with volatile compound (VC) content in lentil samples.

Volatile compounds

LAB viable counts

r
Acetic acid —0.446* 0.013 0.359 0.051
Hexanal -0.322 0.083 0.352 0.057
1-Hexanol —0.368* 0.045 0.416* 0.022
a-Pinene 0.719%* 0.0001 —0.655%* 0.000
Hexanoic acid —0.499%% 0.005 0.404* 0.027
2-pentylfuran —0.190 0.315 0.169 0.372
3- Carene 0.712%% 0.0001 —0.647%* 0.0001
D-Limonene 0.841%* 0.0001 —0.782%* 0.0001
Oct-(2E)-enal 0.489%* 0.006 —0.503%* 0.005
1-Nonene 0.331 0.074 —0.409% 0.025
Pantolactone -0.227 0.227 0.179 0.344
Nonanal 0.400%* 0.029 —0.395% 0.031
(E)-non-2-enal —0.788%% 0.0001 0.837%% 0.0001
(E)-2-Nonen-1-ol —0.170 0.368 0.108 0.569
Dodecane 0.676%* 0.0001 —0.661%* 0.0001
Decanal 0.841%% 0.0001 —0.839%* 0.0001
(2E,4E)-nona-2,4-dienal —0.590%* 0.001 0.585%# 0.001
Dec-(2E)-enal —0.054 0.779 0.018 0.923
4,6-Dimethyldodecane 0.205 0.276 —0.152 0.424
2-Undecenal —0.403* 0.027 0.325 0.080
(E)-p-Damascone —0.088 0.643 0.175 0.356

LAB, lactic acid bacteria; 7, Pearson correlation; p, significance, correlation is significant, when p <0.05. ** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the

0.05 level (2-tailed).

contain alcohol ~dehydrogenases, which can catalyze the
interconversion of aldehydes, alcohols and acids (77), thus possibly
explaining the abundance of 1-hexanol. Other groups of VC, like
ketones and hydrocarbons, are also derived from both non-enzymatic
and enzymatic lipid oxidation (67), however, these VC are more

typical in dry beans (78).

4. Conclusion

From this research effort, it can be concluded that both
studied LAB strains are suitable for lentil fermentation (pH <4.5,
LAB viable counts >8.0 log,, CFU/g) and solid-state fermentation
with these strains increases essential free amino acid content in
lentils. However, some of the non-essential FAA content in
fermented lentils decreased. Additionally, SSF significantly
increases GABA concentration in lentils, and milling process is a
significant factor on GABA synthesis in the studied fermentable
substrates. Predominant biogenic amine in lentils was SPRMD. In
overall, SSF reduces the total BA content in lentils (on average,
34.8% in red lentils and 39.9% in green lentils). The main fatty
acids in lentils were linoleic and oleic acids, and SSF showed the
trend to increase MUFA and decrease PUFA contents. The main
volatile compounds in lentil samples were hexanal, 1-hexanol,
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hexanoic acid, D-limonene and (E)-2-nonen-1-ol, and most of
the VC showed significant correlations with the pH, LAB viable
counts and FA of the lentil samples. Finally, LAB strain used for
SSF and milling process are statistically significant factors for
most of the analyzed parameters, and, despite that in green
non-milled SSF lentils, higher GABA concentration was found,
for both (green and red) lentils, milling and SSF combination is
recommended, because these groups of samples showed the
lowest BA content, in addition to high concentrations of essential
FAA and GABA.
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Abstract: The aim of this study was to evaluate and compare the characteristics of non-treated and
fermented [via submerged (SMF) and solid-state (SSF) fermentation using Pediococcus acidilactici]
lentils (Lens culinaris) grown either in pure stands (L) or relay intercropped with winter rye (LR).
It was observed that the lentils were suitable substrate for lacto-fermentation. Most of the free
amino acid concentrations increased in lentils after both fermentations. The highest concentration of
y-aminobutyric acid was found in SSF LR samples. However, fermentation led to higher biogenic
amines (BA) content in lentils. The most abundant fatty acid in lentils was C18:2. SSF lentils showed
more complex volatile compound (VC) profiles (with between nine and seventeen new VCs formed),
whereas, in SMF samples, between two and five newly VCs were formed. When comparing lentil
grown types, L contained significantly higher concentrations of Na, K, Ca, P, Mn, and Se, while LR
contained significantly higher concentrations of Fe and Ni. To sum up, fermentation with lactic acid
bacteria (LAB) contributed to the improved biological value of lentils; still, the quantity of BA needs
to be considered. Further investigations into the P. acidilactici metabolism of certain compounds (such
as phenolic and antinutritional compounds) in lentils during fermentation ought to be carried out.

Keywords: amino acids; biogenic amines; fatty acids; fermentation; gamma-aminobutyric acid; trace
elements; volatile compounds; lentils

1. Introduction

Cultivated lentil (Lens culinaris), one of the ancient crops, is highly important due to
its high protein content (20-25%), diverse and rich profile of essential microelements (iron,
zinc, copper, manganese, and phosphorus), and significant amounts of B group vitamins
[thiamine (B1), riboflavin (B2), niacin (B3), pantothenic acid (B5), pyridoxine (B6), and folic
acid (B9)] [1]. Lentil landraces contain a diverse profile of carbohydrates, which consists of
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slowly digestible starch, prebiotic dietary fibre (such as raffinose family oligosaccharides
and fructooligosaccharides), and sugar alcohols [2,3]. Moreover, leguminous crops contain
various phytochemicals with beneficial properties, such as the ability to promote or inhibit
enzymatic reactions, provide antioxidant properties, and inhibit harmful gut bacteria [4,5].

The popularity of lentil crops in the food and feed industries is increasing, as the
worldwide production rate has grown two-fold, up to 6.54 million metric tons in 2020 [3].
Although lentils are not as popular in Europe as in America, our traditions and older
research show that the cultivation of lentils in Lithuania could be advanced: we could breed
more suitable varieties and apply sustainable farming technologies to their cultivation [6].
Researchers are investigating various mixed cropping systems of legume with cereals by
improving the cycling and uptake of nutrients. Mixed cropping demonstrates a yield
advantage in different climatic conditions, confirming the suitability of cereal and legume
intercropping in North and Central Europe [7]. Its potential mechanisms and effects
consist of competition (niche differentiation, resource use sharing, and weed control),
diversity (pest and disease control), facilitation (physical support and the excretion of N
and allelochemicals), and associated diversity (habitats for natural predators; litter diversity
enhances soil microbial diversity) [8]. The mixed cropping technique is intended to provide
long soil cover with living cover crop and its maintenance after the main crop is harvested
may protect the soil against erosion, provide the next crop with nitrogen, prevent nitrate
leaching, and improve plant nutrition and production quality [9,10].

However, its digestive properties are limited, due to various antinutritional fac-
tors [11,12]. Fermentation is often described as classic, simple, and low-cost bioprocess-
ing method that helps to increase a product’s shelf-life and improve its nutritional and
organoleptic properties by reducing undesirable compounds and supplementing the food
matrix with essential amino acids and vitamins [13,14]. Moreover, fermentation can reduce
various antinutritional factors, such trypsin inhibitors, tannins, and phytic acid [13] and
can improve the food matrix’s digestibility by promoting the hydrolysis of proteins [15].

The fermentation of various matrices can be performed under submerged (SMF) and
solid-state fermentation (SSF) conditions [16,17]. On one hand, SMF is defined as a type
of process wherein the anaerobic or partially anaerobic fermentation of a substrate is
performed in the presence of free water, also known as a liquid medium [18]. On the
other hand, SSF is defined as a type of process wherein fermentation occurs on a solid
matrix in the absence of free water [18,19]. The SMF process is fairly popular in the
industry for producing various fermentation products, due to its ease of control over the
fermentation process, shorter fermentation duration, consistent productivity, and the ease
of the purification of the products [18,19]. Nevertheless, SSF has advantages over SMF,
such as a higher productivity, lower energy expenditures, simpler instrumentation, lower
catabolic repression, a lower risk of contamination, and the better microbial growth and
production of secondary metabolites [18-21].

Although the fermentation of legumes provides numerous benefits to their nutritional
profile, it should be emphasized that fermentation is often associated with the formation of
exogenous biogenic amines (BAs) [22,23]. Although BAs are essential to some biological
functions, such as the synthesis of hormones or alkaloids, the excess consumption of
exogenous BA can lead to various food poisoning symptoms, such as headaches, vomiting,
diarrhoea, dizziness, nausea, or pseudo-allergic reactions [24,25]. For this reason, BA
control in fermented products is of the utmost importance.

Previous studies have reported changes in nutritional profile, phenolic compounds,
antioxidant properties, and the antidiabetic potential of lentils during fungal solid-state
fermentation [26-29]. It was also reported that the phenolic content, protein quality, and
digestibility of lentil proteins were improved using water kefir seed fermentation [30].

Several studies have been conducted on lentil fermentation with lactic acid bacte-
ria (LAB). The study of Chen et al. [31] revealed that the solid-state co-fermentation of
lentils using LAB and Bacillus subtilis natto increased the antioxidant activity and LAB
proliferation in the fermented lentil products. Torino et al. [14] used liquid and solid-state
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fermentations with Lactobacillus plantarum and Bacillus subtilis to produce water-soluble
fermented lentil extracts with antioxidant and antihypertensive properties. The study of De
Pasquale et al. [32] on the lactic acid fermentation of gelatinized yellow and red lentil flour
was carried out in order to analyse the alterations in total phenolic compounds, protein
digestibility, antinutritional factors (tannins, trypsin inhibitor activity, phytic acid content,
etc.), and antioxidant capacity. Another study was carried out to examine the impact of
sonication or precooking and fermentation with Lactobacillus plantarum and Pediococcus acidi-
lactici on the antinutritional factors of several legume flours, including lentil [13]. Budryn
et al. [33] examined the impact of fermentation with Lactobacillus casei on increasing the
content of isoflavonoids and microbiological safety in lentils. The above-mentioned previ-
ous studies on lentil fermentation varied regarding the type of initial lentil raw material
used, the microorganisms used, and the examined characteristics, mainly antioxidant and
antinutritional, of the fermented product. Therefore, to the best of our knowledge, this
study is the first to use the differently grown lentil variety ‘Danaja’ for fermentation with a
newly isolated Pediococcus acidilactici strain, in order to compare the changes in compounds
such as biogenic amines, volatile compounds, fatty acids, and y-aminobutyric acid in the
obtained products.

The aim of this study was to analyse and compare the physical, chemical, and microbi-
ological characteristics [chromaticity parameters, pH, BAs, volatile compounds (VCs), fatty
(FA) and free amino (FAA) acids, y-aminobutyric acid (GABA) concentration, and lactic
acid bacteria (LAB) viable count] of non-treated and fermented (via SMF and SSF with
Pediococcus acidilactici strain) lentils grown either in pure stands (L) or relay intercropped
with winter rye (LR).

2. Materials and Methods
2.1. Lentil and Lactic Acid Bacteria Strains Used for Fermentation

The grains of lentil variety ‘Danaja’ (Lens culinaris Medik.) were provided by the
Lithuanian Research Centre for Agriculture and Forestry (LAMMC, Akademija, Kédainiai
distr., Lithuania). Field trials were conducted during the 2022 vegetation period at the
experimental base of the LAMMC (55°39’ N 23°57' E). The field experiment was designed
in four replications (plot size 3 x 20 m), which were randomly arranged. The trial was
conducted under organic growing conditions. The soil of the experimental site was a loamy
Endocalcaric Epigleyic Cambisol (Drainic, Loamic) CM-can.glp-dr.lo. The characteristics of
the soil arable layer (0-25 cm) were as follows: pH 7.2, humus content 2.7%, total nitrogen
117 mg/kg, available phosphorus (P,Os) 51 mg/kg, and available potassium (K,O)
68 mg/kg. Lentil was grown either in pure stands (L) or was relay intercropped with
winter rye (LR), which involves growing a second crop after harvesting the first (see sup-
plementary file: Figure S1). Both crops were planted in May in the same plot. The lentils
were harvested in September. Winter rye was the cover crop between the lentil rows in the
sowing year and was left over the winter period as a cereal for grain harvest.

The lentils (moisture content 14%) were milled with a Laboratory Mill 120 (Perten In-
struments AB, Stockholm, Sweden) until the particle size was 1-2 mm and were then mixed
with water: for submerged (SM) conditions, the lentil/water ratio was 1:5 (weight/weight,
w/w), and, for solid-state (SS) conditions, the lentil/water ratio was 1:1 (w/w). In total, the
following twelve sample groups were obtained: four control groups—LR and L control
groups for SM and SS conditions (C rSM, CrSS, C.SM, and Ci SS); four groups fermented
for 24 h under SM and SS conditions (SMFy g24, SSF g24, SMF 24, and SSF; 24); and four
groups fermented for 48 h under SM and SS conditions (SMF; 48, SSF; r48, SMF 48, and
SSF; 48). The principal scheme of the experiment is given in Figure 1.
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Lentil/Water Lentil/Water Lentil/Water Lentil/Water

Figure 1. The principal scheme of the experiment (L—lentil obtained from pure stands; LR—lentil
obtained from relay incorporated with winter rye; NF—non-fermented; SM—submerged conditions,
SS—solid-state conditions; SMF—submerged fermented; SSF—solid-state fermented).

The Pediococcus acidilactici strain, previously isolated from spontaneous fermented
cereal, was used for lentil fermentation [34]. Previous studies disclosed that the Pediococcus
acidilactici strain is able to ferment various carbohydrate- and protein-rich matrices and
multiply rapidly, reaching 3.20 & 0.1 log;g CFU/mL within 2 h [34,35].

Before the experiments, the Pediococcus acidilactici strain was stored at —80 °C (Mi-
crobank system, Pro-Lab Diagnostics, Birkenhead, UK) and multiplied in de Man-Rogosa—
Sharpe (MRS) broth (Oxoid Ltd., Hampshire, UK) at 30 + 2 °C for 24 h, before using it for
lentil fermentation. Milled lentil, water, and a suspension of Pediococcus acidilactici strain
[3% of dry matter (d.m.) of the lentil mass, containing 8.7 log10 CFU/mL] was fermented at
30 + 2 °C for 24 and 48 h in a chamber incubator (Memmert GmbH + Co. KG, Schwabach,
Germany). For 100 g of lentils, 500 mL and 100 mL of water was added for submerged
fermentation and solid-state fermentation, respectively. Non-fermented samples (mixed
with water) were analysed as a control.

2.2. Evaluation of Acidity and the Microbiological and Chromaticity Characteristics of Lentil
Wholemeal Samples

The pH of the lentil samples was measured using a pH electrode (PP-15; Sartorius,
Goettingen, Germany). The LAB viable counts were determined according to the method
described by Bartkiene et al. [36]. The chromaticity characteristics of lentil samples were
evaluated on the samples’ surfaces using a CIE L*a*b* system (CromaMeter CR-400, Konica
Minolta, Tokyo, Japan). The results were expressed as the CIE colour values L* (bright-
ness/darkness), a* (redness/greenness), and b* (yellowness/blueness).

2.3. Analysis of Free Amino Acids in Lentil Wholemeal Samples

Sample preparation and dansylation were performed according to the method of
Hua-Lin Cai et al., with some modifications [37]. A homogenous sample (~1 g) was
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weighed into a 50 mL tube, and analytes were extracted with 10 mL of aqueous 0.1 M
HCI solution, by blending the mixture with a laboratory blender and shaking for
30 min. The resultant mixture was centrifuged at 4000 rpm for 10 min. For derivati-
zation, 100 pL of resultant supernatant was diluted to 500 uL with 0.1 M HCl solution. The
resultant mixture was made alkaline by adding 40 pL of 2 M NaOH and 70 uL of saturated
NaHCOj solution. Derivatization was performed by adding 0.5 mL of 20 mg/mL dansyl
chloride solution in acetonitrile and heating the resulting mixture at 60 °C for 30 min. The
reaction mixture was cooled down to room temperature, centrifuged at 12 k rotations per
minute (rpm) for 5 min, at room temperature, and filtered with a 0.20 um membrane filter
(Chromafil®Xtra PA-20/25, nylon, Diiren, Germany) into the auto-sampler vial. The con-
centration of analytes was determined using the Varian ProStar high-performance liquid
chromatography (HPLC) system (Varian Corp., Palo Alto, CA, USA), which included two
ProStar 210 pumps, a ProStar 410 autosampler, and a Thermo Scientific LCQ Fleet Ion
trap mass detector (Thermofisher Scientific, San Jose, CA, USA). For analyte detection, the
mass spectrometer was operated in the positive ionisation consecutive reaction monitoring
mode, for specific ions which corresponded to derivatized analyte. The concentration of
analyte was determined from the calibration curve, which was obtained by derivatizing
analytes at different concentrations. For the separation of derivatives, a Discovery® HS
C18 column (150 mm x 4.6 mm-¢, 5 um-¢ particle size; SupelcoTM Analytical, Bellefonte,
PA, USA) was used. The mobile phase A was 0.1% formic acid in 5% aqueous acetonitrile
and phase B was 0.1% in acetonitrile. A 10 pL injection volume was used for analyses. The
analytical gradient was as follows: 0 to 1.0 min, 15 to 50% B, (linear gradient, flow rate
1 mL/min); 1.0 to 3.0 min (flow-rate 1 mL/min); 3.0 to 3.5 min (flow-rate 1.0 to 0.3 mL/min);
3.5 to 10 min (linear gradient), 50 to 70% B; 10 to 15.0 min (linear gradient), 70 to 90% B;
15 to 30 min, 90 to 95% B; and followed by column re-equilibration for 11 min with 15% B
(flow-rate increased to 0.8 mL/min).

2.4. Determination of the Biogenic Amines Content

The extraction and determination of BAs in non-fermented and fermented lentil
samples followed the procedures developed by Ben-Gigirey et al. [38]. Perchloric acid
(0.4 mol/L, 10 mL) containing a known amount of 1,7-diaminoheptane, as an internal
standard (ISTD), was added to 3 g of sample, and the mixture was homogenized with
Ultra-Turrax apparatus (IKA Labortechnik, Staufen, Germany) and centrifuged at 3000 g
for 10 min at room temperature. The residue was extracted again with an equal volume
of 0.4 mol/L perchloric acid. Both supernatants were combined, and the final volume
was adjusted to 30 mL with 0.4 mol/L perchloric acid. The extract was filtered through
a Whatman No. 1 paper filter. One millilitre of extract or standard solution was mixed
with 200 mL of 2 mol/L NaOH solution and 300 mL of saturated NaHCOj solution.
Two millilitres of 10 mg/mL solution of 5-(dimethylamino)naphthalene-1-sulfonyl chloride
(dansyl chloride) in acetone was added to the mixture and incubated at 40 °C for 45 min.
Residual dansyl chloride was removed by the addition of 100 mL of 25 mg/L aqueous
ammonia solution. After incubation at room temperature for 30 min, the mixture was
adjusted to 5 mL with acetonitrile. Finally, the mixture was centrifuged at 3000x g for 5 min
at room temperature; the supernatant was then filtered through a 0.2 um filter (Millipore,
nylon, Bedford, MA, USA) and stored at 25 °C until HPLC analysis. An Agilent 1200 HPLC
system (Carlsbad, CA, USA) equipped with a diode array detector (DAD) and Chemstation
liquid chromatography (LC) software (version B.04.03) was employed in combination with a
Chromolith Cig HPLC column (diode array detector (DAD) 100 mm x 4.6 mm-¢ x 4 pm-¢
particle size, Merck KGaA /EMD Chemicals, Darmstadt, Germany). Ammonium acetate
(0.1 mol/L) and acetonitrile were used as the mobile phases at the flow-rate of 0.45 mL/min.
The injected sample volume was 10 pL and the biogenic amines were monitored at 254 nm
wavelength (A). The detection limits for standard amine solutions were approximately
0.1 mg/kg.
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2.5. Fatty Acid Composition Analysis

The fatty acid composition of the lentil samples was determined using a GCMS-
QP2010 (Shimadzu, Kyoto, Japan) gas chromatograph with a mass spectrometer (GC-MS).
The fatty acid methyl ester (FAME) concentration was determined using a calibration curve,
and the results were expressed as percentage of total FAME concentration in fat. Samples
were prepared by extracting 1 g of the homogenized sample with 10 mL of extraction
solution [chloroform-methanol, 2:1 (volume/volume, v/v)] by shaking for 1 h. Afterwards,
the mixture was centrifuged at 4000 rpm for 5 min at room temperature, and 5 mL of the
organic phase was washed with 1 mL of 0.9% aqueous sodium chloride solution. The
resulting mixture was centrifuged at 4000 rpm for 5 min at room temperature, and 1 mL
of organic phase was evaporated using nitrogen gas. The resulting residue was dissolved
in 1 mL of hexane and reacted with 70 uL of methylation reagent (2 mol/L of KOH in
methanol) by vortexing and shaking using a laboratory shaker for 30 min. The mixture
was centrifuged at 13.2 k rpm for 5 min at room temperature and the upper layer was used
for the analysis. We used a Capillary Stabilwax-MS column (30 m x 0.25 mm-¢ internal
diameter (ID) x 0.25 um-¢ film thickness). The mass spectrometer operated at full scan
mode. The analyte was injected in split mode at a 1:60 split ratio. The following parameters
were used: MS ion source temperature: 240 °C; MS interface temperature: 240 °C; helium
(carrier gas) flow-rate: 0.90 mL/min; injector: 240 °C; oven temperature program: 50 °C
(4 min), 10 °C min—! to 110 °C (1 min), 15 °C min~" to 160 °C (2 min), 2.5 °C min~! to 195 °C
(1 min), 2 °C min~"! to 230 °C (1 min), and 2 °C min~! to 240 °C (12 min).

2.6. Evaluation of Volatile Compound Profiles

The VCs of samples were analysed using gas chromatography-mass spectrometry. A
solid-phase microextraction (SPME) device with Stableflex™ fibre, coated with a 50 pm-¢
PDMS-DVB-Carboxen™ layer (Supelco, USA), was used for analyses. For the headspace
extraction of the samples, 1 g of sample and 12 mL of 1 M phosphate buffer (pH = 3)
were transferred to the 20 mL extraction vial, mixed, sealed with a polytetrafluoroethylene
septum, and thermostatted at 60 °C for 30 min before exposing the fibre in the headspace.
The fibre was exposed to the headspace of the vial for 10 min and desorbed in an injector
liner for 2 min (splitless injection mode). The prepared samples were analysed with a GCMS-
QP2010 (Shimadzu, Japan) gas chromatograph and mass spectrometer. The following
conditions were used for analysis: injector temperature 250 °C; ion source temperature
220 °C; and interface temperature 260 °C. Helium was used as a carrier gas at 0.65 mL/min
flow-rate. For the separation of VCs, a low polarity Rxi®-5MS column (Restek, Centre
County, PA, USA) (length 30 m, coating thickness 0.25 um-¢, inner diameter of 0.25 mm-@)
was used. The temperature gradient was programmed from starting at 40 °C (3 min hold) to
220 °C (5 °C/min) up to 310 °C (15° /min) (6 min hold). The VCs were identified according
to mass spectrum libraries (National Institute of Technology spectral library (NIST11) and
Flavors and Fragrances of Natural and Synthetic Compounds 2 spectral library (FFNSC2)).
For identification purposes, alkane mixes (C8-C20) were analysed to obtain the retention
indices of unknown compounds.

2.7. Analysis of Micro- and Macro-Elements Using Inductively Coupled Plasma Mass
Spectrometry (ICP-MS)

For macro- and micro-element analysis in lentil samples, an Agilent 7700x ICP-MS
(Agilent Technologies, Tokyo, Japan) and a software Mass Hunter Work Station for induc-
tively coupled plasma mass spectrometry (ICP-MS), version B.01.01 (Agilent Technologies,
Japan) were used. The samples were milled and homogenised (final particle size < 150 um).
For the analysis, the following chemicals were used: nitric acid (concentration > 69.0%)
for trace analysis (Sigma-Aldrich, Paris, France); hydrogen peroxide, 30% w/w, extra pure
(Scharlau, Sentmenat, Spain); and multielement standard solution V for ICP-MS calibra-
tion (Sigma-Aldrich, France). An Agilent 7700x ICP-MS (Agilent Technologies, Tokyo,
Japan), with the software Mass Hunter Work Station for ICP-MS, version B.01.01 (Agilent
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Technologies, Japan), was used for analyses. The sample preparation for ICP-MS analysis
was carried out as follows: in a microwave vessel, we accurately weighed 0.3 g of the
homogenized sample, 2 mL of deionized water, 8 mL of concentrated nitric acid, and
2 mL of concentrated hydrogen peroxide, which were added together, and we waited
for 2-8 h for reaction stabilization, until the formation of bubbles was finished. The ves-
sel was sealed and heated in the microwave system. The following thermal conditions
were applied: a 150 °C temperature was reached in approximately 20 min and remained
for 30 min and then, 200 °C was reached in approximately 20 min and maintained for
30 min for the completion of specific reactions. After cooling (approximately 40 min), the
prepared solution was filtered through the filter with a pore size 8-10 um-¢. The solution
was transferred to a 50 mL volumetric flask and filled with deionized water to a 50 mL
volume. The following operating conditions of the Agilent 7700x ICP-MS were used for
the analysis of the samples: plasma mode—normal, robust; RF forward power 1300 W;
sampling depth 8.00 mm; carrier gas-flow 0.6 L/min; dilution gas-flow 0.4 L/min; spray
chamber temperature 2 °C; extraction lens 1 V; and kinetic energy discrimination 3 V.

2.8. Statistical Analysis

Microbiological and physicochemical results were expressed as the mean (n = 3) + stan-
dard error (SE). The experiment was performed by preparing three parallel samples for
fermentation, and one sample was taken from each for analysis. In order to evaluate the
effects of the different factors (viz. growing conditions of lentil: pure stands and relay
incorporated with winter rye; different fermentation conditions; and different durations of
the fermentation), the data were analysed using multivariate analysis of variance (ANOVA).
A Tukey HSD (honest significant difference) post hoc test was conducted to detect dif-
ferences among sample groups. To determine the normality, the Shapiro-Wilk test was
used; for homoskedasticity evaluation, the homoskedasticity test, using the SPSS Statistical
Package (v15.0, SPSS, Chicago, IL, USA), was performed. The linear Pearson’s correla-
tion coefficients were calculated using the statistical package SPSS for Windows (v15.0,
SPSS, Chicago, IL, USA). Correlation strength interpretation was performed according to
the method described by Evans (1996) [39]. The results were recognized as statistically
significant at p < 0.05. Heatmap visualization and analysis was carried out using the R
statistical programming software package “ComplexHeatmap” (version 2.14.0). Bar plot
visualization was carried out using the “tidyverse” package (version 2.0.0).

3. Results and Discussion
3.1. Acidity and Microbiological and Chromaticity Characteristics of Lentil Wholemeal Samples

The pH values, chromaticity characteristics, and LAB viable counts of lentil samples
are presented in Table 1. Comparing the pH values of non-fermented LR and L sample
groups (SM and SS), higher pH values were observed in LR sample groups. However, after
24 and 48 h of SMEF, the opposite tendencies were established; i.e., L samples showed lower
pH values than LR groups. SSF conditions were more effective in reducing the pH values
of L samples; however, when comparing SSF L and LR sample groups, lower pH values
were attained in L sample groups (after 24 and 48 h of SSF). In both sample groups (LR and
L) under both conditions (SMF and SSF), the pH values decreased between 24 and 48 h
of fermentation.

Despite the pH differences in non-fermented samples (between C;gSM and CSM;
CLrSS and C; SS), significant differences in LAB viable counts were found only between
CrrSM and C SM samples. Contrasting non-fermented samples (C{rSM, C; rSS, CL.SM,
and Ci SS), LAB viable counts were, on average, 4.67 logjg CFU/g. In comparison, for LAB
numbers in different lentil sample groups (LR and L) with the same treatment, significant
differences were also inexistent, and, in both sample groups (SMF and SSF), higher LAB
viable counts were detected after 48 h of fermentation, with an average value of 8.23
log1p CFU/g. The analysed factors (type of fermentation and fermentation duration) and
the interaction of growing conditions * fermentation duration were significant (p = 0.005,
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p < 0.001, and p = 0.003, respectively) for the LAB viable counts in lentil samples (see
supplementary file: Table S1). Also, a strong negative correlation (r = —0.886, p < 0.001)
between lentil pH values and LAB numbers was found (see supplementary file: Table S2).

Table 1. Acidity, microbiological, and chromaticity characteristics in lentil wholemeal samples.

Lentil Sample - LAB Viable Counts, Colour Coordinates, NBS
Samples Groups p logj9 CFU/g L* a* b*

C1rSM 6.12 + 0.03 PE 4.80 +0.23PA 68.0 +0.312E 1.85+0.11>8 31,0+ 0.292P

CLrSS 6.03 + 0.01 >P 4.60 +0.19 A 67.9 +0.22F 1.78 £ 0.12P8 313 +0.232P

IR SMF| z24 5.20 = 0.03 2C 7.98 4 0.21 bBC 632+0272C  1.08+0.07%A  235+041°C
SMF| g48 4.36 +0.02 24 8.27 +0.222C 61.6 £04358 296 +0.142C 21,6+ 03608

SSFy 24 5.22 + 0.03 b€ 7.63 +0.23 B 64.0+025%P 119400834 243 +0253C

SSFr48 472 +0.02B 8.14 4+ 0.19 *BC 509 +0.19%A  53440212P 156 +0.213A

CLSM 6.02 +0.01*F 442 +0.152A 69.6 £025PE  1.01+006>A 347 +037PE

CLSS 5.94 +0.03 *P 4.87 +0.24 %A 69.4+039>E  1.08+005A 345+ 041PF

L SMF| 24 5.58 + 0.02 b€ 7.61 + 0.20 *BC 67.7+026°P 198 +0.12P8  323+032bP
SMF| 48 445 +0.0204 8.41 +0.19 2P 588+0.32*F  512+023PC 186 +0.09°B

SSFy 24 471 +0.03 2B 7.30 + 0.22 2B 66.8+042PC 168 +0.14P8 297 +0.14PC

SSF; 48 4.46 +0.01 B 8.10 + 0.18 2P 54540294 703402550 176 +£011bA

C—control samples (non-fermented); L—lentils obtained from pure stands; LR—lentils obtained from relay
incorporated with winter rye; SM—submerged conditions (lentils/water ratio 1:5, w/w); SS—submerged con-
ditions (lentils/water ratio 1:1, w/w); SMF—fermented under submerged conditions; SSF—fermented under
solid-state conditions; 24, 48—duration of fermentation (in hours). L*—brightness or (-) darkness; a*—redness
or (-) greenness; b*—yellowness or (-) blueness; NBS—National Bureau of Standards units; LAB—lactic acid
bacteria; CFU—colony-forming units. Data are represented as means (n = 3) = standard errors (SE). ** Mean
values denoted with different letters indicate significantly different values between the different lentil sample
groups (LR and L) with the same treatment (SM, SF, SMF24, SMF48, SSF24, and SSF48); A-E mean values denoted
with different letters indicate significantly different values between different treatments (SM, SF, SMF24, SMF48,
SSF24, and SSF48) within the same group (LR or L). Results are statistically significant when p < 0.05.

The fermentation of leguminous crops can provide probiotic benefits in foods [13].
Moreover, it was reported that SSF is more commonly used for various biological con-
version of substrates, because of its higher efficiency [40]. Our study showed that all the
analysed factors (type of fermentation, growing conditions, and fermentation duration)
and their interactions were significant (p < 0.001) on the pH values of lentil samples (see
supplementary file: Table S1). The results also showed that, in all of the fermented lentil
samples, LAB viable counts were higher than 6.0 logjo CFU/g; such a number of desirable
microorganisms may ensure the probiotic properties of foodstulffs, if the strains used for
fermentation are probiotics (which is the case here).

The carbohydrate metabolism of P. acidilactici strain was studied in 47 different carbon
sources, and this strain demonstrated fermentation activity for 20 out of 47 tested carbohy-
drates [34]. Additionally, the optimal growth temperature for this strain was 30 °C. This
characteristic can explain the differences in the fermentation activity of the P. acidilactici
strain reported in the study of Byanju et al. [13], who found that, for P. acidilactici (provided
by Lallemand Animal Nutrition-North America, Milwaukee, WI, USA), the exponential
growth in lentil flour was observed between 6 and 24 h in SMF conditions. In addition,
the pH decreased significantly during the first 24 h of fermentation, and the microbial
population attained the highest value during this time period [13].

Throughout fermentation, the low pH of the substrate can damage both the non-
desirable and desirable microorganism’s cell wall and cell membrane [41]. LAB adaptation
to low pH conditions depends on their phenotype characteristics and other conditions
under which cells are exposed to stress [42]. The molecular mechanisms of LAB adaptation
and habituation to stress may overlap to a certain degree, but they are not completely
identical [34]. This may explain the different results reported in distinct LAB species for the
fermentation effectiveness parameters. However, the pH values and the number of LAB
are the main characteristics of fermentation efficiency. This study showed that P. acidilactici
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is a suitable strain for lentil fermentation; furthermore, a 48 h fermentation duration was
shown to be most suitable for lentil fermentation with this particular LAB strain, because
statistically significant lower pH and higher LAB viable counts after 48 h of SMF and SSF
were obtained, when compared with 24 h fermented samples.

In comparison, chromaticity characteristics of the non-fermented lentils (LR samples:
CrrSM and CygSS) showed, respectively, on average, 1.03 and 10.6% lower brightness (L¥)
and yellowness (b*), as well as, on average, 42.3% higher redness (a*), in comparison with
L samples. In all cases, the same tendencies were found: with an increasing duration of
fermentation, the L* and b* values of the lentils decreased and the a* values increased.
Lentil L*, a*, and b* values showed statistically significant correlations with pH and LAB
viable counts (with pH: r = 0.763, p < 0.001; r = —0.679, p < 0.001; and r = 0.839, p < 0.001,
respectively; with LAB viable counts: r = —0.710, p < 0.001; r = 0.552, p < 0.001; and
r=—0.799, p < 0.001, respectively). Analysed factors (fermentation conditions, lentil
growing conditions, and fermentation duration) and their interactions were statistically
significant (p < 0.001) for the colour coordinate values of lentil samples, except for the
interaction between growing conditions, type of fermentation, and fermentation durations
on a* values (see supplementary file: Table S1).

The colour of the lentil is a key quality parameter due to its impact on the acceptability
of the legume products. The lentil colour ranges from light tan to dark brown, and the
latter is often referred as being a lower quality product. Furthermore, a lighter colour can
be linked to a loss of nutrients or other secondary metabolites, such as polyphenolic com-
pounds [2]. Our study discovered that the changes in lentil colour can be found during the
fermentation process. It was reported that the anthocyanins can be hydrolysed by bacterial
B-glucosidase enzymes and converted to small phenolic compounds [43]. Likewise, other
flavonoid pigments (flavonols, flavones isoflavones, etc.) may be degraded by bacterial
enzymes [43]. Excreted bacterial enzymes break glycosidic bonds to form aglycones and,
then, the latter, after prolonged fermentation, may be further be converted into smaller
phenolic compounds [43,44]. Moreover, yellow to orange pigments—carotenoids [45]—can
degrade under LAB fermentation conditions, producing volatile low-molecular weight
carotenoid derivatives, such as 3-ionone and -damascenone [46]. Finally, further stud-
ies are needed to explain, in detail, the colour changes in lentils during fermentation
but we found correlations between the lentil colour characteristics and the main fermen-
tation parameters (pH and LAB viable counts)—exposing that the changes occurring
during lentil fermentation are very complex and should be taken into consideration during
its processing.

3.2. Free Amino Acid Profile and ~y-Aminobutyric Acid (GABA) Concentration in Lentil
Wholemeal Samples

The non-essential free amino acid concentrations in lentil samples are presented
in Table 2, and GABA concentrations in lentil samples are presented in Figure 2. The
fermentation process proved to be a significant factor of reduction in arginine, asparagine,
glutamine, and aspartic acid concentrations in most of the cases, while glutamic acid,
glycine, alanine, and proline concentrations in fermented lentil samples were significantly
higher in most cases, in comparison to respective control samples. Moreover, serine
concentration in SMF samples (SMFy g24, SMF; z48, SMF; 24, and SMF; 48) was significantly
lower, while its concentration in SSF samples (SSF; 24, SSF; r48, SSFy 24, and SSF; 48) was
significantly higher than the respective control sample groups. Additionally, SMFy 24,
SMF; 48, SSF; 24, and SSFy 48 samples contained significantly lower concentration of GABA,
while its concentration was significantly higher in most of SMF and SSF LR samples, in
comparison with the respective control samples.
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Table 2. Concentration of non-essential free amino acids (FAAs) in lentil wholemeal samples.

Glutamic

Aspartic

Lentil Arginine Glutamine  Asparagine Acid Serine Acid Glycine Alanine Proline Tyrosine
Samples
umol/g
LR

Ry 1.86 + 0.943 + 160 + 342 + 0.819 + nd 1.50 + 3.62 + 0.750 + 0.476 +
LR 0.028 28 0.042 28 0.01928C¢ 00854 0.0572F 0.091%A 0069 00274 0039
CrxSS 228+ 1.96 + 1.84 + 416 + 1.03 + 0.738 + 191+ 6.69 + 0.990 + 0.679 +
0.112€ 0.086 *F 0.085 #CP 0.134 b8 0.012%8  0.0272B 0.023 € 0.176 2 0.0432B  0.009 >BC

SMFra24 nd 0172 + 117 + 485+ 0.128 + 0.879 + 158 + 5.09 + 0.760 + 0.635 +
LR 0.014 @A 0.026 ¢~ 0.073 2€ 0.0172A  0.0522C 0027248 0,078 0.053 &4 0.011 b8
SMFyd8 nd 0.178 + 1.33 + 5.00 + nd 1.08 + 173 + 523 + 0.960 + 0.627 +
0.01 A 0.023 A8 0.1652C 0.076%°  0.0268 0.077 B 0.042 2B 0.013 28

— 0.75 + 1.70 + 1.97 + 473 + 144 + 0.439 + 226 + 843 + 137 + 0.613 +
LR 0.041 24 0.059 >P 0.175 P 0.1202€  0.0902C 001224 0.057>P 0.652 >P 0.092 2€ 0.011 5B
SSFy 148 nd 111+ 1.90 + 6.02 + 1.67 + 0.949 + 2,67 + 9.01 + 1.56 + 0.753 &
LR 0.039 € 0.138 2P 0.074%P 01712 0.036°C  0.108F 0.755%P  0.0322P  0.053°2C

L

CiSM 2,99 + 1.35 + 3.63 + 214 + 0.893 + nd 1.62 + 3.90 + 0.752 + 0.501 +
L 0.152 A 0.027 b8 0.043 8 0.051 @A 0.077 2B 0.093 @A 0.09 >A 0.072 A 0.042 24
€55 435+ 2.00 + 4.68 + 273+ 125+ nd 221+ 832+ 111 + 0.634 +
L 0.31°8 0.1122€ 0.300 >€ 0.029%A  0.0895€ 0.080 B¢ 0.09 P 0.020 > 0.014 >
M, 24 nd 0.694 + 3.14 + 495 + 0.269 + 1.39 + 1.88 + 5.90 + 0.890 + 0.595 +
L 0.007 >A 0.201 >A 0.163%F  0.003%A  0016%F 0036248 039308 0.065 bA 0.009 2B
SMF, 48 nd 0.708 + 323 + 5.67 + 0.427 + 1.57 + 2,01+ 6.29 + 1.15 + 0.632 +
0.051 >A 0.038 >4 0311°8C 002124 0103PC 0117 0.162PBC 005308 0.031 28

SSF, 24 nd 1.20 + 341+ 510 + 134 + 0.928 + 2,05 + 7.02 + 1.44 + 0.495 +
L 0.053 2B 0.237 bAB 041128 0.0942C 00354  0173P 0.246 € 0.015 € 0.022 #A

SSFy 48 nd 1.25 + 3.53 + 6.15 + 1.74 + 1.60 + 251 + 823 + 1.70 + 0.818 +
L 0.016 >8 0.049 bAB 04372C  0.031*P  0044>C  01912C 0.711 2P 0.085>P 0.019 ¢

C—control samples (non-fermented); L—lentils obtained from pure stands; LR—lentils obtained from relay incor-
porated with winter rye; SM—submerged conditions (lentils/water ratio 1:5, w/w); SS—submerged conditions
(lentils /water ratio 1:1, w/w); SMF—fermented under submerged conditions; SSF—fermented under solid-state
conditions; 24, 48—duration of fermentation (in hours); nd—not detected. #® Mean values denoted with different
letters indicate significantly different values between the different lentil sample groups (LR and L) with the same
treatment (SM, SF, SMF24, SMF48, SSF24, and SSF48); AF mean values denoted with different letters indicate
significantly different values between different treatments (SM, SF, SMF24, SMF48, SSF24, and SSF48) within the
same group (LR or L). Results are statistically significant when p < 0.05.

L control samples (C.SM and Ci SS) contained significantly higher concentrations of
arginine, asparagine, and alanine than the LR control samples. Meanwhile, LR control
samples (CprSM and C; rSS) contained significantly higher concentrations of glutamic acid,
in comparison with L control samples. Arginine concentration in almost all fermented sam-
ples was reduced to undetectable levels. L SMF samples (SMF; 24 and SMFj 48) contained
significantly higher concentrations of glutamine, asparagine, serine, aspartic acid, glycine,
alanine, proline, and GABA, in comparison to LR SMF samples (SSF; g24 and SSFy g48),
while glutamic acid was significantly higher only in SMF; 48 samples. Moreover, L SSF sam-
ples (SSFy 24 and SSF; 48), in comparison with SSF; g24 and SSF; r48, contained significantly
higher concentrations of asparagine and aspartic acid, while glutamine and proline showed
significantly higher concentrations only in SSF; 48 samples. Furthermore, significantly
higher concentrations of GABA were observed in LR SSF samples (SSFy g24 and SSF; z48),
in comparison with SSF; 24 and SSFy 48, while only SSF; g24 samples contained significantly
higher concentrations of glutamine, alanine, and tyrosine.

Correlations between FAA and GABA concentrations and pH and LAB count are
presented in supplementary file: Table S4. Only glutamine and arginine showed positive
correlations with samples’ pH (r = 0.784, p < 0.001 and r = 0.479, p = 0.003, respectively)
and negative correlations with LAB count (r = —0.892, p < 0.001 and r = —0.593, p < 0.001,
respectively). On the other hand, glutamic acid, aspartic acid, glycine, alanine, proline,
and tyrosine showed negative correlations with lentil samples’ pH (r = —0.828, p < 0.001;
r=—0.758,p <0.001; r = —0.431, p = 0.009; r = —0.360, p = 0.031; r = —0.608, p < 0.001; and
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r = —0.442, p = 0.007, respectively) and negative correlations with LAB count (r = 0.869,
p <0.001; r=0.794, p < 0.001; r = 0.369, p = 0.027; r = 0.329, p = 0.050; r = 0.472, p = 0.004;
and r = 0.433, p = 0.008, respectively).

' ' .
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b,D

Figure 2. Gamma-aminobutyric acid (GABA) concentrations (umol/g) in non-treated and fer-
mented lentil wholemeal samples. C—control samples (non-fermented); L—lentils obtained from
pure stands; LR—lentils obtained from relay incorporated with winter rye; SM—submerged con-
ditions (lentils/water ratio 1:5, w/w); SS—submerged conditions (lentils/water ratio 1:1, w/w);
SMF—fermented under submerged conditions; SSF—fermented under solid-state conditions;
24, 48—duration of fermentation (in hours). ab Mean values denoted with different letters indi-
cate significantly different values between the different lentil sample groups (LR and L) with the
same treatment (SM, SF, SMF24, SMF48, SSF24, and SSF48); AP mean values denoted with different
letters indicate significantly different values between different treatments (SM, SF, SMF24, SMF48,
SSF24, and SSF48) within the same group (LR or L). Results are statistically significant when p < 0.05.

The significance of analysed factors and their interactions on FAA and GABA concen-
trations are presented in supplementary file: Table S3. The growing conditions factor was
statistically significant for almost all nonessential FAA concentrations, except for glycine
and alanine. The type of fermentation factor was statistically significant for all nonessential
FAA concentrations. The fermentation duration factor was significant for almost all FAA
concentrations, except for asparagine. The interaction of growing conditions * type of
fermentation was significant for almost all nonessential FAAs, except for glutamic acid,
aspartic acid, proline, and tyrosine. The interaction of growing conditions * fermentation
duration was statistically significant for arginine, glutamine, serine, GABA, and tyrosine,
while the interaction of type of fermentation * fermentation duration was significant for
almost all nonessential FAAs, except for asparagine, alanine, and proline. Moreover, the
interaction of growing conditions * type of fermentation * fermentation duration was
statistically significant for arginine, glutamine, GABA, and tyrosine.

The essential free amino acid concentrations in lentils are depicted in Table 3. All of
the fermented samples contained significantly higher concentrations of threonine, valine,
phenylalanine, and leucine/isoleucine, while methionine and lysine were significantly
higher for most of the fermented sample groups, in comparison to the respective control
groups. However, histidine concentrations were not significantly higher in fermented
sample groups, in comparison to respective control groups.

214



Foods 2024, 13, 1249 12 0f 24
Table 3. Concentrations of essential free amino acids (FAA) in lentil wholemeal samples.
Lentil Threonine Valine Methi Phenylal Leucine/ Lysine Histidine
v pmol/g
LR
CrrSM 1154009124 1080 +£0.086>  0.115+ 0008~ 0484 + 0.040 #* 1.27 £ 0.019 ¥4 1.69 £ 0.118 %A 0,62 +0.019 >4
CirSS 1.46 £ 0.028 *8 1.5 40.039 *8 0.195 £ 0.025 *¢ 0.632 £ 0.012*8 1.77 £ 0.036 >B 2.04+0.031*8 086 +0.019*C
SMFig24  1.39 +0.099 P 1.76 £ 011228 0.16 £ 0.002 8 0.697 £0.020%F  275+£0.173°CP 180 £0.094*AF 054 £0.012>4
SMFR48 147401168 165+0008*%  0.152+0.008*®  0.685+0.034*F  2564+0.108>C  198+0070*F 058+ 001724
SSF r24 2.1+ 0.061 %€ 2.3+0.1452C 0.112 4 0.002 ¥4 0.848 £ 0.075 *€ 3.09 £+ 0.244 #P 2.77 £0.086%C  0.86 = 0.067 ><
SSFiR48 243 % 0.046 P 2.98 +0.148 >P 0.222 £ 0.003 >¢ 0.912 £ 0.024 2€ 4.39 +0.150 F 290 £0134>C 073 +0.063 %8
L
C SM 121400984 1122401034 0168 +0.014>5C  0.428 +0.032 24 1224010124 1721 £0113%4 058 £0.022 %AB
C1SS 159 +0.023P8  153+£0030°F  0219+0005°PF  0.638+001825  161+£0055°°  224+0041°%  1.01+0043°0
SMF24 169 +0.117%5C  1.94+0.046°C 0176 £0.01225C 0,680 +0.0512BC 2,69 £ 0.037 2€ 1.93 +£0.0145A 055+ 0.036 >4
SMF48 1934004750 2.05+0.061°C 0199 £0.002%° 0769 £ 00255 348 £0.026%° 273+ 00315C  0.64 £0.009°F
SSF.24 2.14 +£0.173 %P 2.36 +0.122 %P 0.141 £0.017>A  0.834 £ 0.050 P 3.38 +0.044 2P 278 +£0.189%C 073 £0.039 *C
SSF 48 2.52 +0.155 *F 3.33 £ 0.051 >F 0.254 + 0.021 >& 1.093 + 0.052 >F 547 £ 0.164 >F 338+£01305P 073 +£0.0222C

C—control samples (non-fermented); L—lentils obtained from pure stands; LR—lentils obtained from relay incor-
porated with winter rye; SM—submerged conditions (lentils/water ratio 1:5, w/w); SS—submerged conditions
(lentils /water ratio 1:1, w/w); SMF—fermented under submerged conditions; SSF—fermented under solid-state
conditions; 24, 48—duration of fermentation (in hours). ab Mean values denoted with different letters indicate
significantly different values between the different lentil sample groups (LR and L) with the same treatment
(SM, SF, SMF24, SMF48, SSF24, and SSF48); A"E mean values denoted with different letters indicate significantly
different values between different treatments (SM, SF, SMF24, SMF48, SSF24, and SSF48) within the same group
(LR or L). Results are statistically significant when p < 0.05.

L SMF samples (SMF; 24 and SMFj 48) contained significantly higher concentrations
of threonine, valine, and lysine, in comparison to SMF; 24 and SMF; z48, respectively,
while methionine, phenylalanine, and leucine/isoleucine contained significantly higher
concentrations only in SMFy 48 samples. Furthermore, L SSF samples (SSF; 24 and SSFy 48),
in comparison with SSF; 24 and SSF;r48, respectively, contained significantly higher
concentrations of methionine, while valine, phenylalanine, leucine/isoleucine, and lysine
concentrations were significantly higher only in SSF; 48 samples. Moreover, histidine
concentration in SSF g24 samples was significantly higher than in the SSF; 24 samples.

Threonine, valine, phenylalanine, leucine/isoleucine, and lysine showed negative
correlations with pH (r = —0.670, p < 0.001; r = —0.709, p < 0.001; r = —0.740, p < 0.001;
r=—0.808, p <0.001; and r = —0.661, p < 0.001, respectively) and positive correlations with
LAB count (r = 0.609, p < 0.001; r = 0.693, p < 0.001; r = 0.714, p < 0.001; r = 0.783, p < 0.001;
and r = 0.537, p < 0.001, respectively).

Growing conditions, the type of fermentation, and fermentation duration factors
were statistically significant for all essential FAAs, except histidine. The interaction of
growing conditions * type of fermentation was significant for threonine, leucine/isoleucine,
lysine, and histidine, while the interaction of growing conditions * fermentation duration
was statistically significant for all essential FAAs, except for threonine and methionine.
Moreover, the interaction of type of fermentation * fermentation duration was significant
for all essential FAAs, except for lysine.

Microbial protease enzymes can effectively break down protein to produce polypep-
tides and free amino acids [22]. Moreover, bacteria can produce essential and non-essential
amino acids by utilizing various products from the glycolysis pathway [47]. Therefore, most
the changes in free amino acid composition after fermentation can be linked to the activity
of bacterial proteases and other metabolic processes. The different proteolytic activities of
LAB are the primary cause of the variation in the degree of protein hydrolysis [22]. Varied
proteolytic activities and the ability to produce extracellular amino acids was reported for
Pediococcus acidilactici and Pediococcus pentosaceus [48].
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Furthermore, it has been noted that SSFE, in opposite to SMF, is often associated with
higher yields of fermentation products and, despite the exact reasoning not being well
understood, in the literature, it is often associated with SSF conditions being similar to the
natural conditions [49-51].

Arginine consumption during fermentation can be explained by BA production [52].
Asparagine and glutamine reduction could be explained by the activity of bacterial as-
paraginases and glutaminases in converting to aspartic and glutamic acid, respectively [53].
Glutamic acid is regarded as an intermediary amino acid that is often involved as an amino
group donor for aminotransferases, while it is also consumed by the bacteria to produce
GABA via decarboxylation [54]. Some species of LAB, e.g., Lactobacillus and Leuconostoc,
with glutamate decarboxylase activity, also contribute to GABA production [55]. GABA
is an important compound towards the inhibition of neurotransmitters, and, when imple-
mented into the diet, can reduce sleeplessness, depression, and anxiety, enhance immunity,
regulate blood pressure, etc. [54,55].

3.3. The Concentration of Biogenic Amines in Lentil Wholemeal Samples

Biogenic amine concentration in lentil samples is tabulated in Table 4. Tryptamine
(TRIP), cadaverine (CAD), histamine (HIS), and tyramine (TYR) were not detected in
any lentil groups. Phenylethylamine (PHE) was found only in SMFjg24 samples. In
most of the cases, fermented samples contained higher concentrations of other detected
biogenic amines—chiefly, putrescine (PUT), spermidine (SPRMD), and spermine (SPRM)—in
comparison to the respective sample control groups. In this regard, total BA concentration
in L and LR SMF and SSF sample groups were significantly higher in than the respective
control sample groups.

Table 4. Biogenic amine (BA) concentration in lentil wholemeal samples.

TRIP PHE PUT CAD HIS TYR SPRMD SPRM Total BA
Lentil Samples Content
mg/kg
CrrSM nd nd nd nd nd nd 75.8 4 5.06 ¥4 13.6 £ 1.1%4 89.4 4+ 6.2 A
C1RrSS nd nd 14.6 £ 0124 nd nd nd 110.1+£853>C  207+16% 1454 +103P
LR SMFig2¢  nd 4940414 36242148 nd nd nd 87.8 + 6.87 28 1524£12%4 14414106
SMFg48  nd nd 41.8 +3.122C nd nd nd 847 +542%A8 1384 1,124 1403 £ 9.6 %8
SSFLr24 nd nd 322428128 nd nd nd 129 + 8.23bP 253+ 1.6°C  186.5 4 12.6°C
SSFir48  nd nd 37.2+289%5C  nd nd nd 1167 +729%P  2244183BC 1763 +£12.0°C
CLSM nd nd nd nd nd nd 87.3 +5.32bA nd 87.3 +5.3%A
C1SS nd nd 221 +1.83bA nd nd nd 117.1 4+ 8.36 2C 239 +1.53C 163.1 + 11.7 28
L SMF24 nd nd 79.5 4 5.45 P nd nd nd 96.5+7.21%A8 164 +13%A 1924 4+ 14.0PBC
SMF, 48 nd nd 97.4 + 6.84 b€ nd nd nd 99.6 + 6.81 2P 179+ 1.6>AB 2149 +153PC
SSF1 24 nd nd 7134 5.42bP nd nd nd 103.4 £ 8.252€ 195+17%F 1942 +1.128C
SSF; 48 nd nd 772 + 61258 nd nd nd 101.5 + 7.462BC 193 + 1.82AB 198 4+ 15.42C

C—control samples (non-fermented); L—lentil obtained from pure stands; LR—lentil obtained from relay incor-
porated with winter rye; SM—submerged conditions (lentils/water ratio 1:5, w/w); SS—submerged conditions
(lentils/water ratio 1:1, w/w); SMF—fermented under submerged conditions; SSF—fermented under solid-
state conditions; 24, 48—duration of fermentation (in hours). TRIP—tryptamine; PHE—phenylethylamine;
PUT—putrescine; CAD—cadaverine; HIS—histamine; TYR—tyramine; SPRMD—spermidine; SPRM—spermine;
BA—biogenic amines. nd—not detected. *® Mean values denoted with different letters indicate significantly
different values between the different lentil sample groups (LR and L) with the same treatment (SM, SF, SMF24,
SMF48, SSF24, and SSF48); AP mean values denoted with different letters indicate significantly different values
between different treatments (SM, SF, SMF24, SMF48, SSF24, and SSF48) within the same group (LR or L). Results
are statistically significant when p < 0.05.

All factors and their interactions were statistically significant on PHE concentration in
lentil samples (see supplementary file: Table S6). Moreover, all factors and the growing
conditions * type of fermentation interaction were statistically significant for PUT concen-
tration. Almost all factors and the interactions thereof, except type of fermentation, were
statistically significant for SPRMD concentration. The type of fermentation, the growing
conditions * type of fermentation interaction, and the growing conditions * fermentation
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duration interaction were statistically significant for SPRM concentration in lentil samples.
The correlation analysis (see supplementary file: Table S5) discovered that only PUT and
SPRM possessed strong and weak positive correlations with LAB viable counts (r = 0.761,
p <0.001 and r = 0.331, p = 0.049, respectively), while only PUT showed a significant strong
positive correlation with the pH of the lentils (r = 0.719, p < 0.001). Strong and weak nega-
tive correlations of PUT with arginine and glutamine (r = —0.686, p < 0.001 and r = —0.341,
p = 0.042, respectively) were established. Moreover, strong positive correlations of PUT
with glutamic and aspartic acids, valine, phenylalanine, leucine/isoleucine, and lysine
(r=0.734, p <0.001; r = 0.881, p < 0.001; r = 0.614, p < 0.001; r = 0.639, p < 0.001; r = 0.697,
p <0.001; and r = 0.583, p < 0.001, respectively), and moderate positive correlations with
threonine, glycine, and proline (r = 0.594, p < 0.001; r = 0.349, p = 0.037; and r = 0.468,
p = 0.004, respectively) were found. SPRMD showed moderate positive correlations with
GABA and tyrosine (r = 0.424, p = 0.010; and r = 0.534, p < 0.001, respectively). Also, a weak
positive correlation of SPRMD with methionine (r = 0.356, p = 0.033) was observed. Strong
positive correlations were found between SPRM and alanine, proline, glycine, phenylala-
nine, and histidine (r = 0.787, p < 0.001; r = 0.604, p < 0.001; r = 0.644, p < 0.001; r = 0.610,
p<0.001; and r = 0.668, p < 0.001, respectively). Furthermore, moderate positive correlations
between SPRM and glutamic acid, serine, threonine, GABA, leucine/isoleucine, tyrosine,
valine, and lysine (r = 0.461, p = 0.005; r = 0.430, p = 0.009; r = 0.563, p < 0.001; r = 0.566,
p < 0.001; r = 0.425, p = 0.010; r = 0.466, p = 0.004; r = 0.520, p = 0.001; and r = 0.575,
p < 0.001, respectively) were established. Yet, a weak positive correlation between SPRM
and glutamine (r = 0.354, p = 0.034) was observed.

Aromatic and heterocyclic biogenic amines (TRIP, PHE, HIS, and TYR) are produced
from the respective amino acids (i.e., tryptophan, phenylalanine, histidine, and tyrosine,
respectively) by decarboxylation with enzymes that are produced by bacteria [52]. Certain
LAB, e.g., Lactococci, Pediococcus, and Lactobacilli, which are decarboxylase-positive, may
result in biogenic amine synthesis during fermentation processes [56]. Some strains of
Pediococcus spp. have been found to accumulate cadaverine and tyramine in alcoholic bev-
erages at low levels [52]. The aliphatic amine PUT can be formed from arginine via multiple
pathways, e.g., arginine decarboxylation to agmatine, which is converted to PUT via agma-
tine deaminase and PUT carbamoyl transferase; arginine deaminization to citrulline and
conversion to PUT via ornithine carbamoyl transferase; arginine conversion to ornithine via
arginase/arginine ureohydrolase and conversion to PUT via ornithine decarboxylase; and
decarboxylation to agmatine and conversion to PUT via agmatinase/agmatine ureohydro-
lase. CAD is formed from lysine via lysine decarboxylase [57]. SPRMD is formed from PUT
via spermidine synthase and SPRM is formed from SPRMD via spermine synthase [58].
The Food and Drug Administration (FDA) of the United Sates of America (USA) and the
Food and Agriculture Organization (FAO) of the United Nations (UN), with the World
Health Organization (WHO), proposed a maximum acceptable histamine limit of 50 mg/kg
in fish and food products [59]. On the other hand, according to a rat model, the no observed
adverse effect level (NOAEL) was set at 2000 ppm for tyramine, putrescine, and cadaverine,
1000 ppm for spermidine, and 200 ppm for spermine [60].

3.4. Fatty Acid Composition in Lentil Wholemeal Samples

The results of fatty acid profiles in lentil samples are presented in Table 5. Linoleic acid
(C18:2) was the most abundant fatty acid in all of the lentil samples, ranging, on average,
from 41.3 to 50.3%. The least abundant fatty acid detected in all samples was saturated
stearic acid (C18:0), ranging, on average, from 1.63 to 3.29%.
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Table 5. Fatty acid (FA) profiles in lentil wholemeal samples.
C14:0 C16:0 C18:0 C18:1 C18:2 C18:3 « C20:0 C20:1

Fatty Acids Concentration, % of Total Fat Content

CirSM nd 175+£11%48 1940214 180+£032°%  481+043°A  14.6+123%4B nd nd

CirSS nd 18.6 £ 1.0°8 239 £0.13%% 169 +£120%AB 473437734 14.8 £ 1.04 A8 nd nd

(R SMFr24 nd 153 £12%4 1.9 £0.10 %A 158 £071%A  512+£1.07%  158+0.83b° nd nd

SMF; 48 nd 170 £056%4  246+0.14%%  165+£045°A%  480+£221° 160+ 0678 nd nd

SSFi 24 nd 183 4+ 0.29 28 238 +0.2258 18.0 + 05128 474+ 1342 14.0 + 03304 nd nd

SSFir48 nda 180+035%F 2,56 +0.09F 17.6 + 0.68 % 474 41,054 14.0 £048%4 0334003 nd

CLSM nd 163+029°F  1.89+£038%AF  192+0.69A% 48241108 14.4 £ 0828 nd nd

[ nd 162+£058%%  1.63+£028%"  198+112P4F 484 +382°8 14.0 £ 0.65F nd nd

L SMF1 24 26340234 203+125%°  329+024°C 20.4 +0.68°8 413 +£223%A 12.1 4+ 0414 nd nd

SMF_ 48 nd 141 +£0542A  1.83+£021%A8 1904 0.63>4 50.3 +2.28 > 14.8 £ 0438 nd nd

SSF; 24 nd 179 £042°C 194+ 015 203+£130%F 466 £2.40° 12.6 + 055 A nd 0.671 = 0.03 A
SSF.48 nd 175+£045°C  231+£028%F 212+ 111%8  464+331%4F 126+ 0484 nd nd

C—control samples (non-fermented); L—lentils obtained from pure stands; LR—lentils obtained from relay
incorporated with winter rye; SM—submerged conditions (lentils/water ratio 1:5, w/w); SS—submerged condi-
tions (lentils/water ratio 1:1, w/w); SMF—fermented under submerged conditions; SSF—fermented under solid
state conditions; 24, 48—duration of fermentation (in hours). C14:0—tetradecanoic acid; C16:0—palmitic acid;
C18:0—stearic acid; C18:1—9-octadecenoic acid; C18:2—linoleic acid; C18:3 a—a-linolenic acid; C20:0—eicosanoic
acid; C20:1—cis-11-eicosenoic acid. nd—not detected. *® Mean values denoted with different letters indicate
significantly different values between the different lentil sample groups (LR and L) with the same treatment
(SM, SF, SMF24, SMF48, SSF24, and SSF48); AP Mean values denoted with different letters indicate significantly
different values between different treatments (SM, SF, SMF24, SMF48, SSF24, and SSF48) within the same group
(LR or L). Results are statistically significant when p < 0.05.

Palmitic acid’s (C16:0) relative concentration in the SMF and SSF LR groups (SMF; z24,
SMF; r48, SSFy 24, and SSF; r48) was not significantly different from the respective control
groups, while SMFy 24, SSF; 24, and SSF 48 samples contained significantly higher per-
centages of C16:0, in comparison with respective control. Relative concentrations of C18:0
in SMF and SSF LR samples were not significantly different from the respective control
groups (except in SMFr48 samples). Moreover, C18:0 relative concentrations in SMF
and SSF L samples were significantly higher only in the SMF; 48, SMF; 24, and SSF; 48
samples, in comparison to respective control groups. Only the SMF; g24 samples contained
significantly lower relative percentages of 9-octadecenoic acid (C18:1), in comparison with
the respective control group, while other fermented samples did not show significant differ-
ences. Similarly, the C18:1 concentration in fermented L samples did not show significant
differences when compared to the respective control groups. Furthermore, only SMF; 24
samples contained a significantly different relative concentration of C18:2, in comparison
to the respective controls. a-linolenic acid’s (C18:3 «) relative concentration in SMF and
SSF LR samples was not different from the respective controls. On the other hand, its
relative concentrations in SMF; 24, SMF; r24, SSF; 24, and SSF; 48 sample groups were
lower than those in the respective controls. Tetradecanoic acid (C14:0), eicosanoic acid
(C20:0), and cis-11-eicosenoic acid (C20:1) were only detected in fermented sample groups.
The factor of growing conditions was statistically significant in almost all the content of
fatty acids in lentils but C16:0 and C18:0 (see supplementary file: Table S8). The type of
fermentation was a statistically significant factor for almost all fatty acids content except
C18:0 and C18:2. Fermentation duration was a statistically significant factor for most fatty
acids content except C18:0, C18:1, and C18:2. The factor interactions (growing conditions *
type of fermentation and type of fermentation * fermentation duration) were shown to be
statistically significant for the most of the fatty acids, but not for C18:1 and C18:2, while the
growing conditions * fermentation duration factor’s interaction was only not statistically
significant for C18:1 content in lentils. Furthermore, the interaction of the factors growing
conditions * type of fermentation * fermentation duration was statistically significant for
all fatty acid content in lentils. A weak positive correlation was found between C18:0
concentration and LAB viable counts (r = 0.363, p = 0.030) in lentils (see supplementary file:
Table S7).
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Saturated (SFA), monounsaturated (MUFA), and polyunsaturated (PUFA) fatty acids
and omega-3, omega-6, and omega-9 fatty acid concentrations (% of the total fat content)
of lentils are displayed in Table 6. As expected, the predominant groups of fatty acids in
lentils were PUFA and omega-6. Only L fermented samples often showed significantly
higher SFA contents than in the respective control groups. Other fatty acid groups were not
significantly different, in comparison to the non-treated and fermented lentil groups.

Table 6. Saturated (SFA), monounsaturated (MUFA), and polyunsaturated (PUFA) fatty acids, and

omega-3, omega-6, and omega-9 contents in lentil wholemeal samples.

Lentil . SFA MUFA PUFA Omega-3 Omega-6 Omega-9
niL
€ i Concentration, % of Total Fat Content
CirSM 19.4 + 1.67 #AB 18.0 4+ 1.38 ¢4 62.6 +2.88 44 14.6 + 0.58 @A 48.1 +4.4824A 18.0 + 14528
CrLrSS 20.9 + 2,04 B 16.9 £ 0.87 ¥4 62.2 £ 5114 14.8 £ 1.12 #AB 47.3 +3.14 A 16.9 + 0.783 #AB
IR SMF r24 17.2 4+ 0724 15.8 4+ 1.11 34 67.1 422104 15.8 + 0.84 bAB 51.2 +3.10 A 15.8 4 0.67 @4
SMF 48 19.5 4+ 0.76 P 165+ 0.71 4 64.0 + 3.08 %A 16.0 4+ 0.50 P 48.0 4 1.54 24 16.5 + 0.89 #AB
SSFr24 20.7 +1.26 %8 18.0 4 1.64 4 61.3 £ 5724 14.0 £1.20 4 47.4 4 3.65*4 18.0 £ 0.88 28
SSFyr48 20.9 + 0.75 8 17.6 £ 1.26 ¥4 614 £ 54224 14.0 £ 1.06 >4 474 4£2.142A 17.6 + 1.47 #AB
CLSM 18.2 4 1.29 @AB 19.2 4 0.77 94 62.6 + 4.67 #AB 14.4 +1.058 482 +1.832B 19.2 +1.76 94
CLSS 17.8 £ 0.70 ¥AB 19.8 4 0.84 >AB 62.4 42,9628 14.0 +0.61 28 48.4 £ 3.55 448 19.8 +£ 091 >4
L SMFy 24 26.2 4+ 0.93 b€ 20.4 + 0.78 bAB 53.4 + 52334 12.1 4 0.89 @A 413437424 20.4 + 12354
SMF 48 15.9 4 1.55 %4 19.0 £ 1.15 54 65.1 +5.62%F 14.8 + 05328 50.3 + 4.26 *B 19.0 + 1.84 A
SSF24 19.9 4+ 1.00 2B 21.0 + 0.65 >P 59.2 4 4.67 #AB 12.5 4 0.56 @4 46.6 + 4.17 ¥AB 21.0 + 1.30 b4
SSF; 48 19.8 +1.49 28 21.2 + 1.29 bAP 59.0 + 4.82 ¥AB 12.6 + 1.12 #AB 46.4 +2.86 ¥AB 21.2 +1.99 bA

C—control samples (non-fermented); L—lentils obtained from pure stands; LR—lentils obtained from relay incor-
porated with winter rye; SM—submerged conditions (lentils/water ratio 1:5, w/w); SS—submerged conditions
(lentils /water ratio 1:1, w/w); SMF—fermented under submerged conditions; SSF—fermented under solid-state
conditions; 24, 48—duration of fermentation (in hours). SFA—saturated fatty acids; MUFA—monounsaturated
fatty acids; PUFA—polyunsaturated fatty acids. *® Mean values denoted with different letters indicate signifi-
cantly different values between the different lentil sample groups (LR and L) with the same treatment (SM, SF,
SMF24, SMF48, SSF24, and SSF48); AC mean values denoted with different letters indicate significantly different
values between different treatments (SM, SF, SMF24, SMF48, SSF24, and SSF48) within the same group (LR or L).
Results are statistically significant when p < 0.05.

It has been reported that C16:0, C18:0, C18:1, C18:2, and C18:3 « are the main fatty
acids detected in lentils (Lens culinaris). The major fatty acid detected in lentil samples
was C18:2, as noted in the literature, and, furthermore, driving PUFA were described to be
most abundant group of fatty acids in lentils [5,61,62]. Most of the established differences
observed between the L and LR sample groups (fermented and non-fermented) can be
explained by differences in type of cultivar, genotype, or growing conditions [63,64].

3.5. Volatile Compound Profile in Lentil Wholemeal Samples

The volatile compound profiles (% of the total identified VC content) are presented
in Figure 3 (see supplementary file: Table S11). The most abundant VCs (the total area
percentage of which was at least 10% in one of the sample groups) were 1-hexanol, hexanal,
hexanoic acid, 3-damascenone, pentadecanal, 11-hexadecyn-1-ol, 14-methyl-8-hexadecenal,
and eugenol. The most abundant VCs presented as various classes of chemical com-
pounds: alcohols (1-hexanol and 11-hexadecyn-1-ol), aldehydes (hexanal, pentadecanal,
and 14-methyl-8-hexadecenal), organic acids (hexanoic acid), ketones (f3-damascenone),
and allylbenzenes (eugenol). Most of the identified VCs with lower abundances (i.e., an
area percentage under 10%) in lentils are aldehydes. Furthermore, in almost all cases, iden-
tified VCs with lower abundances in the sample control groups had significantly higher
abundances in fermented sample groups. Moreover, the complexity of VC composition in
the SSF fermented sample groups (for example, there were 30, 35, 28, and 39 VCs detected
in the SSF;r24, SSF; 24, SSF| r48, and SSF; 48 samples, respectively) was higher than in
the respective control groups (i.e., 25 and 22 VCs were detected in the C;gSS and C SS
samples, respectively). In addition, the SSF; g24 and SSF; r48 sample groups contained nine
newly formed VCs, while the SSF; 24 and SSF; 48 samples contained thirteen and seventeen
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newly formed VCs, respectively. Moreover, between 38.5 and 55.6% of newly formed VCs
detected in SSF samples were aldehydes. However, in SMF sample groups, only three,
five, and two newly formed VCs were detected in the SMFr24, SMF; 24, and SMF; 48
sample groups, while, in the SMF; g48 sample group, the VC profile was similar to the
non-fermented samples. Most of the SMF samples contained VCs belonging to aldehydes
and alkanes for the SMFj g24 and SMF; 24 sample groups, while alcohols and ketones were
the largest newly formed VC classes in the SMF; 48 sample group.
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Figure 3. Volatile compound (VC) profile (% of the total volatile compounds content) in lentils.
C—control samples (non-fermented); L—lentils obtained from pure stands; LR—lentils obtained
from relay incorporated with winter rye; SM—submerged conditions (lentils/water ratio 1:5, w/w);
SS—submerged conditions (lentils/water ratio 1:1, w/w); SMF—fermented under submerged condi-
tions; SSF—fermented under solid state conditions; 24, 48—duration of fermentation (in hours).

Most of VCs detected in lentils are known to be associated with specific flavour and
aroma characteristics. The 1-hexanol is described having light apple, sweet, fruity, ethereal,
and herbal flavour notes with herbal and oily aroma characteristics [65,66]. Some of the
most abundant aldehydes—hexanal and pentadecanal—have similar flavour and aroma
traits and are described as fatty, grassy, fresh, and green [65-67]. Organic acids, such as
hexanoic acid, are described as having sour, fatty, and cheesy flavours and aromas [65].
-Damascenone contributes to woody, fruity, stewed apple, and sweet aroma and flavour
notes [65]. Eugenol is known to contribute to flavour and aroma with clove, spicy, and
honeylike notes [65].
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The aliphatic aldehydes and ketones, such as hexanal or oct-3-en-2-one, are associated
with fatty acid oxidation [68]. The detected aromatic aldehydes and alcohols, benzaldehyde
phenylacetaldehyde and phenylethyl alcohol, showed a statistically significant correlation
with the aromatic amino acid phenylalanine (see supplementary file: Table S11). Aromatic
aldehydes and alcohols are associated with the catabolism of aromatic amino acids; in
this case, phenylalanine [69]. The respective amino acid is converted to a-keto acid by the
respective aminotransferase, which can be converted to aldehyde by decarboxylases [53,69].
Furthermore, the respective aldehyde can be oxidised to form carboxylic acids or reduced
to form alcohols [53,68]. The ester formation has four main biosynthesis pathways, as
follows: alcohol and acid conversion to ester via esterase; hemiacetal, which is formed
via spontaneous reaction between aldehyde and alcohol, with dehydrogenation via its
dehydrogenases; ketone conversion to ester via Baeyer-Villiger monooxygenases; and alco-
hol and acyl-CoA conversion to ester via alcohol acyltransferases [70]. The production of
hydrocarbons, such as tetradecane, tridecane, or 1-tetradecene, is associated with fatty acid
catabolism [71]. Finally, all the factors and their interactions were statistically significant
for most of the VCs in lentils (see supplementary file: Table 512).

3.6. Micro- and Macro-Elements Concentration in Lentil Wholemeal Samples

The concentrations of micro- and macro-elements in lentil samples are presented in
Table 7. Almost all concentrations of macro-elements were significantly higher in L samples,
in comparison with LR ones, except magnesium. Moreover, of all essential micro-elements,
only phosphorus, manganese, and selenium concentrations in the L sample group were
significantly higher than in the LR group. Moreover, iron and nickel concentrations in the
LR samples were significantly higher than in the L samples.

Lentils are defined as a leguminous crop, containing significant amounts of macro-
elements and essential micro-elements, such as phosphorus, potassium, iron, and zinc [72,73].
Furthermore, the concentration of essential microelements, such as iron, is high enough for
the addition of lentils in a diet to prevent iron deficiency anaemia [5]. The other minerals
that are plentiful in lentils are crucial for important biological functions in humans [74].
These functions include, but are not limited to, the following: muscle and nerve functioning
(Mg and Ca); cell growth, function, and energy production (P); electrolyte balance and
muscle contraction (Na); the metabolism of fat and carbohydrates (Cr); the structural
components of many enzymes (Mn, Zn, and Cu); etc. [74,75].

According to various sources in the literature, the concentrations of various essen-
tial microelements can vary within the ranges of 2000-5300 mg/kg, 0.12-0.60 mg/kg,
10.5-29.0 mg/kg, 49-81.4 mg/kg, 1.1-1.8 mg/kg, 9.4-14.3 mg/kg, 36.7-64.2 mg/kg, and
0.18-1.6 mg/kg for phosphorus, chromium, manganese, iron, nickel, copper, zinc, and
selenium, respectively [1,72,76-78]. The mineral composition of lentils can be affected by
differences in growing conditions (e.g., phosphorus and other mineral fertilization, water
availability, and environmental conditions), plant origin (e.g., genotype and cultivar), or
other parameters (e.g., harvesting time) [73,79-83].

However, the aforementioned micronutrients have their bioavailability restrained due
to the existing antinutrient factors (phytates, oxalates, and phenolic compounds) [72,84].
Mineral bioavailability can be enhanced by employing certain strategies, such as genetic
manipulation, dehulling, soaking, enzymatic treatment, or fermentation [5,72,84,85]. The
bioavailability enhancement of minerals via fermentation can be explained by the disrup-
tion of plant cell wall structures, production of phytase enzymes, or even the activation of
endogenous phytase enzymes, due to the existing low pH environment [26,86,87].
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Table 7. Micro- and macro-element concentrations in lentil wholemeal samples.

LR L
Macro-elements, mg/kg d.m. (dry matter)
23 Na 712 4+ 0454 21.0+ 1858
24 Mg 676 £32.14 726 +£56.3 4
39K 4118 £ 1154 4925 + 136 B
44Ca 510 +49.1 4 747 + 57.3 B
Essential micro-elements, mg/kg d.m. (dry matter)
31P 3406 + 123 A 3899 + 142 B
52 Cr 0.405 + 0.39 A 0.405 + 0.028 A
55 Mn 8.96 + 0.52 A 139+ 0938
56 Fe 116 +£9.358 96.3 +7.414
59 Co 0.059 + 0.04 A 0.064 + 0.007 A
60 Ni 143 4+0.118 0.893 + 0.09 A
63 Cu 729 +0.62 A 712+ 0414
66 Zn 220+ 1934 246+ 1.84 A
78 Se nd 0.014 + 0.002 A
Non-essential micro-elements, mg/kg d.m. (dry matter)
7 Li nd nd
9 Be nd nd
11B 248 +0.124 6.62 +0.58 B
27 Al 883 +1.69° 253 +1.324
47 Ti 319+ 0258 0.767 £ 0.052 A
51V nd nd
71 Ga nd nd
75 As 0.019 + 0.002 A 0.017 + 0.002 &
85 Rb 72240524 6.33 +£0.29 A
88 Sr 26540224 3.02+0.304
95 Mo 2.09 +0.194 1.84 +0.17 4
105 Pd nd nd
107 Ag nd nd
111 Cd nd nd
118 Sn nd nd
121 Sb nd nd
133 Cs nd nd
137 Ba 0.865 + 0.023 A 149 +0.118
201 Hg nd nd
208 Pb 0.177 +0.012 B 0.036 + 0.003 A
115In nd nd
195 Pt nd nd
205 Tl nd nd
209 Bi nd nd
238U nd nd

L—lentils obtained from pure stands; LR—lentils obtained from relay incorporated with winter rye; & mean
values denoted with different letters indicate significantly different values between the LR and L of lentil samples.
Results are statistically significant when p < 0.05. nd—not detected.

4. Conclusions

This study showed that the Pediococcus acidilactici strain was suitable for the fermen-
tation of lentils, once the LAB count in all fermented lentil samples was higher than 7.00
logio CFU/g and a strong negative correlation between pH and LAB viable counts in
lentils (r = —0.886, p < 0.001) was established. The analysed factors (growing conditions,
type of fermentation, and fermentation duration) were statistically significant in most of
the lentils” chromaticity parameters. Solid-state fermented (SSF) lentils showed a more
complex volatile compound profile (between nine and seventeen new VCs were formed),
whereas, in submerged fermented samples (SMF), between two and five newly formed
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VCs were detected. Comparing lentils grown in pure stands (L) and lentils grown in relay
intercropped with winter rye (LR), L contained significantly higher concentrations of Na,
K, and Ca and the essential microelements P, Mn, and Se, while LR contained significantly
higher concentrations of the essential microelements Fe and Ni. The most of free amino acid
concentrations, as well as the total biogenic amine content, increased in lentils after SMF
and SSE. The most abundant fatty acid in lentils was C18:2 (which ranged from 41.3 to 50.3%
of total FA content). The SSF LR samples contained the most GABA, while all the analysed
factors and their interactions were statistically significant for GABA concentration in lentils.
This research effort showed that fermentation is a useful biotechnology for increasing the
biological value of lentils; however, biogenic amine concentration should be taken into
consideration. Overall, this study will contribute to the creation of a database on the micro-
and macro-elements composition of new varieties of lentils, grown either in pure stands or
relay intercropped with winter rye.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/foods13081249/s1. Table S1. Significance of analysed factors (different grow-
ing conditions of lentils, different fermentation conditions, and different durations of fermentation)
and their interaction in lentil wholemeal pH, chromaticity, and lactic acid bacteria (LAB) viable counts.
Table S2. Pearson correlations between the pH, chromaticity, and lactic acid bacteria (LAB) viable
counts in lentil wholemeal samples. Table S3. Significance of analysed factors (different growing
conditions of lentils, different fermentation conditions, and different durations of fermentation) and
their interaction in lentil wholemeal free amino acids (FAA) and y-aminobutyric acid (GABA). Table
S4. Pearson correlations between the free amino acids (FAA) and y-aminobutyric acid (GABA) and
pH and lactic acid bacteria (LAB) viable counts in lentil whole samples. Table S5. Pearson correlations
between biogenic amines (BA) and free amino acids (FAA), y-aminobutyric acid (GABA), pH, and
lactic acid bacteria (LAB) viable counts in lentil whole samples. Table S6. Significance of analysed
factors (different growing conditions of lentils, different fermentation conditions, and different dura-
tions of fermentation) and their interaction in biogenic amine (BA) lentil wholemeal concentration.
Table S7. Pearson correlations between fatty acids (FA) and pH and lactic acid bacteria (LAB) viable
counts in lentil wholemeal samples. Table S8. Significance of analysed factors (different growing
conditions of lentils, different fermentation conditions, and different durations of fermentation) and
their interaction in fatty acid (FA) lentil wholemeal composition. Table S9. Volatile compound (VC)
profile (% of the total volatile compounds content) in lentil whole samples. Table S10. Pearson
correlations between volatiles (VCs) and pH and lactic acid bacteria (LAB) viable counts, as well as
biogenic amines (BAs) and fatty acid (FA) composition, in lentil whole samples. Table S11. Pearson
correlations between volatiles and free amino acids (FAA) and y-aminobutyric acid (GABA). Table
S12. Significance of analysed factors (different growing conditions of lentils, different fermentation
conditions, and different durations of fermentation) and their interaction in volatile compound (VC)
lentil wholemeal composition. Figure S1. Image of the relay intercropped lentil with winter rye (LR).
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Abbreviations

9-octadecenoic acid (C18:1); «-linolenic acid (C18:3 w); analysis of variance (ANOVA); bio-
genic amines (BA); brightness/darkness (L*/ —L*); cadaverine (CAD); cis-11-eicosenoic acid (C20:1);
colony-forming units (CFU); de Man-Rogosa—Sharpe (MRS) agar; diode array detector (DAD); dry
matter (d.m.); eicosanoic acid (C20:1); fatty acid methyl esters (FAME); fatty acids (FAs); folic acid
(vitamin B9); Food and Agriculture Organization (FAO); Food and Drug Administration (FDA); free
amino acids (FAA); y-aminobutyric acid (GABA); gas chromatographer(ry) /mass spectrometer, gas
chromatography(/ph) mass spectrometry(/ter) (GC-MS); high-performance liquid chromatography
(HPLC); histamine (HIS); inductively coupled plasma mass spectrometry (ICP-MS); internal diameter
(ID); internal standard (ISTD); lactic acid bacteria (LAB); lentils grown in pure stands (L); lentils grown
in relay intercropped with winter rye (LR); linoleic acid (C18:2); monounsaturated fatty acids (MUFA);
National Bureau of Standards (NBS); niacin (vitamin B3); no observed adverse effect level NOAEL);
non-fermented (NF); palmitic acid (C16:0); pantothenic acid (vitamin B5); phenylethylamine (PHE);
polyunsaturated fatty acids (PUFA); putrescine (PUT); pyridoxine (vitamin B6); redness/greenness
(a*/—a*); riboflavin (vitamin B2); saturated fatty acids (SFA); solid-phase microextraction (SPME);
solid-state (SS); solid-state fermentation (SSF); spermidine (SPRMD); spermine (SPRM); standard
error (SE); stearic acid (C18:0); submerged (SM); submerged fermentation (SMF); tetradecanoic acid
(C14:0); thiamine (vitamin B1); tryptamine (TRIP); tyramine (TYR); United Nations (UN); United
States of America (USA); volatile compounds (VCs); volume by volume (v/v); wavelength (A); weight
by weight (w/w); World Health Organization (WHO); yellowness/blueness (b*/—b*).
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Colored wheat is gaining significant attention in the food and feed industry due to its components’
potential health benefits. As weaning piglets experience major discomfort in their early life, the
quality and bioavailability of the feed nutrients become crucial for their survival. Fermentation of the
feed aims to be a cheap and efficient stage of the feed production, as it is able to overcome major
shortcomings of the cereals. The aim of this study was to investigate the differences in metabolites
between traditional (variety “Herkus”) and black (variety *"DS8558-1") (DS) wheat cereals (both non-
pre-treated and fermented with Lactiplantibacillus plantarum strain) using an in vitro swine digestion
model with weaning piglets’ faecal microbiota. The following in vitro digestion and fermentation
parameters were evaluated: free and total amino acids concentration in the digesta; total amino acids
in the undigested residue and bioconverted/control wheat wholemeal substrate; short-chain fatty
acids (SCFAs), volatile organic compounds (VOCs), free amino acids (FAAs), biogenic amines (BAs) and
other small non-volatile metabolites in the in vitro fermentation samples. The in vitro digestibility and
fermentability were significantly altered by bioconversion, while the substrate factor was significant
only for the in vitro fermentability. The in vitro digestion of some of the non-essential and essential
(valine, phenylalanine, leucine/isoleucine, histidine) AAs was significantly affected by both factors.
Lysine digestibility was affected only by bioconversion. The bioconversion significantly affected the
content of SCFAs, such as 2-methylpropanoic, butanoic, 3-methylbutanoic and pentanoic acids in

in vitro fermentation (IVF) samples. The substrate was significant for all the analysed SCFAs, except
propanoic and hexanoic acids. Benzenacetic, dihydrocinnamic and 4-hydroxyhydrocinnamic acids were
significantly upregulated in DS IVF samples. P-cresol was upregulated in the bioconverted IVF samples.
Both of the factors were significant for p-cresol concentrations in the IVF samples. The y-aminobutyric
acid (GABA) production in the IVF samples was significantly affected by both factors. Lactate
concentrations in the IVF samples were affected only by the substrate factor. These results highlight
the significance of bioconversion for the overall digestibility of wheat wholemeal substrates as well as
changes in the production of biologically relevant metabolites for piglets.

Keywords In vitro digestion, Metabolomics, Volatile organic compounds, Colored wheat, In vitro
fermentation, Piglet microbiota
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FAA free amino acid

BA biogenic amine

IVE in vitro fermentation

SSF solid state fermentation

LAB lactic acid bacteria

GRAS “generally recognised as safe”

QPS “qualified presumption of safety”

GABA y-aminobutyric acid

MRS Man-Rogosa-Sharpe broth

SPME solid-phase microextraction

BSTFA N, O-bis(trimethylsilyl)trifluoroacetamide)
ANOVA analysis of variance

Tukey HSD  Tukey’s honest significant difference

PCA principle component analysis

PLS-DA partial least square discriminant analysis
VIP variable importance in projection

DS_F DS8558-1 sample fermented with Lactiplantibacillus plantarum
DS_NF DS8558-1 control sample

Herkus_F Herkus sample fermented with Lactiplantibacillus plantarum
Herkus_NF Herkus control sample

AA amino acid

VD in vitro digestion

TBC total bacteria count

Wheat continues to be a major cereal grain for human and animal consumption, as various products and
byproducts, such as wheat bran, wheat middlings, millrun or red dogs, are used in livestock feeding"{ Coloured
wheat is gaining significant attention in nutrition, as anthocyanins, which lie inside the pericarp and aleurone
layers, provide additional antioxidative and antimicrobial properties, help in the prevention of cardiovascular
diseases, inflammation, diabetes, obesity and improve cognitive functionality*~”. Moreover, it has been established
that polyphenols, including anthocyanins, can modulate bacterial communities in the gut®. Anthocyanins can
also impair the digestibility of starch in the food matrix, which can reliably reduce the blood glucose levels of
the host®. Often, anthocyanins are associated with ocular improvement by myopia inhibition, reduction of eye
fatigue, improving vision adaptation and increasing ocular blood flow, which prevents retinal degeneration®!°.
The majority of these anthocyanins are various derivatives of cyanidin, delphinidin, malvidin, pelargonidin,
peonidin and petunidin, which include singular or multiple glycosylations and acylations®'!. Many in vitro
studies report significant degradation of anthocyanins in the food matrix, mostly in the intestinal digestion
phase!>"', As the gastric digestion phase allows rapid absorption of anthocyanins without significant hydrolysis
due to favourable conditions, a serious degradation of those compounds in the intestinal phase is observed due
to a relatively high pH and high expression of metabolic enzymes that degrade anthocyanins'*!°.

Also, wheat cereal contains various antinutritional factors, such as inhibitors of protease enzymes, tannins
and phytates that affect the digestibility of feed, intestinal mucus secretion, and bioavailability of important
minerals'®!3, Evidently, fermentation helps to solve these issues by reducing antinutritional factor concentrations,
improving digestion via breakdown of the feed matrix, and providing probiotics for the host’s gut'®!*2’. Solid
state fermentation (SSF) is proven to be an attractive method for bioprocessing feed, as it allows the use of any
nutrient-rich substrate, doesn’t require sterile conditions, demands low consumption of water, allows for easy
recovery of products and requires smaller and less complex equipment for processing?"2.

Lactic acid bacteria (LAB) are a diverse group of gram-positive microorganisms that are widely applied in
industrial processing, as they are equipped with a wide range of carbohydrate-degrading enzymes, can improve
organoleptic properties, produce a wide range of bioactive metabolites, suppress food spoilage, and improve
shelf-life**?*. Lactiplantibacillus plantarum is able to ferment a wide range of carbohydrates, inhibit pathogens,
tolerate very low pH, and produce significant amounts of bioactive compounds, such as neurotransmitters and
bacteriocins?®~2%. Lp. plantarum is recognised as “generally recognised as safe” (GRAS) by the Food and Drug
Administration and has the status of “qualified presumption of safety” (QPS) by the European Food Safety
Authorities**.

As genetic selection and modern intensive farming systems significantly increased the average litter size of
sows, piglets nowadays suffer from weaning stress, which is associated with certain changes in microbiota as
piglets go through a gradient change from liquid to solid feed?*~>1. As such, dietary changes drastically modify the
gut microbiome, which can eventually lead to impaired digestion, post-weaning diarrhea, reduced gut mucosal
integrity, or even increase the risk of gastrointestinal tract diseases*>~>*. Wheat-based products are widely used
in swine feeding due to their high starch content and noteworthy abundance of essential amino acids®.

The aim of this study was to investigate the differences in metabolites (amino acids (AAs), GABA, biogenic
amines (BAs), volatile organic compounds (VOCs), short-chain fatty acids (SCFAs) and other metabolites)
between traditional (variety “Herkus”) and black (variety “DS8558-17) wheat cereals (both non-pre-treated
and fermented with Lactiplantibacillus plantarum strain) using an in vitro swine digestion model with weaning
piglets’ faecal microbiota.
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Materials and methods

Wheat cereals and lactic acid bacteria strain used for fermentation

The winter wheat (Triticum aestivum L.) cereal varieties ‘Herkus DS’ (traditional wheat), and new bred
varieties DS8558-1 (black wheat) were provided by the Institute of Agriculture, Lithuanian Research Centre
for Agriculture and Forestry (LAMMC, Akademija, Kédainiai distr., Lithuania). A detailed description of the
growing conditions is described in the supplementary methods file.

The LAB strain Lactiplantibacillus plantarum was obtained from the Lithuanian University of Health Sciences
(Kaunas, Lithuania) and used for the wholemeal wheat flour fermentation. The Lp. plantarum characteristics are
described by Bartkiene et al.**. Before the experiments, the LAB strains stored at —80 °C (Microbank system,
Pro-Lab Diagnostics, Birkenhead, UK) were activated and multiplied in de Man-Rogosa-Sharpe (MRS) broth
(Oxoid Ltd., Hampshire, UK) at (30 + 2) °C for 24 h, under aerobiosis, before use in the wholemeal flour
fermentation. Wheat cereal was milled with a Laboratory Mill 120 (Perten Instruments AB, Stockholm, Sweden)
until the particle size was 1-2 mm. The wholemeal wheat flours, water (1:1 w/w) and a suspension of LAB strain
(3% of dry matter of the wholemeal flour) containing 8.7 log,, CFU/mL were fermented at (30 + 2) °C for 24
h. The non-fermented wholemeal samples were analysed as a control. The experimental scheme is provided in
Fig. 1.

Evaluation of acidity and microbiological characteristics of wheat wholemeal and the in vitro
fermentation samples

The analysis of total titratable acidity, pH and microbiological characteristics was performed directly after
fermentation, while the rest of the samples were vacuum packed and frozen at — 18 °C until further analysis of
other compounds. Detailed protocol is provided in the supplementary methods file.

In vitro digestion protocol of wheat wholemeal samples

The procedure of the in vitro digestion protocol was based on the INFOGEST static in vitro digestion protocol
with some modifications®. Full procedure with modifications is described in the supplementary methods file.
The resulting undigested residues were filtered, washed with ethanol and acetone, and dried in a laboratory oven
until a stable mass was achieved.

In vitro fermentation protocol of the in vitro digestion residues
The residue from the in vitro digestion phase was subsequently subjected to colonic fermentation, using
an inoculum of fresh faecal samples from healthy piglet donors of 42 days of age. The protocol used for the
experiment was based on the protocol described in Burillo et al. (2021)*” with some modifications. Detailed
procedure is described in the supplementary methods file. Resulting unfermented residues were filtered, washed
with water, and dried in a laboratory oven until a stable mass was achieved.

2.5 Free and Hydrolysed Amino Acid Analysis of the Bioconverted/Control Wholemeal, Digested Wholemeal
Supernatant and Residue Samples.

Analysis protocol of free amino acids and hydrolysates of corresponding samples is described in the
supplementary methods file. In brief, free amino acids were extracted with 0.1 M HCI solution, while the
hydrolysis of samples was carried out using 6 M HCl solution, containing 0.1% phenol, at 110 ‘C for 23 h. The
derivatization and chromatographic analysis protocol were carried out according to Hua-Lin Cai et al. (2010)*
with some modifications.

[ L Plantarum
Herkus o Control

* L. Plantarum
DS85581 |4 control

Invitro Invitro

digestion

Undigested residue
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Juejeuwsadng
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Fig. 1. Schematic representation of the experiment. AA - amino acid, FAA - free amino acid, BA - biogenic
amine, VOC - volatile organic compound, SCFA - short-chain fatty acid, TMS - trimethylsilyl.
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Volatile organic acid analysis of the in vitro fermentation samples

The VOCs of the IVF samples were analysed using gas chromatography-mass spectrometry. A solid-phase
microextraction (SPME) device with Stableflex™ fibre, coated with a 50 um-¢ Carboxen™- PDMS layer (Supelco,
USA), was used for headspace sampling. The prepared samples were analysed with a GCMS-QP2010 (Shimadzu,
Kyoto, Japan) gas chromatograph and mass spectrometer. A detailed description of the analysis is provided in
the supplementary methods file.

Analysis of free amino acids and biogenic amines in the in vitro fermentation samples
Concentrations of amino acids were determined using the GCMS-QP2010 (Shimadzu, Kyoto, Japan) gas
chromatograph with a mass spectrometer. Samples were diluted and derivatized using isobutylchloroformate. A
detailed description is provided in the supplementary methods file.

Analysis of short-chain fatty acids in the in vitro fermentation samples

For SCFA analysis in IVF samples, 100 uL the of sample was spiked with 100 uL. 90 mM 3-methylvaleric acid and
diluted to 1 mL with 0.1 M HCI solution. The resulting mixture was centrifuged at 13,200 RPM for 5 min, and
the resulting supernatant was used for the analysis. The prepared samples were analysed with a GCMS-QP2010
(Shimadzu, Kyoto, Japan) gas chromatograph and mass spectrometer. The following conditions were used for
analysis: injector temperature 150 °C; injection volume 0.2 uL; ion source temperature 200 °C; and interface
temperature 230 °C. The mass spectrometer was operating in single ion monitoring mode. Helium was used
as a carrier gas at a 0.86 mL/min flow-rate. For the separation of VOCs, Stabilwax-Da column (Restek, USA)
(length 30 m, coating thickness 0.25 um-¢, inner diameter of 0.25 mm-¢) was used. The temperature gradient
was programmed from starting at 100 °C (0.5 min hold) to 200 °C (5 °C/min, 3 min hold) up to 250 °C (15°/
min, 3 min hold).

Untargeted analysis of small non-volatile and semi volatile metabolites in the in vitro
fermentation samples

Untargeted analysis of small non-volatile and semi-volatile metabolites was accomplished by diluting samples
with methanol and performing derivatization using methoxyamine hydrochloride in pyridine and subsequent
silylation with N, O-bis(trimethylsilyl)trifluoroacetamide (BSTFA), containing 1% of trimethylchlorosilane. The
prepared samples were analysed with a GCMS-QP2010 (Shimadzu, Kyoto, Japan) gas chromatograph and mass
spectrometer. A detailed protocol is provided in the supplementary methods file.

Statistical analysis

Microbiological and physicochemical results were expressed as the mean (n=3) + standard deviations.
Statistical calculations were carried out using R statistical programming software packages. In order to evaluate
the effects of the different factors, the data were analysed using analysis of variance (ANOVA), and Tukey HSD
(Tukey’s honest significant difference) post hoc test was conducted to detect differences among sample groups.
To determine the normality and homoskedasticity, the Shapiro-Wilk test and Levene test were performed,
using “stats” (version 4.4.2) and “car” (version 3.1-3.1) packages. The bioconversion (fermented/nonfermented)
and substrate (Herkus/DS) were chosen for factor analysis. The linear Pearson’s correlation coefficients were
calculated and visualized using “psych” (version 2.5.6) and “corrplot” (version 0.95) packages. The results were
recognized as statistically significant at p<0.05. The heatmap visualization and analysis were carried out using
the R statistical programming software package “ComplexHeatmap” (version 2.25.2). The principal component
analysis (PCA), partial least squares discriminant analysis (PLS-DA) and variable importance in projection
(VIP) were carried out using the “mixOmics” package (version 6.26.0). Volcano plot analysis and visualizations
were carried out using the “EnhancedVolcano” package (version 1.24.0). Missing values for the volcano plot
analysis were filled using the half minimum method.

Results

Acidity and microbiological characteristics of wheat wholemeal samples

The results of the acidity and microbiological characteristics are presented in Table 1. The LAB count in fermented
wheat wholemeal samples (Herkus_F and DS_F) was significantly higher, while the pH was significantly lower
than in control samples (Herkus_NF and DS_NF). Moreover, titratable acidity was significantly higher in

Measurement

Sample pH TTA® LAB Count, log,, CFU/g
DS_F 3.943+0.09¢ |9.067+0.153b | 8.503+0.015a

DS_NF 5.643+0.04b |2.383+0.076 ¢ | 4.407+0.035b

Herkus_F 3.950+0.03¢ | 9.900£0.10a |8.483+0.07a
Herkus_NF 5.943+0.0452a | 1.917+0.076 d | 4.423+0.042b

Table 1. LAB count, pH and titratable acidity of wheat wholemeal samples. DS — wheat variety DS8558-1,

F - sample fermented with Lactiplantibacillus plantarum, NF - control sample, TTA® - total titratable acidity,
LAB - lactic acid bacteria. a-d Mean values denoted with different letters indicate significantly different values
between the different sample groups. Results are statistically significant when p <0.05.
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fermented wheat wholemeal samples. In addition, Herkus_F titratable acidity was the highest of all sample
groups.

Total amino acid composition of wheat wholemeal samples

The results of the total AA composition of wheat wholemeal samples are presented in Table 2. Overall, most AAs
and total AA concentrations were not significantly different between fermented samples and corresponding
control samples. Leucine/isoleucine was significantly higher in Herkus_F samples in comparison to Herkus_NFE.
DS samples contained significantly higher concentrations of arginine (16.5%), glutamic acid (38.9%), threonine
(37.5%), glycine (29.3%), proline (49.0%), phenylalanine (45.4%), leucine/isoleucine (41.5%), cystine (31.1%),
and total AA (35.7%), in comparison to Herkus sample groups. The bioconversion was a significant factor for
leucine/isoleucine, cystine, and lysine concentrations, while the substrate was a significant factor only for leucine/
isoleucine (supplementary file results Table 1). Moreover, the bioconversion and substrate factor interaction was
significant for all amino acids (supplementary file results Table 1).

Total and free amino acids in the in vitro digestion samples

Table 3 describes the analysis results of the FAAs in the in vitro digestion (IVD) samples. The substrate-
containing samples (DS_E, DS_NE, Herkus_F, Herkus_NF) showed significantly higher concentrations of
arginine (51.2%), glutamine (82.2%), GABA (84.2%), proline (55.6%), alanine (38.3%), threonine (37.2%),
valine (51.5%), methionine (66.6%), phenylalanine (57.5%), leucine/isoleucine (53.5%), histidine (45.5%), and
total AA (46.5%). Only the fermented samples contained significantly higher amounts of glycine (20.3%), in
comparison to the blank IVD samples. Lysine concentrations were significantly higher in all the substrate IVD
samples, except DS_NE, in comparison to the blank IVD samples. Glutamic acid was significantly higher only
in the Herkus_F samples. The fermented sample groups contained significantly higher concentrations of GABA
(90.0%) and proline (124.5%), and significantly lower concentrations of glutamine (15.6%), in comparison to the
nonfermented sample groups. The bioconversion was a significant factor for glutamine, glutamic acid, glycine,
GABA, and proline, while the substrate was significant for glutamine, GABA, proline, tryptophan, and cystine
(supplementary file results Table 2).

The results of total AA in IVD samples are presented in Table 4. The DS samples contained significantly
higher concentrations of leucine/isoleucine (26.8%) and tyrosine (36.1%), in comparison to the Herkus sample
groups. The bioconversion was a significant factor only for concentrations of glycine, while the substrate was
a significant factor for alanine, glutamic acid, threonine, proline, valine, methionine, phenylalanine, leucine/
isoleucine, tyrosine, and the total AAs in the IVD samples (supplementary file results Table 3).

The total AA analysis results of the undigested IVD residue hydrolysates in the undigested IVD residues
are presented in Table 5. Significantly higher concentrations of threonine were found in the fermented sample
groups, in comparison to the corresponding control sample groups. While glutamic acid (37.2%), glycine
(28.6%), alanine (40.0%), proline (43.3%) and total AA (32.5%) concentrations were significantly higher in the
Herkus_F samples, in comparison to the Herkus_NF samples. The bioconversion factor was significant for all
amino acid concentrations, except serine, valine, phenylalanine, and leucine/isoleucine, while the substrate was
significant for glutamic and aspartic acids, threonine, proline, histidine and total AAs (supplementary file results

Sample DS_F DS_NF Herkus_F Herkus_NF
Arginine 0.406+0.021a |0.408+0.001a |0.348+0.014b |0.351+0.0003 b
Glutamic acid 2.539+0.024a |2.616+0.08a 1.820£0.11b 1.892+0.067 b
Serine 0.354+0.029a | 0.363+£0.004a |0.291+0.043a | 0.288+0.009 a
Aspartic acid 0.313+0.028a | 0.309+£0.004a |0.259+0.035a |0.258+0.01a
Threonine 0.225+0.007a |0.222+0.001a |0.167+0.001b |0.158+0.008 b
Glycine 0.287+0.017a |0.300£0.004a |0.221£0.017b | 0.233+0.009 b
Alanine 0.281+0.019a |0.268+0.018 ab | 0.227+0.004 ab | 0.217+0.01b
Proline 1.657£0.032a |1.746+0.133a | 1.166+0.028b | 1.118+0.035b
Valine 0.285+0.018a |0.298+0.022a |0.231+0.0092a |0.224+0.024a
Methionine 0.068+0.01 a 0.074+0.011a | 0.043+0.005a | 0.054+0.008 a
Phenylalanine 0.411£0.009a |0.415+0.001a |0.312+0.039b |0.256+0.013b
Leucine/Isoleucine | 0.961+0.01 a 0.951+0.039a |0.741+0.01b 0.610+£0.045 ¢
Cystine 0.100£0.002a |0.115+0.009a |0.072+0.008 b | 0.092+0.001 ab
Lysine 0.21940.005a |0.207+0.007a | 0.197+0.013 ab | 0.164+0.007 b
Histidine 0.158+0.0004a |0.154+0.0082a |0.128+0.011ab | 0.110+0.015b
Tyrosine 0.305+0.005 ab | 0.325+0.027a | 0.268+0.003 ab | 0.265+0.002 b
Total amino acids | 8.569+0.162a |8.771+0.204a |6.492+0.161b |6.289+0.149b

Table 2. Total amino acids (g/100 g) in wheat wholemeal samples. DS - wheat variety DS8558-1, F - sample
fermented with Lactiplantibacillus plantarum, NF - control sample. a-c Mean values denoted with different
letters indicate significantly different values between the different sample groups. Results (1 =2) are statistically
significant when p <0.05.
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Sample Blank DS_F DS_NF Herkus_F Herkus_NF
Arginine 256.07+4547b | 516.38+21.86a 555.04+52.03a |498.5+38.1a 511.08+50.52a
Glutamine 125.42+14.98d |620.58+38.21 bc |743.76+33.13a | 550.15+44.78 ¢ 643.03+12.1b
Asparagine 91.68+10.66 a 108.02+17.88 a 119.33+15.03a | 107.33+14.43 a 116.27+4.34a
Glutamic acid 148.27£20.21b | 179.17£31.51ab | 154.32+14.26ab | 200.29+6.42a 176.21+6.96 ab

Serine 86.67+19.04b 105.98+16.73ab | 115.58+17.1ab | 121.84+7.11 ab 131.76+12.31 a
Aspartic acid 80.78+15.16 a 100.41+13.68 a 96.32+4.46 a 97.8+25.32a 92.25+27.5a
‘Threonine 75.48+15.36 b 113.36+1.05a 126.39+3.07a 111.17+12.71a 119.71+14.81a
Glycine 119.53+8.71b 142.96+9.39 a 131.19+5.11ab | 144.6+6.3a 131.21+5.55 ab
Alanine 107.99+10.55b | 182.25+17.75a 170.87+13.84a | 188.12+6.62a 169.92+11.81a
GABA 2.354£0.38d 20.04+2.61b 9.84+0.97 ¢ 30.31+2.13a 16.67+0.75b
Proline 523+0.53d 43.18+2.28a 19.75+0.74 ¢ 37.67+1.21b 16.27+1.16 ¢
Tryptophan 109.84+19.42b | 139.03+22.56ab | 139.77+20.77 ab | 177.04+11.48 a 180.3+10.41 a
Valine 111.74+21.08b | 194.45+10.56 a 216.43£19.32a | 205.53+27.18a 231.06£8.66 a
Methionine 29.61+7.21b 90.62+9.74 a 88.88+19.66 a 88.64+13.94a 91.62+1.87 a
Phenylalanine 146.36+11b 361.03+68.06 a 371.05+75.86a |341.43+16.29a 341.82+21.89a
Leucine/Isoleucine | 368.89+36.36b |811.09+143.11a |770.37+68.86a |778.27+80.87a 849.98+8.59 a
Cystine 26.9+6.47a 2249+1.24a 24.76+2.67 a 27.53+3.04a 29.19+0.99a
Lysine 275.72+27.84b | 389.8+55.09a 372.03+58.1ab | 390.22+16.74a 385.61+15.83a
Histidine 64.39+8.3b 108.36+17.97 a 116.67+15.02a | 109.4+3.97a 120.37+7.66 a
Tyrosine 22597+26.93a |344.35+62.79a 323.46+65.94a |25347+34.53a 302.83+55.96a
Total AAs 2458.9+304.92b | 4593.52+492.63 a | 4665.82+360.1a | 4459.33+176.09 a | 4657.16+93.63 a

Table 3. Free amino acids concentrations (mg/L) in the in vitro digestion samples. DS - wheat variety
DS8558-1, F - sample fermented with Lactiplantibacillus plantarum, NF - control sample, GABA -
y-aminobutyric acid. a-d Mean values denoted with different letters indicate significantly different values
between the different sample groups. Results are statistically significant when p <0.05.

Sample Blank DS_F DS_NF Herkus_F Herkus_NF
Arginine 409.06+£7.97 b 885.5+14.4a 916.4+50.8 a 847.6+116.5a 718+84.8a
Glutamic acid 739.93+£54.82b | 3538.6+93.7a 3544.2+257.1a |2901.4+289.8a 2882.2+363.5a
Serine 405.67+39.43b | 828.8+80.9a 821.8+125.8a 731.2+£89.9a 820.3+131.6a
Aspartic acid 770.47+1.61 b 1130.7£92.7 a 1074.8+75.4a 1066.7+90.3 a 1073+127.9a
Threonine 294.74+32.06b |594.4+28a 555.9+33.6a 521+£50.7 a 517.5+9.7 a
Glycine 531.04+9.81 ¢ 904.6+46 a 850.8+45.4 ab 863.3+63.9 ab 780.7+11.9b
Alanine 284.86+9.84b 580.3+34.6a 582.4%21.1a 565.4+54.9a 5244+324a
Proline 557.23+84.24c |2633.8+71.6ab |2786.5+147.3a |1953.2+158.1ab |2009+44.7 ab
Valine 323.4+41.59b 801.1+77.6a 776.2+29.8a 657.8+58.6a 697.4+69.8 a
Methionine 46.17+14.99b 182.8+2.9a 178.4+11.2a 131.7+355a 133.0+£10.0a
Phenylalanine 238.39+30.83d |699.8+18ab 757.8+79.5a 554.3+64.9 ¢ 596.9+29.5 bc
Leucine/Isoleucine | 677.95+17.53d | 1813.9+73.1ab |1910.7+2059a |1458+131.1¢c 1479.8+40.4 bc
Cystine 128.95+17.88b |2382+7.5a 237.4+10.2a 240.2+19.8a 2255+223a
Lysine 383.14+41.34b | 642.3+40.4a 693.5+55.4a 666.1+25.3a 664.7+51.1a
Histidine 126.63%5.06 b 345.1+169a 355.6+35.8a 306.9+31.8a 326+31.4a
Tyrosine 359.5+28.31 ¢ 771.7+289a 789.9+22.8a 506+109 be 641.2+81.6 ab
Total AAs 6304.3+436.89 ¢ | 16667.3+244.8a | 16893.7+586.7 a | 14010.4+1183.7 b | 14156.7+886.7 b

Table 4. Total amino acids (mg/L) in the in vitro digestion samples. DS - wheat variety DS8558-1, F - sample
fermented with Lactiplantibacillus plantarum, NF - control sample. a-d Mean values denoted with different
letters indicate significantly different values between the different sample groups. Results are statistically
significant when p <0.05.
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Sample DS_F DS_NF Herkus_F Herkus_NF
Arginine 0.524+0.036a |0.527+0.029a |0.549+0.039a |0.420+0.025b
Glutamic acid 1.452+0.128a | 1.33+0.065 a 1.332+£0.086a | 0.971+0.144b
Serine 0.495+0.114a | 0.415£0.035a | 0.430+0.049a |0.337+£0.051 a
Aspartic acid 0.931+0.136a | 0.677+0.038b | 0.782+0.089 ab | 0.560+0.076 b
Threonine 0.333+0.036a | 0.216+0.02bc | 0.241+0.007b | 0.154%0.029 ¢
Glycine 0.493+0.039ab | 0.435+£0.046b | 0.526+0.018a | 0.409+0.028 b
Alanine 0.432+0.019a | 0.345+0.023 ab | 0.434+0.054a | 0.310£0.042b
Proline 0.960+0.045a | 0.880+0.008a |0.934+0.052a |0.652+0.058 b
Valine 0.429+0.036a |0.390+£0.033a | 0.406+0.051a |0.390+0.046a
Methionine ND ND ND ND
Phenylalanine 0.361+0.026a |0.322+0.024a |0.336+0.059a |0.312+0.029 a
Leucine/Isoleucine | 0.860+0.078a |0.746+0.065a | 0.850+0.19a 0.684+0.032 a
Cystine ND ND ND ND

Lysine 0.502£0.084a {0.392+0.031 ab | 0.437£0.031ab | 0.331+0.051b
Histidine 0.126+0.026a | 0.092+0.011a |0.131+£0.018a |NDb
Tyrosine 0.572+0.017a | 0.507+0.058a |0.597+0.047a |0.503+0.044a
Total AA 8.477+0.146a |7.274+0.182ab |7.984+0.728a |6.025+0.635b

Table 5. Total amino acids (g/100 g) in the in vitro digestion undigested samples. DS — wheat variety DS8558-
1, F - sample fermented with Lactiplantibacillus plantarum, NF - control sample, ND - not detected. a-c Mean
values denoted with different letters indicate significantly different values between the different sample groups.
Results are statistically significant when p <0.05.

Sample DS_F DS_NF Herkus_F Herkus_NF
In vitro digestibility, % DM 83.91+0.49a | 78.79+0.65b |84.79+0.53a |77.59+0.49b
Total AA digested, % 91.88+0.18a | 91.07+0.49 ab | 90.57+0.61 ab | 88.96+1.41b

In vitro fermentability, % DM 42704024 ¢ | 48.11+1.27b |49.56+1.60b |57.51+0.83a
Total in vitro digestibility, % DM | 90.78+0.31b | 89.00+0.22¢ |92.33+0.25a |90.48+0.21b

Table 6. In vitro digestibility and fermentability of wheat wholemeal samples. DS — wheat variety DS8558-1,
F - sample fermented with Lactiplantibacillus plantarum, NF - control sample, AA - amino acids, DM - dry
matter. a-c Mean values denoted with different letters indicate significantly different values between the
different sample groups. Results are statistically significant when p <0.05.

Table 4). The interaction of the factors was significant for arginine, proline, and histidine concentrations in the
IVD residue samples.

In vitro digestibility and fermentability parameters of wheat wholemeal samples

Table 6 contains digestibility and fermentability parameters of the IVD/IVF samples. The in vitro digestibility
in the fermented samples was significantly higher than in the respective control samples. Moreover, the highest
AA digestibility was observed in the DS_F samples, while the lowest digestion was observed in the Herkus_NF
sample groups. The in vitro fermentability in the fermented sample groups was significantly lower than in the
corresponding control sample groups. Moreover, Herkus_NF samples had the highest in vitro fermentability
results, while the DS_F samples had the lowest in vitro fermentability results. Almost all of the individual AA
digestibility was not significantly different in the bioconverted samples, in comparison to the control sample
groups (supplementary results file Table 5). Only arginine in the DS samples and valine, phenylalanine, cystine,
histidine and tyrosine in the Herkus samples were significantly different between the respective control and
the bioconverted sample groups. The bioconversion was a significant factor for all the in vitro digestibility
and fermentability parameters, except glutamic acid, serine, aspartic acid, threonine, glycine, and alanine
(supplementary results file Table 6). While substrate was a significant factor for all the parameters, except for the
in vitro digestibility, arginine, glutamic acid, serine, aspartic acid, threonine, and lysine. The factors interaction
was significant for the in vitro digestibility, valine, phenylalanine, and histidine.

Free amino acids and biogenic amines analysis results of the in vitro fermentation samples

The FAA and BA analysis results are presented in Table 7. The Herkus samples contained significantly higher
concentrations of glycine, valine, leucine, serine, proline, aspartic acid, glutamic acid, methionine, phenylalanine,
histidine, tryptophan and tyrosine in comparison to the blank samples after 24 h and the DS sample groups. The
Herkus samples contained significantly higher amounts of glycine (124.1%), valine (1652.9%), leucine (1481.3%),
serine, proline (1073.9%), aspartic acid (265.7%), glutamic acid (2190.9%), methionine (191.6%), phenylalanine
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Sample B0 Bl DS_F DS_NF Herkus_F Herkus_NF
Alanine 111.88+4.66 bc | 1.67+0.83 d 109.08+15.95 ¢ | 153.72+18.52 abc | 175.08+21.55 ab | 186.69+39.09 a
Glycine 38.5+2.58 b 5.33+0.71c¢ 8.21+3.10 ¢ 56.14+9.18 ab 71.79+2.72a 7243+1544a
Valine 102.54+74a 9.19+1.76 cd | 2.38+0.15d 1.48+0.09d 27.5+3.73 bc 40.16£19.76 b
Leucine 231.41+£9.75a [9.92£1.61c¢ 2.30£0.35¢ 2.02£0.33 ¢ 30.89+2.23b 37.42+15.89b
Isoleucine 74.52+1.76 a 8.09+1.16 ¢ 5.18+0.05¢ 4.21+0.67 ¢ 5.96+0.63 ¢ 41.65+23.42b
GABA NDc¢ NDc¢ 43.99+4.89 ¢ 303.61+105.18b | 385.28+50.94b | 627.96+76.96 a
Serine 64.98+18.96a |NDc NDc¢ NDc¢ 27.74+0.61 b 33.89+3.34b
‘Threonine 46.97+14.42a |NDc 14.62+1.06 bc | 11.61+0.44 bc 25.63+1.47 ab 39.74+16.41a
Proline 24.72+0.05bc |253+5.04bc |2.66+0.81c 55.02+13.02b 331.75+13.89a |34538+17.43a
Asparagine ND ND ND ND ND ND

Aspartic acid 26.41+331a 52+02b 8.85+0.12b 7.86+4.50 b 35.14+8.24a 25.97+8.73a
Phenylethylamine | 1.82+0.13a NDb NDb NDb NDb NDb

Glutamic acid 55.44+19.23¢ |23.65+10.04¢ |13.83+£0.48 ¢ 9.9+231c¢ 358.27+50.2a 185.35+13.91 b
Methionine 42.06+11.43ab | 9.25+0.24 ¢ 11.22+0.26 ¢ 16.21+524 ¢ 31.9+3.88b 48.07+7.06 a
Phenylalanine 81.00+30.34 be | 9.47+3.27 ¢ 6.40£0.78 ¢ 104.99+32.53 b 290.37+19.63a | 254.68+53.52a
Putrescine NDc¢ NDc 116.45+6.63b | 107.92+12.68b 160.29+16.51a | 107.16+11.54b
Cadaverine 5.38+0.21c¢ NDc 63.20+6.41b 60.03+5.48 b 89.72+4.15a 60.04+8.06 b
Histamine NDc NDc 23.30+1.97b 23.95+1.15b 37.95+4.78a 26.25+5.58 b
Tryptamine NDc NDc 5.69+0.06 b 576+0.75b 18.13+3.29a 6.39+0.63 b
Lysine 57.6+11.12a NDd 39.63+0.06 bc |27.11+£0.29 ¢ 42.86+3.88 ab 33.09+8.83 be
Tyramine NDb NDb 4.25+0.04b 7.42%3.10b 39.39+19.1a 10.89+4.31b
Histidine 374.98+34.88a |[NDc ND ¢ ND ¢ 336.51+6.93ab |291.12+522b
Tryptophan 31.93+2.72b NDd NDd 11.50+3.50 ¢ 42.99+2.92a 33.24+4.17b
Tyrosine 74.11+25.18a |5.96+0.34b 28.54+0.17b 11.93+£5.00 b 87.42+18.64a 66.24+4.56 a

Table 7. Free amino acids and biogenic amines analysis results (mg/L) in the in vitro fermentation samples.
DS - wheat variety DS8558-1, F - sample fermented with Lactiplantibacillus plantarum, NF - control sample,
Bl - fermentation blank at 48 h, BO — fermentation blank at 0 h. a-d Mean values denoted with different letters
indicate significantly different values between the different sample groups. Results are statistically significant
when p<0.05.

(389.3%), histidine, tryptophan (562.9%) and tyrosine (279.7%), in comparison to the DS sample groups. The
bioconversion was significant for almost all the FAAs and BAs, except for alanine, valine, leucine, threonine,
aspartic acid, phenylalanine, tyramine, histidine and tryptophan, while the substrate was significant for all
analytes, except for lysine (supplementary results file Table 7). The interaction of those factors was significant
for all analytes, except for alanine, valine, leucine, GABA, threonine, aspartic acid, methionine, lysine, histidine,
and tyrosine.

Volatile organic compounds analysis results of the in vitro fermentation samples

The VOC:s analysis results are presented in the supplementary results file Table 8 and depicted in the heatmap
in Fig. 2. VOCs data were Pareto-scaled, and hierarchical clustering was performed for the individual analytes.
Various alkanes (tridecane, octadecane, hexadecane, dodecane, tetradecane), aromatic and heterocyclic
compounds (benzothiazole, 2-phenoxyethanol, naphthalene, skatole, 4-ethylphenol, and 2,4-ditertbutylphenol),
organic acids and alcohols (nonanoic acid, 4-methylpentanoic acid, and 3-hexadecanol) and several aldehydes
(hexadecanal, nonanal) were significantly lower in almost all the IVF DS and Herkus samples, in comparison
to the blank after 24 h IVF samples. Moreover, various aliphatic and aromatic esters (propyl pentanoate, hexyl
n-valerate, pentyl levulinate), aldehydes (oct-(2E)-enal, pentadecanal, and tetradecanal), various aromatic
compounds (p-cresol, indole, hydrocinnamic acid, and benzeneacetic acid), and hexanoic acid were the highest
in the DS_F samples. The bioconversion factor was significant for 31 out of 53 VOCs, while the substrate
was significant for 36 out of 53 VOCs in the IVF samples (supplementary results Table 9). While the factors’
interaction was significant for 6 organic acids (propanoic, 2-methylpropanoic, butanoic, 3-methylbutanoic,
pentanoic and hexanoic acids), 3 aromatic compounds (indole, hydrocinnamic acid, and p-cresol), pentyl
levulinate, tetradecanal, and octadecane in the IVF samples.

PLS-DA and VIP analysis results are depicted in Fig. 3. Statistical analysis was performed on Pareto-scaled
data. PLS-DA plots show clear separation between the fermented and the nonfermented samples (Fig. 3-a),
as well as the different substrates (Fig. 3-c). For the first model, VIP analysis showed that isophorone, mesityl
oxide, acetone, pentyl levulinate, methyl thioacetate, aliphatic organic acids (pentanoic, butanoic, nonanoic,
octanoic, 2-methylpropanoic, and 3-methylbutanoic acids), alkanes (hexadecane, tridecane, octadecane, and
dodecane), aldehydes (pentadecanal, hexadecanal, dodecanal, and decanal), and aromatic compounds (p-cresol,
isocreosol, 2-phenoxyethanol, and 2,4-ditertbutylphenol) were contributing the most to the differences between
the fermented and nonfermented samples. While various aromatic compounds (acetophenone, benzeneacetic
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Fig. 3. PLS-DA and VIP plots of the volatile organic compounds of the in vitro fermentation samples. a,
¢ - PLS-DA analysis plots, where categorical values are bioconversion and substrate; b, d - VIP plots of the
respective PLS-DA analyses.

acid, hydrocinnamic acid, naphthalene, 4-ethylphenol, phenylethyl alcohol, 2-phenoxyethanol, and p-cresol),
indoles (skatole and indole), aliphatic organic acids (acetic, 4-methylpentanoic, nonanoic, pentanoic, octanoic,
2-methylbutyric, and heptanoic acids), alkanes and aliphatic aldehydes (nonanal, hexadecanal, octadecane,
tetradecane, dodecane, and oct-(2E)-enal), y - decalactone, benzothiazole, hexyl n-valerate, and ethyl palmitate
had the highest VIP values for the Herkus — DS PLS-DA model.

Additionally, volcano plots of the VOCs in IVF samples were constructed to depict differences between
fermented — nonfermented (Fig. 4-a) and Herkus — DS sample groups (Fig. 4-b). The analysis results depict
significantly higher concentrations of p-cresol, mesityl oxide, isophorone, and pentyl levulinate in fermented
IVF samples. While the comparison between the Herkus and DS sample groups outlines significantly higher
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Fig. 4. Volcano plots of the volatile organic compounds of the in vitro fermentation samples.
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Fig. 5. Heatmap of in vitro fermentation untargeted analysis results.

concentrations of benzenacetic acid, hexyl n-valerate, hydrocinnamic acid, indole, p-cresol, oct-(2E)-enal, and
pentyl pentanoate in the DS samples.

Untargeted metabolomics analysis results of the in vitro fermentation samples

The IVF untargeted metabolomics analysis results are presented in the supplementary results file Table 11.
The heatmap visualization and hierarchical clustering analysis are depicted in Fig. 5. The IVF untargeted
metabolomics data were Pareto-scaled and hierarchical clustering was performed for the individual analytes.
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Almost all of the identified metabolites’ concentrations were significantly higher in the substrate-fermented
(DS_F, DS_NF, Herkus_NF, and Herkus_F) samples, in comparison to the blank after 24 h IVF samples. The
bioconversion was a significant factor for succinic, glyceric, dihydrocinnamic, 2-deoxytetronic, pyroglutamic,
a-hydroxyglutaric, 4-hydroxyphenylacetic, 3-hydroxyphenylpropionic and indole-3-acetic acid concentrations
(supplementary results, Table 12). While the substrate was a significant factor for lactic acid, glycolic acid,
4-hydroxybutyric acid, ethanolamine, benzeneacetic acid, succinic acid, glyceric acid, dihydrocinnamic acid,
2-deoxytetronic acid, pyroglutamic acid, a-hydroxyglutaric acid, -phenyllactic acid, 5-aminopentanoic acid,
3-hydroxyphenylpropionic acid, 4-hydroxyhydrocinnamic acid, dihydroferulic acid, and indole-3-acetic acid
in the IVF samples. The interaction of the aforementioned factors was significant for succinic acid, glyceric
acid, uracil, dihydrocinnamic acid, a-hydroxyglutaric acid, B-phenyllactic acid, 5-aminopentanoic acid,
4-hydroxyphenylacetic acid, and 3-hydroxyphenylpropionic acid in the IVF samples.

The PLS-DA and VIP analysis results are presented in Fig. 6. The IVF metabolites between the Herkus and
the DS sample groups (Fig. 6-c) show clear separation of sample groups, while the fermented and nonfermented
sample groups (Fig. 6-a) demonstrate some overlap of the sample groups. The VIP analysis results depict
that 4-hydroxyphenylacetic acid, 2-deoxytetronic acid, 3-hydroxyphenylpropionic acid, pyroglutamic acid,
propane-1,3-diol, succinic acid, dihydrocinnamic acid, ethanolamine, and a-hydroxyglutaric acid were the
most contributing compounds for the fermented — nonfermented PLS-DA model. While 5-aminopentanoic
acid, 4-hydroxybutyric acid, indole-3-acetic acid, benzeneacetic acid, glyceric acid, p-phenyllactic acid,
4-hydroxyhydrocinnamic acid, lactic acid, dihydroferulic acid, a-hydroxyglutaric acid, dihydrocinnamic acid,
glycolic acid, and succinic acid had the most contribution to the Herkus — DS PLS-DA model.

The volcano plots of the fermented-nonfermented sample groups (Fig. 7-a) show significantly lower
concentrations of 4-hydroxyphenylacetic acid, while having significantly higher concentrations of
3-hydroxyphenylpropionic acid in the fermented IVF samples. Glyceric, p-phenyllactic, 4-hydroxybutyric,
succinic, lactic, and a-hydroxyglutaric acids were significantly higher in the Herkus sample groups, in
comparison to the DS sample groups (Fig. 7-b). While 5-aminopentanoic acid, indole-3-acetic acid, benzenacetic
acid, 4-hydroxycinnamic acid, dihydroferulic acid, dihydrocinnamic acid and 3-hydroxyphenylpropionic acid
concentrations were significantly higher in the DS sample groups.

The PCA analysis results of the VOCs and untargeted metabolites in the IVF samples are presented in Fig. 8.
PCA results of the VOCs in the IVF samples show clear separation between the fermented vs. nonfermented
and the Herkus vs. DS sample groups (Fig. 8-a, b). While PCA of the untargeted metabolites showed clear
separation between the Herkus and DS sample groups, there was no clear distinction between the fermented and
nonfermented samples of untargeted metabolites (Fig. 8-c, d).

Short-chain fatty acids analysis results of the in vitro fermentation samples

The analysis results of SCFA are presented in Table 8. Acetic acid concentrations were the highest in the DS
sample groups. The highest concentrations of butanoic and pentanoic acids were observed in the Herkus_NF
sample group. The bioconversion factor was significant for the concentrations of 2-methylpropanoic, butanoic,
3-methylbutanoic and pentanoic acids, while the substrate was a significant factor for almost all of the SCFAs,
except for propanoic and hexanoic acids (supplementary results file Table 9). The interaction of both factors was
significant for propanoic, butanoic, pentanoic, and hexanoic acids in the IVF samples.

Fig. 6. PLS-DA and VIP plots of the untargeted metabolites of the in vitro fermentation samples. A, ¢ - PLS-
DA analysis plots, where categorical values are bioconversion and substrate; b, d - VIP plots of the respective
PLS-DA analyses.
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Fig. 7. Volcano plots of the untargeted metabolites of the in vitro fermentation samples.
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Fig. 8. PCA plots of the in vitro fermentation samples. a, b - PCA plots of volatile organic compounds of the
in vitro fermentation samples; ¢, d - PCA plots of untargeted metabolomics results of the in vitro fermentation
samples.

Discussion

All of the bioconverted wheat wholemeal samples had pH levels between 3.9 and 4.0. While its optimal range was
exceeded, various LAB strains can tolerate pH up to 3.7%. Furthermore, L. plantarum showed good survivability
at low pH, reaching over 8 log,) CFU/g values®.

Most of the AAs and total AAs in the bioconverted wheat wholemeal samples weren't significantly altered.
Similar trends in the crude protein content were observed in spontaneous SSF fermentations of wheat wholemeal
as well*!. While significant increases in crude protein in the SSF fermented samples are also observed whenever
the fermentation process exceeds 24 h*2,

While the total FAA concentrations in all the IVD samples did not differ significantly between substrate
digested sample groups, certain amino acids, such as glutamine, GABA and proline, were significantly different.
Those differences can be attributed to Lp. plantarum activity in the wheat wholemeal samples as these bacteria
produce various protein-degrading enzymes (proteases and peptidases) as well as the GABA-producing enzyme
glutamic acid decarboxylase, which converts glutamic acid into GABA***4. The results of the IVD hydrolysates
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Sample BO Bl DS_F DS_NF Herkus_F Herkus_NF
Acetic acid 6.161+0.142 ¢ | 34.44+10.526b | 86.466+7.905a | 74.829+8.17a |47.43+12.029b | 50.394+0.989 b
Propanoic acid 2.06+0.094c |8.083+0.167¢c |39.326+2.663b | 51.636+£3.226a |51.274+7.01a |46.858+1.619 ab
2-methylpropanoic acid | 0.232+0.032d | 2.609+0.063b | 3.261£0.135a | 2.777£0.18ab |2.616+0.195b | 1.951£0.295¢
Butanoic acid 1.307£0.041d | 11.167£0.266 ¢ | 23.707+0.585b | 23.462+2.133b |23.829+4.016b | 38.35£3.545a
3-methylbutanoic acid | 0.253£0.025¢ | 3.823+0.078 ab | 4.495+0.102a |4.154%0.168a |3.982+0.237ab | 3.253+0.661 b
Pentanoic acid 0.376+0.03¢ |6.458+0.187d | 12.311+0.726 ¢ | 16.404+0.194b | 16.6+1.744b 26.023+£1.878a
4-methylpentanoic acid | <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Hexanoic acid <0.1c 0.085+0.02 ¢ 0.752+0.064a | 0.525+0.155ab | 0.342+0.116 bc | 0.711+0.166 a
Heptanoic acid <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Table 8. Short-chain Fatty Acid concentrations (mmol/L) in the in vitro fermentation samples. DS — wheat
variety DS8558-1, F - sample fermented with Lactiplantibacillus plantarum, NF - control sample, Bl -
fermentation blank at 48 h, BO — fermentation blank at 0 h. a-e Mean values denoted with different letters
indicate significantly different values between the different sample groups. Results are statistically significant
when p<0.05.

mostly did not differ significantly between the bioconverted and control samples. While we found significant
differences in the essential (threonine, methionine, valine, phenylalanine, leucine/isoleucine), non-essential
(alanine, glutamic acid, proline, tyrosine) and total amino acid concentrations between the Herkus and DS
samples. The IVD residue analysis reveals that fermentation significantly altered the digestibility of some of
the non-essential (arginine, proline, tyrosine) and essential (valine, phenylalanine, leucine/isoleucine, lysine,
histidine) amino acids. The in vitro digestibility and total AA digestibility were significantly affected by the
bioconversion as well. However, the substrate was a significant factor for the digestion of the essential amino acids,
such as valine, phenylalanine, isoleucine/leucine and histidine, some of the non-essential amino acids (glycine,
proline, tyrosine), as well as total AA digestibility, the in vitro fermentability and the total IVD digestibility.
The differences between the in vitro digestibility parameters due to the bioconversion can be attributed to the
increased proteolytic activity in the fermented samples, as bacterial proteolytic enzymes are excreted into the
sample matrix*>“°, Certain differences between the substrate digestibility are expected, as cultivars do have an
effect on the ileal digestibility of protein in vitro and in vivo*”#8. The in vitro digestibility values of the individual
AAs varied between 75.0 and 94.5%, as similar values(77-94.7%) were reported in arious in vivo and in vitro
experiments*®-*. Interestingly, lysine had one of the lowest digestibility as reported in previous studies, as most
of it lies in the aleurone fraction**!. Thus, bioconversion could be used to improve its bioavailability as well
as other essential amino acids, such as phenylalanine, histidine, leucine/isoleucine, and valine, due to bacterial
proteolytic activity.

Biogenic amines are products of amino acid degradation in the gut microbiome. Most of the BAs, such as
histamine, tyramine and phenylethylamine, are produced by a single-step decarboxylation of amino acids via
respective decarboxylase enzymes®°?. Putrescine can be produced via the ornithine decarboxylase (single step)
or arginine decarboxylase and agmatine deiminase (multiple steps using arginine)®>>>. We found that all of
the factors and their interactions were significant for putrescine, cadaverine, histamine and tryptamine, while
only substrate and both factors’ interaction were significant for tyramine concentration in the IVF samples
(supplementary results file Table 7). Certainly, BAs are often produced by bacteria to regulate the pH or even
have immunoregulation properties for the host™>°. While BAs play a significant role in the animal gut and
even other organs, such as the brain, acting as neurotransmitters, the putrefactive fermentation inside the gut
can lead to a significant increase in those compounds, leading to serious complications®>***’. Some of those
complications include injury of the intestinal mucosa, headaches, and digestive disorders®®®. Certainly, the
elevated levels of BAs are associated with such problems; they are often a clinical expression of pathogens,
especially when the majority of the BAs in the piglet colon are of bacterial origin®”*’. Moreover, significant
negative correlations between putrescine, cadaverine, histamine and total bacteria count (TBC) were found
(supplementary results file Fig. 5), confirming the link between the faecal microbiota and its products. Though
no significant correlations between the BAs and LAB count were found. This could suggest some mechanism of
bacterial community modulation via the BAs, as certain negative correlations with other bacterial communities
were observed in the literature®!.

We found significant differences in propanoic, pentanoic, nonanoic and 2-methylpropanoic acids between
the fermented and nonfermented samples, which were consistent between the methods (VOC analysis and
SCFA analysis). Also, these compounds were among the most important compounds in the VIP analysis
results. Additionally, most of the SCFAs, such as acetic, 4-methylpentanoic, nonanoic, pentanoic, octanoic,
2-methylbutyric and heptanoic acids were significantly different between the different substrates, as we found
in the VIP analysis from the VOCs results, and from the factor analysis of the SCFAs and the VOCs. The SCFAs
are important products of the indigestible polysaccharide fermentation, which can regulate gut metabolism,
provide food for intestinal epithelial cells and maintain a favourable environment for the beneficial bacteria
by controlling the population of pathogens®®®2. The branched-chain SCFAs, on the other hand, are produced
by the amino acid fermentation in the colon®®®2 Thus, significant negative correlations between certain amino
acids (valine, leucine, isoleucine, serine, threonine and histidine) and 2-methylpropanoic, 2-methylbutyric and
3-methylbutanoic acids in the IVF samples were established as well (supplementary results file Fig. 3). Also, the
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possibility of certain modulation of bacterial colonies was observed, as significant negative correlations were
established between the SCFAs and TBC and LAB count values (supplementary results file Fig. 2). Interestingly,
significant negative correlations were found between the non-branched SCFAs (butanoic, propanoic, pentanoic
and hexanoic acids) and TBC, while branched-chain SCFAs (2-methylpropanoic and 3-methylbutanoic acids)
and acetic acid were significantly negatively correlated with the LAB count. Branched-chain SCFAs production
is often associated with high protein diet and is mainly produced by Bacteroides and Clostridium®. These
correlations might indicate certain microbiota modulation, as various correlations between different bacterial
genera, especially Bacteroides and Clostridium, were observed in the literature®6>.

Certain aliphatic aldehydes and alkanes were significantly contributing to the differences between the
fermented vs. nonfermented (pentadecanal, hexadecanal, dodecanal, hexadecane, tridecane, octadecane,
dodecane) and the Herkus vs. DS (nonanal, hexadecanal, octadecane, tetradecane, dodecane, oct-(2E)-enal)
groups, which can be associated with differences in lipid metabolism in the sample groups®®-%. Indoles were
significant for distinguishing between the Herkus and DS IVF samples, as we found indole from the VOCs and
indole-3-acetic acid from the untargeted metabolites downregulated in the Herkus sample group. We found
significant negative correlations between the indoles and tryptophan (supplementary results file Figs. 3 and 4),
as indoles are associated with bacterial degradation of tryptophan®.

P-cresol is a product of tyrosine and phenylalanine degradation in the gut, mostly by Escherichia coli,
Clostridium sporogenes and Clostridium difficile, which is a protein-binding uremic toxin’’. Other phenolic
compounds, such as 4-ethylphenol, are also associated with tyrosine and phenylalanine catabolism by
Clostridium species’". While it’s found in various fermented food products, such as wine, its metabolites at high
concentrations in blood can cross the blood-brain barrier and cause serious damage to the host’s organism’>7>.
Other products of bacterial phenolic amino acid degradation include 3-hydroxyphenylpropionic acid via the
deamination of tyrosine, benzenacetic acid via the oxidative or non-oxidative decarboxylation of phenylalanine,
4-hydroxyhydrocinnamic acid via the catabolism of tyrosine, B-phenyllactic acid via the metabolism of
phenylalanine’77. While many of those fermentation products, such as 4-hydroxyhydrocinnamic acid,
benzenacetic acid, 3-hydroxyphenylpropionic acid, hydrocinnamic acid (aka dihydrocinnamic acid or
benzenepropanoic acid), dihydroferulic acid, can also be attributed to phenolic acids, such as ferulic and caffeic
acid, catabolised by the gut microbiome’®%". We found benzenacetic, dihydrocinnamic, dihydroferulic and
4-hydroxyhydrocinnamic acids upregulated in the DS sample group (Fig. 7). Significant negative correlations
between benzenacetic acid, dihydrocinnamic acid, 4-hydroxyhydrocinnamic acid and phenolic amino acids
(tyrosine and phenylalanine) (supplementary results file Figs. 3 and 4), suggesting their origin to be of the
amino acid catabolism. While 3-hydroxyphenylpropionic acid was significantly upregulated in the fermented
samples (Fig. 7-a) and in the DS samples (Fig. 7-b) as well. It may be a product of phenolic acid degradation,
as we failed to find significant correlations with phenolic amino acids (supplementary results file Fig. 4). The
sole product of phenolic amino acids, B-phenyllactic acid, was upregulated in the Herkus sample group (Fig.
7). It was also significantly correlated with the TBC (supplementary results file Fig. 2), possibly modulating the
bacterial community, as its modulating properties were established in the literature®!. We found that cresol was
upregulated in the fermented sample group and downregulated in the Herkus sample group (Fig. 4). We found
significant upregulation of 4-hydroxyphenylacetic acid, a precursor to p-cresol, in the non-fermented sample
group (Fig. 7). This suggests certain inhibition of its conversion into p-cresol in the non-fermented samples.
The factors were significant for both p-cresol and 4-ethylphenol, while factor interaction was significant only
for cresol. The significant negative correlations were established with phenylalanine and tyrosine, as well as
other amino acids (supplementary results file Fig. 3). Moreover, the potential modulation of specific bacterial
communities was indicated by the significant correlation observed between the p-cresol and LAB counts, a
relationship that has also been reported in the literature”.

While 2,4-ditertbutylphenol is considered an exogenous compound, several species of bacteria do produce it
in significant amounts®>®. Other possible exogenous compounds include 2-phenoxyethanol, as a preservative,
naphthalene, as a polycyclic aromatic compound®*%. Phenylethyl alcohol could be exogenous, as it is used as a
preservative or in perfumes due to its pleasant aroma, while its origins can be linked to yeast activity®. Other
phenolic metabolites, such as isocreosol, were detected in urine®”. Acetophenone is associated with the bacterial
catabolism of cinnamic acid, and y-decalactone can be produced by LAB via fatty acid metabolism®%°.

Acetone production can be attributed to solventogenic clostridia, producing other compounds such
as butanol, acetic acid and lactic acid®**!. VIP analysis results showed that acetone was significant for the
fermented - nonfermented PLS-DA model, as bioconversion of the substrate can reduce complex carbohydrates
into smaller fragments, possibly so that other bacteria can more easily compete with clostridia as, it is able to
ferment complex carbohydrates®>%.

Aliphatic organic acids, such as 2-deoxytetronic acid, succinic acid (the intermediate of carbohydrate
fermentation to propionate and lysine degradation), a-hydroxyglutaric acid, 5-aminopentanoic acid
(metabolites of lysine degradation by Escherichia coli), and glyceric acid are produced by bacteria in the
gut®* Y. Pyroglutamic acid is another typical product of the LAB fermentation®®. Propane-1,3-diol production
is associated with carbohydrate fermentation of various Clostridium, Salmonella, Bacteroides strains, and
others®. Lactic acid is a classic metabolite of carbohydrate fermentation by the LAB**!%. Interestingly, succinic
acid and a-hydroxyglutaric acid were upregulated in the Herkus samples, while 5-aminopentanoic acid was
upregulated in the DS samples. This could suggest possible inhibition of 5-aminopentanoic acid conversion
to glutarate semialdehyde via 4-aminobutyrate-2-oxoglutarate transaminase and subsequently to succinate®.
While the same enzyme can be used in E. Coli to catabolize GABA via the GABA shunt mechanism!*!-1%,
We found positive correlations between the GABA and lysine metabolites (supplementary results file Fig. 4),
suggesting that the abundance of substrate reduces the GABA shunt activity!*!~1%, Glyceric and lactic acid were
also upregulated in the Herkus samples (Fig. 7). While certainly lactic acid is mainly produced by carbohydrate
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fermentation in the gut microbiome, it is also produced via branched-chain amino acid catabolism to pyruvate
and subsequently to lactate by auxotrophic bacteria!®®. We found significant positive correlations between valine,
leucine and isoleucine and lactic acid (supplementary results file Fig. 4), suggesting the absence of auxotrophic
bacterial activity. Glyceric acid, although a common product of carbohydrate and glycerol fermentation, may
exert detrimental effects at elevated concentrations, as it can act as a metabolic toxin!%.

Conclusions

Lp. plantarum strain is effective for the SSF of wheat cereals, while the total AA composition of bioconverted
substrates was not significantly altered for the most part; the in vitro digestibility parameters were altered,
notably increasing in vitro total digestibility and some essential and non-essential AAs as well. The differences
between different wheat substrates for the in vitro digestibility were also established. The significantly higher
concentrations of GABA were observed in the bioconverted IVD samples. The production of most of the BAs
was significantly affected by both factors (bioconversion and substrate) and their interaction. The majority
of the SCFA production was significantly different due to the substrate factor, while the bioconversion of the
substrate affected all of the SCFAs, except acetic acid. Also, propionic acid production was affected by both
of the analysed factors. Indole compounds were downregulated in the Herkus samples. We found significant
differences in aromatic amino acids and other phenolic acid degradation products between the substrates.
Acetone production was significantly affected by the bioconversion of the substrate. Both factors were significant
for GABA production in the IVF samples. Substrate was a significant factor for the LAB count. The PCA of the
VOCs showed separation between groups, while the untargeted metabolomics results only showed separation
between the bioconverted sample groups. The bioconversion and the substrate had significant effects on the
major in vitro digestibility and fermentability characteristics, as well as the overall metabolome in the simulated
colon fermentation. Therefore, noting substrate selection and its bioprocessing importance for piglets health
and nutrition.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.
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