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Preface to ”Legumes as Food Ingredient:

Characterization, Processing, and Applications”

Grain legumes like lupines, chickpeas, lentils, peas, and beans, among others, are 
well-recognized as outstanding sources of protein and other health promoting compounds as starch, 
fibre, vitamins, and minerals for the human diet. Legumes are essential and economically affordable 
food crops for people around the globe, being major ingredients in the Mediterranean diet, and 
playing a vital role particularly for developing countries.

Recent advances have been made in unravelling the beneficial effects of legumes beyond meeting 
basic nutrient requirements. Thus, there is a growing body of scientific evidences regarding the health 
benefits of some of their bioactive components in inflammatory-related diseases, cardiovascular 
diseases, obesity and weight management, type-2 diabetes, cancer, among others. Anti-nutritional 
properties as food allergies is a key subject that is also being analysed at molecular and clinical 
level for safety, while increasing knowledge are being used to help developing molecular tools for 
diagnosis and therapy.

Therefore, efforts are being also made in studies focused in the sensory and techno-functional 
properties of food with particular relevance as effective method for the delivery of improved 
nutritional and nutraceutical compounds for food industry applications.

This special issue brings together a range of scholarly review and research articles focused on 
legume crops, key components of healthy diets, sensory properties and seed compounds allergy 
molecular features. Here we summarize some of the highlights derived from the nine research articles 
and a review published in this special issue.

Marin-Manzano et al. reported the prebiotic properties of non-fructosylated 
α-galactooligosaccharides from pea seeds, with strong bifidogenic activity with potential use 
in infant formula.

Lima-Cabello et al. developed a molecular highly specific method for detection, identification 
and quantification of the major lupines allergen b-conglutin in natural in processed food, contributing 
to a more efficient management of allergens by the food industry, the regulatory agencies and 
clinicians, thus helping to keep the health safety of the consumers.

Matsuo et al. analysed the levels of various major allergens from genetically modified (GM) 
soybean using antigen-immobilized ELISA and immunoblotting. No significant differences either in 
these levels non in the serum IgE-reactive protein profiles of the patients analysed, concluding that, in 
general, GM soybeans are not more allergenic than non-GM soybeans. Khazaei et al. wrote a review 
describing lentil seeds as outstanding source of plant-based proteins and a viable alternative animal 
feed and food processing formulations for human. Authors focuses on the current knowledge of seed 
protein, extraction and isolation methods, bioactive peptides, and food applications of lentil protein.

Shelat et al. focused in wattle seed as primary food within indigenous communities in Australia. 
This research encompasses the nutritional and sensory properties of this underutilized but abundant 
Acacia specie, showing that the species analysed had good nutritional value for human

Schlegel et al. investigated the influence of fermentation process using different microorganisms 
on the sensory profile, techno-functional properties and protein integrity of lupin protein isolates. 
This study concludes that fermentation allows the development of food ingredients with good 
functional properties in foam formation and emulsifying capacity, with a well-balanced aroma and 
taste profile.

ix



El Youssef et al. investigated how to reduce off-flavours in plant-derived food mainly associated

with the presence of aldehydes, ketones, furans, and alcohols, by using fermentation processes with

lactic acid bacteria (LAB) and yeasts. This study conclude that these fermentations may be a powerful

tool for the improvement of the sensory perception of a pea protein-based product.

Khrisanapant et al. characterized the volatile and fatty acid profiles across different legume

seeds using solid-phase microextraction gas chromatography–mass spectrometry and GC coupled

with a flame ionisation detector (GC-FID), respectively. Such information may contribute to develop

a database of legume-based ingredients with specific volatile characteristics aiming to reduce

undesirable odours.

Kim et al. investigated the use of defatted soybean flour in food as a potential source of dietary

fiber, without changing the physical and sensory properties in the making of high-quality food such

as tofu.

Sozer et al. described the use of lactic acid fermentation as a potential modification tool for faba

bean flour implementation in improving the nutritional profile of gluten-free breads, while preserving

the crumbliness, evenness of pore size and springiness of breadcrumb.

Alfonso Clemente, Jose C. Jimenez-Lopez

Editors

x
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Introduction to the Special Issue: Legumes as Food
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and Applications
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Abstract: Legumes are major ingredients in the Mediterranean diet, playing an essential role in
developing countries. Grain legumes, such as lentil, chickpea, pea, lupin and beans, among others,
are recognized as good sources of proteins, starch, fiber, vitamins and minerals for human nutrition,
being an essential food crop for people worldwide. Due to their nutritional and techno-functional
properties, legumes are widely used by the food industry as ingredients in a wide range of products
for general and specific groups of the population, including vegetarians, diabetics or celiac patients.
The Special Issue “Legumes as Food Ingredients: Characterization, Processing, and Applications”
covers key aspects regarding the nutritional quality of legume flours and their derived products,
as well as the health benefits of some of their bioactive components. The amounts of antinutritional
components, such as certain allergens that might pose risks to sensitized consumers, are reported to be
reduced by processing. Several pretreatments, including fermentation with lactic bacteria and yeasts,
are used to improve the nutritional and sensory profile of the legume-derived products, increasing
their acceptance by consumers.

Keywords: legumes; pulses; nutritional properties; health benefits; processing; microbiota; allergens;
fermentation; sensory properties

Grain legumes and their derived products are increasingly used in food industry due to their
nutritional composition and technological properties. The presence of bioactive compounds in
legume seeds has been reported to exert beneficial effects in terms of tackling chronic disorders,
including diabetes, cardiovascular diseases, and inflammatory and carcinogenic processes. As a result,
Governmental and Health Agencies recommend as a healthy habit the regular consumption of legumes.
These are largely used as ingredients by the food industry, being employed in a wide range of processes,
including heat treatment, roasting, milling, canning, germination and fermentation, among others,
that might influence their nutritional and sensory profile. On this issue, nine research papers and one
review are published in this Special Issue.

Marin-Manzano et al. [1] reported the prebiotic properties of non-fructosylated
α-galactooligosaccharides from pea seeds in infants. These oligosaccharides were fully fermented by
fecal microbiota, lactic acid and short chain fatty acids were generated, and strong bifidogenic activity
was observed. As a result, its potential use has been suggested as a prebiotic in infant formula.

The presence of allergen traces in foodstuffs might elicit allergic reactions in sensitized consumers.
Regarding this, a sensitive and accurate ELISA methodology to detect, identify and quantify the lupin
major allergen β-conglutin (Lup an 1) in raw and processed (roasted, fermented, boiled, cooked,
pickled, toasted, pasteurized) lupin-derived foods was developed [2]. This assay might be considered
as a reliable method to be used for the detection of lupin in a range of food matrices. In a comparative

Foods 2020, 9, 1525; doi:10.3390/foods9111525 www.mdpi.com/journal/foods1
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study, the levels of eight major soybean allergens in genetically and non-genetically modified soybeans
were evaluated using ELISA and immunoblotting techniques; the overall data indicated that genetically
modified soybeans did not show significant differences in the levels of the soybean allergens compared
to non-genetically modified soybeans [3]. Lentil seeds are a source of high-quality proteins, being
increasingly used in food industry as ingredients in a wide range of food formulations. Khazaei et al. [4]
reviewed the current knowledge on lentil proteins and their bioactive peptides, the methods used for
their extraction and isolation, and their potential applications in the food industry.

The nutritional and sensory profiles of four underutilized Acacia species have been reported [5].
Their nutritional value suggests their potential to be included in the human diet or used in food
formulations. Khrisanapant et al. [6] reported the characterization of volatile (aldehydes, alcohols,
ketones, esters, terpens and hydrocarbons) and fatty acid profiles for up to 11 legume species, identifying
some compounds that are specific for certain legume species. This information could be used by plant
breeders and the food industry for the elaboration of legume products with specific volatile profiles.

The fermentation of legume flours is carried out by the food industry for the improvement
of the nutritional, functional or sensory properties of legume products. Thus, the lactic acid
fermentation of faba bean flours has been demonstrated as a potential pretreatment for improvement
of the nutritional quality of gluten-free faba breads, without affecting their sensory properties [7].
Schlegel et al. [8] reported the fermentation of lupin protein isolated with up to eight different
microorganisms, and the effects on the sensory and techno-functional (protein solubility, foaming and
emulsifying capacity) properties, and the protein’s resistance to the fermentative process, were both
evaluated. The fermentation of a pea protein solution with a starter culture of lactic bacteria and
different yeasts significantly reduced the presence of green-off compounds; such results are of interest
for the food industry in terms of increasing the acceptability of plant matrices to consumers [9].

Finally, Kim et al. [10] reported the use of superfine defatted soybean flour obtained by jet milling
for the preparation of fiber-enriched tofu, without affecting the physical and sensory properties of
the product.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Prebiotic Properties of Non-Fructosylated
α-Galactooligosaccharides from PEA
(Pisum sativum L.) Using Infant Fecal Slurries

María del Carmen Marín-Manzano 1, Oswaldo Hernandez-Hernandez 2, Marina Diez-Municio 2,

Cristina Delgado-Andrade 1, Francisco Javier Moreno 2 and Alfonso Clemente 1,*
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Abstract: The interest for naturally-occurring oligosaccharides from plant origin having prebiotic
properties is growing, with special focus being paid to supplemented products for infants. Currently,
non-fructosylated α-galactooligosaccharides (α-GOS) from peas have peaked interest as a result
of their prebiotic activity in adults and their mitigated side-effects on gas production from colonic
bacterial fermentation. In this study, commercially available non-fructosylated α-GOS from peas and
β-galactooligosaccharides (β-GOS) derived from lactose were fermented using fecal slurries from
children aged 11 to 24 months old during 6 and 24 h. The modulatory effect of both GOS on different
bacterial groups and bifidobacteria species was assessed; non-fructosylated α-GOS consumption was
monitored throughout the fermentation process and the amounts of lactic acid and short-chain fatty
acids (SCFA) generated were analyzed. Non-fructosylatedα-GOS, composed mainly of manninotriose
and verbascotetraose and small amounts of melibiose, were fully metabolized and presented
remarkable bifidogenic activity, similar to that obtained with β-GOS. Furthermore, non-fructosylated
α-GOS selectively caused an increase on the population of Bifidobacterium longum subsp. longum and
Bifidobacterium catenulatum/pseudo-catenulatum. In conclusion, non-fructosylated α-GOS could be used
as potential ingredient in infant formula supplemented with prebiotic oligosaccharides.

Keywords: galactooligosaccharides; GOS; gut microbiota; pea; prebiotic; raffinose oligosaccharides;
short-chain fatty acids (SCFA)

1. Introduction

The colonisation of the gastrointestinal tract (GIT) by microorganisms is an essential process in
our life cycle and starts during the gestation period [1,2]. Evidence shows that the GIT colonisation
rapidly increases after birth by aerobic microorganisms that decrease the concentration of oxygen.
This lowering of redox potentially allows the colonisation of anaerobic bacteria [3]. The continued
succession of microorganisms during the first years of life has an important effect on the long-term
maturity of the GIT microbiota, which is affected by diet, mode of delivery, antibiotic treatments,
genetics, intestinal mucin glycosylation and other factors [4].

Non-digestible dietary ingredients are capable of modulating composition and metabolic function
of gut microbiota. In this context, the prebiotic concept was recently defined by the International
Scientific Association for Probiotics and Prebiotics (ISAPP) as “a substrate that is selectively utilized
by host microorganisms conferring a health benefit” [5]. It is now recognized that the prebiotic effect

Foods 2020, 9, 921; doi:10.3390/foods9070921 www.mdpi.com/journal/foods5
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extends beyond bifidobacteria and lactobacilli and includes other genera such as Akkermansia and
Faecalibacterium. These bacterial groups, among others, are involved in the production of lactic acid and
short-chain fatty acids (SCFA), which perform crucial physiological functions as metabolic regulators
and immunomodulators, decreasing the growth of potential intestinal pathogens. The SCFA are
responsible for the decrease of pH in the intestinal lumen, an increase of calcium absorption and
shortening of gastrointestinal transit time. Besides, SCFA play an important role in cross-feeding
processes and are major sources of energy for colonic epithelial cells and other cell types located in
peripheral tissues [4,6].

The human-milk oligosaccharides (HMOs) are one of the most important dietary ingredients
modulating the infant microbiome. Only certain bifidobacterial species, such as Bifidobacterium
longum subsp. infantis, are able to utilize HMOs as metabolic substrates [7] with specific preferences
depending on the Bifidobacterium strain and the HMOs structure [8,9]. Due to different clinical and social
conditions, human milk is not a realistic choice for some infants and, in such cases, infant formulas are
the most suitable alternative. However, access to HMOs for infant formula is extremely limited [10].
As a result, different oligosaccharides have been utilised to mimic the function of HMOs, such as
fructooligosaccharides (FOS) and β-galactooligosaccharides (β-GOS). Other natural sources have
also been utilised to obtain carbohydrates for infant formulas with well reported prebiotic activities
such as inulin [11], pectin-oligomers [6], raffinose [12] and resistant starch [13]. For infant formulas,
research has mainly focused on inulin, fructooligosaccharides (FOS) and β-galactooligosaccharides
(GOS); indeed, there is still a wide range of oligosaccharides that could mimic, at least to some extent,
the functional properties of HMOs.

Plant-based GOS, with α-galactosidic linkages instead of β-linkages, are water soluble
carbohydrates and are particularly abundant in legume seeds as soybean, chickpea, lentil, faba
bean and pea. They are commonly named raffinose family oligosaccharides (RFOS) and show a
terminal sucrose unit linked by the glucose monomer to galactoses via α-(1→6) linkages. Like β-GOS,
α-GOS are not hydrolysed in the upper gastrointestinal tract due to the absence of the enzyme
α-galactosidase expressed by somatic cells in the mammalian GIT [14]. As a result, they reach the large
intestine where are fermented by gut microbiota and can exert prebiotic properties [15]. However, it is
well-known that RFOS cause discomfort, bloating and flatulence to consumers due to the presence of
the ending fructose monomer [16,17].

Non-fructosylated α-GOS include melibiose (CAS 585-99-9), manninotriose (CAS 13382-86-0)
and verbascotetraose (CAS 1111-08-6), which are essentially raffinose, stachyose and verbascose
without the ending fructose units. Non-fructosylated α-GOS from peas is produced by the activity
of β-fructosidases which are able to split sucrose from the α-GOS chain into glucose and fructose,
being commercially available as AlphaGOS®. This particular α-GOS mixture has claimed to reduce
the post-prandial glycaemic responses, being recently approved by the European Food Safety Agency
(EFSA) [18], and exert prebiotic activity in adult faecal inoculum [19]. Available scientific data suggest
that the administration of prebiotic oligosaccharides to healthy infants does not raise safety concerns
with regards to adverse effects. In this sense, non-fructosylated α-GOS has been proven safe in infant
formula in a concentration up to 8 mg/mL after preclinical evaluation in neonatal piglets [20].

Despite the various scientific evidence available regarding non-fructosylated α-GOS derived from
peas, no reports have been published so far regarding the effect of these plant oligosaccharides on infant
microbiota either in vitro or in vivo. Taking into account the published data reporting the bifidogenic
properties of non-fructosylated α-GOS in adults, and its safety in infant formula, we hypothesized that
a similar effect could be also found in infants, despite the differences between GIT microbiota in adults
and in infants. Such increase in the number of bifidobacteria might be considered a major shift in the
gut microbiota towards a potentially healthier composition. Important functions have been attributed
to bifidobacteria including a protective role against pathogens, promote gut epithelium integrity and
modulate the host immune system. Therefore, the main aim of the study was to evaluate the effect of
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non-fructosylated α-GOS in the microbiota present in infant faecal samples with particular attention
paid to their bifidogenic properties.

2. Material and Methods

2.1. Chemicals

MTBSTFA (N-terbutil-dimetil-silil-N-metil-trifluoroacetamid) was purchased by Fluka Chemie
AG (Buchs, Switzerland). Short chain fatty acids (SCFA) and organic acids were obtained from
Sigma-Aldrich. All other chemicals were of analytical grade.

2.2. Non-Fructosylated α-GOS and β-Galactooligosacharides (GOS) Characterization

Non-fructosylated α-galactooligosaccharides (α-GOS, commercial brand AlphaGOS®) derived
from pea seeds were kindly provided by Olygose (Venette, France). The chemical composition of
α-GOS is detailed in Table 1 and shows as major components mannitriose and verbascotetraose with
degree of polymerization of three (DP3) and four (DP4), respectively.

Table 1. Chemical composition of AlphaGOS®.

Parameter % (Dry Matter)

Dry matter a 96.3
Crude proteins a <0.2

Crude ash a <0.2
DP1 +Maltose + Sucrose b <0.2

DP2: Melibiose b 3.9
DP3: Manninotriose b 49.2

DP4: Verbascotetraose b 43.0
a Provided by the supplier; b quantified by GC-FID (see Section 2.10 for details); DP: degree of polymerization.

An industrially available galacto-oligosaccharide mixture derived from lactose (β-GOS) was used
in this study for comparative purposes as prebiotic reference. This mixture was initially composed
by galactose (1%), glucose (21%), DP2 (37%), DP3 (22%), DP4 (11%), >DP4 (8%). Gel filtration
chromatography was carried out for the removal of mono- and disaccharides due to the presence of
high levels of digestible carbohydrates including lactose; the DP of collected fractions was determined
by electrospray ionization mass spectrometry (ESI-MS). The purified β-GOS mixture consisted in a
complex mixture of oligosaccharides from DP3 to DP6 and fully free of mono- and disaccharides.
The trisaccharide fraction ofβ-GOS (35.2% of total carbohydrates) contained mainly 4′-galactosyl-lactose
(15.8%), 6′-galactosyl-lactose (5.3%), as well as other minor galactobioses linked to the reducing glucose
unit by β-(1→2) and β-(1→6) glycosidic linkages (Supplementary Materials Table S1) [21].

2.3. Infant Faecal Samples

Parents/guardians of children of the Los Angeles Nursery (Granada, Spain) were invited to attend
a meeting where the nature of the study was explained and those who agreed to participate signed the
informed consent. Parents/guardians were given a small survey to learn about the overall health and
eating habits of donors. The participants fed on solid food and none of them had taken probiotics,
fermented foods, antibiotics or received medical treatment that could affect the intestinal microbiota at
least a month before the stool samples were collected. The study protocol was conducted in accordance
with the ethical recommendations of the Declaration of Helsinki.

Stool samples were collected from eight children in the age range between 11–24 months. They were
taken by our laboratory staff after deposition in nappies, avoiding the edges and the area in contact with
the nappy and also avoiding urine that was absorbed in the cellulose. Immediately after deposition,
fecal samples were housed in closed jars containing Anaerocult A tablets (Anaerocult®, Darmstad,
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Germany) in order to maintain anaerobic conditions during the transport to the laboratory. The fecal
samples (~5 g), within 2 h after collection, were homogenized in a stomacher by dilution 1/10 (w/v)
with anaerobic 0.1 M sodium phosphate buffer, pH 6.8, by using sterile plastic filter bags, and filtrated
through Miracloth (Calbiochem, Darmstad, Germany) to remove solid residues.

2.4. In Vitro Faecal Fermentation

Faecal homogenates were transferred into sterile Hungate tubes containing a specific basal
medium for cultivation of infant faeces (BMIF) by dilution 1/10 (v/v) [22] and were stabilized overnight
under anaerobic conditions at 37 ◦C. After that, 0.3% (w/v) of specific substrate (non-fructosylated
α-GOS and β-GOS) was added to stabilized faecal mixtures. Fermentation experiment for the fecal
sample of each subject was carried out once for each GOS-type. An additional tube was kept without
inoculum and without GOS as a negative control and the positive control contained inoculum but not
GOS. In addition, the medium was supplemented with 1/1000 (w:v) of resazurine to control the strict
anaerobiosis conditions. Fermentations were carried out in anaerobic chambers at 37 ◦C and samples
were taken at time 0, 6 and 24 h. One mL of culture was centrifuged (12,000× g for 15 min). The pellet
was frozen at −80 ◦C and freeze-dried for the study of bacterial populations; the supernatant was used
for direct determination of pH at the different collection times (Crison Instruments S.A., Barcelona,
Spain) and in order to quantify lactic acid and SCFA.

2.5. DNA Extraction

DNA was extracted from pellets of fecal batch cultures using FavorPrep™ Stool DNA Isolation
Mini Kit (Favorgene Biotech Corp, Shuttleworthstraße, Vienna, Austria). A NanoDrop ND-100
spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) was used for DNA quantification;
purified DNA samples were stored at −80 ◦C.

2.6. Microbial Faecal Populations Determined by Quantitative PCR (qPCR) Analysis

Quantitative PCR was used to evaluate the effect of non fructosylated α-GOS and β-GOS on
microbial composition in fecal homogenates after 6 and 24 h of in vitro fermentation in comparison with
the control group (absence of oligosaccharides). Different microbial groups including total bacteria,
Bacteroides, lactobacilli, bifidobacteria, Eubacterium rectale/Clostridium coccoides, Clostridium leptum,
enterobacteria and Faecalibacterium prausnitzii were distinguished and quantified using qPCR. The 16S
rRNA gene-targeted group-specific primers used in this study are listed in Supplementary Materials
Table S2. qPCR conditions used in this study were as previously reported [23]. For quantitative analysis
of the different bifidobacteria species (B. adolescentis, B. bifidum, B. catenulatum/pseudo-catenulatum,
B. breve, B. longum subsp. infantis and B. longum subsp. longum), the PCR conditions were one
cycle of 94 ◦C for 5 min, then 40 cycles of 94 ◦C for 20 s, 55 ◦C for 20 s, and 72 ◦C for 1 min.
The species-specific primer pair for bifidobacteria is listed in Supplementary Materials Table S3. In the
case of Eubacterium rectale/Clostridium coccoides and Clostridium leptum groups, PCR conditions were
an initial denaturation step at 94 ◦C for 5 min followed by 40 cycles at 94 ◦C for 20 s, 50 ◦C for
20 s and 72 ◦C for 1 min for primer annealing and product elongation [23]. The fluorescent product
was detected in the last step of each cycle. Following amplification, melting temperature analysis
of PCR products was performed to determine the specificity of the PCR. The melting curves were
obtained by slow heating at 0.5 ◦C increments from 55 to 95 ◦C, with continuous fluorescence collection.
A plasmid standard containing the target region was generated for each specific primer set using DNA
extracted from fecal homogenates. The amplified products were cloned using the TOPO TA cloning
kit for Sequencing (Invitrogen, Barcelona, Spain) and transformed into E. coli One Shot Top 10 cells
(Invitrogen). Sequences were submitted to the ribosomal RNA database to confirm the specificity of
the primers. For quantification of target DNA copy number, standard curves were generated using
serial 10-fold dilutions of the extracted products by using at least six non-zero standard concentrations
per assay. The bacterial concentration in each sample was measured as log10 copy number by the
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interpolation of the Ct values obtained by the fecal homogenates samples and the standard calibration
curves. Each plate included triplicate reactions per DNA sample and the appropriate set of standards.

2.7. Short-Chain Fatty Acids (SCFA) and Lactic Acid Analysis

SCFA and lactic acid were analyzed as described previously by Tabasco et al. [24], with some
modifications. For quantitative analysis, 55 μL of a 100 mM 2-ethylbutyric acid in distilled water was
added as internal standard to 550 μL of bacterial supernatant after in vitro fermentation. SCFA and
organic acids were extracted by the addition of 275 μL concentrated HCl and 1 mL diethyl ether
followed by vortexing 1 min. Then, samples were centrifuged at 3000× g for 10 min and 50 μL
of the ether layer was transferred to a GC-microvial to minimize ether evaporation, adding 10 μL
of the derivatization agent MTBSTFA. Hermetically stoppered microvials were heated at 80 ◦C for
20 min, afterwards the reaction mixture was kept for 24 or 48 h at room temperature to ensure total
derivatization. An external calibration curve was built using a standard solution mixture made from
pure compounds (formate 10 mM, acetate 60 mM, propionate 20 mM, butyrate 20 mM, iso-butyrate
5 mM, valerate 5 mM, iso-valerate 5 mM, lactate 17 mM, succinate 17 mM) and derivatized as described
for samples. A gas chromatograph Thermo Scientific (Trace GC Ultra, Rodena, Italy) equipment
was used, with a mass detector ion trap (Thermo Scientific ITQ 900, Rodena, Italy) and with an
automatic sampling system (Triplus). The chromatograph was equipped with a Thermo Scientific
column (TR-5MS 30 m × 0.25 mm × 0.25 μm) and a 2.5 m × 1 μm 0.32 ID pre-column (Teknokroma,
Guard Column TR30005, San Cugat del Vallés, Spain). The samples were introduced via split (ratio
50:1) injection with the port heated to 275 ◦C. Helium was used as the carrier gas at a flow rate of
1.0 mL/min. The oven temperature was initially held at 63 ◦C for 3 min, increased to 190 ◦C with a
20 ◦C per min rate, held at 190 ◦C for 6 min, then raised to 230 ◦C with a 40 ◦C per min rate, where it
was held for 1 min. The mass spectrometer interface temperature was set to 250 ◦C. For monitoring and
confirmation analysis, the electronic impact (EI, 70 eV) mode was used. For the MS/MS experiments,
the adequate ion precursor and a collision energy was selected for each compound, in order to perform
the quantification. Identification and quantification of SCFA and organic acids was based on the use of
the relative response factors calculated for the target compounds in the standard solutions at different
concentrations against the IS. Measurements were conducted at least twice.

2.8. PCR-Denaturing Gradient Gel Electrophoresis (DGGE) Analysis of Bifidobacteria

The 16S rRNA genes were amplified by PCR from extracted DNA of pellets from fecal batch
cultures of infants. The Bifidobacterium genus-specific primers (Bif164-F and Bif662-GC-R) and PCR
amplification conditions were as previously reported [23]. PCR fragments were separated by DGGE
by using a denaturing gradient of 40 to 65%. The gels were visualized by silver-staining, dried at 37 ◦C
and scanned. The total number and dendogram of similarity cluster analysis of DGGE bands were
determined by Quantity One analysis software (BioRad). DGGE profiles were determined by cluster
analysis using the Dice similarity coefficient and the unweighted-pair group method by means of
arithmetic average clustering algorithm (UPGMA). The richness (S) of the bifidobacterial community
was established from the number of electrophoretic bands in individual samples. Shannon index (H),
was calculated as reported by Magurran [25] as: H = −∑ (pi · lnpi), where pi is the abundance of every
species. The evenness (E) of the bacterial community was further estimated as E = H/lnS [26].

2.9. Excision and Sequencing of DGGE Bands

The DGGE bands were excised and eluted by using sterilised distilled water at 4 ◦C. The primers
Bif164-F and Bif662-R were used to amplify the bands of interest as previously described [23].
PCR products were purified and then cloned using the TOPO TA Cloning kit for Sequencing (Invitrogen).
Plasmids DNA were isolated from selected transformants with the GenElute Plasmid Miniprep kit
(Sigma-Aldrich, St. Louis, USA), being inserts sequenced. Searches for sequence similarity were carried
out using the BLAST algorithm [27] of the GenBank database Release 232.0 (www.ncbi.nlm.nih.gov)
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for identification of the nearest relatives of the partial 16S rRNA sequences. A sequence similarity
≥98% of the 16S rRNA gene was used as the criterion for identification of bifidobacterial species.

2.10. Carbohydrate Quantification by Gas Chromatography Coupled to Flame-Ionization Detector (GC-FID)

The carbohydrate concentration before and after in vitro fecal fermentation was analysed by
GC-FID. The carbohydrate fraction was derivatized to their corresponding trimethylsilyl oximes
(TMSO) following the method of Brobst and Lott [28]. The samples were dried and the oximes were
formed by adding 350 μL of hydroxylamine chloride in pyridine (2.5% w/v) at 70 ◦C for 30 min.
The resulting oximes were silylated with hexamethyldisilazane (350 μL) and trifluoroacetic acid (35 μL)
at 50 ◦C for 30 min. The mixtures were centrifuged at 7000× g for 4 min. The supernatants were
stored at a temperature of 4 ◦C prior to analysis. The chromatography separation was carried out in an
Agilent Technologies gas chromatograph (Mod 7890A, Santa Clara, USA) with a fused silica capillary
column DB-5HT (5%-phenyl-methylpolysiloxane; 30 m × 0.25 mm × 0.10 μm) (Agilent). The oven
temperature was set to 150 ◦C and then increased to 380 ◦C at a rate of 3 ◦C/min. The injector and
detector temperatures were set to 280 ◦C and 385 ◦C, respectively. One mL/min of nitrogen was used
as carrier gas and the injections were performed in split mode (1:20). Data acquisition and integration
were performed using the Agilent ChemStation software.

2.11. Statistical Analysis

The effect of non-fructosylated α-GOS and β-GOS on microbiota composition and SCFA amounts
of fecal contents was analyzed using a linear mixed model: repeat measure (SPSS Statistics version
22.0, Madrid, Spain). The Bonferroni method with a p value ≤ 0.05 was used for adjustments for major
effects and the time 0 h was used like a covariate.

3. Results and Discussion

3.1. Microbiota Composition after In Vitro Fermentation of Non-Fructosylated α-GOS and β-GOS with Infant
Fecal Samples

Using infant fecal slurries, all bacteria and up to seven different bacterial groups were analysed
before and after 6 and 24 h of the in vitro fermentation of non-fructosylated α-GOS and β-GOS. Table 2
shows the population of these bacterial groups, which is the average of data resulting from eight
infant donors. During treatment, the control samples (in the absence of oligosaccharides) did not show
significant differences, with the exception of bifidobacteria and enterobacteria that slightly increased
after 6 and 24 h. Bifidobacterium spp. increased significantly in non-fructosylated α-GOS and β-GOS
groups but no differences were observed between 6 and 24 h treatment. Indeed, the bifidogenic
effect in non-fructosylated α-GOS and β-GOS groups was significantly greater than that found in
control samples. To the best of our knowledge, no data has been previously reported regarding the
effect of non-fructosylated α-GOS in the modulation of infants’ microbiota, using either in vivo or
in vitro systems. On the contrary, the bifidogenic properties of β-GOS in infants’ microbiota is well
documented. Thus, the bifidogenic activity of β-GOS using infant fecal slurries in a three-stage in vitro
culture method that mimics the proximal, transversal and distal colon has been reported [29]. A strong
bifidogenic activity in an in vivo intervention study in infants by using a formula-fed containing β-GOS
was also reported [30]. A significant decrease in enterobacteria was observed in non-fructosylated
α-GOS and β-GOS samples, while a slight increase was found in the control group. C. coccoides/E.
rectale group, Lactobacillus spp., C. leptum group, F. praustnizii, Bacteroides and total bacteria did not
show significant differences in both non fructosylated α-GOS and β-GOS treatments (Table 2).
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Analysis of different bacterial groups after in vitro fermentation of non-fructosylated α-GOS
and β-GOS suggest that these oligosaccharides are preferentially metabolized by bifidobacteria.
Although this study is mainly focused in the bifidogenic properties of both GOS types, prebiotic targets
extend beyond stimulation of bifidobacterial and lactobacilli, and recognizes that health benefits can
derive from effects on other beneficial taxa. Such is the case of F. praustnizzii and the Clostridium
coccoides/Eubacterium rectale bacterial group that includes species that are known butyrate-producers,
thereby contributing to important processes linked to colonic health, including the protection against
inflammatory bowel diseases. As reported in Table 2, in vitro fermentation of non-fructosylated α-GOS
and β-GOS did not affect the growth of these butyrate-producers whilst enterobacteria numbers
significantly decreased. In this sense, further studies are planned to determine the preventive role of
non-fructosylated α-GOS in the colonization of pathogenic enterobacteria.

The modulation of gut microbiota by RFOS has been previously evaluated using in vitro
fermentation batch cultures, inoculated with a standardised human adult faecal sample; a higher
increase of Bifidobacterium spp. using RFOS when compared with FOS and β-GOS was observed,
being the bifidogenic effect dose-dependent [19]. However, to the best of our knowledge, there is
not specific information regarding the potential prebiotic properties of non-fructosylated α-GOS.
Recently, the prebiotic potential of melibiose-derived gluco-oligosaccharides linked by α-(1→3)
and α-(1→6) glycosidic bonds as unique carbon source has been evaluated by testing the growth of
bifidobacteria (B. breve, B. longum subsp. longum, B. animalis) and lactobacilli (L. reutieri, L. plantarum and
L. rhamnosus) [31]. In agreement with our data, lactobacilli were unable to metabolize melibiose-derived
oligosaccharides whereas bifidobacteria were able to utilize them.

Although no data regarding the modulatory effect of non-fructosylated α–GOS in infant fecal
microbiota has been previously reported, it has been suggested they could be safely used in infant
formulas. In a study carried out with neonatal piglets to mimic infancy conditions, an intervention
during three weeks having a daily consumption of 3.6–3.9 g non-fructosylated GOS/kg body weight
demonstrated to be well tolerated with no adverse effects in terms of clinical signs, body weight,
feed consumption, haematology, organ weight and histopathology [20].

3.2. Effect of Non-Fructosylated α-GOS on Bifidobacterial Composition

As previously pointed out, non-fructosylated α-GOS and β-GOS had a strong bifidogenic effect
in infant inoculum after 6 h of fermentation and was kept at 24 h of treatment. To obtain a more
comprehensive assessment of the impact of both GOS on the population structure of bifidobacteria
in children’s faecal samples, 16S rRNA gene profiles were generated by means of genus-specific
primers PCR-DGGE. Control samples reflected an inter-individual variation in faecal bifidobacterial
community being grouped in two cladograms with electrophoretic bands differing from 3 up to 11
(Supplementary Materials Figure S1). Dendrogram analysis indicated a grouping of the samples by
children but they were not clustered after non-fructosylated α-GOS and β-GOS treatment (Figure 1).
The electrophoretic bands were excised for sequencing and bifidobacterial species identified. Sequencing
allowed us to identify B. catenulatum/pseudocatelunatum, B. longum subsp. longum and B. longum subsp.
infantis as the most frequently present bifidobacterial species in infants. Whereas B. longum subsp.
infantis was clearly identified, B. longum subsp. longum did not achieved such level of recognition at
subspecies level and might be an experimental limitation that needs to be considered. The presence of
B. adolescentis and B. bifidum was identified in only one of the infants. These species have been reported
in many studies as the dominant bifidobacteria in infant faecal samples. Significant differences in
bifidobacteria communities display differential metabolic features and have strong implications in infant
physiology state and health [32–34]. Delivery mode (vaginal birth or assisted delivery) and feeding
modes (breastfeeding, milk formula and mix-fed) have influences on bifidobacterial composition
at species level [32]. Significant changes in the gut microbiota of infants occur when cessation of
breastfeeding and introduction of solid foods cause an important shift in gut microbiota composition and
begins to resemble a stable adult-like microbiome [35]. Under these circumstances, the supplementation
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of infant formulae with prebiotic oligosaccharides (GOS/FOS) results in significantly higher stool
colony counts of bifidobacterial; it has also been associated to clinical effects such as increased stool
frequency and stool softening [36].

A B
Control α-GOS β-GOS

0 h                   24 h 0 h   24 h 0 h                  24 h
1      2      3      1      2      3     1      2      3     1      2      3       1      2      3      1      2      3

A B
Control α-GOS                                      β-GOS

0 h                   24 h 0 h                  24 h                   0 h                  24 h
4      7      8      4      7      8      4      7      8      4      7      8     4      7      8       4      7      8

B

Figure 1. (A) DGGE profiles and (B) dendrogram of the Bifidobacterium population from faecal samples
of six infants and three experimental groups (control, non-fructosylated α-galactooligosaccharides
(α-GOS) and β-galactooligosaccharides (β-GOS)) at time 0 and 24 h. Samples were grouped in two
gels corresponding to 1, 2, 3 and 4, 7, 8 infants, respectively. Cluster analysis of Denaturing Gradient
Gel Electrophoresis (DGGE) pattern profiles was performed using the Dice similarity coefficient and
the unweighted-pair group method by means of arithmetic average clustering algorithm (UPGMA).
The vertical arrow shows the direction and concentration of the denaturing gradient.

To provide an interpretation of the DGGE pattern, three diversity indices of DGGE profiles were
calculated (Table 3). The number of bands or richness was significantly higher (p < 0.05) in β-GOS
after 24 h of fermentation compared to control and non-fructosylated α-GOS that only demonstrated a
trend. Shannon and Evenness indices followed the same pattern for each GOS treatment.
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Table 3. Diversity indices of bifidobacterial samples after non-fructosylated α-GOS and β-GOS 24 h
treatment of infant faecal samples.

Time Enrichment Shannon Index Evenness Index

Mean SD Mean SD Mean SD

Control
0 h 8.33 a 4.03 2.04 a 0.42 0.65 a 0.13

24 h 8.33 a 4.03 2.04 a 0.42 0.65 a 0.13

α-GOS
0 h 10.83 a 3.97 2.33 a 0.36 0.74 a 0.11

24 h 12.50 a 4.68 2.47 a 0.36 0.78 a 0.10

β-GOS
0 h 7.50 a 2.07 1.99 a 0.26 0.63 a 0.08

24 h 12.00 b 3.16 2.46 b 0.24 0.78 b 0.07
a, b, within each row, mean values bearing a different superscript letter differ significantly (n= 6; p< 0.05). Significance
main effects were determined by GLM REP (General Linear Model by one-way ANOVA).

3.3. Modulation in Bifidobacteria Species Population by Non-Fructosylated α-GOS and β-GOS

In this study, five different bifidobacterial species were quantified at 0 and 24 h after fermentation
of non-fructosylated α-GOS and β-GOS with fecal slurries of eight infants (Table 4). The highest
level of bifidobacterial species in fecal samples corresponded to B. longum subsp- longum and
B. catenulatum/pseudocatenulatum. It is well-known that bifidobacterial species show differential
ability for breakdown, uptake and utilization of carbohydrates. In particular, non-fructosylated
α-GOS and β-GOS significantly stimulated the selective growth of B. longum subsp. longum after 24 h
fermentation whereas B. adolescentis and B. longum subsp. infantis were not affected. A significant
(p < 0.05) growth of B. catenulatum/pseudocatenulatum after 24 h fermentation of non-fructosylated
α-GOS was observed. Although B. breve is a common intestinal bacteria in children’s microbiota, mainly
in those fed breast milk, attempts to quantify B. breve by qPCR was unsuccessful, likely due to their
low levels in fecal samples of children. No match for B. breve was found when the faecal bifidobacterial
community of children was analyzed by DGGE. In both GOS groups, a significant (p < 0.05) decrease
in B. bifidum population compared to controls was shown. The requirement of prebiotic specificity
has recently been questioned by several authors [35,36]. Such controversy is likely to affect to more
complex dietary carbohydrates that need bacteria consortium for their degradation instead of GOS
compounds that have demonstrated to be selectively bifidogenic [37,38]. Sequencing analysis of
fecal samples from healthy human volunteers consuming GOS revealed an increase of bifidobacterial
populations [39]. Access to genome sequences of several bifidobacterial strains from infant fecal isolates
such as B. bifidum PRL2010, B. breve UCC2003 and B. longum subsp. infantis ATCC15697 has increased
our knowledge of the metabolic machinery within the genus Bifidobacterium. Bifidobacteria contains a
high number of glycosyl hydrolases-encoding genes with ability to hydrolyze a wide range of complex
carbohydrates (e.g., amylose, amylopectin, maltodextrin) as well as stachyose, raffinose and melibiose,
which represent carbohydrates widely present in the human diet [40,41]. Further studies regarding the
bifidobacterial enzymes involved in the selective degradation of non-fructosylated α-GOS will allow
us to understand their potential as prebiotic ingredient in infant formula.
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Table 4. Effect of non-fructosylatedα-GOS andβ-GOS on bifidobacterial species of infant faecal samples.

Control α-GOS β-GOS p-Values
Pooled
SEM

Log10 Copy Number/Gr De Contenido Fecal 0 h 24 h 0 h 24 h 0 h 24 h Pb Bs

Bifidobacterium adolescentis 4.45 4.68 4.65 5.11 4.52 4.52 NS <0.001 0.193
Bifidobacterium bifidum 4.55 5.09 b 4.70 4.04 a 4.57 4.27 a 0.045 <0.001 0.157
Bifidobacterium catenulatum/pseudo-catenulatum 7.47 7.41 a 7.25 7.65 b 7.44 7.74 a, b 0.068 <0.001 0.094
Bifidobacterium longum subsp. infantis 4.96 5.12 5.22 5.40 5.17 5.48 NS <0.001 0.117
Bifidobacterium longum subsp. longum 8.25 8.26 a 8.03 8.47 b 8.36 8.71 b 0.010 <0.001 0.065

Outcomes were analyzed using a linear mixed model: repeat measure. A Bonferroni method was used for
adjustments for major effects (time of treatment and type of GOS). a, b Mean value with different letters means
the differences among treatments was significantly different at p-value < 0.05. Unadjusted mean values n = 6.
Pb: Prebiotics. Bs: Baseline like covariate.

3.4. Lactate and Short-Chain Fatty Acid (SCFA) Concentration

Under anaerobic conditions, non-digestible dietary carbohydrates including GOS are fermented
by gut microbiota and thereby producing SCFA that contributes to metabolic regulation and control of
energetic metabolism of the host [42]. In our study, lactate and SCFAs were quantified after fermentation
of non-fructosylated α-GOS and β-GOS (Table 5). Acetate was the most abundant SCFA, showing
a significant (p < 0.05) increase after both GOS treatments. In the case of non-fructosylated α-GOS,
the levels of acetate increased up to four times compared to baseline. The highest amount of lactate
in infant fecal cultures was reported after 6 h in both GOS fermentations, being observed a decrease
at 24 h likely due that normally lactate behave as intermediate in microbial metabolism because of
onward conversion [43]. Similar to acetate, lactate concentration was higher in non-fructosylated
α-GOS compared to β-GOS. Lactate and acetate are main fermentation products of bifidobacteria and
are used by other bacteria species to produce butyrate and propionate. In our study, the amounts
of propionate and butyrate were not affected after GOS treatment. In agreement with previous
studies, GOS are highly selective for Bifidobacterium spp. and stimulated acetate production but
not the production of propionate and butyrate [44]. Formate amounts were increased due to GOS
fermentation, being formate levels after non-fructosylated α-GOS fermentation much higher compared
to β-GOS, tripling its value after 24 h (Table 5). Other metabolic indicators such as iso-butyrate, valerate,
iso-valerate and succinate were also quantified in this study but no significant changes were observed.
The production of SCFA caused a significant drop of pH (0.8 and 1.0 units after 24 h treatment of
β-GOS and non-fructosylated α-GOS, respectively) in fecal cultures. Such decrease in luminal pH has
been associated to beneficial effects including a decrease in the growth of potential intestinal pathogens
sensitive to pH, like some enterobacteria, as well as an increase in the mineral absorption of calcium,
magnesium and likely iron [45].
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3.5. Consumption of Non-Fructosylated α-GOS Per Donor and Degree of Polymerization

The genome sequences of bifidobacteria display a remarkable enrichment in genes involved in
breakdown, uptake, and utilization of a wide variety of resistant carbohydrates to digestion, playing an
important role in the healthy infant gut. In this study, manninotriose (DP3) and verbascotetraose
(DP4), accounting for more than 92% of total carbohydrates, were completely and readily fermented by
the studied donors (Figure 2). This trend was not observed for the disaccharide melibiose, where the
fermentation rate ranged between 67% and 95%. Regarding consumption of total non-fructosylated
α-GOS, the observed values ranged from 97.6% (donor 1) to 99.9% (donor 5) after 24 h fermentation.

 

Figure 2. Relative percentage (%) of fermented melibiose (DP2), manninotriose (DP3) and
verbascotetraose (DP4) following fermentation of non-fructosylated α-GOS with infant faecal samples
(n = 5). Darker and lighter colours on the bars indicate the percentage of metabolized carbohydrate
after 6 and 24 h of incubation, respectively.

Bifidobacteria can utilize a diverse range of carbohydrates that escape degradation in the
upper part of the GIT, as evidenced by the clear enrichment for genes encoding carbohydrate-active
enzymes [41]. Bifidobacteria have different specialized oligosaccharide transport systems, since most
of their saccharolytic enzymes are intracellular [43]. The fermentation of non-fructosylated
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α-GOS, as shown in Table 4, significantly increased the growth of B. longum subsp. longum and
B. catenulatum/pseudocatenulatum and decreased that of B. bifidum. The uptake of α-(1→6)-linked dietary
oligosaccharides (ie., raffinose and a mixture of isomaltooligosaccharides) by several Bifidobacterium
strains, that included B. longum subsp. longum ICM1217 and B. longum subsp. infantis ATCC15697
among others, was reported to be mediated by the solute binding protein (B1G16BP) associated
with an ATP binding cassette (ABC) transporter [46]. Interestingly, B. bifidum, which lacks the
genes encoding the B1G16BP ABC transporter, was the only one that did not grow on raffinose
and isomaltooligosaccharides, which is in line with our findings. The ABC transporter uses energy
produced by the ATP hydrolysis to carry out the oligosaccharides transportation to the intracellular
compartment. Once internalized, these oligosaccharides are metabolized by glycosyl hydrolases (GHs)
which hydrolyze the glycosidic bond between two or more carbohydrates. Melibiose and raffinose
has been reported to be hydrolyzed by B. longum subsp. longum NCC2705 [40]. According to our
results, the lower consumption of melibiose over manninotriose and verbascotetraose could be due to
the higher preference of α-galactosides for Gal-(1→6)-Gal-linkages over Gal-(1→6)-Glc, and likely to
potential preference for higher DPs. In addition, ligand preference of B1G16BP was ~35 fold lower
for melibiose compared with raffinose, which might be explained by its high binding affinity for the
non-reducing α-(1→6)-diglycoside, an structural motif present in manninotriose and verbascotetraose
but not in melibiose [46]. Although it is clear major metabolic differences might occur at species level,
such metabolic abilities might differ considerably between bifidobacterial strains. Thus, it has been
reported that β-GOS fermentation is strain-dependent based on their DP and glycosidic linkages [47].

Outcomes were analyzed using a linear mixed model: repeat measure. A Bonferroni method
was used for adjustments for major effects (time of treatment and type of GOS). a, b Mean value with
different letters means that differences among treatments was significantly different at p-value < 0.05.
Unadjusted mean values n = 8. Bs: Baseline like covariate. *Interaction among major effects.

4. Conclusions

The in vitro fermentation profile of non-fructosylated α-GOS by using infant fecal slurries has been
investigated. Remarkable bifidogenic activity of non-fructosylated α-GOS was observed, similar to
that obtained using commercial β-GOS, as well as a significant decrease of enterobacteria. A selective
and significant increase in B. longum subsp. longum and B. catenulatum/psudo-catelunatum was observed.
Therefore, we conclude that these plant-derived GOSs could be used as a prebiotic in infant formula.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/7/921/s1,
Figure S1: (A) DGGE profiles and (B) dendogram of the Bifidobacterium population from faecal samples of infants,
Table S1: β-GOS composition after purification by size-exclusion chromatography, Table S2: PCR primers based
on 16S rRNA sequences used for quantitative PCR for bacterial groups, Table S3: PCR primers based on 16S rRNA
sequences used for quantitative PCR for Bifidobacteria species.
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Abstract: The increasing prevalence of lupin allergy as a consequence to the functional characteristics
of a growing number of sweet lupin-derived foods consumption makes the imperious necessity to
develop analytical tools for the detection of allergen proteins in foodstuffs. The current study developed
a new highly specific, sensitive and accurate ELISA method to detect, identify and quantify the lupin
main allergen β-conglutin (Lup an 1) protein in natural and processed food. The implementation
of accurate standards made with recombinant conglutin β1, and an anti-Lup an 1 antibody made
from a synthetic peptide commonly shared among β-conglutin isoforms from sweet lupin species
was able to detect up to 8.1250 ± 0.1701 ng (0.0406 ± 0.0009 ppm) of Lup an 1. This identified even
lupin traces present in food samples which might elicit allergic reactions in sensitized consumers,
such as β-conglutin proteins detection and quantification in processed (roasted, fermented, boiled,
cooked, pickled, toasted, pasteurized) food, while avoiding cross-reactivity (false positive) with other
legumes as peanut, chickpea, lentils, faba bean, and cereals. This study demonstrated that this new
ELISA method constitutes a highly sensitive and reliable molecular tool able to detect, identify and
quantify Lup an 1. This contributes to a more efficient management of allergens by the food industry,
the regulatory agencies and clinicians, thus helping to keep the health safety of the consumers.

Keywords: vicilin; 7S-globulins; food allergens; Lup an 1; sweet lupin species; food labelling; processed
food

1. Introduction

Lupine is a legume that belongs to the genus Lupinus and is included in the Leguminosae family,
which is of great interest to the food industry, similarly for chickpeas, beans, peanuts, soya bean, lentils,
and peas. Lupinus comprises between 200–600 different species [1]. However, only the four known as
the sweet lupin group have gained interest since they are used in human food production [2] for their
low levels of alkaloids [3] contained in their seeds. These four species include Lupinus albus (white
lupine), Lupinus angustifolius (blue lupin or narrow-leafed lupin, NLL), Lupinus luteus (yellow lupine) [4],
and Lupinus mutabilis (pearl or Andean lupin) that are mostly cultivated and consumed in central and
South America [5].

Current interest for lupin seeds as a new functional food is growing [6], and the seeds from the
sweet lupin species are becoming a crucial and alternative source of proteins for human consumption
with nutritional and nutraceutical properties [7–10]. Sweet lupin species are a promising source of
innovative ingredients for functional food, particularly those from the vicilin or β-conglutin family,

Foods 2019, 8, 513; doi:10.3390/foods8100513 www.mdpi.com/journal/foods23



Foods 2019, 8, 513

which are the most abundant proteins in NLL seeds [11]. Among the most frequently found, flour is
one of the basic products and a common form to use lupin seeds as an ingredient in a wide range of
food i.e., bread, cake, pasta, pizza, sausage, spices, cream cheese, tofu, jam [12]. In addition, lupin
might often replace soya bean, egg white, and milk in vegan food [5,13], and is used as a functional
ingredient in gluten-free food [12,14].

In the last five years and due to this increased nutraceutical knowledge, the number and range
of commercially available lupin based products increased. In this regard, the rising lupin-derived
products consumption, and the growing number of allergy reactions in sensitized persons have also
increased. The routes of sensitization not only arise as primary sensitization to ingested lupin seed
proteins, but also occur due to the cross-reactivity in atopic subjects sensitized to seed proteins from
other legumes, particularly to soybean and peanut [15–17]. A third route appears to be the occupational
allergy in people that works daily with lupin flour and lupin derived products [18].

Although the prevalence in the general population of lupin allergy is still unknown [19], it has
been estimated to be in the range of 0.3% to 8%, and particularly in children being 5% [5,13,20]. It is
important to identify the lupin seed proteins involved in allergy reactions [21,22], with storage proteins
being the main lupin allergens [23], particularly from the vicilin family (β-conglutins), which were
named as Lup an 1 in NLL (WHO/IUIS Allergen Nomenclature Subcommittee). Due to the significant
increase of reported cases of lupin allergy, and in order to keep safety among the population, the seeds
from this legume together with soya bean and peanut were included in the European Union regulations
(Regulation (EU) No. 1169/2011) as foods prone to induce allergy reactions. There is also a mandatory
declaration in the labelling of the pre-packaged food ingredients, and overall, it provides information to
consumers of these potential sources of food allergens. Thus, this demands very accurate and sensitive,
highly specific quantitative methods to identify the main allergen protein content in food in order to
identify the cross-contamination that justifies the precautionary labelling because of the presence of lupin
as an ingredient. Thus, the aim of the present study was to develop a new highly specific ELISA method
for the detection, identification and quantification of the lupin main allergen β-conglutin (Lup an 1),
and the assessment of this method in natural and processed food. Since lupin flour is being mainly used
as an ingredient in bakery products, vegetarian and vegan based products, this analytical method was
validated in natural (non-processed) food and processed (fermented, cooked, boiled, roasted) food such
as flour, bread, and biscuits; as well as others lupin based alternative foods as spreading, sauce, cheese,
pickles, drink, butter, meat. This study also includes data from these commercial foodstuffs differing in
their labelling (“may contain lupin traces”, “lupine contained”, “lupine content not included on the
food package”).

2. Material and Methods

2.1. Bioinformatics Analysis of β-Conglutin Protein Sequences

The sequences of seven available isoforms of NLL β-conglutin protein were retrieved from the
NCBI database (accession number F5B8V9, F5B8W0–F5B8W5 corresponding to β1 to β7). A multiple
sequence alignment and subsequent analysis was performed using ClustalW software (https://www.
ebi.ac.uk/Tools/msa/clustalw2), based on Blosum62 matrix (BLOck SUbstitution Matrix) [24], and
viewed using the Jalview viewer 2.2 (http://www.jalview.org). The Bioedit v 7.0.5.3 (http://www.mbio.
ncsu.edu/BioEdit/bioedit.html) software was used to calculate the sequence identity matrices.

2.2. Analysis of the Antigenicity of β-Conglutin Proteins

The prediction of antigenicity for these β-conglutin protein isoforms was performed. Antigenic
epitopes were determined on the basis of the following parameters: hydrophobicity [25]; amino acid
surface accessibility [26,27]; antigenicity methods such as Hopp and Woods hydropathy [28], Welling [29],
Parker [30], BepiPred-2.0 (sequential β-cell epitope predictor, http://www.cbs.dtu.dk/services/BepiPred),
and Kolaskar and Tongaonkar [31]. The results were confirmed using the antigenicity prediction of
GenScript service (https://www.genscript.com/antigen-design.html).

24



Foods 2019, 8, 513

2.3. β-Conglutin Proteins Structure Modelling

The conglutinβ1 protein sequence (F5B8V9) was retrieved and used for searching the best structural
templates in the Protein Data Bank (PDB) (http://www.rcsb.org). The suitable templates for this sequence
were selected using BLAST server (http://ncbi.nlm.nih.gov). To improve the best final templates
identification and selection, the software BioInfoBank Metaserver (http://meta.bioinfo.pl) specializing
in fold recognition homology was used, as well as the Swiss-model server (swissmodel.expasy.org).
The best four identified templates (1uij, 2phl, 3s7e, and 2eaa) were retrieved from the PDB database, and
implemented for homology modelling. The conglutin β1 protein model was built by the implementation
of SWISS-MODEL via the ExPASy web server (swissmodel.expasy.org) using these top PDB closely
related structural templates.

The structural errors in the initial structural 3D models were identified by using ProSA
(prosa.services.came.sbg.ac.at/prosa.php), obtaining the first overall quality estimation of each model
using QMEAN4 (swissmodel.expasy.org/qmean/cgi/index.cgi). The final structure of β-conglutin
proteins was subjected to energy minimization using GROMOS96, which was implemented in
DeepView/Swiss-PDBViewer v3.7 (spdbv.vital-it.ch) improving the van der Waals contacts and correcting
the stereochemistry. The quality of the final models was assessed by assessing the protein stereology
with PROCHECK (www.ebi.ac.uk/thornton-srv/software/PROCHECK) and ProSA programs, as well
as the protein energy using ANOLEA (protein.bio.puc.cl/cardex/servers/anolea). The suitability of
the model on the basis of the number of protein residues in the favoured regions was assessed by
Ramachandran plot statistics.

To define the potential functional and interacting areas/clusters in the protein, the electrostatic
Poisson-Boltzmann (PB) potentials were calculated by using APBS (DeLano Scientific LLC) molecular
modelling software implemented in PyMOL 0.99 (www.pymol.org). The electrostatic PB potential
values are given in units of kT per unit charge (k Boltzmann’s constant; T temperature).

2.4. Construction of the Expression Plasmid

The protein expression in bacteria was achieved using the pET28a(+) vector (Novagen) with
some modifications, such as an N-terminal 6xHis Tag. Vector pUC57 was used for cloning a synthetic
gene encoding β-conglutin protein (GenBank HQ670409, β1), connected by restriction enzyme linker
sequences, NcoI and XhoI (GenScript). The genetic construct included the expression vector pET28a(+)-
conglutin β1-6xHis-Tag, which was obtained through the digestion of the pUC57- conglutin β1
construct with NcoI and XhoI restriction enzymes, followed by ligation of the β1 fragment into the
pET28a(+) vector.

2.5. Overexpression of Conglutin β1

The final genetic construct containing the expression vector with the conglutin β1 gene was
transformed into Rosetta™ 2(DE3) pLysS Singles™ Competent Cells (Novagen) for β1 expression.
The protein expression was accomplished by using an auto-induction method [32]. Briefly, a colony of
Escherichia coli containing the construct was isolated and grown for 24 h in ZY-medium plus kanamycin
(50 μg/mL) at 37 ◦C in constant shaking (190 rpm). The culture was diluted 1:175 in Studier medium
to grow for 7 h until the cell density reached 0.6 OD at 600 nm. The overexpression induction was
achieved by adjusting the temperature to 20 ◦C during 17 h. The bacterial cell pellet was collected by
centrifugation at 5000× g at 4 ◦C. The bacterial pellet was washed three times with PBS, pH 7.5, and
after removing the supernatant, the pellet cell was flash frozen using liquid nitrogen. The resulting
pellet was stored at −80 ◦C until further use.

2.6. Purification of the Recombinant Conglutin β1 Protein

Overall, β1 purification was performed following the company’s recommendations (Qiagen) for
Histidine tagged proteins. Briefly, the main steps comprised the cells breaking, followed by affinity
chromatography using nickel-NTA spin columns, and linking a 6xHis-Tag at the C-terminal end
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of the β1 protein. The elution of this protein from the column was performed with an increasing
imidazole concentration gradient (25–350 mM), collecting 2 mL fractions. All the fractions containing
the protein were analyzed using SDS-PAGE, and those containing a single band with the expected
molecular weight were pooled and dialyzed against PBS during 2 days with buffer changes every 12 h.
The resulting samples were then aliquoted and flash frozen in liquid nitrogen to be kept at −80 ◦C until
further uses. The purity of the protein samples was >95%. The typical yields were ~25–55 mg/mL.

2.7. Antibody Production Against β-Conglutin

The performance and specificity of an antibody highly depends on the nature of the binding to its
protein target. A polyclonal epitope-specific antibody was developed using a combination of a lineal
epitope identification and characterization (antigenicity assessment) in the target protein sequence and
an affinity capture approach involving synthesized peptides.

The sequences currently available of seven NLL β-conglutin genes were retrieved from UNIPROT
database (https://www.uniprot.org). The alignment of these sequences was analyzed to find a commonly
shared antigenic peptide among the seven NLL β-conglutin proteins variants following an analysis of
antigenicity described in previous sections, finding the following sequence: Nt– VDEGEGNYELVGIR
–Ct. A synthetic peptide with this sequence was produced (Agrisera, Vännäs, Sweden). The chosen
sequence (up to 14 amino acids + terminal cysteine) was synthesized in a 15 mg immunograde
purity scale without any further modifications. In order to elevate the antigenicity of the synthetic
peptide, 2 mg of it was coupled to a carrier protein, KLH, which is the keyhole limpet hemocyanin
copper-containing protein, with a molecular size >450 kDa.

The KLH coupled synthetic peptide was used for animal (rabbits) immunization. The typical amount
of antigen for a standard immunization protocol is ~500 μg/animal, and a preferable concentration
>1 mg/mL dissolved in PBS. Five animals were subjected to a program of three immunization rounds
(105 days long) with the same antigen. After 80 days, the test samples were delivered to our laboratory
for evaluation, where sera, after this period of immunization, was tested to check for the capability to
detect its target protein and also to show the potential background signal from these different sera in
Western blot assays using recombinant and lupin seed protein extracts. The animals’ analyzed polyclonal
sera having target-specific antibodies directed towards linear epitope and giving Western blot bands of
correct molecular weight against β-conglutin proteins and low or no background was used for further
immunization and obtaining the sera. After the third immunization, all serum samples were checked
for the presence of antigen specific antibodies using ELISA. A further proof of high specificity and no
background produced by the antibody was obtained by a screening of pre immune serum. Testing the
pre-immune samples made sure that no background signals were detected in the molecular weight
region of the protein under investigation.

Furthermore, the antibody capture and clean up (affinity-purified) from antiserum was performed
from the final rabbit immune serum by a liquid chromatography system against the same synthetic
peptides as the affinity column tag. This step contributed to obtaining a higher specificity of the
antibody, but also reduced the amount of the available antibody in the final serum.

2.8. Food and Biological Samples Used for Lupin Allergen Detection and Quantification

The different commercially available foods containing variable quantity of lupin seed were
purchased from different supermarkets. More detailed information of each product is described in
Table 1.
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2.9. Proteins Extraction

The total protein (including allergen proteins) extractions were performed from the different food
and biological samples. The samples were homogeneously grinded with a polytron homogenizer
(Kinematica Polytron™ PT 2500E, VWR), always keeping the samples in a water-ice cool bath. For these
proteins, extractions were used as the extraction buffer containing 100 mM Tris, pH 7.4, 250 mM NaCl,
1 mM EGTA, 1 mM EDTA, 1% Triton X-100, 0.5% Sodium deoxycholate, Protease inhibitor cocktail and
1 mM PMSF. The homogenates were centrifuged at 10,000× g to remove all the gross material and to
keep the supernatant. The high NaCl concentrations contained in the extraction buffer assures specific
vicilin proteins extraction [33] as β-conglutin (Lup an 1).

For the protein extraction from tissues, the samples were dissected and kept at a low temperature
on ice-water to prevent proteolysis. Then, 50 mL of complete extraction buffer was added to 1 g of
the sample in a tube to be homogenized with the polytron homogenizer. Afterward, the blades of the
homogenizer were rinsed with the extraction buffer, and the homogenized sample was maintained at a
constant agitation for 2 h at 4 ◦C for the proteins’ final extraction to the media. A centrifugation for
20 min at 15,000× g and 4 ◦C was performed, and the supernatant was placed on ice-water to make
the aliquots (containing the soluble protein extract) in a fresh, chilled tube and to store the samples at
−80 ◦C. The lupin drink was analyzed as it was in the bottle.

2.10. Gel Electrophoresis and Western Blots

The analyses of the protein extracts were achieved by mixing each sample individually with 6×
protein sample buffer and heated to 95 ◦C for 5 min. The proteins were separated on commercial
4–20% gradient TGX gels (Bio-Rad, Hercules CA, USA). The molecular weight markers used for
stained gels were Precision Plus Protein™ Dual Colour Standards (BioRad). The separated protein
bands were visualized in a Gel Doc™ EZ Imager (BioRad). The proteins were electrophoretically
transferred from gel to PVDF membranes. Prior to the transference, the membranes were blocked for
2 h at room temperature (RT) with 5% non-fat dry milk in PBST (phosphate-buffered saline, 0.05%
Tween-20) followed by the incubation with the first antibody, goat IgG anti-beta conglutin (dilution
1:2000), overnight at 4 ◦C in continuous agitation. After washing 5 times with PBST, the membrane
was incubated with secondary antibody goat anti-IgG rabbit conjugated with horseradish peroxidase
(dilution 1:10,000) in 2% non-fat dry milk in PBST for 2 h at RT. The membrane was washed 5 times
with PBST and the chemiluminescence signal was developed by membrane incubation with ECL Plus
chemiluminescence substrate following the manufacturer’s instructions (BioRad). The light signal was
detected by exposure of the membrane to C-Digit Blot Scanner (LI-COR).

2.11. ELISA Test for the Detection and Quantification of β-Conglutin Allergen Proteins in
Lupin-Containing Food

The protein standards used for Lup an 1 identification and quantification was performed using
purified allergen β-conglutin proteins. Coating the wells was performed by using purified conglutin β1
(50 μg). The plate wells containing purified proteins were used as blanks (controls without β-conglutin
protein) and were simultaneously incubated (triplicate samples) overnight at 4 ◦C. The wells on
the plates were washed 5 times with 200 μL of PBS for each well. In order to avoid the unspecific
protein-binding sites, the samples were blocked in the coated wells by adding 200 μL blocking buffer
(5% non-fat dry milk/PBS) per well, and incubated for 2 h at RT. The wells of the plates were then
washed five times with 200 μL PBS. The first anti-IgG β-conglutin antibody (dilution 1:1000) was
incubated in each well for 2 h at RT. The solution containing the antibody was removed and each well
was washed five times with 200 μL PBS. The solutions on each well containing washing buffer were
eliminated by flicking the plate over. The remaining drops on each well were eliminated by patting the
plate with a paper towel. The wells on the plates were then incubated with a goat anti-IgG rabbit HRP
conjugated antibody. The incubations were developed for 1 h and 30 min at RT, and the washes were
performed five times with 200 μL PBS on each well. The development of the signal was made using a
compatible substrate, 100 μL of TMB which was added to each well and incubated for 5 min at RT.
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The reaction was stopped using 1M Sulphuric Acid for 10 min. The signal was read in a microplate
readed iMak (Bio-Rad) at 450 nm.

Protein detection and quantification following this ELISA method was performed in identical
conditions as described above using protein extracts obtained from natural and processed food samples,
and the extraction buffer alone for control samples.

3. Results and Discussion

3.1. Conglutin β1 Protein Structure Modelling and Antigenicity Assessment

The NLL β-conglutin isoform sequences were retrieved from Uniprot database and an alignment
was made to analyze the sequence features (Supplementary Figure S1). The length of these sequences
ranged from 580 to 637 amino acids, and the variability was calculated (Figure S1), finding sequences
with 77.4 to 97.8% of identity. The N-terminal sequence corresponding with the first 200 amino
acids comprises a mobile arm (Figure S2), showing the highest variability among the seven isoforms.
A globular structure was built for the rest of the β-conglutin sequence integrated by 2 β-barrels of
antiparallel β-sheets (Figure 1) with large conserved areas, where it was included in the sequence used
to make the synthetic peptide (Figure S1) and the anti-β-conglutin antibody used in this ELISA method.

The crystallographic structures of particular seed storage proteins were used as templates to
facilitate the correlative study between structure-functionality and antigenicity of these proteins [34].
To the best of the author’s knowledge, epitopes characterization through the 2-D and 3D comparative
analysis of different members of vicilin protein family have been only performed in a few organisms,
such as peanut [35], or lupin [21,36]. Furthermore, the use of computational homology modelling has
allowed this study to uncover particular 3D structure features for the antigenic epitope belonging to
this family of proteins (Figure 1A). In order to uncover these epitopic regions, an accurate modelling of
conglutin β1 protein sequence was achieved following a work-flow, where best structural templates
were used to build each domain of this protein. After obtaining a first model, a refinement process,
including energy minimization and structural discordances were corrected [37].

A structural assessment for conglutin β1 model accuracy was performed to improve the
stereo-chemical and energy minimization following a comparative analysis with the proteins’ templates
(PDBs accession numbers 1uij, 2phl, 3s7e, and 2eaa, respectively).

The analysis of the templates showed z-values (normalized QMEAN4 scores) of −0.17, −0.56,
−2.12 and 0.11, respectively, for the Q-mean parameter and −4.08 for the conglutin β1 built model,
displaying comparative good z-scores. The overall quality of the structures was assessed using ProSA,
showing a z-score of −5.31 for conglutin β1 model and −6.17, −6.2, −6.50, and −5.68 respectively for
the individual crystallographic structural templates. Both, Q-mean and ProSA parameters showed
comparable values between the conglutin β1 model and the PDB structure templates, which validated
the accuracy and structure quality of the conglutin β1 protein model [38].

Therefore, a stereochemistry analysis was developed using Procheck based on the Ramachandran
plot showing that the template models contained 92.2%, 92.9%, 94.8%, and 95.6%, respectively, of their
residues located in favourable regions; 6.8, 6.6, 5.0, and 4.1, respectively, in allowed regions; 0.9, 0.6,
0.1 and 0.4, respectively, in generally allowed regions; and 0, 0, 0 and 0%, respectively, in disallowed
regions. These values calculated for the conglutin β1 model showed 91.3%, 7.0%, 1.7%, 0%, respectively,
finding even more residues located in favourable regions, less residues in allowed regions, and a similar
number of residues in generally allowed and non-favourable regions. These parameters confirm the
accuracy and reliability of the structural models built for the conglutin β1 protein sequence [39].

The antigenicity study of the β-conglutin proteins was made in order to identify one of the best
common shared sequences on the protein with high antigenicity to be used for a synthetic peptide
synthesis and further, for anti-β-conglutin antibody development. Bioinformatics tools were used
based on biochemical principles as hydrophilicity/hydrophobicity, polarity and the volume of side
changes, the antigenicity index, and B-cell epitopes identification. A semi-empirical method based on
the physicochemical properties of amino acids and their frequencies of occurrence in experimentally
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known segmental epitopes was also used to identify the best antigenic sequence to develop the
anti-β-conglutin antibody. Figure S1 highlights the antigenic peptide Nt-VDEGEGNYELVGIR-Ct
chosen for experimental animal immunization. Figure S2 shows how this peptide has a combination
of hydrophilic and hydrophobic amino acids (Kyte-Doolitle, Hope and Woods scales), which is one
of the requirements to be an immunogenic peptide [40], constituting a high antigenicity sequence,
where most of the amino acids are accessible to the solvent (Figure S2). In addition, this sequence
integrates a structural loop (Figure S2), 2-D structure exerting good antigenic properties in a protein [41].
Furthermore, Figure 1B, Figures S1 and S2 show how the peptide chosen in this study corresponds to a
sequential β-cell epitope with a high antigenicity index (Figure 1B,C) [40].

Figure 1. Structural and antigenic analysis of conglutin β1. (A) Three-dimensional structure of NLL
conglutin β1 (Uniprot accession number F5B8V9) showing the mobile arm and globular domains.
The structures were depicted as a cartoon diagram integrated by α-helices, β-sheets and coils (red,
yellow and green colour, respectively). Two views (rotated 180 around the x-axis) are provided together
with detailed views (carton diagram and surface) of the domain integrated by a coil-α-helix structure
(blue colour), where the antigenic peptide chosen to develop the anti-β-conglutin antibody is located.
(B) Three-dimensional structure depicted as a cartoon diagram of NLL conglutin β1 showing the
antigenic β-cell sequential epitope regions (red colour), where the domain integrated by a coil-α-helix
structure (yellow colour) are included. Two views (rotated 180 around the x-axis) are provided.
(C) Three-dimensional structure depicted as a cartoon diagram of NLL conglutin β1 showing the
Kolaskar and Tongaonkar antigenicity regions (red colour), where the domain integrated by a coil-α-helix
structure (yellow colour) are also included. Two views (rotated 180 around the x-axis) are provided.
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3.2. Purification and Reactivity of Conglutin β1 Protein

The purification of Lup an 1 was accomplished following the protocol set up by Jimenez-Lopez
et al. [42]. Protein elution was accomplished with a linear gradient of imidazole (25–350 mM).
The SDS–PAGE analysis of the eluted fractions showed a single protein band of ~70 kDa (Figure 2A), being
the level of purity higher than 95%, with a typical yield of 27 mg/mL. An analysis by immunoblotting
using the anti-β-conglutin protein antibody confirmed the identity of the purified β-conglutin protein
in a unique reactive band (Figure 2B).

Figure 2. Purification of lupin main allergen β-conglutin (Lup an 1) protein. (A) The Coomassie-stained
shows the purified β1-conglutin protein. (B) Immunoblotting shows the purified β1-conglutin protein
identified by the anti-β-conglutin antibody. MW, molecular weight standard (kDa).

The protein extracts were analyzed, as well as the specificity of the anti-β-conglutin antibody
reactivity by using the most commonly used species of the sweet lupin group (L. albus, L. luteus and
L. angustifolius) to make foodstuffs. This study examined the differences in the protein profiles and
composition coming from these lupin species, where the protein extracts were extracted from mature
seeds, and showing proteins separated in SDS-PAGE and visualized with Coomassie Brilliant Blue
staining (Figure 3, left panels).

Overall, in the three species lupin extracts, the proteins with molecular weights from ~12 to 75 kDa
were present in different ratios depending on the lupin specie (Figure 3A–C). No significant amount of
proteins was detected above 75 kDa, just a prominent band of approximately 100 kDa. Based on the
abundance of the seed proteins, four main groups of polypeptides were able to be identified: group 1—
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75 kDa and above; group 2—from 45 to 75 kDa; group 3—from 25 to 45 kDa; and group 4—from 10 to
25 kDa.

Figure 3. Specificity assessment of anti-β-conglutin antibody. Left panels show the Coomassie-stained
SDS-PAGE protein bands from the total protein extracts, and the right panels show immunoblotting with
the presence ofβ-conglutin proteins from (A) Lupinus angustifolius, (B) Lupins albus, and (C) Lupinus lotus.

Interestingly, L. angustifolius exhibited noticeable changes in the polypeptide composition between
50 and 75 kDa (Figure 2A). However, the three species displayed differential polypeptides content in
this range of MW. These proteins localized in the expected size range (~70 kDa) related to β-conglutin
polypeptides are present in the seeds from mature seeds onward [43] in L. angustifolius, L. albus and
L. luteus, and particularly identified as these proteins obtained in the current study by the over-expression
and purification (Lup an 1, F5B8V9, with theoretical MW ~70 kDa) (Figure S1). The major differences in
polypeptides composition and abundance were observed in the range of MW concerning 25–45 kDa.
On the other hand, protein profiles present in the range of 10–25 kDa were similar among the entire
lupin species analyzed.

The right panels in Figure 3A–C showed polypeptide bands corresponding to β-conglutin by
immunoblot assays using the anti-β-conglutin antibody, which is able to recognize the sevenβ-conglutin
isoforms from L. angustifolius and the recently identified sequence of L. albus β-conglutin (Uniprot
accession number Q6EBC1). This antibody denoted a high specificity since it showed specific binding
to Lup an 1 while no signal from reactive bands was obtained in the control assays using pre-immune
serum. In the present study, and due to the comparable proteolytic processing of β-conglutin proteins
in mature seeds from the three different lupin species [44], the presence of comparable reactive bands

32



Foods 2019, 8, 513

were found in these three species using the anti-β-conglutin antibody, in the range of 50 to 75 kDa
(Figure 3). This corresponds to the mature forms of β-conglutin and shows the high specificity of
this antibody to be used in the ELISA method, and other potential related applications. Indeed, the
ELISA method developed in this study positively detected and identified the lupin main β-conglutin
allergen on each of the different lupin species. It shows the suitability of this anti-β-conglutin antibody
to be used in the ELISA method for the identification of Lup an 1 in foodstuffs, independently
of the proteins composition in these three species contained in foodstuffs. The identification and
quantification of Lup an 1 using the antibody varied depending on the specie analyzed, where most
abundantly detected (574.7918 ± 19.887 ng) in L. angustifolius seed protein extract, followed by L. luteus
(457.8474 ± 15.8272 ng), and L. albus (299.3749 ± 19.7757 ng) (Table 2). These results are comparatively
in agreement with β-conglutin protein levels found in these species [7].

Table 2. Detection and quantification of the NLL main seed allergen β-conglutin (Lup an 1) in natural
and processed food samples. Each number corresponds to the following food stuff: 1: toasted bread; 2:
biscuit; 3: lupin flour; 4: peanut butter; 5: carob spread; 6: white lupin seed; 7: yellow lupin seed; 8:
blue lupin seed; 9: sauce; 10: fresh cheese; 11: wheat bread, 12: fermented food; 13: meat; 14: pickled
lupine; 15: lupin drink; 16: Soy (Smoked TOFU); 17: Lentils; 18: chickpea; 19: Faba bean.

Natural/Food
Samples

Absorbance
(450 nm) 1

Allergen β-Conglutin
Proteins Quantity (ng)

(Diluted Samples)

Allergen β-Conglutin
Proteins Final Quantity

(ng)

Allergen β-Conglutin
Proteins Quantification

(ppm)

1
0.0390 2.0313

8.1250 ± 0.1701 0.0406 ± 0.00090.0380 1.9792
0.0400 2.0833

2
0 0

0 00 0
0 0

3
1.8430 95.9896

391.8753 ± 11.1958 1.9594 ± 0.05601.8430 95.9896
1.9570 101.9271

4
0 0

0 00 0
0 0

5
0.3890 20.2604

80.9028 ± 0.3541 0.4045 ± 0.00180.3860 20.1042
0.3900 20.3125

6
1.3430 69.9479

299.3749 ± 19.7757 1.4969 ± 0.09891.5670 81.6145
1.4010 72.9688

7
2.2890 119.2188

457.8474 ± 15.8272 2.2892 ± 0.07912.1030 109.5313
2.2010 114.6354

8
2.8940 150.7292

574.7918 ± 19.8876 2.8740 ± 0.09942.6910 140.1563
2.6920 140.2083

9
0.0190 0.9896

3.8890 ± 0.2599 0.0194 ± 0.00130.0200 1.0417
0.0170 0.8854

10
1.0340 53.8542

216.1112 ± 0.5197 1.0806 ± 0.00261.0380 54.0625
1.0400 54.1667

11
0 0

0 00 0
0 0

12
0.7840 40.8334

152.9862 ± 7.3353 0.7649 ± 0.03670.7060 36.7708
0.7130 37.1354
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Table 2. Cont.

Natural/Food
Samples

Absorbance
(450 nm) 1

Allergen β-Conglutin
Proteins Quantity (ng)

(Diluted Samples)

Allergen β-Conglutin
Proteins Final Quantity

(ng)

Allergen β-Conglutin
Proteins Quantification

(ppm)

13
0.6430 33.4896

129.1667 ± 3.6839 0.6458 ± 0.01840.6000 31.2500
0.6170 32.1354

14
1.4020 73.2105

293.5833 ±11.0853 1.4252 ± 0.05541.5140 77.5442
1.3860 70.8534

15
0.2840 14.7917

59.8660 ± 0.8389 0.2993 ± 0.00420.2930 15.2604
0.2850 14.8438

16
0 0

0 00 0
0 0

17
0 0

0 00 0
0 0

18
0 0

0 00 0
0 0

19
0 0

0 00 0
0 0

1 Triplicated experiments.

3.3. β-Conglutin Proteins Main Allergen Detection Capability in Lupin—Derived Products

The analytical methods capable to detect, identify and quantify the main lupin allergen protein in
food with high specificity and sensitivity are of great importance to help the food industry in allergen
management, and to guarantee the life quality of sensitized/allergic individuals. Although ELISA is
a frequently used technique for the detection and identification of food allergen proteins, there is no
currently available ELISA test to detect the seed allergen proteins in all three most common lupin
species (L. angustifolius, L. albus, and L. luteus) used for foodstuff production. For this reason, an ELISA
newly developed and assessed method capable of detecting and detecting the presence of the lupin
main allergen β-conglutin protein (Lup an 1) in natural and foodstuffs samples containing these three
lupin species which constitutes a molecular tool of great interest. In the present study, a broad range
of food has been analyzed. Labelling information of lupin flour analyzed in the current study had
non-defined specie composition. In addition to the three lupin species most commonly used in food and
feed industry, this study analyzed non lupin based products such as peanut butter; legumes as chickpea,
lentils, or faba beans; wheat toasted bread (negative control); other product that may content lupin
traces as gluten free chocolate biscuits; and cooked food (roasted, boiling, heating in oven products)
which may be an indicative of how this method can be implemented in processed (cooked) food; as
well as fermented or pickle foodstuff; lupin milk and cheese; meat; along with positive and negative
control foodstuffs. The data from the quantification of Lup an 1 has been summarized in Table 1. These
samples were analyzed in order to check the suitability of the designed antibody (anti-β-conglutin) to
quantify the main allergen β-conglutin from protein extracts obtained following a specific protocol for
vicilin (β-conglutin) proteins extraction, being these proteins specifically soluble in solutions containing
NaCl [33].

Some methods have been previously reported for the detection of lupin proteins in foodstuffs by
enzyme-linked immunosorbent assay (ELISA) [4,45–47]. However, they exhibited main disadvantages
in comparison to the current study:
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(1) The protein extraction protocol in the current study is highly specific for the extraction of
the vicilin family of proteins (β-conglutins), based on the presence of NaCl (0.25M) in the
extraction buffer [33]. Previous studies made protein extractions using general protein extraction
buffers [4,45,47], or using alternative methods from commercial kits [48] currently no longer
available (Abnova, http://www.abnova.com/products/products_detail.asp?catalog_id=KA3310),
displaying very limited or no information about: (i) The antibody design; (ii) antibody production
and use in the ELISA detection method; (iii) the limited information about protocol for total
proteins extraction, which may not be specific for β-conglutin extraction; (iv) no information
about lupin species used [46,48] to obtain this protein extract. The last two are the main factors
with high impact in the protein extract characteristics, such as a low amount or not of Lup an 1
content. These disadvantages may result in the increase of the number of false positives as a result
of the detection of non-allergen proteins from a low specific antibody, or using non-appropriate
protein extracts.

(2) A second advantage of the current method compared with previous ones and commercial kits is
the design and the production of the antibody (anti-IgG β-conglutin proteins). In the current study,
the experimental animal was immunized with a synthetic peptide commonly shared by the seven
NLL β-conglutin protein isoforms. This synthetic peptide constitutes a highly antigenic epitope
in these proteins probed in the current study, while also exhibits a high specificity to detect the
lupin main allergen Lup an 1 in the most frequently used lupin species. On the contrary, previous
methods [4,45–47] have used the whole crude protein extract from lupin flour to immunize the
experimental animal and obtain the antibody. The method to produce this antibody makes this
antibody non-specific, and detecting a wide range of proteins, including many non-allergenic
proteins, may lead to false positive detections. The detection of false positives might be also
enhanced due to the implementation of a buffer inappropriate for vicilin protein extraction from
lupin-derived foodstuffs.

(3) The current method exhibited another advantage which was the type of standards (Figure S3)
that was made for a specific quantification of Lup an 1. Previous methodological developments
of standards for the quantification were based on lupin flour total protein extract [4,45–47]. This
may induce variable immunization for a complex mix of proteins (allergenic and non-allergenic
proteins) from the crude extract leading to an excess or lack of reactivity in the standard samples
because a variable representation or content of Lup an 1 (over or under representation, depending
on the extraction method).

Therefore, lupin allergy reactions could be developed with high severity from primary sensitization
to lupin proteins or due to the cross-reactivity with proteins from other legumes. The abundance of these
proteins in many (natural or processed) foodstuffs has led to the European Union (EU Regulation No.
1169/2011) [49] to include lupin in a list of allergens with mandatory identification in all lupin containing
foodstuffs. Indeed, an EU Labelling Directive involves the mandatory declaration of manufacturers
regarding the presence of 14 allergenic products on pre-packaged foods [50]. Since lupin is included
among these, analytical tools should be developed for the detection of lupin allergen traces in complex
and processed foodstuffs. Thus, a high accurate method to detect and identify the lupin main allergen
in food would be very valuable, with a particular importance due to the increasing prevalence of lupin
allergy [16] among the population. The current study used highly pure (>95%) recombinant purified
Lup an 1 (Figure 2), with the combination of an antibody that was developed using a specific synthetic
peptide (main antigenic epitopes of the Lup an 1), while making the identification and quantification of
the Lup an 1 highly specific and accurate.

In order to evaluate the application of the developed method to actual foodstuffs, several commercial
samples labelled as “it may contain traces”, “with or without lupine” were tested for the presence of
Lup an 1. The summarized ELISA results, together with the corresponding label information of samples,
are described in Tables 1 and 2.
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The Lup an 1 lower content value in the food samples analyzed was 0.0406 ± 0.0009 ppm for toasted
bread (Table 2). This result is in the comparable range of an ELISA method developed to detect soy
protein content in foodstuff [51]. In this regard, the lowest eliciting dose for allergic reactions to lupin,
responsible for inducing mild symptoms in peanut-sensitized patients, was 0.5 mg of lupin flour [17].
More recently, the VITAL program of the Allergen Bureau of Australia and New Zealand (ABA)
established 4 mg of protein as the reference allergenic dose for lupin [52]. Taking into consideration that
conglutins are the most abundant protein in lupin, being 40% of the protein seeds content [7], our ELISA
method is by far capable of detecting these allergenic reference doses of lupin proteins in foodstuffs as
demonstrated in this study.

Overall, NLL exhibited the highest Lup an 1 value (574.7918 ± 19.8876 ng) compared to all the
samples investigated. The analysis of the sample number 2 (biscuits), and these samples declaring the
information “may contain traces of lupine”, showed no Lup an 1 content (Table 2), which might be
due to non-contamination with lupin flour or other lupin derived component. Despite this fact, the
manufacturer has implemented the common practice of the precautionary labelling. The same result
was obtained from samples as number 11 (Tables 1 and 2) labelled as “non lupin content”.

The estimated content of Lup an 1 in commercial lupin flour displayed an intermediate value
among the three lupin seed species analyzed (Tables 1 and 2), which is in agreement with the labelling
composition as sweet lupin attributed to three main domesticated lupin species (L. albus, L. luteus and
L. angustifolius). The samples number 5, 9, 10, and 12 to 16 containing “lupine flour” or “lupine protein”
among their ingredients, Lup an 1 was detected, identified and quantified in a range of allergen in
accordance with their labelling (Tables 1 and 2) and also, to the variable quantity of seed flour from
these three different sweet lupin species.

3.4. Specificity of the Anti-β-Conglutin Antibody Tested in Processed Foodstuffs and Potential Cross-Reactive

Lupin allergen proteins have been identified to be stable towards thermal treatment [5,47] in
studies concerning the impact of the type of food processing on the allergenicity. Indeed, comparable
results have been obtained in the current study for soy and chickpea-containing products, as well as
for food processed under fermentation, soaking, extrusion, cooking, boiling and microwave heating
conditions. These cooking processes do not affect the allergenic potential of protein extracts, while
the autoclaving process drastically reduces the binding capacity of antibodies tested with serum from
atopic patients [53–55]. This may be due to the conformational epitopes disappearing in these proteins
under these processed conditions.

The main factors with a significant influence in the allergen analysis with ELISA methods are
food matrices, the level of food processing and the ELISA test kit selection [56]. The current study
analyzed the different foodstuffs (Tables 1 and 2), which were differentially processed. The ELISA
method was able to detect, specifically identify and quantify Lup an 1 allergen: toasted [bread
(8.1250 ± 0.1701 ng)], fermented [Lupinen—Tempeh (152.9862 ± 7.3353 ng)], Pickle [Pickled lupin
(293.5833 ± 11.0853 ng)], Pasteurized [Lupinen drink (59.8660 ± 0.8389 ng)], and cooked [BOLOGNESE
SAUCE (3.8890 ± 0.2599 ng)] foodstuff. Furthermore, a previous study indicated that boiling affected
the allergenicity of legumes, particularly soy (Alvarez-Alvarez et al., 2005). Despite this fact, this
study was able to detect and quantify Lup an 1 in boiled lupin based foodstuffs like Lupinen-tempeh
(152.9862 ± 7.3353 ng) and LupinenBurger-Mediterranean (129.1667 ± 3.6839 ng).

Allergy reactions to lupin seed proteins are often triggered in atopic patients sensitized to proteins
from other legumes, such as pea, lentil, soya, chickpea and peanut [5,21,57]. These allergy reactions
arise against seed storage proteins from the Leguminosae family included in foodstuffs, since these
proteins share similar epitopic regions in these different legume seed proteins. In this regard, atopic
patients sensitized to one legume allergen protein might develop cross-reactions to proteins from
another legume [58,59]. The most frequently described and important cross-reactivity from a clinical
point of view is between lupin and peanuts [5]. Additional cross-reactivity between lupin and other
legumes (lentil, pea) has been also reported, but in low percentages in children [5,57]. Furthermore, at
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a molecular level, lupin IgE cross-reactivity has been reported for peanut, soya, lentil, chickpea and
bean [5]: Lupin sensitized patients were reported to develop cross-reactivity between 59–72% [13,20,60]
and 52–55% [20,60] for soya bean and pea, respectively. Allergy reactions to peanuts are currently the
most frequently identified legume allergy, followed by soya bean [57].

In this regard, a high specific and reliable method to detect the presence of other legume proteins is
of crucial importance in order to avoid the development of cross-reactivity allergy reactions. The method
developed in the current study was able to detect the lupin main allergen Lup an 1 with high specificity
compared to other previous methods. However, the method may show false negative results as a
consequence of the low antibody specificity and/or the absence of detection of allergen proteins that
were not extracted in enough quantity by these alternative previously developed methods. On the
other hand, false positive results as consequence of the use of a non-high specific antibody developed
against a whole protein extract may not have clinical relevance. This may further lead to cross-reactivity
between the antibody and the target protein from a related species with similar detection results (lack of
specificity), and in the end, this scenario has notable consequences for the quality of life of people.

In the current study, lupin cross-reactivity with other legumes could be clinically relevant. For that
reason, the authors developed an accurate, reliable, and highly specific method to detect, identify and
quantify the main lupin allergen Lup an 1 that may be responsible of cross-reactivity with other legume
proteins [11,21,22,36]. The high specificity of our anti-β-conglutin antibody is capable of avoiding false
positives as a result of the cross-reactivity (Table 2). An analysis of different food products containing
multiple legume proteins, such as peanut butter, chickpea, lentil, faba bean, even cereals resulted in the
negative detection of homologous proteins to Lup an 1. In comparison, other ELISA methods previously
developed showed low specificity of their antibodies used in the ELISA methods, since cross-reactivity
showed with other legumes: Either with pea, chickpea, peanut, lentil, and soy [45], with brown bean
and fenugreek (Holden et al., 2007); black bean and soy [46]; or even with non-legume proteins such as
sunflower seed, cashew, almond, and pumpkin seed [61]. Furthermore, Koeberl et al. [48] used three
available commercial kits to analyze cross-reactivity between lupin and other legume proteins finding
that all peanut samples tested showed cross-reactivity on ELISA test kit B and C [48]. In addition,
cross-reactivity was also described for the entire lentil samples analyzed, thus promoting false positive
results in all analyzed legume samples. These results highlight the importance of transparency in the
information provided by developed kits, at least in the characteristics of ELISA antibodies and protocols
for their production, and further for the proteins extraction protocols implemented in these kits. This
could lead to more uncertainty about the link between the food allergen protein identification and
quantification, with the development of clinical therapies.

4. Conclusions

A newly developed ELISA assay was assessed for its capability to detect, identify and quantify
the lupin main allergen β-conglutin protein (Lup an 1) in natural products and processed foodstuffs
(toasted, boiled, fermented, cooked, pickled, pasteurized lupin-based products). Cross-reactivity was
tested using peanut and other legumes, obtaining negative results.

The standards were made using recombinant purified β-conglutin proteins, showing a highly
specific method for particular allergen proteins compared to previous developments. This fact highlights
the importance of particular molecular tools to develop a more reliable and highly specific analytical
method for food allergen protein detection. This recombinant protein could constitute an available
improvement for the quantification of food allergens, which should be approved as (certified) reference
material for food allergens identification helping to implement the labelling mandatory EU regulations
and as relevant proteins for clinical allergy research.

Finally, this study demonstrated that this ELISA method is based on accurate and reliable molecular
tools, which can contribute to a more effective management of allergens by the food industry, the
regulatory agencies and clinicians, thus helping to protect the health of sensitized/allergic consumers.
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Abstract: Several analyses of allergen levels have been reported as part of the safety assessment
of genetically modified (GM) soybean; however, few comprehensive analyses have included new
allergens. Thus, in this study the levels of eight major soybean allergens, including Gly m 7 (a newly
reported soybean allergen), were semi-quantitatively detected in six GM soybeans and six non-GM
soybeans using antigen-immobilized ELISA and immunoblotting. We also analyzed the IgE-reactivity
to these soybeans through immunoblotting, using sera from three soybean-allergic patients. The results
showed that there were no significant differences in the levels of the major soybean allergens in the
GM and non-GM soybeans. Moreover, there were no significant differences in the serum IgE-reactive
protein profiles of the patients, as analyzed using immunoblotting. These results indicate that,
in general, CP4-EPSPS-transfected GM soybeans are not more allergenic than non-GM soybeans.

Keywords: soybean; allergens; allergenicity; genetically modified; Gly m 7

1. Introduction

Food resource problems associated with climate change, environmental destruction,
and population growth are of increasing concern. As a means to overcome these concerns, scientists
have developed “genetic modification technology”, which alters the properties of agricultural products.
Using this technology, genetically modified (GM) crops have been developed that are not only more
resistant to herbicides but also contain beneficial traits such as drought tolerance, delayed ripening,
bacterial disease resistance, high oleic acid levels, and pest resistance, to prepare for an increase in global
demand [1–4]. The total area of cultivation of GM crops has increased worldwide, to 189,800,000 ha
in 2017, with four major GM crops: soybeans (50%), corn (31%), cotton (13%), and rapeseed (5%) [5].
Soybeans are not only used as a raw material for soybean oil but are also widely used as foods such as
tofu, fermented soybeans (natto), miso, soy sauce, and soy milk, and as additives in various processed
foods in the form of soy protein isolate (SPI).

However, ingestion of soybeans can cause allergic reactions, and various soybean allergens have
been identified to date [6]. Soybean allergies can be divided into class 1 food allergies and class 2 food
allergies based on differences in sensitization routes [7,8]; 7S globulin (Gly m 5) [9,10], 11S globulin
(Gly m 6) [11], Gly m 7 [12], Gly m Bd 30K [13,14], Kunitz-type trypsin inhibitor [15], oleosin [16], etc.
have been identified as class 1 food allergens causing class 1 allergy. It has been reported that these
allergens mainly cause systemic symptoms such as urticaria, diarrhea, vomiting, atopy, and anaphylaxis.
Gly m 3 (profilin) [17,18] and Gly m 4 (starvation-associated message 22: SAM22) [18–21] from soybeans
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have been reported as class 2 allergens causing class 2 allergy (i.e., pollen–food allergy syndrome
[PFAS]). Both Gly m 3 and Gly m 4 are homologues of Bet v 2 and Bet v 1, which are birch pollen
allergens that mainly cause oral allergy syndromes (OASs) [18], although severe cases of anaphylaxis
with facial swelling, airway narrowing, and breathing difficulties have also been reported [8].

Analyses of variation in the relative levels of known endogenous allergens is required to verify
whether genetic transformation or transgenes adversely affect human health and whether the level of
endogenous allergens is altered by genetic modification. Therefore, studies using sera from soybean
allergy patients with IgE antibodies have been conducted using GM soybeans and non-GM soybeans.
Lua et al. conducted an IgE-immunoblot and IgE-ELISA using GM soybeans and a closely related
variety of non-GM soybeans; they found that GM soybeans had similar allergenicity to non-GM
soybeans and identified no changes in the immunoblot results attributable to genetic modification [2].
Kim et al. reported that IgE-inhibition ELISA using patient serum showed equivalent inhibition in
both non-GM soybean and GM soybean extracts, with IgE-immunoblots detecting the most 33 kDa
bands in 50% (7/14) of the sera tested and in lanes applied with GM soybean extract and non-GM
soybean extract, which were identical to P34 proteins (Gly m Bd 30K). They also argued that the
allergenic risk of GM and non-GM soybeans is the same as the allergenic risk of wild-type soybeans
because no specific IgE antibodies were detected against the recombinant protein that was genetically
integrated into the soybeans, EPSPS (5-enolpyruvylshikimate-3-phosphate synthase) [22], which confers
resistance to the herbicide glyphosate [23,24]. Tsai et al. also reported no significant differences in
Gly m 4 levels in non-GM soybean cultivars and GM soybeans (transfected with EPSPS genes and
CaMV 35S promoters) [25]. In addition, there are several reports describing the allergen levels of GM
crops [26–31]. Thus, while some studies have explored the allergenicity of GM soybeans, there have
been no studies focusing on a wide variety of soybean allergen components, and none that explore
differential allergenicity of Gly m 7, a recently discovered soybean allergen. Therefore, in this study, to
update the allergenicity assessment of GM soybeans, we analyzed the variability of various soybean
class 1 food allergens and soybean class 2 (pollinosis-related) food allergen levels in GM soybeans and
non-GM soybeans in vitro and compared the patterns of IgE-binding proteins using sera from soybean
allergenic patients.

2. Materials and Methods

2.1. Materials

Horseradish peroxidase (HRP)-labeled anti-rabbit and anti-mouse IgGs were obtained from
Thermo Fisher Scientific (Waltham, MA, USA), and HRP-labeled anti-guinea pig IgG was obtained
from Jackson ImmunoResearch (West Grove, PA, USA). HRP-labeled anti-human IgE was obtained
from Kirkegaard and Perry Laboratories, Inc. (Gaithersberg, MD, USA). ECLTM Western blotting
reagent and HyperfilmTM-MP X-ray films were obtained from GE Healthcare (Piscataway, NJ, USA).
PVDF membrane (ImmobilonTM-P) was obtained from Millipore (Billerica, MA, USA).

2.2. Soybean Sample Extraction

GM soybeans and non-GM soybeans (controls) were obtained from an anonymous seed company.
Each sample (approximately 2.5 g) was mixed with distilled water (25 mL), soaked at room temperature
(25 ◦C) for 4 h, and crushed for 30 s in a mixer. Thereafter, the mixture was squeezed with quadruple
gauze to obtain a protein extract. The extract was diluted 20- and 800-fold with distilled water for
detection of the allergen levels.

2.3. Immunochromatography

To confirm genetic modification of the GM soybean samples, the transgene CP4-EPSPS (EPSPS
derived from Agrobacterium CP4 strain) was detected using the Reveal for CP4 Strip Test Kit (Neogen)
according to the instruction manual.
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2.4. Electrophoresis and Immunoblotting

The extracted soybean proteins were subjected to SDS–PAGE. Proteins in the 12.5% gel were stained
with Coomassie brilliant blue (CBB) (CBB R-350, GE Healthcare) to visualize the total protein patterns.
The immunoblotting analysis was conducted by transferring the SDS–PAGE gel to an Immobilon-PTM

PVDF membrane (Millipore) using a semi-dry blotting method [32]. The membrane was incubated in
10 mM PBS (pH = 7.5) containing 0.1% Tween-20 (PBST) and 5% skim milk for blocking. The membrane
was then incubated for 1 h at room temperature (25 ◦C) in a blocking buffer containing allergen-specific
antibodies. After the membranes were washed four times with PBST for 10 min, the bound primary
antibodies were detected by using HRP-conjugated goat anti-rabbit, anti-mouse, or anti-guinea pig
IgG and an ECLTM Western blotting kit (GE Healthcare). The resultant chemiluminescent signals
were detected on X-ray film (HyperfilmTM MP, GE Healthcare). Immunoblotting experiments were
performed three times, and band densities were determined using Alpha EaseTM software (Alpha
Innotech, San Leandro, CA, USA). The immunoblot results were expressed relative to the value of the
control No. 1 sample (C1).

2.5. Antibodies Against the Major Soybean Allergens

Mouse monoclonal antibody against Gly m Bd 30 K [6] was kindly provided by Dr. Tadashi Ogawa
(Professor Emeritus at Kyoto University). The rabbit polyclonal antibodies against Gly m 5 (7S globulin;
β-conglycinin; α′, α, and β subunits) were obtained as previously described [33]. The mouse polyclonal
antibodies against Gly m 6 (11S globulin; glycinin) were obtained by immunizing mice with purified
11S globulin in our laboratory. The rabbit polyclonal antibodies against Gly m 4 were obtained by
immunizing rabbit with recombinant Gly m 4 in our laboratory. The rabbit polyclonal antibodies
against oleosin were also obtained by immunizing rabbit with purified oleosin in our laboratory.
The guinea pig polyclonal antibodies against Gly m 3 were also obtained by immunizing guinea
pigs with recombinant Gly m 3 in our laboratory [34]. The rabbit antibody against soybean trypsin
inhibitor was obtained from Rockland (Gilbertsville, PA, USA). Gly m 7 is a seed biotinylated protein
with a single binding site for biotin. Two methods were used to detect Gly m 7: rabbit-derived
peptide antibodies (unpublished data) that can detect the peptide moiety of Gly m 7, and HRP-labeled
streptavidin that binds specifically to biotin. The specific reactivities of these antibodies have been
confirmed in our previous studies. The soybean allergens detected in this study are listed in Table 1.

Table 1. Various soybean allergens detected in this study.

Allergen Name Molecular Mass (kDa) Features References

Soybean food allergens (class 1 food allergens)

Gly m 5 (7S globulin) 72, 68, 50 Major storage protein, glycoprotein [9,10]
Gly m 6 (11S globulin) 34, 20 Major storage protein [11]

Gly m 7 76 Seed-specific biotinylated protein (SBP) [12]
Gly m Bd 30K (P34) 34 (30) Homologous to papain [13,14]

Kunitz-type trypsin inhibitor 18 trypsin inhibitor [15]
Oleosin 22–24 Oil body associated protein [16]

Pollen-related soybean allergens (class 2 food allergens)

Gly m 3 14 Profilin, Bet v 2 homolog [17,18]

Gly m 4 17 PR-10 family,
Bet v 1 homolog [18–21]

2.6. ELISA Using Allergen-Specific Antibodies

ELISA was used to evaluate the allergen levels of non-GM (control) and GM soybeans. ELISA
plates were coated with sequentially diluted (100- to 1,000,000-fold diluted) soybean extracts. After
sample coating, plates were blocked with Blocking one (nacarai tesque, Kyoto, Japan, dilution 1:5) for 1
h at room temperature (25 ◦C) and then washed with PBST three times. Next, diluted allergen-specific
antibodies were added to the wells, and samples were incubated for 1 h at 37 ◦C. Plates were
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then washed with PBST five times and HRP-labeled secondary antibodies were added to the wells.
Plates were then incubated for 1 h at 37 ◦C and then washed with PBST five times. The bound
HRP-labeled secondary antibodies were visualized by reaction with 100 μL of tetramethylbenzidine
(TMB) peroxidase substrate (KPL, Gaithersburg, MD, USA) for 5–15 min. The reaction was stopped by
adding 100 μL of 1 M phosphoric acid to provide a stable endpoint color. The absorption was measured
at 450 nm using an ARVOsx-1 1420 multilabel counter (PerkinElmer Life Sciences, Boston, MA, USA).
Measurements were performed three times, and the mean absorbance values were calculated.

2.7. Detection of IgE-Binding Proteins using Patient Sera

A total of 3 commercially available soybean allergy patient sera were purchased from Kokusai Bio
Co., ltd (Tokyo, Japan). The patients were all soybean class 1 food allergy patients from the United
States. Immunoblotting and ELISA were performed using patient sera. HRP-labeled anti-human IgE
antibody was used as a secondary antibody. The detected IgE-binding protein bands were exposed to
X-ray films and captured by a scanner; band densities were determined using Alpha EaseTM software
(Alpha Innotech, San Leandro, CA, USA).

2.8. Statistical Analysis

Results are expressed as the mean ± standard deviation (SD). Data was analyzed by Student’s
t-test with Excel Statistics software (SSRI Co., Tokyo, Japan). P value < 0.05 was considered
statistically significant.

3. Results

3.1. Confirmation of Genetically Modified and Non-Genetically Modified Soybeans

Proteins were extracted from 12 kinds of soybeans including six kinds of GM soybeans and six
kinds of non-GM soybeans. Detailed information about each GM and non-GM soybean cultivar was
not available for blind testing. However, these soybeans were all popular cultivars in the world.
Immunochromatographic analysis of soybean extracts detected CP4-EPSPS in all six kinds of GM
soybeans, confirming that the samples were GM soybeans, and did not detect CP4-EPSPS in all six
kinds of non-GM soybeans (Figure 1a). SDS–PAGE of protein extracts from GM soybeans and non-GM
soybeans as visualized by CBB showed no obvious differences (Figure 1b). Immunoblotting of the
soybean protein extracts using antibodies against CP4-EPSPS, the recombinant gene product, detected
CP4-EPSPS in the six GM soybean species but not in the six non-GM soybean species (Figure 1c).
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Figure 1. Characterization and confirmation of genetically modified (GM) and non-genetically modified
(non-GM) soybeans. Indicated soybeans were extracted and subjected to immunochromatography
(a), SDS–PAGE followed by CBB (CBB R-350, GE Healthcare) staining (b), and immunoblotting for
detection of recombinant protein CP4-EPSPS (c). (C1–C6), non-GM soybeans; (G1–G6), GM soybeans.

3.2. Comparative Levels of Pollinosis-Related Soybean Allergens (Gly m 4 and Gly m 3) in GM-Soybean and
Non-GM Soybean Extracts

Pollinosis-related soybean allergens Gly m 3 and Gly m 4 were detected by ELISA and
immunoblotting in soybean extracts, as shown in Figures 2 and 3. Allergen content varied by
individual sample; however, no significant difference in allergen content was found between the
non-GM soybean and GM soybean groups for Gly m 3 or Gly m 4 by ELISA (Figure 2a,b, Figure 3a,b).
Immunoblotting analysis revealed unique bands at approximately 13 kDa and 17 kDa identifying
Gly m 3 (Figure 2c,e) and Gly m 4 (Figure 3c,e) in soybean extracts, respectively. No significant
difference in allergen content was found between the non-GM soybean and GM soybean groups for
Gly m 3 or Gly m 4 by immunoblotting (Figures 2d and 3d).
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Figure 2. Comparison of Gly m 3 levels in GM-and non-GM soybeans by ELISA (a,b) and
immunoblotting (c–e) using guinea pig-derived polyclonal antibodies. Soybean protein extracts
were evaluated by ELISA (a,b) and immunoblotting (c–e) for detection of Gly m 3 levels. The ELISA
data are presented in absorbance values (Abs). The individual data from six GM-and non-GM soybeans
(a,c) are presented as the mean ± SD of three independent replicates. The collated data (b,d) are
presented as the mean ± SD of all individual data points from the control (C1–C6, six non-GM soybeans)
or experimental (G1–G6, six GM soybeans) groups relative to the value of control number 1 (C1).
A representative immunoblot is also provided (e).

Figure 3. Comparison of Gly m 4 levels in GM-and non-GM soybeans by ELISA (a,b) and
immunoblotting (c–e) using rabbit-derived polyclonal antibodies. Soybean protein extracts were
evaluated by ELISA (a,b) and immunoblotting (c–e) for detection of Gly m 4 levels. The ELISA data are
presented in absorbance values (Abs). The individual data from six GM-and non-GM soybeans (a,c) are
presented as the mean ± SD of three independent replicates. The collated data (b,d) are presented as the
mean ± SD of all individual data points from the control (C1–C6, six non-GM soybeans) or experimental
(G1–G6, six GM soybeans) groups relative to the value of control number 1 (C1). A representative
immunoblot is also provided (e).
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3.3. Comparative Levels of Other Soybean Allergens in GM-Soybean and non-GM Soybean

As with Gly m 3 and Gly m 4, other soybean allergen levels in control (non-GM soybeans)
and GM soybeans were detected and compared relatively based on ELISA and immunoblotting
(Figures 4–9). There were no significant differences in levels of oleosin between the control (non-GM
soybeans) and GM soybean groups (Figure 4) as determined by ELISA and immunoblotting. Trypsin
inhibitor (Figure 5a–e) and Gly m Bd 30 K (Figure 6a–e) levels were also similar between the groups,
with no significant differences between the non-GM soybean and GM soybean groups. The major
storage protein, Gly m 5 (7S globulins), is composed of three subunits: α, α’, and β subunit. ELISA
results showed no significant differences in the banding intensity of Gly m 5 between the control and
experimental group (Figure 7a,b) and no significant differences in the banding intensities of each of the
three subunits (α + α’, and β subunit) by immunoblotting (Figure 7c–f). Additionally, the major storage
protein Gly m 6 (11S globulin) is composed of an acidic subunit (AS) and basic subunit (BS). There were
no significant differences in the levels of Gly m 6 between the control non-GM soybean and the GM
soybean groups as determined by ELISA and immunoblotting (Figure 8). Levels of Gly m 7, a recently
discovered soybean allergen, were also examined; there were no significant differences in Gly m 7
levels in the non-GM soybean and the GM soybean groups as determined by ELISA (Figure 9a,b) or by
immunoblotting using two different anti-Gly m 7 antibodies (Figure 9c–f).

Figure 4. Comparison of oleosin levels in GM-and non-GM soybeans by ELISA (a,b) and
immunoblotting (c–e) using rabbit-derived polyclonal antibodies. Soybean protein extracts were
evaluated by ELISA (a,b) and immunoblotting (c–e) for detection of oleosin levels. The ELISA data are
presented in absorbance values (Abs). The individual data from six GM-and non-GM soybeans (a,c) are
presented as the mean ± SD of three independent replicates. The collated data (b,d) are presented as the
mean ± SD of all individual data points from the control (C1–C6, six non-GM soybeans) or experimental
(G1–G6, six GM soybeans) groups relative to the value of control number 1 (C1). A representative
immunoblot is also provided (e).
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Figure 5. Comparison of trypsin inhibitor levels in GM-and non-GM soybeans by ELISA (a,b) and
immunoblotting (c–e) using a rabbit-derived antibody. Soybean protein extracts were evaluated by
ELISA (a,b) and immunoblotting (c–e) for detection of trypsin inhibitor levels. The ELISA data are
presented in absorbance values (Abs). The individual data from six GM-and non-GM soybeans (a,c) are
presented as the mean ± SD of three independent replicates. The collated data (b,d) are presented as the
mean ± SD of all individual data points from the control (C1–C6, six non-GM soybeans) or experimental
(G1–G6, six GM soybeans) groups relative to the value of control number 1 (C1). A representative
immunoblot is also provided (e).

Figure 6. Comparison of Gly m Bd 30K levels in GM-and non-GM soybeans by ELISA (a,b) and
immunoblotting (c–e) using a mouse-derived monoclonal antibody. Soybean protein extracts were
evaluated by ELISA (a,b) and immunoblotting (c–e) for detection of Gly m Bd 30K levels. The ELISA
data are presented in absorbance values (Abs). The individual data from six GM-and non-GM soybeans
(a,c) are presented as the mean ± SD of three independent replicates. The collated data (b,d) are
presented as the mean ± SD of all individual data points from the control (C1–C6, six non-GM soybeans)
or experimental (G1–G6, six GM soybeans) groups relative to the value of control number 1 (C1).
A representative immunoblot is also provided (e).
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Figure 7. Comparison of Gly m 5 levels in GM-and non-GM soybeans by ELISA (a,b) and
immunoblotting (c–h) using rabbit-derived polyclonal antibodies. Soybean protein extracts were
evaluated by ELISA (a,b) and immunoblotting (c–h) for detection of Gly m 5 levels. The ELISA data
are presented in absorbance values (Abs). The α- and α’-subunits of Gly m 5 were detected (c–e)
separately from the β-subunit of Gly m 5 (f–h). The individual data from six GM-and non-GM soybeans
(a–f) are presented as the mean ± SD of three independent replicates. The collated data (b,d,g) are
presented as the mean ± SD of all individual data points from the control (C1–C6, six non-GM soybeans)
or experimental (G1–G6, six GM soybeans) groups relative to the value of control number 1 (C1).
Representative immunoblots are also provided (e,h).
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Figure 8. Comparison of Gly m 6 levels in GM-and non-GM soybeans by ELISA (a,b) and
immunoblotting (c–h) using mouse-derived polyclonal antibodies. Soybean protein extracts were
evaluated by ELISA (a,b) and immunoblotting (c–h) for detection of Gly m 6 levels. The ELISA data
are presented in absorbance values (Abs). The acidic subunit of Gly m 6 was detected (c–e) separately
from the basic subunit of Gly m 6 (f–h). The individual data from six GM-and non-GM soybeans
(c,f) are presented as the mean ± SD of three independent replicates. The collated data (b,d,g) are
presented as the mean ± SD of all individual data points from the control (C1–C6, six non-GM soybeans)
or experimental (G1–G6, six GM soybeans) groups relative to the value of control number 1 (C1).
Representative immunoblots are also provided (e,h).

52



Foods 2020, 9, 522

Figure 9. Comparison of Gly m 7 levels in GM-and non-GM soybeans by ELISA (a,b) and
immunoblotting (c–h). Soybean protein extracts were evaluated by ELISA (a,b) and immunoblotting
(c–h) for detection of Gly m 7 levels. The ELISA data are presented in absorbance values (Abs).
Immunoblotting for Gly m 7 levels was performed using a rabbit-derived peptide-antibody (c–e) and
streptavidin–HRP for the biotin moiety of Gly m 7 (f–h). The individual data from six GM-and non-GM
soybeans (c,f) are presented as the mean ± SD of three independent replicates. The collated data (b,d,g)
are presented as the mean ± SD of all individual data points from the control (C1–C6, six non-GM
soybeans) or experimental (G1–G6, six GM soybeans) groups relative to the value of control number 1
(C1). Representative detections are also provided (e,h). ELISA and immunoblotting were performed
using animal-derived antibodies or streptavidin–HRP as described in Section 2.5.

3.4. IgE-ELISA and IgE-Immunoblotting using Patient Serum

The allergenicity of non-GM soybeans and GM soybeans was then compared by IgE-ELISA and
immunoblotting using the sera of three commercial soybean-allergic patients (Figures 10–13). Soybean
strains exhibited varying levels of allergenicity to serum IgE as determined by IgE-ELISA, but there
was no significant difference between the allergenicity of the non-GM soybean and the GM soybean
groups in the sera of all three patients (Figure 10). Furthermore, IgE-binding patterns were evaluated by
IgE-immunoblotting and analyzed both visually and by densitometric analysis. IgE-immunoblotting
revealed qualitative differences in IgE-binding patterns for different soybean strains in the sera of
different patients. For example, in patient serum 1, the peak densitometric intensities of IgE-bound
proteins were found at approximately 72 kDa, 37 kDa, and 18 kDa (Figure 11). In patient serum
2, the peak densitometric intensities of IgE-bound proteins were found at approximately 50 kDa
and 18 kDa (Figure 12). In patient serum 3, the peak densitometric intensities of IgE-bound proteins
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were found at approximately 75–50 kDa and 30 kDa (Figure 13). The peak densitometric intensities
of IgE-bound proteins should supposedly correlated with the molecular weight of major soybean
allergens, such as Gly m 5 and Gly m 6 (full list in Table 1). There were no qualitative differences
in the IgE-immunoblotting results of the non-GM soybean and the GM soybean groups for all three
patients’ sera; specifically, IgE-binding bands were not increased or decreased in GM soybeans
(Figures 11–13). These results indicate that the patient-serum IgE does not specifically bind to the
transgene product (CP4-EPSPS).

Figure 10. IgE-ELISA of GM-and non-GM soybeans using patient sera. IgE-ELISA performed using
sera from three soybean-allergenic patients is shown as follows: patient serum 1 (a,b), patient serum 2
(c,d), patient serum 3 (e,f). The collated data (b,d,f) are presented as the mean ± SD of all individual
data points from the control (C1–C6, non-GM soybeans) or experimental (G1–G6, GM soybeans) groups
for each serum sample.
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Figure 11. IgE-immunoblotting of GM-and non-GM soybeans using patient serum 1. A representative
IgE-immunoblot of GM soybeans (G1–G6) and non-GM soybeans (C1–C6) is shown (a). Immunoblots
were analyzed on each soybean sample once by densitometry and separated into non-GM soybean
(b) and GM soybean groups (c). The average IgE-immunoblot profiles of non-GM soybeans and GM
soybeans were calculated (d).

Figure 12. IgE-immunoblotting of GM-and non-GM soybeans using patient serum 2. A representative
IgE-immunoblot of GM soybeans (G1–G6) and non-GM soybeans (C1–C6) is shown (a). Immunoblots
were analyzed on each soybean sample once by densitometry and separated into non-GM soybean
(b) and GM soybean groups (c). The average IgE-immunoblot profiles of non-GM soybeans and GM
soybeans were calculated (d).

55



Foods 2020, 9, 522

Figure 13. IgE-immunoblotting of GM-and non-GM soybeans using patient serum 3. A representative
IgE-immunoblot of GM soybeans (G1–G6) and non-GM soybeans (C1–C6) is shown (a). Immunoblots
were analyzed on each soybean sample once by densitometry and separated into non-GM soybean
(b) and GM soybean groups (c). The average IgE-immunoblot profiles of non-GM soybeans and GM
soybeans were calculated (d).

4. Discussion

In immunochromatography, two lines specific to genetic recombination were detected from
six GM soybeans. Twelve soybean strains (six non-GM and six GM strains) were evaluated to
determine whether genetic modification affected expression of previously identified allergens or IgE
allergenicity. Immunoblotting using antibodies to detect the recombinant gene product CP4-EPSPS
revealed expression of EPSPS in the six GM soybean strains but not in the non-GM strains. These
results confirmed that all six GM soybean species used in this study had been genetically modified and
demonstrated that all six non-GM soybean species had not been genetically modified to express EPSPS
(Figure 1a–c). SDS–PAGE and CBB staining showed no visible differences in the protein expression
profiles of GM soybean and non-GM soybean groups as a whole; and it was speculated that no new
protein bands detectable at the CBB staining levels were found to be generated, increased, decreased,
or eliminated by the introduction of CP4-EPSPS.

One of the major storage proteins, Gly m 5 (7S globulin: β-conglycinin), consists of three subunits
(α subunit, approximately 68 kDa; α’-subunit, approximately 72 kDa; β-subunit, approximately
50 kDa); the α subunit was first identified as an allergen, and subsequent studies using IgE antibodies
from the sera of soybean-allergic patients revealed that the α’and β subunits were also allergens [35].
Structural homology between these three subunits is relatively high. Gly m 5, which is found in tofu,
a processed soybean food, is stable against pepsin-digestion, and has been reported to be responsible
for food-dependent exercise-induced anaphylaxis (FDEIA) [36]. Gly m 6 (11S globulin) is also known
to be a major soybean allergen [11]. Both Gly m 5 and Gly m 6 are seed storage proteins that account
for about 70% of all seed proteins [37]. In this study, we found that the allergen levels of these two
major seed storage proteins do not differ significantly between GM soybeans and non-GM soybeans.
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The newly discovered soybean allergen Gly m 7 is a unique seed-specific biotinylated protein
(SBP) that belongs to the late embryogenesis (LEA) protein family. It was discovered by Riascos et al.
in a study evaluating the allergenicity of boiled lentils. The authors generated full-length cDNA clones
encoding SBPs identified in lentils from developing soybean seeds and successfully expressed the
protein as His-tagged recombinant proteins (rSBP) in Escherichia coli. They succeeded in purification
of naturally-derived soybean SBP (nSBP-soy, later named Gly m 7) and confirmed IgE-positive and
basophil-stimulating effects between soybean and peanut-allergic sera, suggesting that Gly m 7 may
cause IgE-mediated allergic reactions [12]. In the present study, we detected and compared the levels
of this novel allergen by two methods (peptide-antibody and biotin-detection) and found no significant
differences between its expression levels in the GM soybean and non-GM soybean groups in either case.

Gly m Bd 30K is the predominant allergen found in soybeans. It is a 32 kDa protein also known as
the vacuolar protein p34 in soybeans. It has been identified as an oil-body associated component of
soybean seeds [13]. A Kunitz-type trypsin inhibitor was identified as a soybean allergen in 1980 [15]
and was reported to be an occupational inhalant allergen [38]. There were no significant differences in
protein levels between the GM soybean and non-GM soybean groups for any of these classical allergens.

The soybean allergen Gly m 4, which belongs to the pathogenesis-related protein10 (PR-10) family,
is a homolog of the pollen-antigen Bet v 1 of birch. Gly m 4 has been widely reported to cross-react
with food PR-10 proteins. Berkner et al. reported immunoblot inhibition assays using recombinant
(r)Gly m 4 indicating that rBet v 1 was most inhibited by IgE-binding to rGly m 4 (100%), followed by
rGly m 4, apple (rMal d 1), and cherry (rPru av 1) [21]. Gly m 3 (profilin) also cross-reacts with Bet v 2,
another birch pollen-antigen, and is an actin-binding protein present in all organisms (including plants
and animals), with more than 70% homology between Gly m 3 and Bet v 2. Rihs et al. reported that
there were common IgE-binding epitopes in rGly m 3 and rBet v 2 as determined by EAST (enzyme
allergosorbent test) inhibition assays using sera from non-soybean-allergic patients with cypress
pollinosis; furthermore, preincubation of sera with rGly m 3 completely inhibited IgE binding to rBet v
2 [17]. Quantification of Gly m 3 in some soy products by indirect ELISA was also reported [39].

The immunoblotting and ELISA assays in this study indicated that the levels of these two
pollinosis-related soybean allergens (Gly m 3 and Gly m 4) were not increased or decreased by genetic
modification (Figures 2 and 3). Interestingly, the levels of these two allergens have been reported to be
significantly increased by worm wounding [28]. In particular, since Gly m 4 is a pathogenesis-related
protein, it is known that its expression is induced by stresses such as disease. Therefore, it is suggested
that the level of these allergens is greatly affected by the cultivation environment. Our results suggest
that the level of PR protein is unlikely to be increased by the genetic modification process.

Next, IgE-binding was evaluated using the serum of three soybean-allergic patients in order
to evaluate the allergenic capacity of GM and non-GM soybeans from a clinical perspective.
The IgE-ELISA results showed no significant differences between the GM soybean and the non-GM
soybean groups when testing the sera of all three patients (Figure 10). IgE-immunoblotting revealed
qualitative differences in IgE-binding patterns for different soybean strains in the sera of different
patients. These IgE-binding proteins were supposed to be soybean-major allergens such as Gly m 5,
Gly m 6 (Figure 11a–c, Figure 12a–c, Figure 13a–c). There were no qualitative differences in the
IgE-immunoblotting results of the non-GM soybean and the GM soybean groups for all three patients’
sera, indicating that the allergen-candidate molecules did not differ between GM soybeans and non-GM
soybeans (Figure 11d, Figure 12d, Figure 13d). These results also indicate that patient-serum IgE does
not specifically bind to the transgene product (CP4-EPSPS).

Taken together, it was concluded that the CP4-EPSPS transfected GM soybeans used in this study
had similar allergen abundance levels and allergen reactivity to the non-GM soybeans. These results
are similar to other GM soybean allergenicity studies conducted thus far. In this study, we found that
GM technology did not increase or decrease the level of endogenous soybean allergen proteins, nor did
it induce the appearance of new soybean allergens. However, further investigation of the allergenicity
of GM soybeans will be necessary for more rigorous evaluation. Research on more soybean varieties,
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changes in allergenicity due to changes in the cultivation environment, and sensitization potencies,
as well as the allergen levels of GM- and non-GM soybeans should be considered.
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Abstract: Grain legumes are widely recognized as staple sources of dietary protein worldwide. Lentil
seeds are an excellent source of plant-based proteins and represent a viable alternative to animal and
soybean proteins for food processing formulations. Lentil proteins provide not only dietary amino
acids but are also a source of bioactive peptides that provide health benefits. This review focuses
on the current knowledge of seed protein, extraction and isolation methods, bioactive peptides,
and food applications of lentil protein. Lentil is the most rapidly expanding crop for direct human
consumption, and has potential for greater impact as a protein source for food processing applications.
Improvements in lentil protein quality, amino acid composition, and processing fractions will enhance
the nutritional quality of this rapidly expanding crop globally.

Keywords: Lens; protein; amino acid; legume; functionality; bioactive peptides

1. Introduction

The importance of food legumes in sustainable agriculture and food security is increasing
worldwide. Cultivation of food legumes delivers generous environmental and economic benefits
based on their ability to fix nitrogen to replace synthetic fertilizers and thereby reduce greenhouse gas
emissions. In contrast with animal-based protein, which has a huge environmental cost, seeds of grain
legumes are widely consumed as staple sources of dietary proteins. They are the main source of dietary
protein for over one billion people and provide opportunities for greater use in new plant-based protein
foods and animal feeds. Protein confers food value, handling properties, and gustatory qualities [1].

Cultivated lentil (Lens culinaris Medik.), one of the ancient crops, is a quick-cooking and nutritious
staple legume grown in more than 70 countries and consumed globally in whole, dehulled, and split
form [2]. Its seeds are lens-shaped and have a wide range of seed coat colours (green, tan, brown,
gray, white, and black) and patterns (marbled, dotted, spotted, complex, and unpatterned [3]). The
cotyledons can be yellow, red, or green. Red cotyledon lentils are a source of staple protein and
nutritious food in many parts of the Indian subcontinent and eastern Mediterranean regions, where
they are consumed mainly in dehulled form as split cotyledons [4]. The major commercial market
classes of lentil are red (based on cotyledon colour of dehulled seeds) and green (based on seed coat
colour). Large green lentils (with yellow cotyledon) are primarily marketed in Europe, and parts of the
Middle East and South America, mostly consumed as whole seeds [5].

Lentil seeds are typically rich in protein, dietary fiber, complex carbohydrates, and essential
micronutrients such as iron, zinc, and vitamin B complex [6]. Its seeds also have high antioxidant
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activity compared to other grain legume species mainly due to specific phenolic compounds [7].
Tahir et al. [8] reported only small differences between green and red lentils for protein concentration.

Lentil is in high demand globally and has, by far, the highest growth rate in consumption in
comparison to other major pulses (Table 1). Since the beginning of the green revolution (1960–1965),
the annual increase of production of faba bean and pea have not kept pace with the growth of the
human population (2.4% annual average growth). Chickpea and common bean have increased at the
same rate as population growth, while lentil production has grown at more than 10% per year, second
only to soybean. The main reason for the high growth rate is presumed to be the fast cooking time of
lentils relative to the other main pulses, in spite of the fact that lentil is often more expensive than most
of the other pulses.

Table 1. Global trends of production of selected annual pulse crops in comparison to increases in
soybean production and the global human population since 1960.

Crop Global Production Global Growth Trends

1960–1965 2012–2017

Annual
Mean (Mt)

% of
Total

Annual
Mean (Mt)

% of
Total

50 Years %
Growth

Annual %
Growth

Lentil 1.0 2.8 5.9 9.2 515 10.3
Faba bean 5.1 14.7 4.5 7.0 −12 −0.2

Pea 10.5 30.0 13.1 20.5 25 0.5
Chickpea 6.3 17.9 12.7 19.8 104 2.1

Common bean 12.1 34.5 27.9 43.5 132 2.6

Total pulses 1,2 34.9 100 64.2 90 84 1.7

Soybean (total) 28.6 319.0 1115 22.3
Soybean eaten 10.0 67.0 670 13.4

directly 3

People (1967) 4 3465 million 7600 million 119 2.4
1 Total includes only the pulses listed in table. 2 Source: FAOSTAT (Food and Agriculture Organization of the
United Nations) [9]. 3 Estimated direct human consumption. 4 Source: UN.

Nearly one third of the world’s population, particularly children in low-income countries, is
protein deficient [10,11]. The high protein content of lentil, its fast-cooking time, and increased
production are contributing to lentil gaining in importance as a staple food for combating human
protein malnutrition globally. There is a great need to accelerate genetic improvement for high-yielding
lentil cultivars with high quantity and quality of protein. This review focuses on the current knowledge
of lentil protein quantity and quality, and the gap between current knowledge, and what knowledge is
needed to alleviate nutritional and environmental concerns.

2. Protein Content

Like seeds of most cultivated legumes, lentils are a rich source of high-quality protein. Lentil
seeds contain on average about 26% crude protein (see Table 2). Several studies have reported genetic
variation for protein content in lentil seeds (Table 2). A Russian bulletin published in 1930 reported that
the protein content among lentil varieties varied from 27.5%–31.7% [12]. In the 1970s, an evaluation of
an extensive global collection of 1688 accessions of lentil for protein content, reported a greater range
of protein content from of 23.4%–36.4% [13]. A subsequent evaluation reported an even wider range
when a larger germplasm set (1816 accessions) was investigated [14]. Kumar et al. [15] reported a
lower average protein content for lentil with broader variability among lentil species.
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Table 2. Genetic variation and methods used measuring seed the crude protein content in cultivated lentil.

Protein Content
(Range, % DM 1)

Number of
Accessions

Environment Method Reference

27.5–31.7 - Russia A micro Kjeldahl Method Barulina [12]

23.4–36.4 1688 Egypt A micro Kjeldahl Method Hawtin et al. [13]

25.5–28.9 24 Lebanon and Syria NIR 2 using a Neotec model
FQA51 A analyzer

Erskine et al. [16]

19.6–29.8 and
18.6–30.2 829 and 987 Tel Hadya (Syria) NIR Hamdi et al. [14]

23.9–26.3 58 Australia A Kjeldahl N × 6.25 on an
oven-dry basis method Stoddard et al. [17]

23.0–32.0 - - - Hedley [18]

24.3–30.2 4 -
NIR using a NIR Systems 6500
analyzer calibrated against the

Dumas method
Wang and Daun [19]

23.8–29.3 22 Saskatoon, Canada
A Dumus Combustion method to
determine Nitrogen percentage

using a method in 46-30.01
Tahir et al. [8]

22.7–31.88 46 Turkey A Kjeldahl method AOAC,
Official Method of Analysis Karaköy et al. [20]

21.8–27.1 14 Italy A Kjeldahl method Zaccardelli et al. [21]

25.3–29.3 35 Saudi Arabia
A Kjeldahl method of Association

of Official Analytical Chemists
(AOAC)

Alghamdi et al. [22]

24.6–30.0 23 Multiple Multiple methods Heuzé et al. [23]

10.5–27.1 45 India A Kjeldahl method Kumar et al. [15]
1 DM, dry matter. 2 NIR, near-infrared reflectance spectroscopy.

3. Lentil Seed Storage Proteins

Seed storage proteins of lentil are located in the cotyledons, representing up to 80% of total proteins.
Seed storage proteins primarily provide nitrogen, carbon, and sulphur during seed germination and
seedling growth and development [24]. They are also involved in plant defence mechanisms, e.g., for
bruchids in legumes [25], and in antimicrobial activity (reviewed in Cândido et al. [26]). Seed storage
proteins are classifiable based on their solubility in different solvents. The first report of protein
components in lentil was that of Osborne and Campbell [27] who isolated globulins from lentil seeds.
Later, Danielson [28] grouped the globulins into two classes, 7S (vicilin and convicilin-type) and 11S
(legumin-like) based on their sedimentation coefficients. The predominant lentil storage proteins,
similar to other legume species, are salt-soluble globulins and water-soluble albumins (Table 3). Both
the globulins and albumins of lentils are heterogeneous [29–31]. Legumes in general contain relatively
large concentrations of globulins [32]. The 7S/11S ratio is an important characteristic for describing
seed nutritional quality [33] and is reported to be very high in lentil, close to three [31]. The ratio of
three in lentil is twelve-fold higher than in seeds of pea and Medicago truncatula. These results suggest
that lentil may meet certain criteria for specific end uses based on protein quality characteristics.
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Table 3. Summary of reported analyses of cultivated lentil seed storage protein fractions (%) based on
their solubility in different solvents.

Salt Soluble Water Soluble Acid Soluble Ethanol Soluble Reference

Globulins Albumins Glutelins Prolamins

44% 26% 20% 2% Saint-Clair [34]
47% 4% 15% 3% Bhatty et al. [35] 1

54% 20% - - Bhatty [36]

42% 11% 47% 2 - Neves and
Lourenco [32]

27% 61% 3% 2% Sulieman et al. [37]
70% 16% 11% 3% Boye et al. [38]

1 About a quarter of the meal proteins were not solubilized by the solvents. 2 Prolamins, glutelins, non-nitrogen
protein, and residual nitrogen. The quantitative data presented in this table are based on peptide bands and
their molecular weight on SDS-PAGE (sodium dodecyl sulfate–polyacrylamide gel electrophoresis). The albumin,
glutelin, and prolamin fractions contained 13, 4, and 10 polypeptides, with molecular weight (MW) of about 20,
17–46, and 16–64 kDa, respectively [39]. Globulins contain legumin- and vicilin-like proteins. The native globulin,
with a molecular weight of 375 kDa, has twelve polypeptides and MW ranging from 14–61 kDa [32].

Table 3 shows the reported high variation for each specific lentil seed storage fraction, particularly
for albumins. The variation may reflect genotypic variation in storage protein profiles, or the extraction
conditions employed in each individual study. For instance, Bhatty et al. [35] reported that, in addition
to the albumin proteins, direct extraction of lentil meal with water solubilizes some non-protein
nitrogen and may solubilize some salt-soluble proteins. Exhaustive extraction of the meal with a salt
solution followed by precipitation of the salt-soluble proteins by dialysis provides a better estimate of
this protein fraction.

Metabolic proteins (enzymes and structural proteins) are another major type of protein found
in lentil seeds. Several non-storage proteins such as enzymes involved in DNA replication, proteins
involved in various physiological processes and house-keeping proteins have been identified [31].
Sulieman et al. [37] showed that lentil protein fractions are altered quantitatively and qualitatively due
to cooking, and the effect was most pronounced in prolamin fractions.

4. Amino Acids (AA)

Cultivated lentil proteins, like those of other grain legumes, are rich in endogenous amino acids
(arginine, aspartic and glutamic acids, and leucine-more than half of total AA), low in some essential
amino acids (EAA) like threonine, methionine, phenylalanine, tryptophan, histidine, valine, isoleucine,
and leucine-excluding lysine), and poor in sulphur-containing amino acids (methionine and cysteine,
see Table 4). For the WHO/FAO/United Nations University [40]. AA requirement patterns also showed
low levels of both sulphur-containing amino acids and tryptophan in lentil seeds.

Table 4. Amino acid composition ± standard deviation (g/16 g N) in seeds of six major grain legumes.

Amino Acid Lentil 1 Faba Bean 2 Pea 3 Soybean 4 Chickpea 5 Common Bean 6 SEM 7

Alanine 4.2 ± 0.4 4.1 ± 0.2 4.3 ± 0.2 4.2 ± 0.3 4.1 ± 0.5 3.8 ± 0.3 0.07
Arginine 7.8 ± 1.0 10.2 ± 1.1 8.2 ± 0.7 7.4 ± 0.6 9.0 ± 1.2 6.5 ± 0.7 0.51

Aspartic acid 10.7 ± 1.1 11.0 ± 1.6 11.3 ± 0.5 11.3 ± 0.7 11.6 ± 0.7 10.6 ± 1.3 0.15
Cysteine 1.1 ± 0.3 1.4 ± 0.3 1.3 ± 0.3 1.3 ± 0.4 1.3 ± 0.1 1.1 ± 0.2 0.06

Glutamic acid 16.1 ± 2.6 16.7 ± 2.2 16.4 ± 0.7 17.8 ± 1.2 16.8 ± 2.2 15.6 ± 2.1 0.31
Glycine 4.1 ± 0.7 4.3 ± 0.2 4.3 ± 0.2 4.1 ± 0.4 3.6 ± 0.6 4.2 ± 0.5 0.10

Histidine 2.4 ± 0.5 2.6 ± 0.2 2.3 ± 0.3 2.6 ± 0.1 2.6 ± 0.5 2.7 ± 0.2 0.05
Isoleucine 4.1 ± 0.5 4.0 ± 0.4 4.1 ± 0.5 4.4 ± 0.6 3.8 ± 0.4 4.2 ± 0.3 0.09
Leucine 7.2 ± 0.4 7.7 ± 0.6 7.3 ± 0.8 7.5 ± 0.4 7.0 ± 0.4 7.5 ± 0.7 0.11
Lysine 6.7 ± 0.6 6.4 ± 0.1 7.6 ± 1.2 6.4 ± 0.6 6.5 ± 0.8 6.3 ± 0.5 0.19
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Table 4. Cont.

Amino Acid Lentil 1 Faba Bean 2 Pea 3 Soybean 4 Chickpea 5 Common Bean 6 SEM 7

Methionine 0.9 ± 0.2 0.7 ± 0.1 1.0 ± 0.1 1.3 ± 0.3 1.4 ± 0.3 1.0 ± 0.4 0.11
Phenylalanine 5.0 ± 0.6 4.2 ± 0.2 4.8 ± 0.5 4.8 ± 0.3 5.5 ± 0.5 4.4 ± 0.7 0.18

Proline 3.8 ± 0.4 4.1 ± 0.5 4.4 ± 0.9 5.1 ± 0.3 4.4 ± 0.4 3.8 ± 0.4 0.19
Serine 4.7 ± 0.7 4.6 ± 0.4 4.9 ± 0.5 5.1 ± 0.5 4.8 ± 0.9 5.2 ± 0.7 0.08

Threonine 3.7 ± 0.4 3.5 ± 0.2 3.8 ± 0.3 3.9 ± 0.4 3.7 ± 0.6 4.0 ± 0.2 0.07
Tryptophan 0.8 ± 0.1 0.9 ± 0.1 1.2 ± 0.6 1.4 ± 0.3 1.0 ± 0.1 1.1 ± 0.4 0.09

Tyrosine 2.5 ± 0.7 3.1 ± 0.3 3.3 ± 0.5 3.4 ± 0.6 2.9 ± 0.5 3.7 ± 0.6 0.18
Valine 4.7 ± 0.4 4.4 ± 0.4 4.5 ± 0.5 4.7 ± 0.5 4.0 ± 0.4 4.9 ± 0.5 0.13

1 Mean of data extracted from Kahn and Baker [41]; Chatterjee and Abrol [42]; Bhatty et al. [35]; Sosulski [43];
Bhatty and Christison [44]; Shekib et al. [45]; Pirman et al. [46]; Porres et al. [47]; Zia-Ul-Haq et al. [48], and
Grela et al. [7]. 2 Mean of data extracted from Kaldy and Kasting [49]; Bhatty and Christison [44]; Lisiewska et al. [50];
Schumacher et al. [51], and Grela et al. [7]. 3 Mean of data extracted from Bhatty and Christison [44]; Leterme et al.
[52]; Pownall et al. [53]; Schumacher et al. [51], and Grela et al. [7]. 4 Mean of data extracted from Kuiken et al. [54];
Tkachuk and Irvine [55]; Cho and Bayley [56]; Cavins et al. [57]; Wang and Cavins [58]; Zarkadas et al. [59], and
Sotak-Peper et al. [60]. 5 Mean of data extracted from Wang and Daun [61]; Alajaji and El-Adawy [62]; Wang et al.
[63]; El-Beltagi et al. [64], and Grela et al. [7]. 6 Mean of data extracted from Wu et al. [65]; Słupski [66] and,
Grela et al. [7]. The mean of AA for all species includes data from https://www.feedtables.com. 7 Standard error
of means.

Lentil has relatively a similar AA profile in comparison to other grain legume species (Table 4).
Principal component analysis (PCA) of the AA from the studied legume species (Figure 1) revealed lentil
and pea have very similar AA composition compared to other studied species and were characterized
by high lysine. Principal component 1 alone explained over 99% of total variation. Faba bean was
characterized by high arginine content. The PCA analysis also revealed that AA were grouped based
on their AA amount. The average AA composition of M. truncatula was found to be very close to pea
in various growing conditions [67]. Soybean and common bean had also similar AA profile (Figure 1).

Figure 1. Principal component analysis (PCA) of amino acid data (meta-analysis) from Table 2. The
biplot shows amino acid data and legume crops as vectors. Vectors that are close together are correlated
in terms of the observed amino acid pool for each crop. PCA analysis was employed to illustrate
relationships between amino acids and legume species using the R statistical package (R Development
Core Team, 2018, www.Rproject.org).
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Lentil protein is low in methionine (0.9%), especially when compared with animal-based proteins
(>2.2%, [68]). Methionine is typically lower in plant-based proteins compared with animal-based
proteins [69], and in general, plant proteins are only low in a few EAA. Combining plant proteins that
are lower in lysine and higher in methionine (e.g., wheat, rice and hemp) with plant proteins that are
higher in lysine and lower in methionine (grain legumes, including lentil) may balance the anabolic
properties of plant-based protein intake [68].

The main non-protein AAs in lentil seeds are trigonelline [70], erythro-γ-hydroxyarginine 2(S),
4(R)-4-hydroxyarginine [71], γ-hydroxyarginine, γ-hydroxyornithine, and homoarginine [72].

5. Wild Lentil Taxa Protein Properties

The genus Lens has seven closely related taxa, namely L. culinaris (cultivated lentil), L. orientalis,
L. tomentosus (primary gene pool); L. odemensis, L. lamottei, (secondary gene pool); L. ervoides (tertiary
gene pool); and L. nigricans (quaternary gene pools) [73]. Bhatty [74] reported similar protein content
for three wild lentil species from different gene pools (L. orientalis, L. ervoides, and L. nigricans) in
comparison to cultivated lentil (range of 24.2%–26.2%). However, a much wider range (18.1%–32.7%)
for protein content was reported recently for L. orientalis, L. tomentosus, L. odemensis, L. ervoides, and
L. nigricans. The highest protein content was found in the L. ervoides accession, ILWL 47, with 32.7%
protein content [15]. L. ervoides accessions also showed the highest variation compared to other
studied species.

With respect to the storage protein fractions, all the wild species except L. nigricans had greater
amounts of albumin and globulin than cultivated lentil. L. nigricans also had higher non-protein
nitrogen than L. orientalis and L. ervoides [74]. In contrast, Rozan et al. [70] findings indicated that L.
ervoides contained less non-protein AA than other Lens species.

The protein AA composition profiles of wild lentil species L. orientalis, L. ervoides, and L. nigricans
were identical and similar to cultivated lentil [74]. A more recent study revealed that L. orientalis seeds
had relatively higher AAsthan the other Lens species, including cultivated lentil [70].

6. Anti-Nutritional Factors Affecting Lentil Protein

Nutritional value of seed protein is determined primarily by the amount of anti-nutritional factors
(ANFs) and the AA digestibility [75]. Removal of ANFs is necessary to improve nutritional quality. In
general, whole lentils are low in ANFs. Lentil has relatively high tannin content compared to other
grain legumes [7]. Tannins are primarily located in the seed coat and can be removed by processing
(e.g., dehulling). Tannins can reduce protein digestibility by reacting with lysine and methionine
and making them available in a smaller amount during digestion [76]. Zero tannin lentils are now
available [77]. The zero tannin trait in lentil is controlled by a single recessive gene (tan) that results
in a phenotype characterized by green stems, white flowers, and thin and transparent seed coats, a
consequence of a major reduction in most of the seed coat polyphenols [78].

Trypsin inhibitors are low molecular weight proteins found in a wide range of plants including
legumes [79] that irreversibly inhibit physiological trypsin enzyme. They induce hypersecretion of
pancreatic enzymes (trypsin), thereby stimulating pancreatic hypertrophy, which leads to reduced
digestion and absorption of amino acids and, hence, their bioavailability [79–81]. The bioavailability
changes result in lower retention of nitrogen and sulphur, and impaired growth [82]. Trypsin inhibitor
content of lentil is significantly lower than other grain legumes excluding pea (e.g., [83–85]). The trypsin
inhibitors can be markedly reduced by soaking, cooking, and germination of lentil seeds [85].

7. Environmental Effects on Seed Proteins

The seed filling stage involves mobilization and transport processes required for importing
various seed constituents. Environmental stresses (such as drought) can impair seed filling due to the
disruption of metabolic pools downward of sucrose in starch synthesis [86], resulting in an increase of
seed protein. Studies in many crops report increased content of seed protein in response to drought
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stress, for example, in wheat [87,88], chickpea [89], and soybean [90,91]. In contrast, some other studies
reported reduction of protein content in response to other environmental stresses [92]. These differences
may be attributable to the intensity and duration of stresses imposed on plants. Additionally, at the
beginning of seed filling stage under unfavorable conditions, proteins related to protection against
stress are probably synthesized (increasing protein content), whereas a reduction in protein content is
due to their hydrolysis and degradation.

In lentil, heat stress is reported to reduce protein content (26%–41% [93]). Heat stress also
inhibited the accumulation of globulins, albumins, glutelins, and prolamins. Excluding proline, glycine,
alanine, isoleucine, leucine, and lysine, which increased under heat stress, the rest of the amino acids
significantly decreased [93]. The decrease in lentil storage proteins and most of the AA composition
profile resulting from high temperature stresses may be explained by the inactivity of biosynthetic
enzymes [94], and by changes in nitrogen content [95]. The increase in some AA (e.g., proline and
glycine) under stress conditions may be the effects of osmoregulation mechanisms [96]. Further
investigation is required to determine the impacts of environmental stresses on protein content, protein
fractions and AA composition, especially in legume crops such as lentil.

8. Yield and Protein Relationships and Stability

For lentil breeders, a major challenge is the simultaneous increase of both yield and protein
content while maintaining progress in the development of resistance to biotic and abiotic stresses.
Hamdi et al. [14], using two large sets of ICARDA lentil germplasm (829 + 987 accessions), found
negative correlation between seed protein content and seed yield. They also reported high heritability
(0.84) for protein content. Erskine et al. [16] showed the same trend in lentil for a smaller germplasm
set. Later, Stoddard et al. [17] showed lack of correlation between protein and yield. More recently,
Lizarazo et al. [97] reported negative relationships between protein concentration and seed yield in 14
lentil cultivars grown in a boreal growing environment. This may suggest that independent selection
of both characters during breeding is challenging, i.e., the rate of gain in one trait being reduced by
that in the other.

Barulina [12] indicated that the protein content varied little across locations among lentil accessions.
Similar results are reported for lentil from different authors [17,35,97] and for other legume crops
(e.g., [67,98]). These observations suggest there is low G × E interaction for protein content and AA
composition. This supports the hypothesis that the nitrogen fixing ability of legumes makes their
protein concentration relatively stable across environments [17]. It is known that the protein content
of the seed is highly affected by soil nitrogen level, so in legumes the Rhizobium bacteria may greatly
enhance the percentage seed protein. For example, Ivanov [99] reported large differences between
seed protein content of non-inoculated and inoculated chickpea plants, 12.6% and 31.2%, respectively.

9. Agronomic Protein Yield of Lentil

Protein yield is calculated as protein fraction × grain yield. In lentil, a value of 0.33 t ha−1 protein
was reported by Erskine et al. [16]. Khatun et al. [100] reported 0.2 t ha−1 for lentil protein yield grown
in Bangladesh. Lizarazo et al. [97] reported protein yield of 0.4 t ha−1 for lentil grown in northern
Europe, which was less than that for faba and (1.6 t ha−1) and narrow-leafed lupin (1.1 t ha−1). In pea,
protein yield has been reported at 0.7 t ha−1 [101] and 0.9 t ha−1 [102].

The potential protein yield of lentil in specific environments has most likely not been fully
explored due to limitations imposed by the narrow genetic base of most lentil breeding programs,
which are not able to fully exploit the genetic potential due to adaptation bottlenecks. With the recent
increasing emphasis on genomics within breeding programs, it may be possible to more fully explore
the genetic potential for improvements in protein quantity and quality. The AGILE (Application of
Genomic Innovation in the Lentil Economy) project (https://knowpulse.usask.ca/study/2675314), which
evaluated phenotypic influences of temperature and photoperiod of 324 diverse lentil genotypes in
replicated trials in the three main global agro-ecological regions of lentil production, may provide
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deeper understanding of aspects of protein quality and protein yield potential of lentil. Genomic
information of the 324 sequenced lentil genotypes grown across the three major agro-ecological zones
for lentil production may further provide the understanding of the underlying genetics of protein
quality and protein yield in lentil.

10. Seed Crude Protein Determination in Lentil

The two most prevalent protein determination methods, Kjeldahl and Dumas combustion, are
commonly used for grain and seed protein analysis in crops including lentil [12,17,19]. The methods
rely on the release of nitrogen from the amine groups found in the peptide bonds of the polypeptide
chains of protein. The traditional Kjeldahl method is based on oxidation to release nitrogen, while the
Dumas combustion method breaks down the bonds in the peptide chains, permitting the release of
nitrogen through complete combustion of the sample [103]. The released nitrogen content is multiplied
by a factor to measure protein content [104]. The factor varies between crop species depending on
nitrogen content of protein between 13% and 19%. For pulses, the average nitrogen (N) content of
protein was found to be about 16%, which led to use the calculation N × 6.25 to convert nitrogen
content into protein content [105].

In a series of experiments, most researchers employed a Kjeldahl method to determine crude
protein in lentil. For example, Barulina [12] and Hawtin et al. [13] determined seed protein content in
lentil accessions using a macro–Kjeldahl (Table 2). Recently, different versions of a modified Kjeldahl
method were adopted to measure protein content in lentil seeds [15,17]. Although the Kjeldahl method
was more precise and frequently used to analyze protein, this method is under threat by the challenge of
safer, clearer, and faster instruments employed in the Dumas Combustion method [103] which resulted
in faster, safer, and more reliable data for protein content in seeds compared to the Kjeldahl method.
The Dumas combustion method was adopted to determine lentil seed protein content by Tahir et al. [8]
when they compared lentil protein with other pulses in Canada using AACC (American Association
of Cereal Chemists) method 46–30 to determine percent crude protein (CP; N × 6.25) through the
use of a LECO CNS-2000 Nitrogen Analyzer (LECO Corporation, St. Joseph, MI, USA, Model No.
602-00-500). A rapid test method using near–infrared (NIR) spectroscopy as a complement to current
protein determination using either the Kjeldahl or Dumas combustion method was also successfully
applied to estimate protein content in lentil seeds using a different model of analyzer [14,16,19]. Protein
measured through NIR was validated by calibrated value against measurements obtained through
either Kjeldahl or Dumas methods using representative samples. The NIR method was found to be a
rapid, low cost, and green complementary technique as it does not use chemicals and reagents [106].
NIR is a useful high throughput method for estimating protein content for lentil breeding programs
if calibrated curves are used to validate the method. The value of protein concentration using three
different methods in lentil research are illustrated in Table 2.

11. Protein Isolation Methods and Extraction

Lentils are traditionally consumed as whole seed, dehulled split seeds, or as footballs (cotyledons
remain attached) in salads and soups or stews commonly known as ‘dal’ [4,107]. Diverse and novel
applications are needed to identify ways to increase the use of lentils in the food industry. Nutritional
components in lentil seeds such as dietary fiber, starch and protein concentrates or isolates can be
extracted and separated [38]. These can be used as ingredients in the preparation of diverse value-added
food products.

Isolation or separation of seed proteins from pulses is possible using wet or dry processes [108–110].
Dry processes, such as pin milling and then air classification, are designed to differentiate fractions of
starch and protein based on size and density. Air classification separates milled lentils into a light to
fine fraction (the protein concentrate) and a heavy or coarse fraction (the starch concentrate) [111,112].
Protein concentrates produced by air classification through dry processes generally contain 38%–68%
protein [113,114]. In the past, air classification processes were well adapted to extraction of isolates of
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lentils and peas because of the large diameter and fairly uniform distribution of starch granules [112].
The dry method is a relatively easy and simple process, however, efficacy of separation is not high
enough to yield high protein concentration. Currently, the wet method for extraction is more widely
adopted for legume protein extraction [108]. The extraction of pulse proteins through wet methods
may be relatively easy and reliable, as they are highly soluble under alkaline and acidic conditions. In
wet methods, protein is extracted by solubilization in an alkaline solution by dispersing pulse flour
in water at pH 8–10, followed by stirring of the dispersion. Then, the insoluble material is removed
by centrifugation and proteins are recovered by adjusting the, supernatant pH to a value around 4.5,
where proteins are precipitated isoelectrically. The precipitation is usually carried out at the isoelectric
point of the protein at which its solubility is the lowest, which for lentil protein is around pH 4.5. The
final concentrate or isolated protein is then dried using spray-drum or freeze-drying methods [115].
Lentil isolates prepared with an alkaline process yield overall 80% of protein [108,116,117]. Many
researchers have used various wet fractionation methods to isolate lentil protein [108,109,116–118]
under single or multiple isoelectric pH conditions using diluted sodium hydroxide [36] (Table 5). For
example, Boye et al. [38] reported they extracted lentil protein isolates from red and yellow cotyledon
lentils using isoelectric precipitation at pH 9 and 25 ◦C using a 1:10 solid to solvent ratio, resulting
in protein concentrates between 78.2% and 88.6%. Similarly, Joshi et al. [119] extracted lentil protein
isolate by alkaline extraction at pH 8 using 1:10 solid to solvent ratio at room temperature when
they studied physicochemical characteristics of the isolated protein that obtained from three drying
methods (freeze, spray and vacuum drying). In another study, Kaur et al. [120] revealed that yield of
lentil protein isolate ranged from 81.7%–83.5% for Indian cultivars when they performed the protein
isolation using isoelectric precipitation pH 4.5. In contrast, Alsohaimy et al. [117] found the highest
protein recovery (93% and 100%) from lentil isolate at isoelectric pH of 12 with ammonium sulphate
and alcohol precipitation solvent, with a 5:100 solid to solvent ratio. They compared seven different pH
values ranging from 6 to 12 with three different protein recovery methods—isoelectric precipitation,
ammonium sulphate preparation, and alcohol precipitation. Similarly, Lee et al. [115] reported pH 9 at
30 ◦C as the optimum extraction condition for green lentil that yielded 56.6% protein, and pH 8.5 at
35 ◦C for red lentil that yielded 59.3% protein when they compared five pH levels (distilled water, pH
8, 8.5, 9, and 9.5) and four temperatures (22, 30, 35, and 40 ◦C). Johnston et al. [121] used a modified
isoelectric precipitation procedure by adjusting initial pH to 9 initially and then collecting lentil protein
isolate at pH 4.6 with 1:10 solid to solvent ratio. Cultivar, particle size of the flour, type of solubilizing
agent, temperature, and pH of extraction medium influenced the protein yield and quality [110].

Table 5. Conditions for wet fractionation methods for extraction of lentil protein in six recent studies.

Conditions for Lentil Protein Extraction % Protein Yield % Protein in Final Extracts Reference

pH: 6, 7, 8, 9, 10, 11, and 12
Temperature: room

Solid to solvent ratio: 5:100
80.0 21.5 Alsohaimy et al. [117]

pH: 8, 8.5, 9, 9.5
Temperature: 22 ◦C, 30 ◦C, 35 ◦C, and 40 ◦C

Solid to solvent ratio: 1:10
56.6–59.3 - Lee et al. [115]

pH: 9
Temperature: 25 ◦C

Solid to solvent ratio: 1:10
50.3–69.1 - Boye et al. [38]

pH: 8
Temperature: room

Solid to solvent ratio: 1:10
- - Joshi et al. [119]

pH: 4.6
Temperature: room

Solid to solvent ratio: 1:10
82.0 14.5 Johnston et al. [121]

pH: 8, 9 and 10
Temperature: room

Solid to solvent ratio: 1:10
70.3–85.7 12.3–16.5 Jarpa-Parra et al. [122]
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In addition to air classification, a new emerging dry fractionation method, triboelectrostatic
separation has emerged recently as a novel solvent-free approach to separate protein isolates in the food
industry [123–125]. This method relies on differences in dielectric properties of flour particles instead
of their size and density. The basic principle of this technique is that proteins can be electrostatically
charged more than carbohydrates, because of the ionizable N-terminus and C-terminus groups in
their amino acid residues [126]. Thus, an electric field can separate protein and carbohydrate rich
fractions depending upon their types and magnitudes of charge. Like air classification, the main
advantages of this method are that it does not use chemical reagents that render the concentrates unsafe
for consumption, or that induce changes in functional character. This method is more energy efficient
and effective than air classification because it effectively separates particles that are similar in size and
density, but different in charge. The major limitation of this approach is that different components may
exhibit similar charges under certain conditions, which reduces concentrate purity, and gravitational
force may cause airborne particles [125].

Triboelectrostatic separation of legume flours pneumatically conveys the milled particles through
tubes or fluidized/vibrating beds, thus imparting a positive or negative charge to the surface of
the constituent protein and carbohydrate particles depending on their tribo-charging behavior and
the contact medium. Upon contact charging, the oppositely charged particles are separated in a
strong electric field [126]. The amount of charge gained on a particulate from triboelectric charging
depends on factors such as surface conditions, area of contact, speed of rubbing, the materials
involved, and humidity [123]. Electrostatic separation methods have been widely used in the mining
and pharmaceutical industries, and the effectiveness of this approach is under investigation in the
legume industry. For example, the development of optimization of triboelectric bio-separation using
a single-stage separation of navy bean flour was successful [126]. Later, single- and multi-stage
tribo-electrostatic bioseparation processes for dry fractionation of protein concentrate found that the
two-stage approach resulted in a protein-rich fraction yield of 38% accounting for 60% of the total
protein which was a significantly higher than that of the optimized single-stage triboelectrostatic
separation [127]. Similarly, Jafari et al. [124] and Tabtabaei et al. [128] examined the physiochemical and
functional properties of navy bean protein concentrated using triboelectrostatic separation. They found
that electrostatically separated increased from 25.4% to 43.0% total protein yield of original navy bean
flour, the protein fractions protein fractions exhibited superior solubility, superior emulsion stability,
foam expansion and foam volume stability compared to the wet-fractionated navy bean protein isolate.
This method has been extensively explored for fractionation of protein isolated from navy bean and
other legumes, but there is limited information in the literature regarding the fractionation of protein
from lentil flour using triboelectrostatic processes. However, the variation in turbocharging behavior
of proteins and carbohydrates of flour extends its scope to protein isolation of lentil flours.

12. Bioactive Peptides

Food proteins not only provide dietary amino acids but also supply health benefits because of the
presence of bioactive peptides, short fragments of 2–20 amino acid residues that are encrypted and
inactive within the sequence of the precursor protein. Bioactive peptides play an important role in
human health, being released during digestion or food processing (enzymatic hydrolysis, cooking,
germination, fermentation, and ripening of foods), then absorbed in the intestine and transported to
target tissues where they exert specific physiological effects [129].

Proteins from pulses are considered a good source of bioactive peptides. As an example, lentil
convicilin was investigated as a source of bioactive peptides using the predictive tools in the BIOPEP
database (http://www.uwm.edu.pl/biochemia, see Supplementary Table S1). This storage protein
contains a total of 126 peptides encrypted in the amino acid sequence. The following array of
biological effects was reported: (i) inhibition of angiotensin I converting enzyme (ACE), dipeptidyl
aminopeptidase III and IV, calmodulin-dependent nucleotide phosphodiesterase (CaNPDE), and renin;
(ii) stimulation of the release of vasoactive substances and the uptake of glucose; (iii) antioxidant
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activity, and (iv) regulation of secretion of gastric mucosa. This fact encourages more research studies
exploring the biotechnological production of bioactive peptides from lentil proteins for functional food
or nutraceutical applications.

A few studies are reported with the aim of ensuring efficient peptide release from lentil proteins.
Critical processing parameters, such as pH, temperature and time require optimization, and the
enzymes or microorganisms used for peptide release require evaluation for efficacy, reproducibility
and stability. Enzymatic hydrolysis of lentil proteins has been performed using a wide number of
proteolytic enzymes including Savinase, Alcalase, Protamex, Neutrase, Flavourzyme, bromelain, and
papain [130,131]. Savinase® 16L was reportedly the most effective enzyme to produce bioactive
peptides from cultivated lentil concentrates [130].

Bioactive peptides derived from lentil proteins reportedly exhibit antihypertensive, antioxidant, and
antifungal activities. Table 6 summarizes the in vitro effect of protein hydrolysates and bioactive peptides
produced during gastrointestinal digestion, enzymatic hydrolysis, germination and fermentation of
different lentil-based raw materials. Most studies performed to date have shown that enzymatic
hydrolysis of lentil proteins by food grade commercial proteases (savinase, papain, alcalase,
flavourzyme, and bromelain), digestive enzymes (pepsin, trypsin, α-chymotrypsin, pancreatin)
or germination of lentil seeds (30–40 ◦C for 5 days) produce peptides with the ability to inhibit
angiotensin I converting enzyme (ACE, EC. 3.4.15.1) (see Table 6). ACE is a carboxypeptidase involved
in the cleavage of angiotensin I into angiotensin II, a vasoactive peptide that binds with receptors
on the vascular wall to cause vasoconstriction, therefore, inhibition of ACE may reduce systolic and
diastolic blood pressure [132].

Cultivated lentil proteins treated with Savinase® produce multifunctional peptides with dual
antioxidant and ACE inhibitory activities [133]. Three peptides were identified to have the highest
potencies for inhibiting ACE and delay oxidation of proteins in the presence of oxygen radicals in vitro
(LLSGTQNQPSFLSGF, NSLTLPILRYL, TLEPNSVFLPVLLH). The gastrointestinal digestion of these
peptides greatly improved their dual biological activity, indicating that smaller peptide fragments with
higher biological potency are produced at the gastrointestinal level. The antioxidant/antihypertensive
activity of lentil peptides was linked to the primary structure of the C-terminal heptapeptide [133]. In
particular, the ACE inhibition relies on the formation of hydrogen bonds between C-terminal residues
of peptides and residues of the ACE catalytic site. The ability of these peptides to inhibit ACE is
consistent with earlier studies showing that hydrophobic or aromatic residues or proline residue at the
C-terminus positively contribute to the improvement of ACE inhibitory potency [134].

Lentil proteins are also sources of antifungal peptides with potential application as ingredients in
the bakery industry. Recently, Rizzello et al. [135] produced a hydrolysate from a legume flour blend
consisting of lentil, pea and faba bean by the combination of fermentation with Lactobacillus plantarum
1A7 and enzymatic hydrolysis with Veron. Among the antifungal compounds of the hydrolysate,
four were identified as antifungal peptides derived from lentil lectin. These were purified to confirm
their capacity to inhibit the development of Penicillium roqueforti conidia at a minimum inhibitory
concentration of 7–9 mg/mL. Similarly, Wang and Ng [136] isolated a natural antifungal peptide from a
red lentil protein extract by chromatographic fractionation. It was able to inhibit 50% of the mycelial
growth of Mycosphaerella arachidicola at a concentration of 36 μM.

Although bioactive peptides have been identified and isolated from lentil for potential use in
functional food and nutraceutical applications, none are currently available in the market for human
use. The principal obstacle to the regulatory approval of health claims is the lack of in vivo studies
supporting the health and safety claims of bioactive peptides [137]. To overcome these challenges,
future research should focus more on generating data on the safety, efficacy, mechanisms of action,
interactions of bioactive peptides with other drugs, absorption, distribution, metabolism, and excretion
of bioactive peptides in clinical trials.
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13. Food Applications of Lentil Proteins

Lentil protein ingredients represent a viable alternative to proteins from animal-derived sources
and soybean, especially since the food industry aims to diversify their formulations because of
cultural, religious or ethical dietary restrictions, growing populations, availability, and cost reduction.
Although commonly sold as flours, lentil protein ingredients can also be further fractionated into higher
protein enriched flours (<60% protein), concentrates (60%–85% protein) or isolates (>85% protein).
Enriched flours and dry concentrates are usually produced by air classification methods [142], whereas
concentrates/isolates are produced using wet extraction processes, such as by alkaline extraction
followed by isoelectric precipitation [109]. These fractions are known to have good nutritional and
functional value. In terms of functionality, the method and conditions used to produce the ingredients
can have a big impact on their functionality within food applications.

13.1. Functionality

The majority of published studies have focused on the solubility and emulsifying properties
of lentil proteins. Solubility of lentil proteins relates to the balance between protein-solvent and
protein-protein interactions. Ladjal-Ettoumi et al. [143] reported a typical u-shaped pH-dependent
solubility profile that was comparable to pea and chickpea proteins, where proteins assume a high
surface charge away from their isoelectric point (net charge of 0 mV, pH 4.5) to promote more
protein-solvent interactions (e.g., +30 mV at pH 2, and −40 mV at pH 8). Minimum solubility
was found near the isoelectric point (~15%), and higher solubility at pH 2 and 8 (~65%). Can
Karaca et al. [144] found lentil protein isolates at pH 7 to have high solubility (91%) when produced
either from alkaline extraction-isoelectric precipitation or by salt extraction. Boye et al. [145] reported
lentil protein concentrates produced by alkaline extraction-ultrafiltration showed greater solubility
than those produced by alkaline extraction-isoelectric precipitation, with both showing the u-shaped
pH-dependent profile.

Lentil protein isolates have demonstrated excellent emulsifying properties. During emulsion
formation, proteins migrate to the oil-water interface and then rearrange to orient hydrophobic groups
towards the oil phase and hydrophilic groups towards the water phase, lowering interfacial tension.
Aggregation of absorbed proteins then creates a viscoelastic interfacial film to stabilize oil droplets from
coalescence and gravitational separation. Ladjal-Ettoumi et al. [143] and Chang et al. [146] reported
lentil protein-stabilized emulsions were most stable at pH levels away from their isoelectric point. Can
Karaca et al. [144] indicated protein isolates prepared by alkaline extraction-isoelectric precipitation to
have greater emulsion forming properties and stability than if salt extraction methods were used to
prepare the isolates. Primozic et al. [147] examined the stabilizing effects of high-pressure homogenized
lentil protein isolates relative to unmodified isolates. The authors found that homogenization acted to
reduce the particle size, hydrophobicity, and interfacial storage moduli of the lentil proteins relative to
unmodified proteins, but had no effect on their interfacial tension. Overall, modified lentil proteins
showed better physical stability for prepared emulsions than unmodified proteins. Gumus et al. [148]
showed that lentil protein-stabilized emulsions were also effective at inhibiting oxidative reactions
within fish oil-in-water emulsions.

Water holding and fat/oil absorption capacities relates to the amount of water or oil that a gram
of protein material can hold, and to the surface properties (hydrophilic vs. hydrophobic groups),
protein/aggregate conformation and solvent conditions used. Aryee and Boye [149] reported both
water holding and fat absorption capacities were improved with wet extraction (i.e., isolate), followed
by cooked flour and then raw flour. Boye et al. [145] indicated that red lentil protein concentrates
produced by alkaline extraction-ultrafiltration exhibited greater water holding and fat absorption
capacities than concentrates produced by alkaline extraction-isoelectric precipitation. Water holding
was similar to that of yellow pea, and greater than that of chickpea. Fat absorption capacity of red
lentil protein concentrates (produced from alkaline extraction-ultrafiltration) was much greater than
that of other pulses. In the case of foaming, proteins migrate to the air-water interface, re-align and
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aggregate similar as in emulsions, to form a viscoelastic lamella that entraps gas bubbles [39]. Toews
and Wang [150] reported that lentil protein concentrate produced the most stable foams and had the
highest foaming capacity in comparison to pea, navy bean and chickpea. Lately, investigation of the
foaming properties of the pulse cooking water (known as aquafaba) is gaining some interest as an
egg replacer [151]. This highlights an opportunity for food technologists to apply lentil proteins in
food applications.

13.2. Challenges

Like other pulses, lentil protein ingredients also have unwanted flavour compounds that limit
their widespread use. Numerous flavour reduction strategies are available to reduce these compounds
in pulses. For instance, Chang et al. [152] used various organic solvent (acetone, ethanol, and
isopropanol) treatments to reduce flavour compounds found in lentil protein isolates, however, this
resulted in negative effects on protein functionality. Shariati-Levari et al. [153] used infrared heating to
reduce flavour compounds in lentils, and Ma et al. [154] reported pre-cooking (roasting and cooking)
significantly reduced flavour compounds in green lentils.

13.3. Applications

Lentil protein concentrates have been used to replace eggs in production of protein-enriched
doughnuts [155], angel food cake, and muffins [156]. Lentil flour was used to make gluten-free
crackers [157], lentil flour with transglutaminase has been used as a binding agent to make
protein-enriched restructured beef steaks or beef patties [158,159], and lentil protein isolates have been
used as an emulsifier to produce salad dressings [160]. Lentil protein isolates have also been applied
as stabilizers for nano emulsion systems [147,161], as encapsulation agents for delivery of omega-3
rich oils [162,163], and in combination with zein, as anti-microbial films [164], and used to produce
nanofibers [165]. Keeping in mind the many technological functions of lentil proteins, niches are
emerging for their inclusion in functional foods, in nutraceuticals, or even in cosmetics.

14. Conclusions

Lentil is the most rapidly expanding pulse crop for direct human consumption, and has potential
for greater impact as a desirable protein source for food applications. Improvements in lentil protein
quality, amino acid composition, and processing fractions will enhance the nutritional quality of
this rapidly expanding pulse crop. Genetic strategies focused on increasing the concentration of
limiting amino acids are required in lentil. The potential of lentil wild species in breeding programs
by introgression of favourable genes for protein improvement may have potential as a long-term
breeding strategy.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/8/9/391/s1,
Table S1: List of peptides with bioactive potential encrypted in lentil (Lens culinaris Medik.) convicilin (see
http://www.uwm.edu.pl/biochemia).

Author Contributions: Conceptualization, H.K. and A.V.; writing—original draft preparation, H.K.;
writing—review and editing, H.K., M.S., M.N., C.M-V., J.F., and A.V.

Funding: This study received support from the Natural Sciences and Engineering Research Council of Canada
(NSERC) Industrial Research Chair Program, from the Saskatchewan Pulse Growers (SPG), and from Institute
of Food Science, Technology and Nutrition - Spanish National Research Council (ICTAN-CSIC, Madrid, Spain,
funded by project AGL2013-43247-R from AEI/FEDER UE) and from the Strategic Research Chair Program of the
Saskatchewan Ministry of Agriculture.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Krishnan, H.B.; Coe, E.B., Jr. Seed storage proteins. In Encyclopedia of Genetics; Science Direct: Amsterdam,
The Netherlands, 2001; pp. 1782–1787.

75



Foods 2019, 8, 391

2. Nosworthy, M.G.; Neufeld, J.; Frohlich, P.; Young, G.; Malcolmson, L.; House, J.D. Determination of the
protein quality of cooked Canadian pulses. Food Sci. Nutr. 2017, 5, 896–903. [CrossRef] [PubMed]

3. Vandenberg, A.; Slinkard, A.E. Genetics of seed coat color and pattern in lentil. J. Hered. 1990, 81, 484–488.
[CrossRef]

4. Vandenberg, A. Lentil: Improvement in developing countries. In The Lentil: Botany, Production and Uses;
Erskine, W., Muehlbauer, F.J., Sarker, A., Sharma, B., Eds.; CAB International: Oxford, UK, 2009; pp. 391–424.

5. Muehlbauer, F.J. Lentil: improvement in developing countries. In The Lentil: Botany, Production and Uses;
Erskine, W., Muehlbauer, F.J., Sarker, A., Sharma, B., Eds.; CAB International: Oxford, UK, 2009; pp. 137–154.

6. Khazaei, H.; Caron, C.T.; Podder, R.; Kundu, S.S.; Diapari, M.; Vandenberg, A.; Bett, K.E. Marker-trait
association analysis of iron and zinc concentrations in lentils (Lens culinaris Medik.) seeds. Plant Genome.
2017, 10, 1–8. [CrossRef] [PubMed]
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Abstract: Wattle seed (Acacia spp.) is a well-known staple food within indigenous communities in
Australia. A detailed investigation of the overall nutritional and sensory profile of four abundant and
underutilized Acacia species—A. coriacea, A. cowleana, A. retinodes and A. sophorae—were performed.
Additionally, molecular weight of protein extracts from the wattle seeds (WS) was determined.
The seeds are rich in protein (23–27%) and dietary fibre (33–41%). Relatively high fat content was
found in A. cowleana (19.3%), A. sophorae (14.8%) and A. retinodes (16.4%) with oleic acid being the
predominant fatty acid. The seeds contained high amounts of essential amino acids (histidine,
lysine, valine, isoleucine and leucine). A. coriacea is rich in iron (43 mg/kg), potassium (10 g/kg) and
magnesium (1.7 g/kg). Pentose (xylose/arabinose), glucose, galactose and galacturonic acids were the
major sugars found in the four species. Raw seeds from A. sophorae, A. retinodes and A. coriacea have
the highest protein molecular weight, between 50–90 kDa, 80 kDa and 50–55 kDa, respectively. There
was variation in the sensory profile of the WS species. This study showed that the four WS species
have good nutritional value and could be included in human diet or used in food formulations.

Keywords: wattle seed species; nutritional profile; sensory profile; gel electrophoresis

1. Introduction

As the world population increases and natural resources diminish, there has been a serious
concern on available sustainable nutritious foods [1]. In addition, a majority of people from developing
countries suffer from protein malnutrition, famine and different kinds of diseases due to inadequate
food supply and poor quality food [2]. In order to meet these continued population growth and
nutritional requirements, studies are required to examine and discover new sources of food. In the
past few years, researchers have focused on the use of underutilized plant products as human food
and animal feed [3–5].

The genus Acacia, commonly known as wattle, belongs to the family Fabaceae and it is a large
group of woody species comprising of shrubs. Acacia subgenus Phyllodineae are naturally the most
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common Acacia species found in Australia and are among the most promising native leguminous
plants [6,7]. These Acacias have been reported to exhibit significant potential to lower poverty in
semi-arid regions of Africa [8,9]. Moreover, the seeds from various Acacia species, which were used
traditionally as source of food by Australian Indigenous population, have been economically revived
as food additives, such as emulsifying and flavouring agents [10–12]. Acacia victoriae Bentham is the
most common species of Acacia with high water-soluble carbohydrates and protein contents and, thus,
have been reported to have significant functional properties in food systems [13,14]. Additionally,
Acacia plants have been frequently used to treat diseases, such as fever, leucorrhoea, throat infection,
diarrhoea and haemoptysis [15].

However, several Acacia species which are also widely cultivated by indigenous people in different
regions of Australia have not been fully utilized in food formulations or incorporated in human diets.
These includes A. coriacea and A. cowleana which occurs throughout Northern Australia as well as
A. retinodes and A. sophorae that are found in Southern and Southeastern Australia. These Acacia
plants, particularly A. retinodes, are mainly used for gum production and ornamental purposes [16].
Nevertheless, information on the nutritive value of these Acacia species is sparse which may limit
their use in foods. Therefore, this study investigated the overall nutritional value of seeds of these
abundant and native Australian Acacia species. Furthermore, the seeds were roasted and the molecular
weight profiles of protein extracts before and after treatment were examined. In addition, a preliminary
sensory profiling of the four wattle seed species was carried out. This study will provide information
on whether or not it is advisable to incorporate these seeds into the human diet and indicate the sensory
characteristics of these species.

2. Materials and Methods

2.1. Materials

Mature seeds of four different species of Australian Acacia species (A. coriacea, A. cowleana,
A. retinodes and A. sophorae) used in this study are shown in Figure 1. A. coriacea and A. cowleana
were sourced from NATIF Australian Native Superfoods, Fruits Herbs Spices and Mixes, Victoria,
Australia, and A. retinodes and A. sophorae were supplied by Valley Seeds Pty Ltd., Victoria, Australia.
The seeds from each species were separately ground using a coffee grinder (power: 200 W, time: 30 s)
and stored in the refrigerator until further analysis. Additionally, parts of the whole seeds were roasted
at 180 ◦C for 5 min and used to determine the molecular weight profile of the seeds protein extracts for
comparison with that obtained from raw seeds. All samples were analysed at least in duplicate and
the average for each parameter was reported.
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Figure 1. Four species of Australian wattle seeds—appearance and size comparison.

2.2. Proximate Analysis

The four different species of Acacia seeds were sent to Symbio Alliance Lab Pty Ltd., Eight Mile
Plains, Queensland, Australia. A complete proximate analysis was performed at this accredited
National Association of Testing Authorities (NATA) laboratory using AOAC [17] standard methods.
The following analysis were measured: moisture (AOAC 925.10) by air oven with a measurement of
uncertainty (MU) of ±15%, ash (AOAC 923.03), crude protein (AOAC 990.03) by Dumas combustion
with a MU of ±10%, crude fat (AOAC 991.36) with a MU of ±15% and dietary fibre (985.29) with a MU
of ±15%, carbohydrate and energy by calculation using information from the Food Standards Code.

2.3. Sugar Analysis

A combination of fast liquid chromatography coupled to UV and electrospray ionization trap
detection (LC-UV-ESI-MS/MS) was used for the quantification of various sugars [18]. The hydrolysis
was performed in duplicates by adding 6 mL of 2 M TFA to 12 mg of grounded Acacia seeds into 15 mL
glass tubes. The tubes were incubated in a heating block (VLM GmbH, EC-Model, Heideblümchenweg,
Bielefeld, Germany) for 90 min at 121◦C. After cooling to room temperature, the hydrolysates were
neutralized to pH ~8 by adding an aqueous solution of 3.2% NH4OH, since light alkaline conditions
are required for the subsequent derivatization of monosaccharides. A 25 μL of neutralized hydrolysate
supernatant were derivatized via the high throughput 1 phenyl-3-methyl-5-pyrazolone (HT-PMP)
method [18]. The calibration standards were diluted with neutralized TFA-matrix to compensate the
influence on the derivatization process. Each sample was derivatized in triplicates and the carbohydrate
fingerprint was analysed.

2.4. Fatty Acid Profiles

About 1 g of finely chopped seed samples were taken for initial extraction with chloroform and
methanol (2:1) followed by agitation at room temperature for 1 h and centrifuged for 5 min at 3500× g.
Fatty acid profiling was performed at the School of Agriculture and Food sciences, University of
Queensland laboratory. The GC-MS (Shimadzu QP2010, Shimadzu Coporation, Tokyo, Japan) was

87



Foods 2019, 8, 482

used at oven temperature of 100 ◦C, injector temperature 250 ◦C, total program time was 39 min, and
helium used as the carrier gas. The inlet pressure used for gas chromatography was 0.4 kPa, at linear
gas velocity of 42.7 cm/s, column (Restek stabilwax capillary column; 30 m × 0.25 mm ID × 0.5 μm
film thickness) flow 1.10 mL/min with a split ratio of 1:1 and injection volume of 0.2 μL. For mass
spectrometry, the ion source temperature used was 200 ◦C, the interface temperature was 250 ◦C and
the mass range was 35–500 atomic mass units. Identification of the compounds was done by comparing
their retention times and mass spectra with corresponding data from a standard food industry FAME
Mix (Restek Corporation, Bellefonte, PA, USA).

2.5. Amino Acid Analysis

The samples (100 mg per replicate) were first hydrolysed with 6 M HCl at 110 ◦C for 24 h.
As asparagine is hydrolysed to aspartic acid and glutamine to glutamic acid, the reported amount of
these acids is the sum of those respective components. After hydrolysis, all amino acids were analysed
at the Department of Molecular Science, Australian Proteome Analysis Facility, Macquarie University,
NSW, Australia, using the Waters AccQTag Ultra chemistry on a Waters Acquity UPLC. Samples were
analysed in duplicate and results are expressed as an average. The coefficient of variation (CV) of the
UPLC analysis of amino acids was less than 5%.

2.6. Mineral Analysis

A detailed description of method used for mineral analysis is outlined as described by
Carter et al. [19]. The ground seed samples were accurately weighed (0.3 g) into digestion Teflon
vessels and concentrated nitric acid (4 mL) was added. The samples were digested using a microwave
digestion system (MarsXpress, CEM, Matthews, NC, USA) programmed to three steps: step 1 (400 W
power, 85 ◦C, 14 min), step 2 (800 W power, 110 ◦C, 20 min), and step 3 (1600 W power, 160 ◦C, 10 min)
and the analysis was performed using inductively coupled plasma mass spectrometry (ICP-MS 7500a,
Agilent, Tokyo, Japan) and optical emission spectrometry (ICP-OES, Varian Australia, VIC, Australia).

2.7. Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

The SDS-PAGE analysis of lyophilized protein extracts from raw and roasted wattle seeds
were conducted at an accredited Protein Expression Facility (PEF), University of Queensland,
St Lucia, Queensland, Australia. The extracts were resuspended in PBS to a final concentration
of 2 mg/mL. Samples were loaded onto a 4–12% Bis-Tris SDS-PAGE gel and run under denatured and
reduced conditions, except where noted. Analysis was performed using a Bio-Rad Chemi-DocTM

XRS + imaging system.

2.8. Rapid Sensory Profiling

A sensory tasting session was carried out to develop sensory descriptors of four WS species:
A. coriacea, A. retinodes, A. sophorae and A. cowleana. Twelve trained assessors (nine females; three males)
with an average age of 50 years old participated in a two-hour session where they provided descriptors
for aroma, flavour and aftertaste. For sensory evaluation the seeds of the four species were roasted in
the oven for 7 min at 180 ◦C and ground when cooled. The wattle seeds were presented in two forms
for sensory evaluation: as ground seeds on their own and the ground seeds mixed with semolina paste
to make them more palatable for the assessors. One gram of ground seeds was presented for aroma
assessment in a 30 mL plastic cup covered with a lid and labelled with a three digit blinding code.
The ground seeds mixed with semolina where used to conduct a second assessment of aroma and to
assess flavour and after taste. Each assessor was presented with 6 g of 1:20 ground wattle seeds and
hydrated semolina mix in a 30 mL plastic cup covered with a lid and labelled with the same three digit
blinding code used for the non-mixed sample. Green apple and water were used as palate cleansers.
Upon completion of the session tasting component the panel leader facilitated session where sensory
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descriptors of each category for four wattle seed species were summarised and a consensus reached.
This resulted in a preliminary sensory profile for each variety.

2.9. Statistical Analysis

The data were calculated using Microsoft Excel 2013 and the results are expressed as mean of the
triplicate experiments unless otherwise stated. Statistical analysis of the data was done by one-way
analysis of variance procedure (ANOVA) using SPSS software (Version 23.0 IBM Corporation, Armonk,
NY, USA), and means comparison was done using Duncan’s multiple range test at p < 0.05.

3. Results and Discussion

3.1. Proximate Composition

As shown in Table 1, all of the species had low moisture content (less than 9%) which are
comparable with the 6.9% recorded for A. victoriae Bentham [20] and the range (6.3–8.0%) for A. tumida
and A. colei [8]. The four species of wattle seeds (WS) showed high protein content, ranging from
22.5% in A. coriacea to 27.5% in A. retinodes. The values for crude protein obtained in this study were
higher than that of A. victoriae Bentham [20] but lower than those found in different subspecies of
A. saligna (28.6–32.6%) [3]. However, the protein contents were within the range (23.4–34.1%) reported
for A. tumida and A. colei [8]. The results indicate that WS can serve as a source of protein in the diets
of the Aboriginal population in Australia. Moreover, it can be included in food formulations as a
source of protein. The crude fat content varied among the four species with relatively high values
observed in A. cowleana followed by A. retinodes while A. coriacea had the least value (9.8%). These
results showed that A. cowleana seed would be a good source of energy due to its relatively high crude
fat content. All the four species studied had similar ash contents (3.4–3.9%) which were comparable
to that found in A. victoriae Bentham [20] and A. tortilis [21]. All seeds also showed high amounts
of dietary fibre ranging from 33.7% in A. cowleana to 41.4% in A. coriacea. These values were higher
than that recorded for A. tortilis [21] and A. victoriae Bentham [20]. Therefore, the seeds from these
Acacia species can be considered as a good source of dietary fibre. Dietary fibre has a vital function
in human nutrition by maintaining the health of the gastrointestinal tract, however, in excess may
bind to iron and zinc, thereby lowering their bioavailability [22]. Regarding the carbohydrate content,
the seeds have a range of 12.8–15.6% carbohydrate. These levels of carbohydrate were lower than that
reported for A. victoriae Bentham [20] and A. tumida [2], due to the greater amounts of crude fat, fibre
and protein in the seeds. Traditionally, A. coriacea is known to lower postprandial glucose level [23,24],
higher dietary fibre and protein content could be the reason for these potential health benefits. This
suggest that using wattle seed flour can be a healthier option. Therefore, the chemical composition of
these wattle seed species was found to be nutritious and adding these seeds into the human diets will
enhance the nutrition status.

Table 1. Proximate composition of four different species of wattle seeds (%, dry weight).

Composition A. cowleana * A. coriacea A. sophorae A. retinodes A. victoriae [19]

Moisture (%) 5.3 8.6 7.5 5.6 6.9
Crude protein (%) 23.0 22.5 22.7 27.5 17.5

Crude fat (%) 19.3 9.8 14.8 16.4 3.2
Ash (%) 3.4 3.9 3.5 3.7 3.5

Dietary fibre (%) 33.7 41.4 36.0 34.0 29.4
Non-fibre carbohydrate (%) 15.2 13.7 15.6 12.8 67.5

Energy (kJ) 1634.0 1310.0 1485.0 1563.0 1384.0

Values are the means of triplicate analyses. * Estimated measurement of uncertainty (MU) was calculated at 95%
confidence interval. A. cowleana: Acacia cowleana.
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3.2. Fatty Acid Composition

The fatty acid composition of the four species of wattle seed are presented in Table 2.
The unsaturated fatty acids (UFA) constitute the bulk of the fatty acids, as in the case of certain
edible legumes, such as peanut [25]. Palmitic acid (17.69–23.83%) was found to be the predominant
saturated fatty acid (SFA) in all the seeds, followed by stearic acid (4.15–10.12%) with A. coriacea
and A. retinodes having significantly (p < 0.05) higher values in the two fatty acids, respectively.
Monounsaturated fatty acids (MUFA) contributed the larger percentage of the total UFA with values
more than twice that of polyunsaturated fatty acids (PUFA) in A. coriacea, A. sophorae and A. retinodes,
unlike in other legumes and wattle seed species [3,26]. The C18:1 was found to be the most abundant
of all the MUFAs with similar values (50.82–57.57%) obtained in all the species except A. cowleana
(36.24%) (p < 0.05). However, greatest (p < 0.05) amount of PUFA particularly linoleic acid was found
in A. cowleana (34.77%) as compared to other species, with A. sophorae having significantly (p < 0.05)
lowest PUFA value (7.17%). These four species have lower linoleic acids as compared to that of other
legumes such as broad beans (48.3%), chickpeas (56.7%) and small lentils (52.3%) [26], as well as other
WS species such as A. saligna [27] and A. tortilis [21]. Oils rich in linoleic acid can have an important
role in lowering the levels of blood cholesterol [28], thus the oil obtained from A. cowleana is highly
nutritious when consumed regularly as a part of diet. Moreover, only trace amount of n-3 fatty acids
was identified in all the seeds. Overall, the high degree of unsaturation found in all the four WS species
agrees with those of common vegetable oils indicating that WS composite flour can be a healthy option
for human consumption.

Table 2. Fatty acid profile of four different species of wattle seeds expressed as percentage (± SD) of the
total fatty acid profile as determined by FAME GC-MS analysis.

Fatty acid (%) A. cowleana A. coriacea A. sophorae A. retinodes

Lauric acid (C12:0) 0 b 0 b 0.56 ± 0.03 a 0 b

Myristic acid (14:0) 0 b 0 b 1.33 ± 0.07 a 0 b

Palmitic acid (C16:0) 21.3 ± 0.35 b 23.8 ± 0.35 a 21.6 ± 0.77 b 17.7 ± 0.11 c

Stearic acid (C18:0) 4.15 ± 0.05 c 4.36 ± 0.17 c 7.51 ± 0.31 b 10.1 ± 0.21 a

Arachidonic acid (C20:0) 0.99 ± 0.05 a 1.07 ± 0.10 a 0.86 ± 0.03 b 0.95 ± 0.06 ab

Behenic acid (C22:0) 2.49 ± 0.07 a 1.80 ± 0.13 b 0.34 ± 0.03 c 1.02 ± 0.04 b

Lignoceric acid (C24:0) 0 b 0 b 0.16 ± 0.01 a 0 b

Total SFA 28.9 ± 0.52 c 31.0 ± 0.75 ab 32.4 ± 1.25 a 29.8 ± 0.42 bc

Palmitic acid (C16:1) 3.40 ± 0.03 b 0.45 ± 0.01 c 3.84 ± 0.27 a 0.46 ± 0.03 c

Oleic acid (C18:1) 32.8 ± 0.43 c 50.8 ± 0.26 b 57.6 ± 0.49 a 50.1 ± 1.34 b

Ecosanoic acid (C20:1) 0 c 0 c 0.37 ± 0.01 b 1.57 ± 0.02 a

Erucic acid (C22:1) 0 b 0 b 0 b 0.52 ± 0.01 a

Total MUFA 36.2 ± 0.46 c 51.3 ± 0.27 b 61.8 ± 0.77 a 52.7 ± 1.4 b

Linoleic acid (C18:2) 34.3 ± 0.08 a 17.4 ± 0.33 b 6.76 ± 0.75 c 16.0 ± 1.64 b

Linolenic acid (C18:3) 0.49 ± 0.02 b 0.27 ± 0.04 c 0.41 ± 0.04 b 1.61 ± 0.08 a

Total PUFA 34.8 ± 0.10 a 17.7 ± 0.73 b 7.17 ± 0.79 c 17.6 ± 1.72 b

SFA: Saturated fatty acids; MUFA: Monounsaturated fatty acids; PUFA: polyunsaturated fatty acids. Means not
sharing the same superscript’s letters (a, b, c, d) in a row are significantly different at p < 0.05 as assessed by Duncan’s
multiple range tests.

3.3. Amino Acid Composition

The essential amino acid analysis of four different species of WS showed all four of them contained
about 13–15% of glutamic acid, followed by about 9–11.5% of aspartic acid, 6.8–7.4% of lysine, 8.0–8.6%
of leucine and about 7% of arginine, serine and alanine (Table 3). Moreover, methionine is the limiting
amino acids found in all four seeds and this agrees with that reported in other Acacia seed species [21,22].
This is the first time that a complete detailed analysis of all essential amino acids of these four different
species of wattle seeds have been investigated. Due to high amounts of protein in all these species,
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it is important to look at different types of amino acids available in these seeds. It is observed that the
glutamic acid content is slightly lower than that of about 18% in mung bean flour [29]. The amount of
lysine in all four seeds is comparable to that of soybean [30]. The amount of arginine is very similar to
that of winged bean and soy beans [31]. Presence of high amount of arginine potentially can help to
increase physiological pool of L-arginine and may have positive impact on cardiovascular health [32].
Comparing the amino acid profile of the seed proteins with FAO reference pattern [33] can be used to
justify the potential food value of the proteins. The amino acid profile of the four WS species showed
that histidine, lysine, valine, isoleucine and leucine had higher levels than those listed in FAO/WHO
reference pattern.

Table 3. Amino acid (g/100 g dry weight) profile of four different species of wattle seeds.

Amino acid A. cowleana A. coriacea A. sophorae A. retinodes FAO/WHO References [32]

Essential amino acids
Histidine 2.8 2.6 4.3 2.4 1.9
Threonine 4.1 4.0 4.2 4.3 3.4

Lysine 7.0 6.8 7.4 7.0 5.8
Tyrosine 2.0 2.1 2.1 2.2 6.3

Methionine 0.4 0.4 0.3 0.3
Valine 5.9 5.8 6.0 6.2 3.5

Isoleucine 4.4 4.2 4.4 4.3 2.8
Leucine 8.4 8.0 8.6 8.5 6.6

Phenylalanine 3.6 3.3 3.5 3.5

Non-essential amino acids
Serine 7.0 7.7 7.1 7.1

Arginine 6.0 7.1 6.0 6.3
Glycine 9.7 10.6 9.5 10

Aspartic acid 10.5 11.5 9.4 10.7
Glutamic acid 15.3 13.3 14.2 14.2

Alanine 7.3 6.7 7.1 7.0
Proline 5.7 5.8 6.0 6.0

Results are expressed as the mean of duplicate experiments.

3.4. Mineral Composition

Table 4 outlines a detailed mineral analysis performed on four different species of Australian WS.
As highlighted in the table, all four species are good sources of important essential minerals such as
iron, potassium, magnesium, calcium and zinc. Potassium is the most abundant element in all the
WS species with A. coriacea having significantly (p < 0.05) highest value (11,000 mg/kg dry weight
(DW)). The results obtained agrees with that reported for different WS species [8,21,22]. A significantly
(p < 0.05) higher iron content (195.0 mg/kg DW) was found in A. sophorae as compared to other species
of WS, showing it is a good source of iron considering the Australian recommended dietary allowance
(RDA) of iron is 7 and 12–16 mg/day for men and women during pregnancy, respectively [34,35].
Moreover, heavy metals, such as Hg, are less than 0.005 mg in all four WS species, indicating the use of
all these four species of WS is safe for human consumption. As stated in the Food Standards Australia
New Zealand (FSANZ), Standard 1.4.1 for contaminants and Natural Toxicants, the maximum level of
Pb in legumes is set at 0.2 mg/kg and cadmium in rice is 0.1 mg/kg. The amount of Pb in all four WS
species is within this range and in case of A. sophorae and A. cowleana, they have significantly (p < 0.05)
higher values (0.1 and 0.175 mg/kg DW, respectively) as compared to other species, but the values still
complied with the food standards code [36]. Based on the above results, the WS are a good source
for minerals and thus can be incorporated into foods, such as commercial baked products, that are
deficient in minerals to enhance their nutritional properties. Further studies should be carried out to
investigate the bioavailability of the essentials minerals, particularly potassium in the WS species.
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Table 4. Mineral analysis of four different species of wattle seeds.

Minerals (mg/kg DW) A. cowleana A. coriacea A. sophorae A. retinodes

Major
Ca 2300 ± 0.0 c 4300 ± 141.4 a 2600 ± 424.3 c 3150 ± 212.1 b

K 8700 ± 0.0 b 11000 ± 0.0 a 7300 ± 141.4 c 9050 ± 495.0 b

Mg 1700 ± 0.0 b 2350 ± 70.7 a 1700 ± 0.0 b 2400 ± 141.4 a

Na <20 c <20 c 1100 ± 0.0 a 940 ± 70.7 b

P 1700 ± 0.0 b 2350 ± 70.7 a 2300 ± 0.0 a 2300 ± 141.4 a

Trace
Co 0.1 ± 0.0 c 0.04 ± 0.0 b 0.365 ± 0.0 a 0.095 ± 0.0 c

Cr 2.1 ± 0.2 a 0.8 ± 0.1 c 1.95 ± 0.2 a 1.15 ± 0.2 b

Cu 4.8 ± 0.1 c 5.0 ± 0.0 c 8.65 ± 0.2 a 7.2 ± 0.1 b

Fe 75.0 ± 0.0 b 50.5 ± 0.7 b 195.0 ± 35.4 a 49.5 ± 0.7 b

Mn 14.0 ± 0.0 c 14.0 ± 0.0 c 46.5 ± 2.1 b 130.0 ± 0.0 a

Mo 0.9 ± 0.2 c 0.84 ± 0.1 c 1.75 ± 0.1 b 2.0 ± 0.0 a

Se 0.9 ± 0.0 a 0.68 ± 0.0 b 0.165 ± 0.0 c 0.34 ± 0.0 d

Zn 24.5 ± 0.7 b 23.0 ± 0.0 c 21.0 ± 0.0 d 34.0 ± 0.0 a

Other minerals
Al 42.0 ± 1.4 b 16.5 ± 2.1 c 77.5 ± 3.5 a 3.75 ± 0.4 d

As ND <0.005 b 0.87 ± 0.2 a <0.005 b

Ba 3.2 c 49.0 ± 1.4 a 1.0 ± 0.0 d 7.15 ± 0.1 b

Cd <0.005 c <0.005 c 0.054 ± 0.0 a 0.011 ± 0.0 b

Hg <0.005 a <0.005 a <0.005 a <0.005 a

Ni 2.7 ± 0.1 c 1.1 ± 0.0 d 3.8 ± 0.0 a 3.05 ± 0.1 b

Pb 0.1 ± 0.0 ab 0.074 ± 0.0 b 0.175 ± 0.1 a 0.0085 ± 0.0 b

Sb ND 0.01 ± 0.0 a <0.01 a <0.01 a

Sn <0.05 b 0.85 ± 0.1 a <0.05 b <0.05 b

Sr 19.0 ± 0.0 b 24.0 ± 1.4 a 5.9 ± 0.1 d 13.0 ± 0.0 c

V 0.1 ± 0.0 b 0.035 ± 0.0 b 1.65 ± 0.4a 0.01 ± 0.0b

ND: not detected. Means not sharing the same superscript’s letters (a, b, c, d) in a row are significantly different at
p < 0.05 as assessed by Duncan’s multiple range tests.

3.5. Sugar Profile

The results in Table 5 show that the monosaccharides are the major kind of sugar present in all the
four WS species. Pentose sugars (xylose/arabinose) were the predominant monosaccharides found
in the seeds and these were followed by galactose and glucose, while a small amount of mannose
and fucose were present. Among the species, A. sophorae has a significantly (p < 0.05) higher amount
of pentose sugars (84.2%), while significantly (p < 0.05) higher glucose and galactose contents were
found in both A. sophorae and A. retinodes. Moreover, the seeds are rich in galacturonic acid but contain
lesser amounts of rhamnose. All these sugars were present in substantial amount in all the species,
particularly in A. retinodes, A. sophorae and A. coriacea as compared to A. cowleana. To the best of our
knowledge, this study was the first to report the sugar composition present in wattle seeds. Overall,
the results revealed that these wattle seed species have high amount of reducing sugar and this may
be due to action of endogenous enzymes involved in hydrolysing the stored carbohydrate during
maturation and storage.
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Table 5. Sugar profile of four different species of wattle seeds.

Sugar Composition (%) A. cowleana A. coriacea A. sophorae A. retinodes

Glucose 22.1 ± 1.30 c 37.8 ± 1.01 b 44.4 ± 1.60 a 43.9 ± 2.16 a

Mannose 4.17 ± 0.39 b 4.05 ± 0.31 b 4.47 ± 0.21 b 5.48 ± 0.57 a

Galactose 34.2 ± 1.30 c 57.6 ± 2.23 b 65.5 ± 3.35 a 67.3 ± 2.91 a

Galacturonic acid 30.3 ± 1.28 c 51.7 ± 3.68 a 44.1 ± 0.55 b 51.3 ± 1.50 a

Rhamnose 4.98 ± 0.32 c 7.90 ± 0.53 a 5.40 ± 0.32 c 5.82 ± 0.19 b

Fucose 2.77 ± 0.29 a 2.43 ± 0.35 a 2.63 ± 0.28 a 2.75 ± 0.38 a

Xylose/Arabinose 79.7 ± 3.43 b 71.5 ± 4.84 c 84.2 ± 2.24 a 78.4 ± 1.08 b

Means not sharing the same superscript’s letters (a, b, c, d) in a row are significantly different at p < 0.05 as assessed
by Duncan’s multiple range tests.

3.6. SDS-PAGE Profile of Soluble Proteins Extracted from Raw and Roasted Wattle Seed Species

Figure 2 shows the SDS-PAGE gel electrophoretograms of extracts from four species of raw and
roasted WS obtained under non-reducing and reducing conditions. For raw WS extracts in the four
species, similar protein bands appeared under reducing and non-reducing conditions but protein
molecules smaller than 18 kDa were broken down under reducing condition probably due to reduction
in disulphide bonds. Moreover, more protein bands were found in raw A. sophorae (lanes 10 and 11)
followed by A. coriacea (lanes 6 and 7) and A. retinodes (lanes 16 and 17) while A. cowleana (lanes 1
and 2) showed faint protein bands. Overall, the results suggest that water soluble proteins from raw
WS species were mainly polypeptides with less than 80 kDa molecular weights for A. sophorae and
A. retinodes and 55 kDa for A. coriacea. This differs from previous study on different wattle seed species
where the molecular weight of the protein was found to be lower than 66 kDa [13,27]. After roasting,
no protein band was visible in the four wattle seed species with the exception of only two faint protein
bands observed in A. coriacea (lanes 8 and 9) at 55 kDa. The results showed that the heat treatment
had caused the soluble proteins in WS to be degraded into fragments with molecular weight smaller
than 10 kDa. A similar effect of thermal treatment on protein had been reported in previous studies on
wattle seeds [27] and peanuts [37].

Figure 2. Molecular weight analysis by SDS-PAGE of protein extracts from raw and roasted wattle
seeds species. Lanes 1: Novex Sharp Pre-stained molecular weight ladder; Lanes 2, 3, 4 and 5: Raw
and reducing, raw and non-reducing, roasted and reducing, roasted and non-reducing A. cowleana,
respectively; Lanes 6, 7, 8 and 9: Raw and reducing, raw and non-reducing, roasted and reducing,
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roasted and non-reducing A. coriacea, respectively; Lanes 10, 11, 12 and 13: Raw and reducing, raw and
non-reducing, roasted and reducing, roasted and non-reducing A. sophorae, respectively; Lanes 14, 15,
16 and 17: Roasted and reducing, roasted and non-reducing, raw and reducing, raw and non-reducing
A. retinodes, respectively.

3.7. Rapid Sensory Profiling

The results of the rapid sensory profiling presented in Table 6 showed a wide diversity of sensory
characteristics for the four WS species. The summary of the descriptors provided by the trained panel
showed that, while all four species had savoury notes, certain descriptors characterised each species.
A. cowleana, for instance, was perceived as a complex cultivar where the broth, popcorn and savoury
notes where more intense for aroma and flavour. A. coriacea was distinguished by some confectionary
and tropical fruit notes. A. sophorae was characterised by more savoury and grassy notes but not very
intense. Cultivar A. retinodes was characterised by gravy, lemony earthy and nutty notes. Previous
preliminary studies in A. victoriae have shown that this wattle seed cultivar has a savoury note as the
four WS species in this study but also its own nutty and wheat biscuit notes [38]. The informal sensory
component of this study has shown diversity in sensory profiles between WS seed species, opening the
door for different applications of WS species in the food industry. Future work could investigate more
rigorously the sensory differences between these four species and other species of the WS, as well as
investigate effects of roasting and grinding on flavour.

Table 6. Rapid sensory profiling of four different species of wattle seeds.

Characteristics A. retinodes A. cowleana A. coriacea A. sophorae

Aroma ground
powder

Mushroom, gravy,
onion, coffee,

chocolate, roasted
nuts, lemon

Spicy, curried, savoury,
popcorn, burnt toast,

savoury jam, chemical
fish stock.

Savoury, spinach,
chocolate, sweet,

fairy floss, tropical
fruit, water of

boiled vegetables

Yeasty (vegemite),
meaty, burnt tyres,

roasted onion

Aroma ground
powder in
semolina

Earthy, grassy,
musty, pepper, oily

peanut butter

Smoky, broth, lentil,
turmeric, chemical Cinnamon, dairy

Buttery, popcorn,
big change from

peppery, meaty to
earthy.

Flavour
Bitter, nutty, leaves,

earthy, peanut,
sesame paste

Intense, bitter, burnt,
peppery, chives, onion

salt, roasted chicken
stuffing, dried

legumes.

Fruity, almost
coffee, tahini,

mashed vegetables,
cereal, not very

intense

Vegemite, nutty,
savoury, slight
grassy, onion

After taste
Grass, barnyard,
smoky, savoury,

cucumber.

Bitter, pepper, very
lingering

Spinach, not very
lingering

Mild, grassy, bitter,
savoury

4. Conclusions

This study shows that the four species of wattle seeds are good source of protein and dietary fibre.
In addition, the seeds can be considered as a potential dietary source of major and minor minerals,
essential amino acids and oleic acids, thus, the seeds have promising nutritional profiles. Nevertheless,
further studies should be carried out to investigate the impact of processing on these nutrients and
also to evaluate the anti-nutritional components present in these species before and after processing.
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Abstract: Lupin protein isolate was fermented with eight different microorganisms to evaluate the
influence on sensory profile, techno-functional properties and protein integrity. All investigated
microorganisms were able to grow in lupin protein isolate. The results showed that the foaming
activity in the range of 1646–1703% and the emulsifying capacity in the range of 347–595 mL of the
fermented lupin protein isolates were similar to those of the unfermented ones. Protein solubility at
pH 4 showed no significant changes compared to unfermented lupin protein isolate, whereas the
solubility at pH 7 decreased significantly from 63.59% for lupin protein isolate to solubilities lower
than 42.35% for fermented lupin protein isolate. Fermentation with all microorganisms showed the
tendency to decrease bitterness from 2.3 for lupin protein isolate (LPI) to 1.0–2.0 for the fermented ones.
The most promising microorganisms for the improvement of the sensory properties of lupin protein
isolates were Lactobacillus brevis as it reduced the intensity of characteristic aroma impression (pea-like,
green bell pepper-like) from 4.5 to 1.0. The SDS-PAGE results showed the fermentation treatment
appeared not to be sufficiently effective to destruct the protein integrity and thus, deplete the allergen
potential of lupin proteins. Fermentation allows the development of food ingredients with good
functional properties in foam formation and emulsifying capacity, with a well-balanced aroma and
taste profile.

Keywords: fermentation; lupin; plant protein; aroma profile; techno-functional properties;
lactobacteria; foam; SDS-PAGE; solubility; emulsifying capacity

1. Introduction

The human organism relies on the nutritional intake of protein to maintain its health. The supply
of animal protein has drastic environmental impacts on land use, air and water quality, and greenhouse
gases [1]. The partial replacement of animal proteins by plant proteins could be a promising strategy to
reduce the environmental impact of nutrition [2]. Soy protein is currently one of the most common plant
proteins, but has some disadvantages including deforestation and genetic modification. Therefore,
the search for alternative high-quality plant protein sources is a persistent challenge.

Lupins of the family Fabaceae are widely cultivated in Europe and are rich in seed proteins with
valuable functional properties and a well-balanced amino acid profile [3,4]. However, like other
leguminous plant proteins, lupin protein preparations exhibit a distinct aroma profile. Schlegel et al. [5]
described the aroma profile of lupin protein isolate with oatmeal-like and fatty, cardboard-like
impressions followed by earthy, moldy, beetroot-like; grassy; metallic; cooked potato-like and pea-like
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impressions. In addition, taste perceptions of bitter, salty, and astringent were identified in the
taste pattern [5]. This characteristic aroma profile makes lupin proteins less suitable for some food
applications as, for example, plain non-dairy based products.

The lactic fermentation of legume proteins might be a promising approach to influence the sensory
profile of these ingredients as various studies have shown that lactic fermentation of plant proteins
results in a reduction or masking of off-flavors in legumes [6,7]. The influence of the fermentation on
the aroma profile of the plant proteins strongly depends on the microorganisms used [6–8]. For the
development of ingredients with specific aroma and taste properties (e.g., plant-based dairy alternatives
or meat substitutes), different microorganisms must be investigated for their ability to improve the
aroma profile of lupin proteins.

Besides the sensory profile, appropriate techno-functional properties of the proteins, such as
solubility, emulsifying capacity and foam properties, are also a prerequisite for their use as food
ingredients. Several authors have shown that the lactic fermentation of plant proteins affected their
techno-functional properties in particular the protein solubility as shown by Lampart-Szczapa et al. [9]
and Meinlschmidt et al. [10]. Lactobacilli produce metabolites such as organic acids, which alter
the conformation of proteins and thus their physicochemical properties as relevant factors for their
techno-functional behavior.

In addition, several studies have shown that the fermentation of plant proteins can reduce their
allergenic potential [10,11] due to proteolytic enzyme activities. In particular for soy proteins, the impact
of fermentation on the reduction of the allergenic potential has been investigated extensively [10–14].
It could be shown that the molecular weight distribution of the soy proteins could give a first indication
of the degradation of the main allergens [10]. Data for lupins are still missing.

The objective of this study was to investigate the impact of lactic fermentation on the changes of
the sensory profile of lupin protein isolates to improve the sensory properties of this promising food
ingredient. Furthermore, the functional properties of the fermented isolates were also examined. To get
a first indication of the reduction of the allergenic potential of the lupin proteins, the molecular weight
distribution of the individually fermented protein samples were compared to the unfermented isolates.

2. Materials and Methods

2.1. Lupin Seeds

Lupin (Lupinus angustifolius cultivar Boregine) seeds were purchased from Saatzucht Steinach
GmbH & Co KG (Steinach, Germany).

2.2. Preparation of Lupin Protein Isolate

Lupin protein isolate (LPI) was prepared from Lupinus angustifolius L. cultivar Boregine. Seeds were
dehulled with an under runner disc sheller and separated and classified using an air-lift system.
The dehulled seeds were passed through a counter-rotating roller mill and the resulting flakes were
de-oiled in n-hexane. The processed flakes were suspended in 0.5 M HCL (pH 4.5) at a 1:8 (w/w) ratio
and stirred for 1 h. After this, flakes were recovered in a decanter centrifuge with 5600× g at 4 ◦C for
1 h. Pre-extracted flakes were dispersed in 0.5 M NaOH (pH 8) at a 1:8 ratio for 1 h. After extraction,
the suspension was centrifuged at 5600× g at 20 ◦C for 1 h and then neutralized (0.5 M NaOH),
pasteurized (70 ◦C, 10 min), and spray dried.

2.3. Microbiological Compositions

2.3.1. Nutrient Media

Liquid growth media and agar were purchased from Carl Roth (Karlsruhe, Germany) and Merck
KGaA (Darmstadt, Germany).
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2.3.2. Bacteria Strains and Culture Conditions

Microorganisms were purchased from Deutsche Sammlung von Mikroorganismen und
Zellkulturen (Braunschweig, Germany), Lehrstuhl für Technische Mikrobiologie, Technische Universität
München (Freising, Germany) and Prof. Werner Back (Table 1). The microorganisms were stored as
a cryo-culture in our strain collection and were recovered on MRS (De Man, Rogosa, & Sharpe) and
TSYE (Trypticase soy yeast extract) agar. The selection of the microorganisms based on the results of
previous experiments in which 26 microorganisms were tested for growth in LPI (data not shown).
The microorganisms investigated in this study were the eight most promising microorganisms and
were further processed.

Table 1. Bacteria Strains.

Bacteria Strain

Lactobacillus reuteri DSM 20016
Lactobacillus brevis TMW 1.1326

Lactobacillus amylolyticus TL 5
Lactobacillus parabuchneri DSM 5987

Lactobacillus sakei subsp. carnosus DSM 15831
Staphylococcus xylosus DSM 20266
Lactobacillus helveticus DSM 20075
Lactobacillus delbrueckii DSM 20081

Liquid cultures were incubated at aerobic (Lactobacillus reuteri, Lactobacillus brevis, Lactobacillus
amylolyticus, Lactobacillus sakei subsp. carnosus, Staphylococcus xylosus, Lactobacillus parabuchneri) and
anaerobic (Lactobacillus helveticus, Lactobacillus delbrueckii) conditions in sealed tubes (Sarstedt AG &
Co, Nümbrecht, Germany) without shaking. Liquid pre-cultures (15 mL) were prepared from single
colonies on agar plates and incubated for 36–48 h at 30 ◦C (L. parabuchneri, L. brevis), 37 ◦C (L. helveticus,
L. delbrueckii, L. sakei subsp. carnosus, L. reuteri, S. xylosus) and 42 ◦C (L. amylolyticus), respectively.

2.3.3. Determining Growth Conditions of Microorganisms

Growth curves were recorded with a microplate reader (Infinite M1000 Pro, Tecan Group Ltd.,
Männedorf, Switzerland) measuring with an OD of 600 nm each 15 min with previous shaking at
various temperatures. Aliquots of 200 μL liquid medium in 96 well micro test plates were inoculated
from pre-cultures. For anaerobic conditions, cultures were covered with 100 μL sterile paraffin oil.

2.3.4. Determination of pH and Viable Cell Counts

The pH course during lupin fermentation was recorded for 24 h with one measurement point each
30 min with a wtw pH 3310 pH electrode (Xylem Analytics Germany GmbH, Weilheim, Germany).
The viable cell counts were determined on nutrients agar from 1 mL of diluted (0.9% NaOH) culture
aliquots and expressed as log10 of colony forming units per milliliter per sample (CFU/mL).

2.4. Fermentation of Lupin Protein Isolates

Fermentation of LPI was carried out in a 5 L glass reaction vessel in an incubator under aerobic
conditions and in a 5 L glass reaction vessel with a fermenter (Satorius) under anaerobic conditions,
respectively. A 5% LPI (w/w) solution with 0.5% glucose (w/w) was pasteurized separately at 80 ◦C for
20 min and mixed under sterile conditions. LPI solution was inoculated with the activated culture in
the late exponential growth phase (107 CFU/mL). Anaerobic conditions were achieved by flushing
the reactor with N2. The inoculated lupin protein isolate was incubated for 24 h without stirring
and sampled at 0, 4, 18, and 24 h. Fermentation was stopped by heat treatment at 90 ◦C for 20 min.
All samples were neutralized (pH 7) with 1 M NaOH and spray-dried with a Niro Atomizer 2238
(GEA, Düsseldorf, Germany). The whole experiment was repeated in duplicate.
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2.5. Analysis of d-Glucose

For determination of d-glucose, 100 μL of the sample was mixed with 450 μL zinc sulphate (10%)
and 450 μL NaOH (0.5 M) and incubated for 20 min at room temperature. After incubation, the sample
was centrifuged at 12,045× g for 10 min and the supernatant was filtrated using a 0.45 μm nylon filter.
d-Glucose was analyzed using the enzymatic d-glucose test from R-Biopharm (Darmstadt, Germany)
following the manufacturer’s instructions.

2.6. Chemical Composition

The protein content was estimated based on the nitrogen content according to the Dumas
combustion method (AOAC 968.06) with a factor of N × 5.8 [15] using a Nitrogen Analyzer FP 528
(Leco Corporation, St. Joseph, MI, USA). The dry matter was identified according to AOAC methods
925.10 in a TGA 601 thermogravimetric system (Leco Corporation) at 105 ◦C.

2.7. Sensory Analysis

2.7.1. Panelists

The panel consisted of trained volunteers recruited from Fraunhofer IVV (Freising, Germany),
exhibiting no known illness at the time of examination and with normal olfactory function. The panel
consisted of 10 panelists (eight female and two male). All panelists were trained in weekly training
sessions with selected, super-threshold aroma solutions to correctly identify and name fragrances.

2.7.2. Sensory Evaluation

For sample evaluation, 2% (w/w) solutions of the LPI and fermented LPI, respectively, and tap
water were prepared by stirring. The samples were evaluated in two sessions on one day. Each panelist
received five samples of 20 mL aliquots (room temperature) in the first session and four samples in
the second session in covered glass vessels, with tap water and flavorless crackers used to neutralize
between each sample. To obtain the retronasal aroma and taste attributes, panelists were required to
open the lid of the beaker and record the retronasal aroma and taste attributes. After the discussion
regarding the most prominent aroma and taste attributes, panelists were asked to select and rate
attributes on a scale from 0 (no perception) to 10 (strong perception) that were perceived by at least
half of the panel. In addition, the panelists were asked to rate the overall intensity of the aroma of
the sample also on a scale from 0 (no perception) to 10 (strong perception), and a hedonic scaling was
performed on a scale from 0 (strong dislike) to 5 (neutral) to 10 (strong like). We used supra-threshold
aroma solutions for orthonasal perception as a reference for each selected aroma attribute.

2.8. Techno-Functional Properties

2.8.1. Protein Solubility

The solubility (%) of LPI and fermented LPI was measured in duplicate at pH 4 and 9 according
to Morr et al. [16]. For each measurement, 1.5 g of protein was suspended in 50 mL 0.1 M NaCl and
the pH was adjusted with 0.1 M NaOH or 0.1 M HCl. After stirring for 1 h at room temperature,
the non-dissolved fractions of the samples were separated by centrifugation (20,000× g, 15 min, room
temperature) and the supernatants were passed through Whatman No. 1 filter paper to remove any
remaining particulates. The protein content of the supernatant was determined by Lowry et al. [17]
using the DC Protein Assay (Bio-Rad Laboratories, Hercules, CA, USA). The absorbance was read
at 750 nm and the protein concentration was calculated using the generated BSA standard curve.
The resulting amount of dissolved proteins was related to the total amount of protein and the protein
solubility (%) was determined.
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2.8.2. Foam Properties

For the determination of the foaming activity, 50 mL of a 5% (w/w) protein solution (pH 7) was
whipped at room temperature for 8 min in a Hobart 50-N device (Hobart GmbH, Offenburg, Germany)
according to the method described by Phillips et al. [18]. The increase of foam volume was used to
determine the foam activity. The percentage leftover of foam volume after 1 h was defined as the
foaming stability (%).

2.8.3. Emulsifying Capacity

Emulsifying capacity (EC) was identified according to Wang and Johnson [19]. Samples were
dispersed in deionized water (1%, w/w), adjusted to pH 7 and stirred with an Ultraturrax at 18 ◦C.
Rapeseed oil was continuously added using a Titrino 702 SM titration system (Metrohm GmbH &
Co. KG, Hertisau, Switzerland) at a rate of 10 mL/min until phase inversion was detected by means
of an LF 521 meter fitted with a KLE1/T electrode (Wissenschaftlich-technische Werkstätten GmbH,
Weilheim, Germany). For EC calculation, volume of oil needed to achieve the phase inversion was
used (mL oil per g sample). Measurement was repeated in duplicate.

2.9. Analysis of the Molecular Weight Profiles of LPI and Fermented LPI

The molecular weight distribution of the untreated and fermented LPI was determined by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as described by Laemmli [20] with
modification under reducing conditions. Untreated LPI, fermented LPI and control samples were
re-suspended in 1 mL loading buffer (0.125 mol/l Tris-HCl, 4% SDS (w/v), 20% glycerol (v/v), 0.2 mol/l
DDT, 0.02% bromophenol blue, pH 6.8), dissolved for 30 min at 30 ◦C in an ultrasonic bath and boiled
for 5 min at 95 ◦C in an Eppendorf ThermoMixer C (Eppendorf AG, Hamburg, Germany). Following
centrifugation at 12,045× g for 10 min (Mini Spin, Eppendorf AG), an aliquot of the supernatant
was transferred to a fresh tube and supplemented in a ratio of 1:10 with loading buffer (see above).
An aliquot of 10 μL of each sample was transferred into the wells of pre-cast Criterion TGX stain-free
12% polyacrylamide gels (Bio-Rad Laboratories, Hercules, CA, USA). The samples were separated
for 36 min at 200 V (60 mA, 100 W) (Amersham Biosciences Europe GmbH, Freiburg, Germany) at
room temperature in a vertical electrophoresis cell (Bio-Rad Laboratories) with a 10–250 kDa Precision
Plus Protein Unstained Standard (Bio-Rad Laboratories) alongside as size markers. Protein subunits
were visualized using a Gel Doc™ EZ Imager system (Bio-Rad Laboratories). The molecular weight
distribution was determined using Image Lab software (Bio-Rad Laboratories).

2.10. Statistical Analysis

Results are expressed as means± standard deviations and for sensory evaluation (aroma profile) as
median ± standard deviations. Data were analyzed using pairwise t-test to determine the significance
of differences between a sample and the unfermented LPI, with a threshold of p< 0.05. For the microbial
growth (CFU, pH, glucose), data were analyzed using one-way analysis of variances (ANOVA) and
means were generated and adjusted with Tukey’s honestly significant difference post hoc test to
determine the significance of differences between all samples, with a threshold of p < 0.05. Statistical
analysis was performed with SigmaPlot 12.5 for Windows (Systat Software GmbH, Erkrath, Germany).

3. Results and Discussion

3.1. Chemical Composition

Dry matter and protein content of LPI and fermented LPI are given in Table 2.
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Table 2. Dry matter and protein content of unfermented lupin protein isolate (LPI) and fermented
(24 h) LPI.

Dry Matter Protein Content

LPI (unfermented) 95.4 ± 0.0% 89.6 ± 0.0%
L. reuteri 94.6 ± 0.0% * 82.4 ± 1.3%
L. brevis 94.9 ± 0.9% 80.1 ± 0.5% *

L. amylolyticus 94.7 ± 0.2% 79.7 ±0.7% *
L. parabuchneri 94.7 ± 0.0% * 81.7 ± 0.2% *

L. sakei subsp. carnosus 94.2 ± 0.4% 80.6 ± 1.5%
S. xylosus 95.3 ± 1.1% 80.1 ± 1.3%

L. helveticus 94.7 ± 0.2% 78.5 ± 0.4% *
L. delbrueckii 92.8 ± 1.4% 78.5 ± 1.7%

The data are expressed as mean ± standard deviation (n = 4). Means marked with an asterisk (*) within a column
indicate significant differences between the individual sample and the unfermented LPI (p < 0.05) following pairwise
t-test.

Dry matter of LPI and fermented LPI ranged from 92.8% for L. delbrueckii to 95.4% for unfermented
LPI. Unfermented LPI contained the highest protein content with 89.6%.

3.2. Comparison of Microbial Growth on Lupin Protein Isolate Solutions

The growing parameters consisting of CFU, pH and glucose for all eight microorganisms
investigated are shown in Table 3. In addition, growth curves of four of these microorganisms were
selected in Figure 1 in order to highlight the temporally different transitions into the exponential phase.

The results showed that all microorganisms were able to grow in LPI solution. The minimum
increase in CFU/mL (ΔECFU) was recorded for L. reuteri with 1.36×107 CFU/mL and the maximum
for S. xylosus with 6.01×108 CFU/mL. The results of the pH curve showed that L. amylolyticus and
L. helveticus appear to have the best metabolism and were adapted most rapidly to the lupine solution.
The pH curves showed a direct and constant pH acidification over 24 h for L. helveticus (exemplarily
shown in Figure 1a) and L. amylolyticus (similar to Figure 1a). After 24 h of fermentation, a change
into the stationary phase could not be observed for both microorganisms. S. xylosus (exemplarily
shown in Figure 1b) and L. delbrueckii (similar to Figure 1b) showed a lag phase and a transition
into the log phase after approximately 8 h. S. xylosus reached the stationary phase after 14 h.
L. delbrueckii did not show a clear transition into the stationary phase after 24 h. L. sakei subsp. carnosus
(exemplarily shown in Figure 1c) and L. reuteri (similar to Figure 1c) changed from the lag phase to
the log phase after 10 h and reached the stationary phase after 18 h. The largest lag phases were
recorded for L. parabuchneri (exemplarily shown in Figure 1d) and L. brevis (similar to Figure 1d).
Both microorganisms reached the log phase after 14 h and changed to the stationary phase after 20 h.
The results of glucose concentrations showed that the added carbon source of 5 g/kg glucose was
metabolized by all microorganisms. After 24 h fermentation, residues of glucose were present in
all fermented samples. The degradation of glucose (ΔEGlucose) ranged from 3.4 g/kg with remaining
1.7 g/kg glucose after 24 h for L. amylolyticus to 4.8 g/kg with remaining 0.2 g/kg glucose after 24 h for
L. reuteri, respectively. Fritsch et al. [21] and Lampart-Szczapa, Konieczny, Nogala-Kałucka, Walczak,
Kossowska and Malinowska [9] showed similar results and confirmed the suitability of lupine flour
and lupine protein, respectively, for lactic fermentation.
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Figure 1. CFU/mL, glucose amount, and pH after 0 h, 4 h, 18 h, and 24 h for L. helveticus (a), S. xylosus
(b), L. sakei subsp. carnosus (c), and L. parabuchneri (d). The data are expressed as mean ± standard
deviation from duplicates.

3.3. Sensory Anaylsis

In the retronasal sensory evaluation, the following six aroma qualities and corresponding
references were selected by the panelists for the description of LPI and fermented LPI: cheesy
(butanoic acid); popcorn-like, roasty (2-acetylpyrazine); earthy, moldy, beetroot-like (geosmin); pea-like,
green bell pepper-like (2-isopropyl-3-methoxypyrazine); cooked potato-like (3-(methylthio-)propanal);
and oatmeal-like, fatty (oatmeal).

Comparative aroma profile analyses (Figure 2) of LPI, L. brevis, L. amylolyticus and S. xylosus were
emphasized to highlight the increase of aroma perception in cheesy and roasty, popcorn-like as well as the
reduction of the mean aroma perceptions in comparison to LPI, across the panel. The primary aroma
attributes in the LPI were pea-like, green bell pepper-like, and oatmeal-like, fatty with median values of 4.5
and 3.0, respectively. Otherwise, the aroma impression was evaluated with low intensities for earthy,
moldy, beetroot-like; cooked potato-like, and popcorn-like, roasty with median values of 2.5, 2.5, and 1.0,
respectively, while the attribute cheesy was imperceptible (median value of 0). The dominant aroma
attributes in the LPI samples obtained after fermentation with L. reuteri were described as cheesy (median
of 4.0) and oatmeal-like, fatty (median value of 3.0). The aroma perception was otherwise evaluated
with low intensities for earthy, moldy, beetroot-like; pea-like, green bell pepper-like, and cooked potato-like
with values of 2.0 and popcorn-like, roasty with a value of 1.0. The aroma perception of the samples
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obtained after L. brevis fermentation was evaluated with a maximum intensity of 3.0 for oatmeal-like,
fatty. Followed by low intensities of earthy, moldy, beetroot-like; cooked potato-like, and popcorn-like, roasty
with values of 2.0 and cheesy and pea-like, green bell pepper-like with values of 1.0. Fermentation of
LPI with L. amylolyticus was described with a dominant aroma impression of popcorn-like, roasty with
a value of 5.0, followed by oatmeal-like, fatty with a value of 3.5. Low intensities were judged for
pea-like, green bell pepper-like with a value of 2.0, cooked potato-like with a value of 1.5, and earthy, moldy,
beetroot-like with 1.0. Attribute cheesy was not perceptible (median value of 0). The aroma profile of
the L. parabuchneri fermented samples showed the aroma impressions of pea-like, green bell pepper-like;
cheesy; and oatmeal-like, fatty with intensities of 4.0, 3.0, and 3.0 respectively. Less dominant were the
attributes popcorn-like, roasty and cooked potato-like, both with median values of 2.0, and earthy, moldy,
beetroot-like with an intensity median value of 1.5. L. sakei subsp. carnosus fermentation was described
with popcorn-like, roasty as main aroma impression with an intensity of 4.0, followed by oatmeal-like,
fatty with an intensity of 3.0. The attributes earthy, moldy, beetroot-like; pea-like, green bell pepper-like,
and cooked potato-like were described equally less intensely with values of 2.0. The attribute cheesy
was imperceptible in the samples obtained after fermentation with L. sakei subsp. carnosus. Samples
fermented with S. xylosus exhibited a cheesy intensity of 5.0, followed by oatmeal-like, fatty with a value
of 3.0. The other attributes were less intense with pea-like, green bell pepper-like (2.5), earthy, moldy,
beetroot-like (2.0), popcorn-like, roasty (2.0), and cooked potato-like (1.0). Similar to L. amylolyticus and
L. sakei subsp. Carnosus fermentation, the attribute popcorn-like, roasty was described as a dominant
aroma impression for the L. helveticus fermented samples with an intensity of 4.0. The aroma profile
of L. helveticus was otherwise described with aroma impressions pea-like, green bell pepper-like with a
value of 3.0. The attributes oatmeal-like, fatty; cooked potato-like; earthy, moldy, beetroot-like, and cheesy
were rated less intensively with values of 2.5, 2.0, 1.0, and 0.5 respectively. The main aroma impression
of L. delbrueckii was assessed as oatmeal-like, fatty with an intensity of 4.0. The aroma impressions
popcorn-like, roasty; earthy, moldy, beetroot-like; pea-like, green bell pepper-like; and cooked potato-like were
rated with an intensity of 2.0. The attribute cheesy could not be observed by the panelists.

Figure 2. Retronasal aroma profile analyses of LPI, L. brevis, L. amylolyticus, and S. xylosus fermented
samples on a scale from (no perception) to 10 (strong perception). The data are displayed as median
values of the sensory evaluations (n = 10).
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The aroma profile showed, with the exception of the L. parabuchneri fermented samples, that the
aroma perception pea-like, green bell pepper-like decreased in intensity due to the fermentation.
The maximum decreases were determined for the samples obtained after L. brevis fermentation
with an intensity of 1.0 compared to unfermented LPI with a value of 4.5. Furthermore, fermentation
increased the intensity of the aroma impressions popcorn-like, roasty and cheesy. In the samples fermented
with L. amylolyticus, L. sakei subsp. carnosus and L. helveticus the aroma impressions popcorn-like, roasty
increased from 1.0 for unfermented LPI to 5.0, 4.0 and 4.0 respectively. S. xylosus and L. reuteri showed
an increase in intensity of the attribute cheesy from 0 for unfermented LPI to 5.5 and 4.0 respectively.
Several authors confirm for lupin, soy and pea protein, respectively, the significant modification of
aroma profile by fermentation [6–8,10]. The authors described the reduction of n-hexanal content,
which contributes most to the green and beany off-flavor of pea, by fermentation with lactic acid extract
in pea protein extract and soy, respectively [6–8]. Further studies showed that the fermentation of
soy protein isolate with lactic acid bacteria significantly reduced the aroma impression of beany [10].
A statement about the reduction of n-hexanal content due fermentation cannot be obtained in this study.
A reduced perception of the pea-like, green bell pepper-like aroma may also be caused by masking effects.
The total aroma intensities of all samples differed only slightly with median values of 5.5 for the samples
fermented with L. amylolyticus, 5.0 for LPI, L. parabuchneri, S. xylosus, L. reuteri, and L. sakei subsp.
carnosus fermented samples, 4.5 for L. helveticus and L. delbrueckii, and 4.0 for L. brevis fermented samples.

The taste impressions bitter and salty were analyzed by the panel in the sensory evaluation and
displayed in Figure 3. The bitter intensity of unfermented LPI was described with a mean value of 2.3.
All fermented samples did not differ significantly (p < 0.05) in bitterness compared to LPI, with the
exception of L. sakei subsp. carnosus (1.0). However, the trend of the mean values of the fermented
samples showed slightly lower intensities of bitterness compared to LPI. The intensity of salty was
described for LPI with a mean value of 1.9. In comparison, no significant differences (p < 0.05) in the
intensity of the fermented samples were found. However, the samples obtained after fermentation
with L. amylolyticus, S. xylosus, and L helveticus tended to be more salty.

 

(a) (b) 

Figure 3. Intensity of bitter (a) and salty (b) taste perception of LPI and fermented LPI rate on a scale
from 0 (no perception) to 10 (strong perception). Means marked with an asterisk (*) indicate significant
differences between the individual sample and the unfermented LPI (p < 0.05) following pairwise t-test.

The hedonic evaluation was performed for a first indication of the prevalence of the samples
and was not performed according to ISO standards. The evaluation (Figure 4) of the panel resulted
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in a rating of 4.2 for unfermented LPI. The sample, which was most popular with the panelists (6.4),
was fermented with L. sakei subsp. carnosus, followed by the samples fermented with L. helveticus
(5.5) and L. amylolyticus (5.4). The most unpopular samples were the ones fermented with S. xylosus
and L. reuteri with values of 2.8 and 3.0, respectively. The results showed that both saltiness and
bitterness do not have a considerable effect on the acceptance of the samples. The acceptance seems
to be influenced by the differences in the aroma profile. It was found that the samples with the
aroma attributes popcorn like were rated as popular by all subjects. The samples with the maximum
evaluation had the attribute popcorn-like, roasty in their aroma profile as dominant aroma impression
and also the highest intensity in this attribute compared to LPI and all other fermented samples.
Meanwhile, the aroma impression cheesy dominated in S. xylosus and L. reuteri fermented samples—the
samples with the minimal hedonic rating. In addition, both of these samples had the highest intensity
of this attribute compared to LPI and the other samples.

Figure 4. Rate of hedonic evaluation of LPI and unfermented LPI; scale from 0 (strong dislike) to 5
(neutral) to 10 (strong like). Means marked with an asterisk (*) indicate significant differences between
the individual sample and the unfermented LPI (p < 0.05) following pairwise t-test.

3.4. Techno-Functional Properties

3.4.1. Protein Solubility

The protein solubility of LPI and fermented LPI was determined at pH 4 and pH 7 and given
in Table 4. The protein solubility of all samples was higher under neutral condition (pH 7) than
under acidic condition (pH 4). Usually, protein solubility is minimal at the isoelectric point (pH
4.5) [4,22–24]. Unfermented LPI showed a significantly (p < 0.05) higher protein solubility of 63.6% at
pH 7 than all fermented samples. The minimum solubility was measured for the samples obtained after
L. helveticus and L. delbrueckii fermentation with 23.57% and 27.48%, respectively, and the maximum
solubility of the fermented samples with L. reuteri with 42.35%. Similar results have been found in other
studies. Lampart-Szczapa, Konieczny, Nogala-Kałucka, Walczak, Kossowska, and Malinowska [9]
determined also lower solubility of lupin proteins after fermentation than non-fermented samples and
other authors observed this for fermented soy [10,11,25,26]. Lactobacilli produce organic acids during
fermentation, which might have induced an irreversible coagulation of proteins and thus a reduced
solubility. Further, heat treatment for the fermentation stop (90 ◦C, 20 min) might have promoted
aggregation and cross-linking of partially hydrolyzed lupin proteins [10]. In contrast, the protein
solubility at pH 4 after fermentation was not significantly different (p < 0.05) to unfermented LPI
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(7.31%), with the exception of the samples fermented with L. delbrueckii (5.55%) and L. helveticus (5.92%).
The highest protein solubility at pH 4 was measured for S. xylosus fermented samples with 8.11%.

Table 4. Protein solubility (%) at pH 4 and pH 7 of unfermented und fermented (24 h) LPI.

Samples
Protein Solubility

pH 4 pH 7

LPI (unfermented) 7.31 ± 0.26 63.59 ± 3.04
L. reuteri 7.40 ± 0.69 42.35 ± 3.76 *
L. brevis 7.41 ± 0.97 38.45 ± 2.87 *

L. amylolyticus 7.13 ± 0.31 35.47 ± 3.16 *
L. parabuchneri 8.01 ± 0.90 27.37 ± 4.00 *

L. sakei subsp. carnosus 7.17 ± 1.01 37.40 ± 4.53 *
S. xylosus 8.11 ± 0.77 * 28.04 ± 3.01 *

L. helveticus 5.92 ± 0.92 * 23.57 ± 2.99 *
L. delbrueckii 5.55 ± 0.41 * 27.48 ± 2.51 *

The data are expressed as mean ± standard deviation (n = 4). Means marked with an asterisk (*) within a column
indicate significant differences between sample and unfermented LPI (p < 0.05) following pairwise t-test.

3.4.2. Foam Properties

The foam properties (foam activity and stability) of LPI and fermented LPI are shown in Table 5.
All fermented samples showed a significant higher (p< 0.05) foam activity compared to unfermented LPI,
with the exception of the samples fermented with L. brevis and L. delbrueckii. L. brevis and L. delbrueckii
fermented samples showed an increase in foam activity compared to unfermented LPI, although the
differences were not significant (p < 0.05). Similar results were obtained by Klupsaite et al. [27] for
lupin proteins and Meinlschmidt, Ueberham, Lehmann, Schweiggert-Weisz, and Eisner [10] for soy
protein isolates.

Table 5. Foam activity (%) and foam stability (%) of unfermented and fermented (24 h) LPI.

Samples Foam Activity (%) Foam Stability (%)

LPI (unfermented) 1613 ± 11 89 ± 3
L. reuteri 1646 ± 20 * 87 ± 3
L. brevis 1683 ± 57 86 ± 6

L. amylolyticus 1688 ± 52 * 94 ± 2
L. parabuchneri 1703 ± 25 * 16 ± 5 *

L. sakei subsp. carnosus 1670 ± 32 * 83 ± 3
S. xylosus 1678 ± 23 * 91 ± 1

L. helveticus 1698 ± 17 * 20 ± 0 *
L. delbrueckii 1652 ± 36 80 ± 0 *

The data are expressed as mean ± standard deviation (n = 4). Means marked with an asterisk (*) within a column
indicate significant differences between sample and unfermented LPI (p < 0.05) following pairwise t-test.

Unfermented LPI showed a foam stability of 89%. The foam stability of all fermented samples, with
exception of L. parabuchneri and L. helveticus, was above 80%. L. parabuchneri and L. helveticus showed
significantly (p < 0.05) lower stability of 16% and 20%, respectively, compare to unfermented LPI.

3.4.3. Emulsifying Capacity

Unfermented LPI showed an emulsifying capacity of 552.9 mg/mL (Table 6). The treatments
with the various microorganisms resulted in emulsifying capacities in the range of 347.7 mg/mL for
L. parabuchneri up to 595.6 mg/mL for S. xylosus. Samples fermented with L. parabuchneri (347.7 mg/mL),
L. delbrueckii (370.3 mg/mL), L. sakei subsp. carnosus (407 mg/mL) and L. brevis (447 mg/mL), showed a
significantly (p < 0.05) lower emulsifying capacity than the unfermented LPI sample. The residual
samples did not show a significantly (p < 0.05) lower emulsifying capacity compared to unfermented

108



Foods 2019, 8, 678

LPI, but a tendency was observed. El-Adawy et al. [28] and Qi et al. [29] described a positive correlation
between the emulsifying capacity and protein solubility of a protein. A reduced protein solubility was
observed in fermented LPI compared to unfermented LPI. It could be an indication of the tendency
decrease in emulsifying capacity of fermented LPI. The literature offers controversial data regarding
the emulsifying capacity after fermentation. Lampart-Szczapa, Konieczny, Nogala-Kałucka, Walczak,
Kossowska, and Malinowska [9] observed a decrease in emulsifying capacity after the fermentation
of lupine protein while Klupsaite, Juodeikiene, Zadeike, Bartkiene, Maknickiene, and Liutkute [27]
reported a significant increase in capacity after 24 h of fermentation. The fermentation of soy protein
isolate resulted in a decrease in emulsifying capacity [10].

Table 6. Emulsifying capacity (mg/mL) of unfermented and fermented (24 h) LPI.

Samples Emulsifying Capacity (mg/mL)

LPI (unfermented) 552.9 ± 9.8
L. reuteri 471.5 ± 10.7 *
L. brevis 447.2 ± 27.4 *

L. amylolyticus 564.1 ± 18.7
L. parabuchneri 347.7 ± 5.2 *

L. sakei subsp. carnosus 407.2 ± 7.6 *
S. xylosus 595.6 ± 55.6

L. helveticus 455.2 ± 51.9
L. delbrueckii 370.3 ± 6.8 *

The data are expressed as mean ± standard deviation (n = 4). Values marked with an asterisk (*) indicate significant
differences between the individual sample and the unfermented LPI (p < 0.05) following pairwise t-test.

3.5. Analysis of the SDS-PAGE Profiles of Unfermented and Fermented (24 h) LPI

The molecular weight distribution of LPI and fermented LPI was analyzed to obtain an indication
of the integrity of the proteins. The results of the SDS-PAGE showed that the microorganisms were
able to change the SDS-PAGE profile of the lupin protein isolates. It could be observed that the
polypeptides of lupin protein isolates were partially decomposed. All fermented samples showed
a degradation of low molecular weight fractions (<23 kDa) associated with the increase in small
polypeptides with a molecular weight of <15 kDa compared to unfermented LPI (data not presented).
In particular, polypeptides with a molecular weight of 17 kDa appear to be decomposed in all samples
and exemplarily shown for L. reuteri and L. parabuchneri in Figure 5. The amount of polypeptides within
the medium molecular weight range (25–36 kDa) increased due to the breakage of larger polypeptides.
It appears that all used microorganisms are proteolytic active to decompose medium molecular weight
and low molecular weight polypeptides from lupin protein isolate into small fragments.

Meinlschmidt, Ueberham, Lehmann, Schweiggert-Weisz, and Eisner [10] also investigated the
effect of fermentation with L. helveticus on the integrity of proteins in soy protein isolate. The number
of subunits in the 25–37 kDa range was also increased, as were the number of low molecular weight
bands <20 kDa.
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(a) (b) 

Figure 5. Peptide band profiles of fermented LPI produced by fermentation (24 h) with L. reuteri (a)
and L. parabuchneri (b) as determined by SDS-PAGE under reducing conditions.

4. Conclusions

Fermentation maintains the functional properties and improves the sensory properties of lupin
protein isolate. Following the determination of the aroma profile using a trained panel, the formulation
of the new aroma components should be qualitatively and quantitatively analyzed. Based on the
results of SDS-PAGE, the microorganisms mainly decomposed polypeptides with low and medium
molecular weight. As the protein integrity provides a first indication of the allergenic potential, in vitro
and in vivo studies should be performed to investigate the allergenicity of these fermented lupin
proteins. In addition, it is necessary to validate the allergen structure of LPI and fermented LPI and to
develop more reliable methods for the quantification of allergens. The use of fermented plant proteins
in food products such as meat and dairy alternatives must be examined in practice by subsequent
application trails.
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Abstract: Consumer demands for plant-based products have increased in recent years. However,
their consumption is still limited due to the presence of off-flavor compounds, primarily beany
and green notes, which are mainly associated with the presence of aldehydes, ketones, furans,
and alcohols. To overcome this problem, fermentation is used as a lever to reduce off-flavors.
A starter culture of lactic acid bacteria (LAB) was tested in a 4% pea protein solution with one
of the following yeasts: Kluyveromyces lactis, Kluyveromyces marxianus, or Torulaspora delbrueckii.
The fermented samples were evaluated by a sensory panel. Non-fermented and fermented matrices
were analyzed by gas chromatography coupled with mass spectrometry to identify and quantify the
volatile compounds. The sensory evaluation showed a significant reduction in the green/leguminous
attributes of pea proteins and the generation of new descriptors in the presence of yeasts. Compared
to the non-fermented matrix, fermentations with LAB or LAB and yeasts led to the degradation of
many off-flavor compounds. Moreover, the presence of yeasts triggered the generation of esters.
Thus, fermentation by a co-culture of LAB and yeasts can be used as a powerful tool for the
improvement of the sensory perception of a pea protein-based product.

Keywords: pea protein; fermentation; lactic acid bacteria; yeast; beany; green

1. Introduction

The demand for plant-based products is on the rise as consumers become increasingly
health-conscious and seek out non-dairy alternatives for dairy products. Reasons for the plant-based
movement stem from three different factors: environmental, health, and concerns about animal
welfare [1,2]. Consequently, the food industries are undoubtedly experiencing disruptive pressures in
favor of plant-based products and are evolving rapidly to meet consumer needs [3].

Due to their high protein content ranging from 20% to 25%, pulses present an important economic
and nutritional interest [4]. These dried seeds belong to the family of legumes, Fabaceae, which
includes Pisum sativum (peas), Cicer arietinum (chickpeas), Lupinus (lupins), Phaseolus vulgaris (beans),
Glycine max (soybeans), and Arachis hypogaea (peanuts) [5]. As a result of their limited amount of
sulfur-containing amino acids (methionine, cystine, and tryptophan), they are often consumed along
with cereal grains that have a complementary amino acid profile, i.e., that are rich in sulfur-containing
amino acids but deficient in lysine. In addition to their high nutritive value, the consumption of pulses
can offer many health benefits to human beings, e.g., the reduction of cardiovascular diseases, diabetes,
and cancer risk [6,7].
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Thanks to its functional properties and high protein content, pea (Pisum sativum) offers a great
opportunity to develop an alternative plant protein source that will meet nutritional needs in an
affordable and sustainable way [8]. This plant-based protein can be used in food applications as an
isolate (protein content higher than 80%) or in concentrate form (protein content lower than 80%).
However, the presence of off-flavors described as “beany,” “green,” “vegetal,” “hay-like”, and “rancid”
is a limiting factor for its consumption [9,10]. These undesirable notes are partially inherent in peas or
produced during harvesting, processing, and storage.

The typical beany flavor of pea is generally associated with aldehyde molecules, mainly hexanal,
which is the most frequently reported compound responsible for the undesirable aroma of pea proteins.
In addition to aldehyde molecules, other compounds such as ketones, alcohols, pyrazines, and furans
also contribute to the off-flavor profile of pea proteins [5]. Thus, the perception of the beany flavor
could arise from the interactions between different molecules and would, therefore, not be the result of
the perception of one single compound [11].

Fermentation, one of the oldest stabilization processes, has been used for centuries as a method
to preserve agricultural raw materials and to improve their organoleptic properties. In that respect,
the preparation of many traditional cereal- and pulse-based food products relies on the use of
fermentation [12]. The diversity of fermented foods depends on the types of substrates and
microorganisms involved in the process. Some examples of cereal-based fermented products are
beer, bread, and a less common product, boza [13]. Alcoholic beverages are made from different
substrates such as malted barley in Western countries (in the case of beer), as well as from sorghum
(burukutu) and maize/sorghum (pito) in Africa. These alcoholic beverages are mainly produced using
yeasts (Saccharomyces sp.) but also use co-cultures of yeasts and lactic and acetic acid bacteria, e.g.,
Brettanomyces, Saccharomyces, Lactobacillus, Leuconostoc, and Acetobacter for lambic beers; Geotrichum
candidum and Lactobacillus for pito; and S. cerevisae, S. chavelieri, Leuconostoc mesenteroides, Candida, and
Acetobacter for burukutu [13,14]. On the other hand, boza, a beverage made from wheat, rye, millet,
maize, and other cereals, is mainly fermented with lactic acid bacteria (LAB) such as Lactobacillus and
Leuconostoc sp., and sometimes associated with yeasts (S. cerevisiae) [13]. Bread, which is also known
as naan, bhatura, and kulcha in Asian countries, is a dough obtained mainly by yeast fermentation
(S. cerevisiae) but can also be produced via a co-culture of LAB and yeasts [15].

In addition to fermented cereal-based beverages, fermented food products made from pulses
are generally found in traditional Asian food products. One of the major types of pulses used is
soybean, which contributes to the formation of a wide range of products such as sufu, tempeh, miso,
and natto [16]. As in the case of cereal-based beverages, these fermented products can be made with
an association of LAB (Pediococcus), Bacillus, fungi (Rhizopus, Actinomucor, and Mucor), and yeasts
(Saccharomyces, Candida) [17–19]. It should be noted that several species used in these fermented
products, such as Rhizopus spp., Mucor spp., and Candida spp., are not on the Qualified Presumption of
Safety (QPS) list or are not recommended for QPS status in European countries [20].

Consequently, most plant-based fermented foods are produced using microbial communities
due to their potential synergistic effects that help to improve the qualities of fermented products [21].
However, the use of fermentation for pea-based matrices using microbial communities with variable
complexities is very rare.

Previous studies have reported the impact of lactic acid fermentation on the modification of the
green/beany perception of pea. They showed that lactic acid fermentation had a limited effect on the
reduction of the negative descriptors associated with pea proteins [10,22,23]. Moreover, the addition
of yeasts such as Candida catenulate and Geotrichum candidum triggered the formation of banana and
apricot aroma in a cheese-like pea-based product [24].

Thus, a promising line of research would be to co-ferment pea protein with LAB and yeasts.
The reason that these microorganisms were combined in our study is based on the need to use LAB
to obtain a pea protein “yogurt-like” product with a final pH value of 4.55 that ensures both its
sanitary quality and gelation properties. Moreover, the genera Saccharomyces and Kluyveromyces display
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enzymatic activities such as alcohol and aldehyde dehydrogenase, enzymes that have been reported
to decrease green beany flavor in soybeans through the degradation of aldehydes and alcohols [25].
Yeasts are known to improve the aroma quality of fermented beverages via the formation of ester
compounds with fruity and floral notes such as ethyl acetate and 2-methylbutyl acetate [26]. The aim
of this study is, therefore, to investigate the impact of fermentation with yeasts in co-culture with LAB
on the volatile profile associated with off-flavor in peas.

The specific objectives of this study are: (1) to evaluate the impact of the addition of yeasts on the
acidifying activity of LAB; and (2) to compare the flavor profile of the samples fermented with a pure
culture of LAB and the ones fermented with LAB in co-culture with yeasts.

2. Materials and Methods

2.1. Raw Materials, Ingredients, and Strains

Pea protein isolates of Pisum sativum L. (Purispea Tm 870, batch1708TL1) were supplied by Cargill
(Chicago, IL, USA). The sample had the following characteristics: pH 7.0, moisture 4.2%, and protein
content 82.1%. Sucrose from sugar cane was provided by Tereos (France). The raw materials were
stored at room temperature.

VEGE 047 LYO was obtained from DuPont Danisco (Dangé-Saint-Romain, France) and consisted
of freeze-dried defined strains of lactic acid bacteria: Lactobacillus acidophilus NCFM®, Streptococcus
thermophilus, Lactobacillus delbrueckii subsp. bulgaricus, and Bifidobacterium lactis HN019™. Using API
50 CHL medium (Biomérieux SA; Marcy l’Etoile, France), this mixture of lactic acid bacteria and
Bifidobacterium was found to be glucose (+), fructose (+), and sucrose (+). Torulaspora delbrueckii TD
291 (freeze-dried BIODIVATM) was provided by LALLEMAND S.A.S, France. Kluyveromyces lactis
Clib 196 and Kluyveromyces marxianus 3810 were obtained from the INRA collection (UMR GMPA,
Grignon, France).

2.2. Fermentation of Pea Protein Isolates

2.2.1. Inoculum Preparation

Kluyveromyces lactis Clib 196 and Kluyveromyces marxianus 3810 were incubated from frozen glycerol
stocks (−80 ◦C) in potato dextrose broth (PDB, Becton, Dickinson & Company, Sparks, MD, USA) for
21 h at 30 ◦C with an agitation of 200 rpm using an incubator (INFORS HT). When the stationary phase
of growth was reached, cells were harvested by centrifugation at 4000 rpm (1699× g) for 15 min at
10 ◦C (Eppendorf, 5804R). The pellet was then washed and suspended in sterile physiological water
(9 g of NaCl in 1 L of osmotic water) to obtain 107 colony forming unit/mL (CFU/mL) and used as
the inoculum.

For the rehydration of VEGE 047 LYO, we followed the supplier’s instructions. The freeze-dried
culture was rehydrated in a 500-mL of a 4% thermally treated pea protein solution using Purispea Tm
870. The mixture was left to settle for 15 min and then agitated gently before the preparation of the
cryotubes. The latter was then stored at −80 ◦C.

As for Torulaspora delbrueckii, 0.25 g/L was inoculated in a pea protein solution and then transferred
to cryotubes at −80 ◦C until the fermentation process.

Upon fermentation, the samples were inoculated with 107 CFU/mL of VEGE and Torulaspora delbrueckii.

2.2.2. Preparation of Fermented Pea Protein Isolate

Osmotic water was used to prepare a 4% pea protein solution with 3% sucrose. The mixture was
stirred using a magnetic stirrer at room temperature for 10 min until a homogeneous solution was
obtained. The solution was then thermally treated at 110 ◦C for 15 min. This process was required
to eliminate the endogenous microflora of pea proteins before fermentation. Prior to inoculation,
the solution was cooled down to 30 ◦C. The initial pH of the solution was 7.1 ± 0.1.
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Four different fermented samples were inoculated with the following strains: VEGE 047 (VEGE),
VEGE 047 + Kluyveromyces lactis Clib 196 (VEGE + KL), VEGE 047 + Kluyveromyces marxianus 3810
(VEGE + KM), and VEGE 047 + Torulaspora delbrueckii (VEGE + TOR). The experiments were carried
out in triplicate.

Fermentations were stopped at pH 4.55 (an optimal pH to ensure sanitary and textural qualities)
by rapid cooling in an ice bath until the temperature reached 4 ◦C. Microbial enumerations were
performed at this point.

All fermented samples were stored in 150-mL glass vials at 4 ◦C for 7 days. At day 7, the products
were sent to an expert panel for sensory evaluation and the remaining samples were frozen at −80 ◦C
until analysis.

2.3. Fermentation Monitoring

2.3.1. Acidification Activity Measurement

The Cinac system 4 (AMS, Frépillon France) [27] was used to measure the acidification activity
of the microbial strains at 30 ◦C. The pH of the inoculated pea protein samples was continuously
measured and automatically recorded at 3-min intervals. The time to reach pH 4.55 (tpH 4.55 in min)
was used as a descriptor for the acidification activity. It was calculated using Cinac 4 (version 4, release
0.4.4). Measurements were made in triplicate.

2.3.2. Microbial analyses

LAB and yeast populations were determined at the beginning and at the end of the fermentation
process when a pH of 4.55 was reached. The samples were diluted 1:10 with sterile physiological
water (9 g of NaCl/L) and then homogenized using an Ultra Turrax®device (Labortechnik, Germany)
at 8000 rpm for 1 min. The yeast population was determined by surface plating in triplicate using
yeast–glucose–chloramphenicol agar (YGCA, BIOKAR, Beauvais, France) after three days of incubation
at 30 ◦C. Lactic acid bacteria were counted by spread plating technique in triplicate on non-acidified
Man Rogosa and Sharpe agar (MRS, BIOKAR, Beauvais, France) after 3 days at 42 ◦C under anaerobic
conditions (Bugbox Anaerobic System, Ruskinn, Bridgend, United Kingdom).

2.3.3. Biochemical Analysis

Analyses Using HPLC–MS to Determine Sugar Content

To obtain an accurate determination of the amount of sucrose, fructose, and glucose in a complex
matrix, a sugar analysis was done using liquid chromatography coupled with mass spectrometry.

Sugars were extracted as previously described [28]. After thawing, the samples were
diluted in 50/50 (v/v) LC/MS water/acetonitrile and were quantified using high-performance liquid
chromatography coupled with mass spectrometry (Waters, Beaver Dam, WI, USA).

Metabolites were separated on an XBridge BEH Amide column (length: 150 mm; internal diameter:
4.6 mm; particle size: 3.5 μm; WATERS). The column temperature was set at 75 ◦C. The flow was
0.4 mL/min and the solvent were acetonitrile with 0.1% formic acid (D) and ultra-pure water (B) +
0.1% formic acid. The elution gradient was as follows: 0 min at 80% D + 20% B, then 50% D + 50%
B for 23 min, level at 80% D and 20% D for 2 min. The injection volume was 5 μL, and the injector
temperature was 7 ◦C. Each analysis took 25 min.

Mass spectrometric detection was performed with an ISQ™ EC-LC Quadrupole with a heated
electrospray source (HESI–II) operated in the negative ionization mode (Thermofisher Scientific).
Metabolites were identified and quantified (ng/g wet weight) using Chromeleon 7.2.10 software
(Thermofisher scientific, Waltham, MA, USA).
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Analyses Using HPLC to Determine Ethanol and Lactic Acid Concentrations

The concentrations of ethanol and lactic acid were determined by high performance liquid
chromatography (HPLC). Similar to the preparation of sugar extracts, ethanol and lactic acid were
extracted as previously described [28].

The analysis was performed using a Waters Associates chromatographic system (Alliance)
equipped with a pump, an automatic injector (Waters e2695) and two columns, a pre-column of
30 × 4.6 mm (Bio-Rad Labs; Richmond, CA, USA), and an HPX-87H columns (300 × 7.8 mm; Bio-Rad
Labs; Richmond, CA, USA) connected in series. The columns were operated at 35 ◦C. The samples were
eluted with 0.01 N sulfuric acid at a flow rate of 0.6 mL/min. The eluting compounds were detected
by a UV detector (Model 2489). This detector was connected in series to an RI detector (Model 2414);
Empower TM 3 chromatography data software (Waters Corporation) was used to integrate peak areas
using calibration by an external standard solution.

2.4. Sensory Evaluation

The sensory evaluation of the four products was performed using descriptive analysis. A panel of
15 trained panelists was recruited for their familiarity with plant-based products.

Sensory analysis was carried out in an air-conditioned room (20 ◦C), in individual booths, under
daylight. Samples of the fermented products (80 g) were presented in plastic cups labeled with
randomly selected three-digit numbers. The sample evaluation order was balanced over the panel
following a Williams Latin square design to account for potential order and carry-over effects. Panelists
were asked to rinse their mouths with water and crackers between samples.

A one-hour session was dedicated to the generation of attributes, followed by training in the use
of these attributes to obtain a quantitative description of the products. The 15 panelists generated a
vocabulary of sensory attributes that covered the odor, texture, aroma, and taste of the samples. During
the second session, the panelists had to rate the intensity of the 13 attributes (global intensity, sour,
bitter, astringent, tangy, sparkling, green flavor/vegetal, leguminous plant, citrus fruit, nut, beer/yeast,
sourdough, cultured apple cider) generated for each product on an interval scale ranging from 0 to 15
(from nonexistent to marked). Samples were presented in a monadic sequence. The panel performances
were validated in a third session in terms of repeatability, using different means of analysis of variance
(ANOVA)

2.5. Aroma Compound Analysis

To identify the aroma compounds present in the non-fermented and fermented pea protein
solutions, GC/MS analysis was performed. All analyses were performed in triplicate.

Volatile compounds were extracted using the purge and trap method by means of a Gerstel
Dynamic Headspace System (DHS) coupled with a Gerstel Multipurpose Sampler (MPS) Autosampler
(Mulheim an der Ruhr, Denmark). Five grams of the fermented or non-fermented samples were
weighed in a vial. The DHS system heated the samples to 40 ◦C for 3 min with an agitation speed of
500 rpm. The samples were purged with a helium flow at 30 mL/min for 10 min and analytes (volatile
molecules) were collected on sorbent material at 30 ◦C. The sorbent material used for volatile molecule
collection was Tenax TA (2, 6-diphenylene oxide polymer) (Gerstel). The sorbent material was dried to
remove residual water vapor at 30 ◦C with a helium flow of 50 mL/min for 6 min.

GCMS was performed using a 7890 Agilent GC system coupled to an Agilent 5977B quadruple
mass spectrometer (Agilent, Santa Clara, CA, USA). A non-polar Agilent column DB-5MS
(60 m × 0.32 mm × 1 μm) was used. The injection was performed in splitless mode using helium at a
flow rate of 1.6 mL/min. The oven temperature of the column was programmed as follows: temperature
increase from 40 to 155 ◦C at 4 ◦C/min, followed by 155 to 250 ◦C at 20 ◦C/min. The oven temperature
was then maintained at 250 ◦C for 5 min. The gas chromatogram was recorded and analyzed for
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volatile retention time. Volatile compounds identified by comparison with a mass spectra library (NIST
database) were chosen based on their percentage of identity.

For the quantification of the volatile compounds, two different standard solutions were prepared:
Solution A containing the molecules responsible for the off-notes, and solution B comprising the ester
molecules. The choice of the volatile compounds responsible for the off-flavor perception in pea was
based on their occurrence in the literature.

For Solution A, a mixture of 21 selected compounds was prepared. Pure commercial volatile
standards belonging to different families of compounds were purchased from Sigma Aldrich
(Milwaukee, USA). These standards were as follows: 2-methylpropanal, trans-2-methyl-2-butenal,
hexanal, (E)-2- hexenal, heptanal, (E)-2-octenal, nonanal, butanal, (E)-2-heptenal, decanal, 1-penten-3-ol,
1-octen-3-ol, 1-hexanol, 1-octanol, 6-methyl-5-hepten-2-one, 2-octanone, 2-nonanone, 2-n-heptylfuran,
2-ethylfuran, and 2-pentylfuran.

Solution B consisted of ester compounds, major aromatic molecules resulting from yeast
fermentation: isoamyl acetate, 2-methylbutyl acetate, 2-phenylethyl acetate, isobutyl acetate, ethyl
octanoate, ethyl hexanoate, hexyl acetate, ethyl isobutyrate, ethyl propionate, propyl acetate, and
ethyl acetate.

To obtain the calibration curves, four concentrations were prepared for Solution A or B, made
from two mother solutions in water and injected three times.

To consider the interactions between aroma compounds and proteins, dilutions were carried out
in a 4% sodium caseinate solution (Sigma Aldrich, St. Louis, MO, USA). The choice of the dairy protein
is justified by the intrinsic contents of off-flavors in pea proteins, the neutral taste, and the negligible
volatile profile of dairy proteins.

2.6. Statistical Analysis

One-way analysis of variance (ANOVA) was performed using Xlstat sensory software (version
2019.4.1) (Addinsoft, New York, NY, USA). All tests were performed at p = 0.05. The heat map was
generated using Euclidean distance and the complete linkage algorithm (90) implemented in the gplots
package (version 3.0.1.1) (https://CRAN.Rproject.org/package=gplots) of R software (version 3.6.1)
(http://www.r-project.org/).

3. Results and Discussion

3.1. The Impact of the Addition of Yeasts on Pea Fermentation by LAB

Table 1 summarizes the main parameters that characterize the fermentations performed by the
different cultures: the bacterial and yeast biomass at the initial and/or final time (t0 and tf, respectively,
where tf is the time necessary to reach pH 4.55), the residual sugar level at tf, and finally the lactic acid
and ethanol concentration at tf.

To evaluate the impact of the addition of yeasts on the acidification rate of VEGE, the parameter tf
was analyzed. As shown in Table 1, the addition of yeasts to VEGE did not have a significant impact on
the fermentation time. This is a positive result in the aim of producing commercial products. However,
we can observe a difference in the tf between two yeast species: there was an increase in the time
necessary to reach pH 4.55 for VEGE + KM compared to VEGE + TOR. Nevertheless, this cannot be
directly linked to the final bacteria biomass since higher concentrations were found in VEGE + TOR.
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On the other hand, differences in the final concentration of lactic acid were observed in the
presence of yeasts compared to VEGE alone: a lower concentration of lactic acid was observed for
VEGE + KM and VEGE + TOR. These differences could be explained by an acidifying metabolite
produced by yeasts. In fact, these two co-cultures displayed a higher production of ethanol compared
to VEGE alone (in which no production was identified) or in VEGE +KL. Ethanol production paralleled
carbon dioxide generation, a gas that, by dissolution, acidifies the medium. Thus, the production of
CO2 could explain the lower concentration of lactic acid generated to reach pH 4.55 in the two former
conditions. As for VEGE + KL, the low final ethanol concentration could explain that the lactic acid
concentration is nearly the same in this co-culture compared to VEGE alone. Since Kluyveromyces lactis
is an aerobic-respiring yeast, it could be limited by the oxygen availability in our static fermentation,
leading to limited growth and ethanol production compared to Kluyveromyces marxianus [29,30].

Considering the sucrose metabolism, the total residual sugars were lower in the presence of yeasts,
compared to VEGE. In fact, VEGE alone consumed 6 g/L of sucrose, and no residual monosaccharides
(fructose or glucose) were detected (Supplementary Table S1). The yield of lactic acid/sucrose calculated
for VEGE was approximately 0.8 g/g, which is close to a homofermentative yield. In fact, VEGE contains
three homofermentative species (Lactobacillus acidophilus, Streptococcus thermophilus, and Lactobacillus
delbrueckii subsp. bulgaricus).

In co-cultures, nearly 100% of the initial sucrose (30 g/L) was hydrolyzed into glucose and fructose,
and these monosaccharides were partially metabolized (Supplementary Table S1). The consumed
sugars were 9 g/L for (VEGE+KL), 14 g/L for (VEGE + TOR), and 17 g/L for (VEGE + KM). These results
are in agreement with the final concentration of ethanol obtained in each condition. As a conclusion,
the addition of yeasts had a weak impact on the behavior of VEGE, although slight differences were
identified due to probable negative and/or positive interactions between VEGE and the yeast used.

3.2. Modification of the Sensory Perception in the Presence of Yeasts

In order to evaluate the impact of yeasts, a sensory analysis was performed only on the fermented
products. It was previously shown that VEGE cultures improved the sensory perception of a pea
protein yogurt-like product, but not enough for consumer acceptability (General Mills, personal
communication).

The panelists generated typical descriptors for a plant matrix: green flavor/vegetal, leguminous
plant, bitter, astringent, nut, and other descriptors such as sparkling, tangy, sour, citrus fruit, beer/yeast,
and cultured apple cider. Figure 1 shows the characteristics of each fermented product as the average
intensity of the individual panelists’ scores, and the detailed data are shown in Table 2.

Considering the main defects detected in the pea matrix, the intensities of leguminous plant and
green flavor/vegetal were significantly reduced in the presence of yeasts. There is a lack of information
in the literature about the impact of yeasts on the improvement of the sensory characteristics of pea
proteins. However, one recent study revealed a significant decrease in the beany odor using analytical
methods after the fermentation of soybean residue, okara, by K. marxianus [31].

The global intensity of aroma in the presence of yeasts was significantly higher compared to
VEGE culture. This increase could be linked to the presence of trigeminal sensations such as sparkling,
tangy, and sour attributes, which were significantly higher in the samples with yeasts. The sparkling
attribute could be directly linked to the presence of CO2 [32]. Considering the sour attribute, the yeasts
can produce pyruvic and acetic acid, which could explain this perception [33]. In addition, it was
previously shown that high levels of carbonation significantly enhanced the sourness and astringency
in flavored milk beverages [34].

Finally, the fermented products obtained with yeasts were characterized by a significantly higher
“beer/yeast” attribute than the products obtained with VEGE. In fermented beverages such as beer,
esters are the most important set of yeast-derived aroma-active compounds, and they are responsible
for their fruity character [35].
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The modifications of the sensory perception in the presence of yeasts could be attributed to a
reduction in the concentration of pea off-notes or the generation of new notes that could modify the
perception of sensory defects. Thus, to obtain a better understanding of the sensory modifications,
the volatile profiles were analyzed.

Table 2. Average intensity of sensory attributes determined for different fermented products using a
scale ranging from 0 to 15.

VEGE VEGE + K. marxianus VEGE + K. lactis VEGE + T. delbrueckii

Global intensity 4.660 b 7.033 a 6.390 a 6.900 a
Sour 2.257 b 5.000 a 4.250 a 5.400 a
Bitter 1.837 a 3.200 a 2.840 a 2.867 a

Astringent 3.730 a 4.733 a 4.243 a 4.933 a
Tangy 0.417 c 5.267 a 3.500 b 5.200 a

Sparkling 0.050 d 7.467 b 4.817 c 9.367 a
Green flavor/Vegetal 2.637 a 0.733 b 1.533 ab 0.867 b
Leguminous plant 3.723 a 1.147 b 1.500 b 0.800 b

Citrus fruit 0.400 a 0.300 a 0.850 a 0.200 a
Nut 0.267 a 0.167 a 0.333 a 0.200 a

Beer/yeast 0.183 c 5.000 a 3.150 b 2.800 b
Sourdough 0.243 b 1.260 ab 1.380 ab 1.800 a

Cultured apple cider 0.200 a 1.340 a 1.067 a 1.067 a

Mean values in the same row that are not followed by the same letter are significantly different (p < 0.05).

Figure 1. Aroma profile analyses of the four fermented pea protein isolate products. Data are displayed
as mean numerical values of the sensory evaluations.

3.3. Characterization of Volatile Compounds Identified Using GC–MS Analysis

To obtain a better insight into the impact of fermentation on the volatile profile, GC–MS analyses
were performed on the uninoculated and fermented samples (VEGE, VEGE + KM, VEGE + KL and
VEGE + TOR).
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3.3.1. Volatile profiles of Uninoculated and Fermented Samples

A total of 87 volatile molecules were detected. These compounds were grouped into five families,
including aldehydes, alcohols, ketones, furans, and esters. A heat map (Figure 2) was drawn up using
the proportions of each molecule (proportions calculated using the surface areas of the peaks) among
the samples (Supplementary Table S2).

Figure 2. A hierarchically clustered heat map showing the patterns of the different samples for the
identified volatile compounds.

First of all, it was observed that the uninoculated sample contained most of the aldehyde, ketone,
and furan compounds, which are major families of molecules responsible for pea off-flavor. Upon
fermentation with VEGE or VEGE + yeasts, the volatile profiles were strikingly modified compared to
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the uninoculated sample. As shown in Figure 2, most of the aldehyde, furan, and ketone molecules
were degraded. Moreover, the esters were only present in the fermented products with VEGE and
yeasts. The concentrations of alcohol were also generally higher in these products compared to VEGE.

The distribution of the proportions of the molecules revealed the presence of two main groups for
the fermented cluster: VEGE and VEGE + TOR vs. VEGE + KL and VEGE + KM. These two clusters
were not in agreement with the sensory results, which revealed differences in the sensory perception
of products fermented with VEGE or VEGE and yeasts. In fact, there is not a direct link between the
volatile compounds identified by GC–MS and the sensory descriptors.

Consequently, to acquire a better understanding of the sensory perceptions, we focused on the
off-flavor molecules.

3.3.2. Degradation of Off-Flavor Molecules in the Fermented Samples

Twenty molecules among the 87 aroma compounds detected were reported in the literature as
being responsible for the off-flavor perception in peas [9,36,37]. The concentrations of these 20 molecules
are presented in Table 3. The perception thresholds were also reported for information purposes
because they were determined by orthonasal olfaction in water [38].

First, it should be emphasized that most of the molecules responsible for the pea off-flavors were
present in the uninoculated sample in which some of them were detected at high concentrations,
including hexanal, butanal, 2-pentylfuran, and 2-ethylfuran. Hexanal has already been reported to be
the major molecule responsible for the “green” and “herbal” perception in pea protein isolates [39].
Moreover, hexanal, as well as heptanal and nonanal, were identified as the main volatile compounds
of soymilk flavor [40].

In the four fermented samples, there was a significant elimination of off-flavor molecules, mainly
aldehydes, ketones, and furans. Previous studies showed that Lactobacilli and Streptococci could
eliminate compounds related to the beany flavor of soymilk during fermentation, such as hexanal and
2-pentylfuran [40,41]. Moreover, lactic acid fermentation with L. plantarum or with P. pentosaceus had
the potential to decrease the concentration of hexanal in lupin protein extracts [22].

Other compounds such as (E)-2-heptenal, 6-methyl-5-hepten-2-one, and trans-2-methyl-2-butenal
were present in the products fermented with VEGE, but were not detectable in those fermented with
VEGE and yeasts. These differences might explain the fact that the products fermented with VEGE
were perceived as being greener and more leguminous by the panelists compared to the products
fermented with VEGE and yeasts. This hypothesis should be supported by the determination of the
odor perception thresholds by retronasal olfaction in pea.

In the fermented products with VEGE or with VEGE and yeasts, the incomplete reduction or
the increase in off-flavor concentrations were notable. For example, 2-pentyl-furan and 2-ethyl-furan
were reduced but remained at high levels in all the products. As for 2-methylpropanal, 1-hexanol,
and 1-octanol, the concentrations increased when yeasts were added. These compounds could be
the result of yeast metabolism under anaerobic conditions. Previous studies showed that the level of
2-methylpropanal increased in fermented pea gels using a microbial consortium, including yeasts [42].
This compound, which contributes to malty and chocolate-like notes, is the result of valine degradation
by yeasts through the Ehrlich degradation pathway [43]. As for the two other alcohols, they could have
been produced by the reduction of hexanal and octanal through the action of alcohol dehydrogenase
activities. It was previously suggested that fermentation of soybean residue by K. lactis drastically
decreased the amount of hexanal to trace levels, with a corresponding increase in hexanoic acid and/or
hexanol [25–44]. The products with yeasts were perceived as being less “leguminous plant and green
flavor/vegetal” than the products with VEGE; it is possible that the concentrations of 2-methylpropanal,
1-hexanol, and 1-octanol could be under their perception threshold. As previously mentioned, it will be
necessary to determine the odor threshold of the molecules responsible for the sensory defects in peas.
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In addition, the perception of the above—mentioned compounds could have been modified by
the presence of other molecules generated by yeasts such as esters. It was already suggested that
the reduction and/or masking effect of off-flavors led to a more pleasant odor in the fermented lupin
protein extracts compared to the unfermented protein extracts [22].

3.4. Understanding the Sensory Perception Generated by Yeasts

Esters were only detected in the products fermented with (Supplementary Table S2). Their
concentrations, as well as their perception thresholds, are reported in Table 4.

As shown in Table 4, two main groups of esters were identified. The first group includes acetate
esters (ethyl acetate, isobutyl acetate, 3-methylbutyl acetate, and 2-phenylethyl acetate), and the second
group is composed of the ethyl esters (ethyl hexanoate and ethyl octanoate). The acetate esters in these
two groups were found to be produced at higher levels compared to ethyl esters. These esters and their
proportions are typical of fermented beverages such as beer [36]. This could explain the beer/yeast
descriptor used in sensory analysis, which was shown to be significantly different between products
with VEGE and those with VEGE and yeasts.

Ethyl acetate, an undesirable compound, was found to be present in higher concentrations in the
three fermented samples compared to the other ester compounds. This molecule was also reported as
the most abundant ester in wine and beers [50,51]. However, ethyl acetate could have a limited impact
on sensory perception due to its high odor perception threshold [46]. As shown in Table 4, KM and KL
produced more ethyl acetate compared to TOR.

Acetate esters are generated by yeasts as a result of the reaction between higher alcohols and
acetyl co-A [36]. Higher alcohols are probably generated from the amino acid of pea proteins by the
Ehrlich pathway [52].

As shown in Table 4, 2-phenylethyl acetate was produced in great quantity in the samples
fermented with Kluyveromyces spp. It was shown that K. marxianus could produce this compound [53]
and that K. lactis increased the amounts of this compound in the fermented soybean, okara [44].

In addition, hexyl acetate was identified in our fermented samples. This ester is not a common
molecule found in beer. It is predicted that hexanol could be a direct precursor for this ester compound
through the action of an alcohol acetyl transferase enzyme [53].

Other volatile compounds such as ethyl hexanoate and ethyl octanoate are produced by the lipid
metabolism in yeasts and involve a reaction between ethanol and a fatty acid chain [48].

The presence of esters can add more complexity to pea products. In fact, esters can act in synergy
with other molecules, thus influencing the final beer flavor at concentrations below the perception
threshold [49].

To sum up, we can clearly see that most of the ester compounds were present at higher levels in
co-cultures with Kluyveromyces sp. compared to Torulaspora. This highlights the fact that the different
yeasts evaluated exert different metabolic activities. Moreover, the presence of these ester molecules
might have generated a masking effect on the sensory defects in peas. Thus, further investigations
are needed to identify the underlying phenomena that explain the modification of sensory perception
in the presence of the following yeast species: Kluyveromyces marxianus, Kluyveromyces lactis, and
Torulaspora delbrueckii.
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4. Conclusions

A microbial co-culture of VEGE and yeasts modified the sensory perception of a pea protein-based
product. The intensity of the leguminous and green perception was decreased compared to VEGE
alone. Moreover, new descriptors were generated in the presence of yeasts. A hedonic evaluation
should be carried out to evaluate the acceptability of the fermented products.

Analytical results have shown that most of the molecules responsible for the leguminous and
green off-notes were degraded by VEGE and by VEGE and yeasts, which is not in agreement with
the sensory results. Nevertheless, three molecules, (E)-2-heptenal, trans-2-methyl-2-butenal, and
6-methyl-5-hepten-2-one, were still found in the products with VEGE but absent in those with VEGE
and yeasts. Thus, it will be necessary to increment the list of molecules potentially responsible for the
off-notes and to determine their threshold perception in the pea matrix.

The presence of yeasts modified the sensory perception of a pea “yogurt-like” product. In particular,
the beer/yeast descriptor, which is probably due to esters, could be responsible for the decrease of the
leguminous and green off-notes. This potential masking effect should be further investigated.

In conclusion, the fermentation process using a co-culture of LAB and yeasts is of major industrial
interest because this process can compensate for the sensory defects in a plant matrix without adding
any artificial aroma compounds.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/3/349/s1.
Table S1: Amount of residual sugars in the fermented samples (g/L), Table S2: Volatile compounds identified in
the non-fermented and fermented pea samples (expressed as the surface area of the peaks).
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Abstract: Legumes are rich in unsaturated fatty acids, which make them susceptible to (non)
enzymatic oxidations leading to undesirable odour formation. This study aimed to characterise
the volatile and fatty acid profiles of eleven types of legumes using headspace solid-phase
microextraction gas chromatography–mass spectrometry (HS-SPME-GC-MS) and GC coupled with a
flame ionisation detector (GC-FID), respectively. Volatile aldehydes, alcohols, ketones, esters, terpenes
and hydrocarbons were the chemical groups identified across all the legumes. The lipids comprised
palmitic, stearic, oleic, linoleic and α-linolenic acids, with unsaturated fatty acids comprising at least
66.1% to 85.3% of the total lipids for the legumes studied. Multivariate data analysis was used to
compare volatile and fatty acid profiles between legumes, which allow discriminant compounds
pertinent to specific legumes to be identified. Results showed that soybean, chickpea and lentil had
distinct volatile and fatty acid profiles, with discriminating volatiles including lactone, ester and ketone,
respectively. While all three Phaseolus cultivars shared similar volatile profiles, 3-methyl-1-butanol
was found to be the only volatile differentiating them against the other eight legumes. Overall, this is
the first time a multivariate data analysis has been used to characterise the volatile and fatty acid
profiles across different legume seeds, while also identifying discriminating compounds specific for
certain legume species. Such information can contribute to the creation of legume-based ingredients
with specific volatile characteristics while reducing undesirable odours, or potentially inform relevant
breeding programs.

Keywords: legumes; volatiles; fatty acids; characterisation; fingerprinting; multivariate data analysis

1. Introduction

The seeds of legume plants (usually referred to as ‘legumes’) are a nutritious source of proteins,
carbohydrates, lipids, vitamins and minerals [1]. Unprocessed legumes have a distinct odour due to
their inherent plant metabolism [2]. Regrettably, legumes are not widely utilised to their full potential
due to various factors, such as low protein digestibility, their hard-to-cook-effect and undesirable
odours. The undesirable odours are largely influenced by lipoxygenase-catalysed unsaturated fatty
acid oxidation that occurs during several postharvest processes [3,4]. Trained sensory panels have used
negative descriptors such as beany, musty, haylike, grassy and green to describe the odours of legumes
such as soybean and peas. It has been recognised that these odours are majorly derived from volatile
compounds such as hexanal and 1-octen-3-ol [3–5]. Previous studies [3,6–9] have reported volatile
compounds and their formation mainly in soybean, and there is still a limited understanding on the
volatile profile of other commercially relevant legumes such as cowpea, lentil, common bean and
pea [10–13]. However, these studies used targeted analysis without providing a holistic picture of all
low molecular weight compounds present in the legume’s volatile fraction. Advancements in volatile
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analysis and instrument sensitivity are able to capture a wider range of volatile compounds; hence,
they enable researchers to take an untargeted fingerprinting approach. By definition, fingerprinting is
an untargeted analytical approach aiming to detect as many compounds as possible in a particular
food fraction [14]. This untargeted fingerprinting approach has been used as a tool to study the effect
of cooking on legumes [10,15]. To date, there is still a gap in the detailed, holistic characterisation
of legume volatiles using this approach, and hence, it is essential to examine whether this analytical
approach could differentiate different types of legumes. As previously mentioned, undesirable legume
volatiles are primarily formed from fatty acid oxidation. In spite of this connection, no previous
investigation has examined fatty acid composition of legumes in conjunction with their volatile profile.
There is an opportunity here to elucidate the connection of fatty acid composition and volatile profile
in the whole bean matrix.

Therefore, the objective of the present study was to comprehensively characterise the volatile
and fatty acid profiles in commercially relevant legumes. The headspace solid phase-gas
chromatography–mass spectrometry (HS-SPME-GC-MS) approach was implemented to detect volatile
compounds, whereas the fatty acid was profiled using gas chromatography flame ionisation detection
(GC-FID). The novelty of this study lies on the fact that (i) the fingerprinting approach is being applied
for the first time on a wide range of commercial relevant legumes, and (ii) volatile and fatty acid
components are analysed in an integrated fashion using multivariate data analysis.

2. Materials and Methods

2.1. Raw Material Handling and Storage

Eleven types of dry legume seeds, namely, soybean (Glycine max), pea (Pisum sativum), chickpea
(Cicer arretium var. kabuli), orange lentil (Lens culinaris), mung bean (Vigna radiata), fava bean (Vicia
faba), cowpea (Vigna unguiculata), adzuki bean (Vigna angularis), kidney bean (Phaseolus vulgaris), navy
bean (Phaseolus vulgaris) and black bean (Phaseolus vulgaris), were purchased in a single batch from
the local market in Dunedin (New Zealand). Seeds with physical damages and discolouration were
discarded. The remaining seeds were vacuum packed in opaque aluminium bags and stored at 4 ◦C
until analysis.

2.2. Sample Preparation

Legume seeds (30 g) were ground using a laboratory blender (Waring, Auckland, New Zealand)
for 60 s, with a pause every 30 s, at room temperature (20 ± 2 ◦C). The resulting flour was sieved to
pass through an 850 μm mesh. Flour retaining between 450 and 850 μm mesh size was used for lipid
analysis for consistent extraction of lipids. For volatile profiling, the grounding time was increased to
180 s to maximise flour surface area.

2.3. Moisture Determination

The legume flour sample (0.2 g) was weighed and transferred into a glass petri dish (Steriplan,
Kimax, Auckland, New Zealand). The dish was subsequently covered with perforated aluminium foil.
The drying was carried out at 130 ◦C in a convection oven for 16 h (Qualtex, Andrew Thom, Sydney,
Australia). The samples were removed and cooled in a desiccator lined at the bottom with silica beads.
The percentage of moisture content was estimated based on the weight loss after drying and cooling.
The moisture content determination was conducted in five independent replicates.

2.4. Headspace Volatile Analysis with HS-SPME-GC-MS Fingerprinting

Headspace solid phase micro-extraction gas chromatography mass spectrometry
(HS-SPME-GC-MS) was conducted according to the work of Liu and others [16] with modifications,
consisting of sample preparation, incubation, volatile extraction, injection and GC-MS analysis. Prior
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to analysis, method parameters were optimised in order to capture a wide range of volatile compounds.
The optimisation included sample weight, sample dilution, sample to salt ratio and type of GC column.

Upon sample analysis, legume flour was weighed (2.5 g) into a 20 mL glass vial, and 5 mL of
saturated sodium chloride solution (360 g/L) was added to increase the solution’s ionic strength and
drive the legume volatiles into the headspace. The vial was then tightly sealed with PTFE-coated
silicon septa screw cap (Supelco, Sigma-Aldrich, St. Louis, MO, USA). The sealed vials were then
vortexed for 30 s.

Using the Gerstel MPS Maestro autosampler (Gerstel, Linthicum Heights, MD, USA), each
sample was incubated at 40 ◦C for 5 min, with agitation at 250 rpm. Thereafter, headspace
volatile compounds were extracted using headspace-solid phase microextraction (HS-SPME).
A preconditioned (according to the manufacturer’s instructions) SPME fibber with a 30/50
μm divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) sorptive coating (Stableflex,
Supelco, Bellefonte, PA, USA) was used to extract a wide range of volatile compounds from the
headspace of the vial for 30 min at 40 ◦C.

For the GC-MS analysis (Agilent 6890N, Agilent Technologies, Santa Clara, CA, USA), extracted
volatiles were desorbed in the injection port at 230 ◦C for 2 min, then injected in splitless mode onto a
ZB-Wax capillary column (30 m × 0.25 mm × 0.25 μm; Agilent Technologies, Santa Clara, CA, USA) for
separation with helium as the carrier gas at 1.5 mL/min. To facilitate separation and elution of the
injected headspace volatile compounds, the GC oven was maintained at 50 ◦C for 5 min before the
temperature was ramped up to 210 ◦C at 5 ◦C/min, after which it was again ramped to 240 ◦C at the
rate of 10 ◦C/min, for a total GC-MS run time of 37 min. For the MS, the quadrupole was set at 70 eV,
and the ion sources were 150 ◦C and 230 ◦C, respectively, with a mass-to-charge ratio scanning range
of 30–300 m/z. Thereafter, the SPME fibre was regenerated according to the manufacturer’s instruction.
The same SPME fibre was used across all samples. The volatile profiling for each legume seed was
conducted in five independent replicates.

With regard to preprocessing of GC-MS chromatograms, volatile fingerprinting chromatograms
often contain co-eluting peaks, which can confound data analysis. Therefore, an automated mass
deconvolution and identification system (AMDIS; version 2.72, build 140.24, Agilent Technologies,
Santa Clara, CA, USA) was used to deconvolute potential co-eluting peaks. The spectra obtained were
further processed by mass profiler professional (MPP; version 14.9.1, build 1316, Agilent Technologies,
Santa Clara, CA, USA), a peak filtering and alignment software. This creates aligned peaks lacking
nonreproducible and background peaks. Afterwards, a table of retention time and volatile amount
expressed as peak area was obtained.

Tentative identification of volatile compounds was conducted manually. In the present work,
three criteria were employed to increase the power of compound identification: (i) match and reverse
match with the NIST library of no less than 90%; (ii) comparison of experimental retention index with
RI according to literature; and (iii) matching retention time and spectra with authentic standards from
chemical groups of detected volatiles (alcohol, aldehyde, terpene and acid) (See Table S1).

2.5. Determination of Fatty Acids in Legume Seeds Using FAME-GC-FID

For fatty acid analysis, legume lipid was extracted and converted to fatty acid methyl esters
(FAME) and detected using gas chromatography flame ionisation detection (GC-FID) according to
AOAC method 963.22 [17] with modifications.

2.5.1. Total Lipid Extraction Based on Soxhlet Method

Legume flour sample (2 g) was weighed and placed inside a cellulose extraction thimble
(26 × 60 mm, Whatman, Buckinghamshire, UK). The filled extraction thimble was fitted onto a Soxtec
distillation apparatus (Tecator, Hilleroed, Denmark). Meanwhile, aluminium cups were filled with five
to ten antibumping granules and weighed before adding with 25 mL of organic solvent mix consisting
of a 2:1 (v/v) ratio of chloroform (EMPARTA, Merck, Darmstadt, Germany) and methanol (Ajax Univar,
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North Shore, New Zealand). The cups were then fitted underneath the thimble and above the heating
plate of the Soxtec distillation apparatus. Continuous reflux distillation of the samples was then carried
out for 1 h with the heating plate set at 160 ◦C. After that, solvent was evaporated from the sample, and
then the cups were released from the apparatus, and the residual solvent was allowed to evaporate
inside a convection oven (Sanyo MOV-212F, New South Wales, Australia) set at 50 ◦C for 15 min.

The lipid yield of each sample was estimated by weight difference between the weight of the empty
cups (filled with antibumping granules) and the weight of the cup filled with lipids upon completion of
the solvent extraction. After weighing, 15 mL of hexane (Ajax Finechem, Auckland, New Zealand) was
used to resuspend the lipids in each aluminium cup. The hexane containing lipid solution was then
stored in a refrigerator at 4 ◦C in a tightly sealed glass tube before proceeding to the lipid purification
step. The lipid extraction of each legume seed was conducted in four independent replicates.

2.5.2. Lipid Purification

Fatty acid methyl esters (FAMEs) were obtained by purifying lipids by saponification to remove
nonsaponifiable materials, followed by esterification into FAMEs. A volume of lipid containing hexane
solution equivalent to 5 mg lipid was pipetted into a sealable glass tube. Thereafter, 5 mL of a solution
containing potassium hydroxide (0.5 M, AnalaR, Leuven, Belgium) dissolved in methanol was added,
and the tube was sealed immediately. The fatty acid saponification was carried out for 20 min at 80 ◦C
on a heating block. The tubes were removed from the heating block and allowed to cool in ambient air
for 10 min.

To the cooled solution, 3 mL of diethyl ether (LabServ, Auckland, New Zealand) and 7 mL of
milliQ water were added, and the test tube was inverted to mix. The mixture was allowed to stand
for 2 min to allow separation between water and organic solvent layers. The top layer of diethyl
ether was then discarded to remove any nonsaponifiable material. The fatty acids were liberated
by neutralisation to ~pH 7 with concentrated hydrochloric acid (37%; EMSURE, Merck, Darmstadt,
Germany). Then, another 4 mL of diethyl ether was added and inverted to mix. The top diethyl ether
layer formed was collected in a clean glass test tube for derivatisation.

2.5.3. Lipid Derivatisation to Fatty Acid Methyl Esters (FAMEs)

One millilitre of boron trifluoride (14%) in methanol (Sigma-Aldrich, St. Louis, MO, USA) was
promptly added as derivatisation agent. Fatty acid esterification was carried out for 20 min at 80 ◦C
on a heating block and then cooled. After cooling, 7 mL of saturated sodium chloride solution
(360 g/L) was added and vortexed for 15 s. The top diethyl ether formed was then collected for FAME
GC-FID analysis.

2.5.4. Fatty Acid Profiling Using GC-FID

For fatty acid analysis, gas chromatography flame ionisation detection (GC-FID) was conducted [17]
with modifications. A GC-FID system (6890A G1530A; Agilent Technologies, Santa Clara, CA, USA)
was used. It was equipped with an autosampler (7683 series injector, Agilent Technologies, Santa Clara,
CA, USA) and fitted with a BPX70 capillary column (70% Cyanopropyl Polysilphenylene-siloxane,
SGE, Victoria, Australia).

Samples (1 μL) were injected in split mode (20:1 ratio) at 240 ◦C for separation with hydrogen gas
at 2.2 mL/min. To ensure good separation of fatty acid methyl esters, the GC oven temperature was
increased from its initial temperature of 120 ◦C to 225 ◦C at the rate of 3 ◦C/min, then ramped to 245 ◦C
at 10 ◦C/min. Once the GC oven temperature reached 245 ◦C, the column was held at this temperature
for another 2 min. For the FID, the detector temperature was set at 250 ◦C.

2.5.5. Identification and Data Preprocessing of FAME

Chromatograms obtained from GC-FID were analysed with GC ChemStation (Build 4.01, Agilent
Technologies, Santa Clara, CA, USA) and individual peaks manually identified by matching retention
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time with commercial standards (FAMQ-005, AccuStandards, New Haven, CT, USA). Following
manual peak alignment and removal of interfering background compounds, the proportion of signal
abundance of each fatty acid was calculated in % abundance of total signal abundance. Thereafter, a
table of fatty acid profile for each legume was obtained.

2.6. Multivariate Data Analysis and Identification of Compounds Relevant to Specific Legume Type

Multivariate data analysis, marker selection and marker identification were performed on the
combined data sets comprising legume fatty acid and headspace volatile data sets.

Using both volatile and fatty acid data, multivariate data analysis was conducted using principle
component analysis (PCA), followed by partial least square discriminant analysis (PLS-DA), utilising
Solo software (Version 8.2.1, Eigenvector Research, Manson, WA, USA). Firstly, PCA was used as an
unsupervised, exploratory technique to determine grouping/separation in the data, as well as to detect
outlier. Secondly, PLS-DA was used as a supervised technique to detect similarities and differences
between different legume seeds, as well as correlation between volatile compounds and legumes.
Thereafter, a bi-plot was generated as a visual representation of the information obtained (OriginPro,
OriginLab, Northampton, MA, USA).

Volatile compounds that showed a clear discriminant correlation with each legume were
selected through determination of variable identification (VID) coefficients [18]. VID values are
the corresponding correlation coefficients between X-variables (volatile compounds and fatty acids)
and predicted Y-variables (Legume type). An absolute threshold value of |0.800|was selected. Therefore,
volatiles with an absolute VID coefficient higher than 0.800 were plotted as bar graphs, and statistical
significance between the means was determined using analysis of variance, conducted through SPSS
Statistics (IBM, Version 26), followed by Tukey’s post-hoc test (p < 0.05). Those compounds were
considered important discriminant compounds associated with each legume seed.

Discriminant volatile compounds were identified by comparing the deconvoluted mass spectra
with an established mass spectra library using National Institute of Standards and Technology (NIST)
Mass Spectral Search Program (Version 2.2, build June 10, 2014). The identities were also rechecked
with a minimal 90% match and reverse match on NIST, as well as comparison of retention index
with literature.

3. Results

3.1. Moisture Content of Legume Seeds

The moisture content of legume seeds was within the range of 7.4% (soybean) to 14.9% (kidney
bean). Pea, navy bean, orange lentil and chickpea contained 9.9%, 9.6%, 8.7% and 8.4% moisture,
respectively. In comparison, adzuki bean, black bean, fava bean, mung bean and cowpea were slightly
moister, at 12.4%, 11.3%, 11.0%, 10.3% and 10.3%, respectively.

3.2. Fatty Acid Analysis of Legume Seeds

GC-FID analysis of the fatty acid methyl esters was able to detect five clearly separated peaks in
eleven legume samples. The legume lipid fractions consisted of palmitic (C16:0), stearic (C18:0), oleic
(C18:1), linoleic (C18:2) and α-linolenic (C18:3) acids (Table 1). A commonality of the lipid profiles is
that the level of saturated fatty acids such as palmitic and stearic acids is low, with the ratio of saturated
to unsaturated fatty acids at 1:2 in cowpea and mung bean, and up to 1:5.4 and 1:6 in soybean and
chickpea. On the other hand, all legumes had a high level of essential polyunsaturated fatty acids,
namely, linoleic and α-linolenic, ranging from 47.3% in orange lentil to 71.0% in black bean. Out of
the eleven types of legumes, four of them, i.e., chickpea, orange lentil, pea and fava bean, had a high
(>20%) proportion of oleic acid, a monounsaturated fatty acid. This affirms that legumes are a good
source of unsaturated fatty acids [19], with their fatty acid profile favourable from a cardioprotective
perspective [20].
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3.3. Volatile Analysis of Legume Seeds

The HS-SPME-GC-MS fingerprinting method was able to detect an increased number of volatile
compounds, totalling 97 different volatiles across all 11 legumes. Visually, the total ion chromatograms
appear to be different based on the number and intensity of the peaks present amongst the samples.
Some representative total ion chromatograms of the samples are shown in Figure 1.

The chemical classes of detected volatile compounds consisted of alcohols, aldehydes, ketones,
esters, lactones, terpenes, hydrocarbons, furans, pyrroles and sulphur-containing compounds. Note
that the percentage of specific compounds mentioned in this section refers to their relative abundance,
not absolute concentration. It is also important to note that soybean and chickpea had volatiles with
the highest total peak area compared to other legumes.

In soybean, a total of 63 volatile compounds were detected with the headspace fingerprinting
method, consisting mainly of aldehydes, ketones, alcohols, esters, furans and sulphur and hydrocarbons.
Hexanal (40.9%), 1-octen-3-ol (21.1%) and 1-hexanol (5.9%) were volatiles with the highest abundance.
A total of 76 compounds were detected in chickpea with aldehydes and alcohols as two dominant
chemical classes, consisting of hexanal (56.3%), nonanal (8.7%) and 1-hexanol (4.4%). Acid, ketones,
furans, esters and terpenes were also present, with hexanoic acid (1.7%) being the most abundant.
In cowpea, 80 headspace volatiles were detected in this study. Hexanal (22.6%), 4,1 methylethyl
benzaldehyde (22.0%) and 1-hexanol (10.4%) were prominent. Other aldehydes, terpene and benzene
compounds were also detected in cowpea. A total of 65 compounds were detected in pea. Alcohols and
aldehydes are the majority of volatile detected in pea, such as hexanal (42.5%), 1-penten-3-ol (9.0%),
1-hexanol (7.7%) and nonanal (6.0%). In orange lentil, 82 volatile compounds were detected. Hexanal
(32.7%), 1-hexanol (16.4%), 2-hexenal (5.6%) and o-cymene (4.6%) make up the top four most abundant
volatile compounds, accounting for 59.3% of total volatile detected. Uniquely, lentil had the largest
number (13) of terpenes of all the samples. Headspace volatiles detected in mung bean (63) comprised
aldehydes, alcohols, terpenes, ketones and sulphur compounds. The top three volatiles consisted of
hexanal (38.8%), 1-hexanol (13.9%) and 1, 3-dimethyl-benzene (6.3%). Interestingly, mung bean had the
highest abundance of xylene (5.7%) detected out of all samples. Fava bean had the fewest (55) volatiles
detected in the headspace. Aldehydes and alcohols are the main volatile detected, with terpenes,
terpene derivatives, furans and esters comprising a minor fraction. Hexanal (40.4%), 3-methylbutanol
(19.1%) and 3-methylbutanoic acid (10.3%) were the top three volatile compounds detected in the fava
bean headspace fraction. Major volatiles detected in adzuki bean (67) headspace fraction consisted
of aldehyde, alcohol and, interestingly, furans, including hexanal (21.1%), 3-furaldehyde (19.5%),
3-furanmethanol (7.5%) and 1-hexanol (6.0%). Black, navy and kidney beans had 68, 76 and 72
volatile compounds detected in the headspace, respectively, with the most abundant fraction being
aldehyde and alcohol, followed by terpenes, acids and ketones. Hexanal, 1-hexanol, 1-penten-3-ol and
3-methylbutanol are similarly the major volatile compounds detected in the three Phaseolus samples.

3.4. Comparison of the Volatile and Fatty Compositions Among the Eleven Legumes and Identifying
Discriminant Compounds

Multivariate data analysis (MVDA), which is an advanced chemometrics technique, was used to
compare the volatile and fatty acid profiles among the 11 legume samples and identify discriminating
compounds. In order to investigate the interdependence and relation among the measured attributes,
the volatile and fatty acid data were merged into a single data matrix and analysed with MVDA. A
principle component analysis (PCA) was first used as an unsupervised exploratory technique to detect
groupings, separations or outliers within the volatile and sample data. From the PCA modelling
(results not shown), it was able to be determined that there is indeed some distinct grouping and
separation within the samples and that there were no outliers.
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Figure 1. Representative total ion chromatograms of soybean (A), chickpea (B), orange lentil (C) and
black bean (D) obtained with the headspace solid-phase microextraction gas chromatography–mass
spectrometry (HS-SPME-GC-MS) fingerprinting method.
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Thereafter, a partial least squares discriminant analysis (PLS-DA) model was constructed using
the volatile and fatty acid profiles as X-variables and the 11 types of legumes as categorical Y-variables.
A bi-plot constructed using the first two latent variables (LVs) is shown in Figure 2. On the bi-plot,
samples that are close to each other are considered similar, whereas samples that are further apart are
considered different [18]. Figure 2 clearly shows that soybean and chickpea are projected further away
from other samples in their own quadrant, indicating a large difference compared to the other legumes.
The third quadrant is shared by cowpea and lentil, again indicating differences from other legumes.
The fourth quadrant is occupied by pea, mung bean, fava bean, adzuki bean and all three Phaseolus
beans, indicating similarity between the samples, especially between kidney, navy and black beans.
This similarity may be attributed to them belonging to the same species.

Figure 2. A bi-plot based on partial least square discriminant analysis (PLS-DA) comparing the volatile
and fatty acid profiles among the 11 types of legumes. The variance explained is (X = 22%, Y = 10%)
and (X = 17%, Y = 10%) for the first and second latent variable, respectively. = Adzuki bean (ADZ)
A. = Chickpea (CHI) = Black bean (BLA) = Navy bean (NAV) = Kidney bean (KID) = Fava
bean (FAV) =Mung bean (MUN) = Pea (PEA) = Soybean (SOY) = Cowpea (COW) = Orange
lentil (LEN).

In addition to the legume samples, unfilled circles on the bi-plot represent volatile and fatty acid
compounds (X-variables). The location of each circle represents its relation to other measured attributes
(X-variables) or samples (Y-variables). Hence, a PLS-DA bi-plot provides a graphical representation of
the relation between measured attributes and legume types. To gain further understanding into the
specific volatiles or fatty acids which are clearly different between legume samples, variable selection
was performed using a VID technique. The selected discriminant compounds are listed in Table 2. To
illustrate the differences amongst the seeds, some representative discriminant volatiles and fatty acids
are also visually presented in Figure 3, with significant difference (p < 0.05) determined using analysis
of variance and Tukey’s post-hoc test. Key points are discussed in Section 4.
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4. Discussion

The information gathered in this study has shown some key trends emerging from data analysis.
These subsections discuss them in relation to the existing literature and known reaction pathways.

4.1. Ratio of Unsaturated Fatty Acids in Studied Legumes

The Phaseolus group (navy, kidney and black bean) has a low ratio (<1) of omega-6 (n-6; linoleic
acid) to omega-3 (n-3; α-linoleic acid) fatty acids. Adzuki bean, mung bean and cowpea also have
relatively low n-6/n-3 ratio. This is in contrast to chickpea and fava bean, which have a very high
n-6/n-3 ratio of more than 18 and 14, respectively (Table 1). Diets where the ratio of fat consumed has a
high n-6/n-3 ratio (≥10:1) have been linked to risk of developing chronic noncommunicable diseases,
such as autoimmune and inflammatory disease, cardiovascular disease and cancer, whereas a ratio of
less than 4:1 generally indicates better health outcomes [21]. Therefore, legumes, excluding chickpea
and fava bean, are a good source of essential fatty acid with a desirable n-6/n-3 ratio.

However, despite their health benefits, unsaturated fatty acids are known to be more susceptible
to oxidation than saturated fatty acids, due to the presence of one or more double bonds. The extent of
lipid oxidation in foods can be reliably measured by determining the peroxide value so that preventive
measures can be taken to delay oxidation in legume seeds after harvest while preventing the production
of undesirable rancid flavour in legumes [22]. Endogenous enzymes present in legumes such as
lipoxygenase utilise unsaturated fatty acids as substrate, producing volatile compounds, some of
which possess undesirable odours. This is especially a problem for legumes with a high proportion of
unsaturated fatty acids (>80%), such as soybean and chickpea (Table 1). The evolution and presence of
volatile compounds are discussed further in the next section.

4.2. Aldehydes, Alcohols, Ketones and Terpenes in Studied Legumes

Aldehydes were the most abundant chemical class detected in all samples, except for navy, kidney
and black beans; these beans seem to be rich in alcohols. Hexanal was the most abundant compound
detected in all samples, except for navy bean. Nonanal and 2-hexenal were the second and third most
abundant aldehyde in the legumes studied in this work. This is consistent with previous studies in
soybean, winged bean [23] and three cultivars of common beans (black, pinto and dark red kidney) [10].
The difference in hexanal abundance may be attributed to the difference in the amount of linoleic and
linolenic acid (Table 1), since they are the precursor for lipoxygenase-catalysed evolution of hexanal [3].

Lipoxygenases have been well characterised for soybean and chickpea [24]. Soybean and
chickpea lipoxygenase isozymes form C9 and C13 hydroperoxides of PUFAs, acting on linoleic and
α-linolenic acid, while chickpea lipoxygenase also exhibited high co-oxidation with carotene and
retinol compounds [25]. Hydroperoxide lyase isozymes then cleave the aforementioned C9 and C13
hydroperoxides into isomeric nonenals, 4-hydroxynonenal and 9-oxo-nonanoic acid [26] and hexanal,
cis-3-hexenal and 12-oxo-cis-9-dodecenoic acid [27,28], respectively. These products can degrade and/or
be further acted on by isomerase and other enzymes, generating additional volatile aldehydes [29],
which may help to explain the presence of other analogous aldehydes such as pentanal, heptanal,
octanal, 2-hexenal, 2-heptenal and 2-octenal in soybean and chickpea.

Alcohols comprised the second-most abundant chemical class of volatile compounds in the
headspace of legume seeds, except for navy bean, where hexanol is the most abundant volatile
compound. This is not surprising, as legumes contain alcohol dehydrogenases that act on products of
the lipoxygenase pathway described above. For example, three isozymes of alcohol dehydrogenase
have been described in chickpea, which catalyse the interconversion of aldehydes, alcohol and acid [30],
possibly explaining the abundance of 1-hexanol and 1-pentanol in chickpea. Other alcohols prominent
in legumes possibly arising from enzymatic actions include 1-penten-3-ol and 1-octen-3-ol, two
compounds which had been described as having undesirable odour.
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Ketones and hydrocarbons are also detected in the headspace volatile fractions of legumes,
though less so than alcohol and aldehydes. Ketones and hydrocarbons are also derived from lipid
oxidation, from both (non) enzymatic oxidative degradations [2]. For example, 2,3-pentanedione
is found in oxidised soybean oil and has a buttery flavour (Seals and Hammond 1970). Acetone,
6-methylhept-5-en-2-one (methyl heptenone) and (E,E)-3,5-octadien-2-one detected in this study have
been found in large quantities in dry beans [10].

Terpenes were also detected in the headspace volatile of legume seeds; the largest number is
detected in lentils. Unlike aldehydes, alcohols, ketones and hydrocarbons, which are products of fatty
acid oxidation, terpenes are naturally present/synthesised by the plant [2]. α-Pinene and β-pinene are
the two most common terpenes in legume samples investigated.

4.3. Lipoxygenase is the Most Substantial Contributor for Volatile Evolution

Out of the 11 samples, soybean contains the highest number (18) of discriminating compounds
(including volatiles and fatty acids), and this can also be seen on the bi-plot (Figure 2) as soybean
samples are projected the furthest away from other legumes. Volatiles with high VID coefficients in
soybean comprise aldehydes (e.g., heptanal), ketones (e.g., 1-octen-3-one) and alcohols (e.g., 1-octen-3-ol
and 1-pentanol). In literature, these compounds are associated with undesirable odours in soybean.
For example, 1-pentanol has a pungent fusel or solvent-like odour, while 1-octen-3-ol has a mushroom
and earthy odour with a low detection threshold at 1 ppb in water and 1 ppm in soymilk [31].
Individual plots presented in Figure 3 illustrate their intensity/abundance in comparison to other
legume samples. These compounds are products of lipoxygenase-catalysed fatty acid oxidation.
Linoleic acid is a precursor of many aldehydes, ketones and alcohols, as it is susceptible to autoxidation
and lipoxygenase-catalysed oxidation [3]. Accordingly, linoleic, stearic, palmitic and oleic acids are
also detected in a higher amount in soybean, in descending order (Table 2 and Figure 3). This shows
the potential of the multiplatform approach followed by chemometrics, such as multivariate data
analysis, to demonstrate relationships amongst different measured attributes—in this case, fatty acids
and volatile profile.

However, other legume seeds also contain fatty acids and their own isozymes of lipoxygenases [24].
Even a low amount of fatty acid may generate volatiles contributing to off-odours [4,32,33]. Therefore,
while it holds that lipoxygenase-catalysed fatty acid oxidation products are detected in much higher
abundance in soybean because of its high linoleic acid (and other fatty acid) content, these volatiles can
also be present in other legume seeds.

4.4. Soybean and Cowpea Contain Distinctive Butyrolactones

Three butyrolactone compounds were selected as discriminant compounds in soybean
(α-methyl-γ-butyrolactone and β-methyl-γ-butyro-lactone) and cowpea (γ-ethyl-γ-butyrolactone).
β-scission of fatty acid hydroperoxides can yield carbonyl compounds, which can participate in Maillard
and Strecker degradation reactions to yield the aforementioned cyclic volatile compound [34]. Perhaps
it is due to the combination of lipoxygenase isozyme specific to soybean, combined with plentiful
precursor (Table 1), that α-methyl-γ-butyrolactone was able to be detected exclusively in soybean
(Figure 3). As for the other three lactones, their presence in Phaseolus (β-methyl-γ-butyro-lactone) and
all samples except for fava bean (γ-ethyl-γ-butyrolactone) indicates the presence of lipoxygenase with
similar specificity. This is supported by Chigwedere, Tadele, Yi, Wibowo, Kebede, Van Loey, Grauwet
and Hendrickx [15], with β-methyl-γ-butyro-lactone also detected in Phaseolus samples, whereby it
was identified as a marker distinguishing aged and fresh beans cooked for 270 min.

4.5. Orange Lentil Contains Discriminant Terpene and Carotenoid Degradation Products

Based on Figure 2, orange lentil has a distinct volatile and fatty acid profile compared to other
legumes, with 15 discriminant volatile compounds. Specifically, orange lentil is distinct for the presence
of a high number of discriminating terpenes, terpene derivatives and cyclic hydrocarbons. This result
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is not surprising, as the orange colour of the lentil suggests the presence of carotenoids. A previous
study conducted by Zhang, et al., [35] showed that the total carotenoid content of 20 cultivars of
red lentil grown in Canada by dry weight ranged between 5.32 and 28.1 μg/g. In addition to being
secondary metabolites, volatile terpenes may arise from degradation of carotenes by either legume
lipoxygenases or hydroperoxides generated from autolytic and enzyme-catalysed lipid oxidation [2].
Linalool (Figure 3) and D-limonene can also be considered as potential discriminant compounds for
orange lentil, though they were also present in other samples. These volatiles are associated with a
citrus and fresh odour [36].

4.6. Presence of 2-Butanone and Methylated Compounds in Orange Lentil

In orange lentils, 2-butanone and pyrrole were selected as discriminant compounds with high VID
coefficients (Table 2). The ketone 2-butanone has a “moderately sharp, sweet, pungent, and acetone-like”
odour and has been reported as a product of lipoxygenase-catalysed oxidation of unsaturated fatty
acid hydroperoxides [37], as well as temperature-accelerated oxidation of saturated fatty acids [3].
According to individual plot (Figure 3), a high relative amount of 2-butanone was detected in orange
lentil in the current study and has previously been reported in lentils, navy bean, red kidney bean and
peas [2,12,37]. With orange lentil only having 3.9% lipid content (Table 1), the high relative abundance
of 2-butanone suggests that the sample may have undergone heat treatment in its distribution chain, or
that some components of orange lentil are especially vulnerable to heat treatment. This hypothesis is
supported by the presence of pyrrole. Ma, Boye, Azarnia and Simpson [37] similarly reported pyrrole
in navy bean, red kidney bean, green lentil and yellow pea that had undergone heat treatment.

4.7. Presence of Acid in Chickpea and Fava Bean Suggests Alcohol Dehydrogenase Activity

Hexanoic acid is selected as a discriminant compound in chickpea (Table 2). This compound has
been linked with the alcohol dehydrogenase pathway, which converts alcohol (in this case, 1-hexanol)
into the corresponding acid [38]. From a visual inspection of the individual plots of 1-hexanol and
hexanoic acid (Figure 3), chickpea only had a moderate amount of 1-hexanol, but it had the highest
amount of hexanoic acid detected. This seems to suggest that alcohol dehydrogenase was present in a
high concentration or had relatively high activity compared to other isozymes. A similar observation
can be seen with fava bean, where it had a distinctly higher relative amount of 3-methyl-butanoic acid
(VID coefficient 0.863), corresponding to 3-methyl-1-butanol contributing to 19.1% of its headspace
volatile. Similar to lipoxygenase, alcohol dehydrogenase also has isozymes. Gomes, Jadrić, Winterhalter
and Brkić [30] have reported three isozymes in chickpea cotyledon. This could suggest that chickpea
and fava bean contain alcohol dehydrogenase which converts aldehydes to alcohols.

4.8. Members of the Phaseolus Group Appears to Contain Similar Dominant Volatile Compounds

In this study, 3-methyl-1-butanol was identified as a discriminant compound common to kidney,
black and navy beans. Figure 3 visually illustrates its abundance. As previously stated in Section 3.3,
hexanal and 1-penten-3-ol are volatile common to the Phaseolus legumes and have previously been
identified as marker compounds in three cultivars of common beans, having high scores in the principle
components [10]. This indicates that despite being of different cultivars and colours, kidney, navy and
black beans have similar characterising headspace volatiles.

5. Conclusions

The approach used in this paper, integrating fingerprinting and profiling, is effective to
characterise the volatile and fatty acid profiles of the eleven legumes seeds selected. The detected
volatiles can be grouped into aldehyde, alcohol, ketone, terpene, ester and lactone and hydrocarbon
chemical classes. The lipid profiles comprised palmitic, stearic, oleic, linoleic and α-linolenic acids.
Advanced chemometrics utilising multivariate data analysis were used to determine distinctive
volatile compounds for different legume species. The occurrence of specific discriminant compounds
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is hypothesised to be majorly derived from the action of species-specific isozymes, especially
lipoxygenases. While findings from this result majorly emphasised how certain volatile compounds
discriminate each legume and how they are linked to fatty acids, this information may aid in choosing
legume-based ingredients with the desired volatile profile. This insight can also be valuable to legume
breeders in selecting legumes with certain fatty acid profile, aiming for higher n-6/n-3 ratios and/or
oxidative stability. Lastly, since legumes are typically processed (such as soaking and cooking) prior to
consumption, the effects of processing on these legume-specific volatiles is worth further investigation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/8/12/651/s1,
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Abstract: The use of defatted soybean flour (DSF) in food as a source of dietary fiber has been limited
due to its rough texture and bitter taste. Our previous work indicates that superfine DSF prepared by
jet milling could overcome these problems, as it positively affected physical and sensory properties.
Therefore, differently sized DSFs were incorporated in tofu, and their impacts on physical and sensory
properties were investigated in this study. Coarse DSF (Dv50 = 341.0 μm), fine DSF (Dv50 = 105.3 μm),
and superfine DSF (Dv50 = 5.1 μm) were prepared by conventional sifting and jet milling. Tofu was
made with a 5% addition of differently sized DSFs and without DSF (control tofu). The quality of tofu
was evaluated by scanning electron microscopy, color measurement, texture profile analysis, and
quantitative descriptive analysis. The tofu made with coarse and fine DSF showed negative changes
in its physical and organoleptic qualities, such as reduced yields, a less pure color, a harder texture,
and a rougher mouthfeel. However, the tofu made with superfine DSF showed only minimal changes
in its qualities compared to the control. Therefore, superfine DSF is a promising fiber supplement
that does not change the physical and sensory properties in the making of high-quality tofu.

Keywords: defatted soybean flour; jet mill; super-fine powder; tofu; quantitative descriptive analysis;
texture profile analysis

1. Introduction

Tofu is a well-known Asian food made by coagulating soymilk and then pressing the resulting
curds into soft white blocks. The coagulation of soymilk is done with coagulants such as CaSO4, CaCl2,
or glucono-δ-lactone (GDL). Transglutaminase, which can catalyze the cross-linking reactions between
soy proteins, is also being investigated as a coagulant for tofu [1]. During the process of making
tofu, soymilk is heated to 90 ◦C. Thermal treatment is routinely used in the production of tofu to
dissociate, denature, and aggregate the soy protein, inhibit microbial growth, reduce the beany flavor,
and inactivate undesirable biological compounds such as trypsin inhibitors and lipoxygenase [2,3].

Tofu is a good source of protein. Its general composition is 84.6% water, 8.1% protein, 4.8%
lipids, and 1.9% carbohydrates [4]. As it is derived from soybeans, tofu is also rich in phenolic
compounds, such as isoflavones, which have antioxidant activities and health benefits [5–7]. Although
tofu contains valuable nutritional compounds, it has little dietary fiber because the soybean pulp is
removed during production. Aside from the health benefits of dietary fiber, consumer demand for
unrefined or minimally processed whole foods is increasing. The small amount of dietary fiber in tofu
and increasing consumer demand for whole foods could be resolved if a fiber-enriched tofu could be
produced with dietary fiber from unpolished beans.
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Significant effort has been made to obtain dietary fiber from vegetable products as a functional
ingredient. Examples include baked foods with added dietary fiber [8,9], fiber-enriched cocoa
powder [10], dietary fiber-enriched biscuits using okra flour [11], whole wheat/soy flour bread [12],
and breads containing corn bran [13]. However, there has been little research to verify the effects of the
addition of dietary fiber to tofu.

One of the dietary ingredients derived from soybeans is defatted soybean flour (DSF). DSF
contains high levels of dietary fiber, along with proteins, carbohydrates, and fats [14]. Although DSF is
produced in large quantities as a by-product of soybean oil, the addition of DSF to food as a source of
fiber has been restricted due to its rough texture and bitter taste.

We have previously shown that superfine DSF powder could be prepared by conventional
milling and sifting followed by jet milling [15]. Jet-milled DSF showed significant reductions in
bitterness and roughness by descriptive analysis with trained panelists, and its water-holding capacity,
water-solubility index, and swelling capacity were significantly increased. These results indicate the
possibility of using superfine DSF as a functional ingredient to modify the physical properties of
food without any negative changes to its sensory properties. The objective of this study was to apply
jet-milled, superfine DSF powder to the preparation of fiber-enriched tofu and to verify its effects on
the physical and sensory properties of tofu.

2. Materials and Methods

2.1. Materials

Soybeans (Glycine max Merr.) were obtained from a local market (NH market, Anseong, Korea).
Food-grade DSF was obtained from Sam Chang Industry Co. (Anseong, Korea). Magnesium chloride,
glucono-δ-lactone, and sodium chloride were obtained from Samchun Chemical Co. (Seoul, Korea).
All of those chemicals were food grade.

2.2. Preparation of Coarse, Fine, and Superfine Fractions of DSF

The DSF powder was sieved twice (150 and 63 μm testing sieves; Nonaka Rikaki, Tokyo, Japan) to
obtain coarse and fine fractions (Figure 1). The powders that could not pass through the 150 μm sieve
were collected as the coarse fraction. The powders that passed through the 150 μm sieve but were
retained by the 63 μm sieve were collected as the fine fraction. The coarse fraction of DSF was then
further pulverized by a fluidized-bed jet mill (CGS-10, Netzsch GmbH, Selb, Germany), yielding a
superfine fraction. Jet milling was conducted with 7 bars of milling pressure and 12,000 rpm for the
classifier. The particle size distributions of the DSFs were determined using a laser diffraction particle
sizer (Mastersizer 3000, Malvern Instruments, Malvern, UK).

2.3. Tofu Preparation

Tofu was prepared as described with some modifications [16,17]. Soybeans (9 kg) were soaked
in tap water with a soybean-to-water ratio of 1:3 (w/w) for 12 h at room temperature. The swollen
soybeans were drained and poured into a soymilk grinder equipped with a soy pulp separator
(JH3211A, Junghoon Co., Seoul, Korea) using distilled water (1:8, w/w). The resulting soymilk was
heated to 95 ◦C for 5 min. The hot soymilk was then poured into a stainless steel container, and
the respective DSFs (coarse, fine, and superfine DSF) were added gradually to the soymilk to final
concentrations of 5%. The final volume of soymilk was 28.8 L. The soymilk with DSF was cooled
to 80 ◦C and combined with coagulant solution. The coagulant solution was composed of 45 g of
magnesium chloride, 74 g of GDL, and 72 g of sodium chloride in 1 L of distilled water. The curd was
left at ambient temperature to coagulate for 10 min before being transferred to a perforated stainless
steel container lined with cheesecloth. The whey in the curd was removed by pressing at 0.2 kg/cm2

for 25 min. The tofu yield was expressed as the kg of tofu per 28.8 L of soymilk. Ordinary tofu without
any addition of DSF was used as a control. The fibrous tofu varieties containing 5% coarse, fine, and
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superfine DSFs were labeled as tofu with coarse DSF, tofu with fine DSF, and tofu with superfine
DSF, respectively.

Figure 1. The process flow for the preparations of coarse, fine, and superfine defatted soybean flour
(DSF) using serial screening and jet milling.

2.4. Moisture Determination

The amount of moisture in each tofu sample was determined according to the AACC method [18]
with some modifications. A sliced, 1.0 g amount of freshly prepared tofu was placed on an aluminum
dish. The sample was then dried at 105 ◦C in a drying oven for 24 h. The moisture content was
calculated as the percentage of water content per 1 g of fresh tofu.

2.5. Microstructure Observation

The tofu sample for scanning electron microscopy (SEM) was cut into cubes (5 × 5 × 5 mm), and
freeze-dried. Lyophilized samples were coated with platinum–lead (Pt–Pb) by an ion coater (E-1010,
Eiko Co., Hyogo, Japan) and observed under a SEM system (S-3400N, Hitachi, Tokyo, Japan).

2.6. Color Measurement

The color of the tofu was determined based on the CIE L* (lightness), a* (redness/greenness), and
b* (yellowness/blueness) values using a colorimeter (UltraScan Pro, HunterLab, Reston, VA, USA).
A standard white plate with L* = 97.49, a* = 0.13, and b* = 0.04 was used for calibration. The tofu
samples were cut into 5.0 × 5.0 × 1.0 cm cubes, and their colors were measured. Each sample was
measured three times. The color differentiation (ΔE) between the control tofu and tofu containing 5%
DSF was calculated as follows:

ΔE =

√
(ΔL∗)2 + (Δa∗)2 + (Δb∗)2

2.7. Texture Profile Analysis (TPA)

The texture of the tofu was analyzed according to a texture profile analysis (TPA) using a texture
analyzer (TA-XT2i, Stable Micro Systems, Surrey, UK) with a 35 mm diameter compression plunger.
Each tofu sample was cut into a cylindrical shape with a diameter of 20 mm and a height of 15 mm.
Each cylindrical sample was placed on the center of the TPA plate and compressed twice to 50% of
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its original height by a cylinder probe (20 mm in diameter, P/20) at a constant speed of 2 mm/s. The
texture profile analysis curve was recorded, and the hardness, adhesiveness, springiness, cohesiveness,
gumminess, and chewiness were calculated automatically [19].

2.8. Sensory Evaluation Using Descriptive Analysis

The sensory properties of the tofu samples were evaluated by the descriptive analysis method [20]
with some modifications made to use standard reference products available in local markets. For the
sensory evaluation, freshly made tofu was cut into 3.0 cm cubes and placed in white dishes with
three-digit random numbers. The evaluation was repeated three times for each panelist (n= 3 × 15). The
samples were presented monadically to the judges at room temperature under white fluorescent lighting.
Fifteen panelists, consisting of Chung-Ang University graduate students who were experienced in
descriptive analysis, were first trained with previously identified standard references (Table 1). Four
sensory attributes (hardness, springiness, mouthfeel, and beany flavor) were adapted and slightly
modified from previous studies [21]. The trained panelists were asked to score the sensory attributes
of the tofu samples. Before and between the tests, the panelists were instructed to drink water to clean
their mouths. A nine point intensity scale was used to express the intensity of each sensory attribute.

Table 1. Descriptors used for the sensory evaluation of tofu by descriptive analysis.

Descriptors Definition
Position

1 9

Hardness
Force required to compress the
sample with molars

Intensity Soft Hard
Standard Cream cheese Raisin

Springiness
Degree to which sample returns to
the original shape after
compression with molars

Intensity
Standard

Not springy
Cream cheese

Very springy
Chewy cheese

Mouthfeel Perception of the particles against
the roof of the mouth

Intensity Smooth Rough
Standard Soft curd Defatted rice bran

Beany flavor Flavor associated with soy foods Intensity No bean flavor Strong bean flavor
Standard Soymilk, 50% Soymilk, 99%

2.9. Statistical Analysis of the Data

All experiments were performed in triplicate. The results are expressed as the means ± standard
deviations. ANOVA and Duncan’s multiple range comparison tests were performed using the SPSS
version 20.0 software (IBM Corp., Armonk, NY, USA) for statistical analyses; p-values < 0.05 were
considered significant.

3. Results and Discussion

3.1. Particle Size Distribution of Defatted Soy Flour

The particle size distributions in the DSF samples are shown in Table 2. The results for each
are presented as the mean of the volume-weighted diameter (D[4, 3]), the equivalent diameter at a
cumulative volume of 10% (Dv10), the equivalent diameter at a cumulative volume of 50% (Dv50),
the equivalent diameter at a cumulative volume of 90% (Dv90), and the homogeneity (span value).
The span value shows the uniformity of the particle size. A smaller span value indicates a more
homogenous size and a narrower particle-size distribution. All DSF samples had low span values
below 1.50.
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Table 2. Particle size distributions of the defatted soybean flours (DSFs).

Sample D[4, 3] Dv10 Dv50 Dv90 Span

Coarse DSF 344.0 ± 3.0 a 154.3 ± 1.5 a 341.0 ± 2.0 a 546.3 ± 6.0 a 1.15 ± 0.01
Fine DSF 106.3 ± 0.6 b 64.03 ± 0.4 b 105.3 ± 0.6 b 158.0 ± 1.0 b 0.89 ± 0.01
Superfine DSF 5.7 ± 0.1 c 2.4 ± 0.1 c 5.1 ± 0.1 c 9.7 ± 0.1 c 1.44 ± 0.00

Values are the means of triplicates and expressed as the means ± standard deviations. No significant difference was
observed between the means designated by the same letter (Duncan’s p < 0.05).

3.2. Yield and Moisture Content of Tofu

The yields and moisture contents of the tofu samples made with the different DSFs are presented
in Table 3. The yield of tofu increased slightly with a reduction in DSF particle size. There were no
significant changes in the tofu yield between the control tofu (without DSF) and the tofu samples with
coarse, fine, and superfine DSF. The moisture content of the tofu was increased significantly by the
application of jet milling to the DSF. The moisture contents of the tofu with coarse and fine DSF were
almost identical (69.9% and 69.8%, respectively). However, the moisture content of the tofu made with
superfine DSF was 75.6%, which is similar to that of the control tofu.

Table 3. The effect of the DSF particle size on the yield, moisture content, and color of the tofu.

Sample Yield (%) Moisture (%)
Tofu Color

L* a* b* ΔE

Tofu without DSF 50.1 ± 4.4 ab 75.8 ± 1.1 a 87.55 ± 0.24 a 0.32 ± 0.07 b 14.22 ± 0.36 b -
Tofu with coarse DSF 47.5 ± 2.5 b 69.9 ± 2.0 b 86.16 ± 0.57 b 0.87 ± 0.45 a 14.67 ± 0.28 a 1.67 ± 0.59 a

Tofu with fine DSF 48.7 ± 3.5 ab 69.8 ± 3.9 b 86.11 ± 0.31 b 0.75 ± 0.15 a 14.94 ± 0.13 a 1.69 ± 0.29 a

Tofu with superfine DSF 51.0 ± 2.0 a 75.6 ± 1.5 a 87.10 ± 0.40 a 0.50 ± 0.08 ab 14.93 ± 0.36 ab 0.88 ± 0.18 b

Values are the means of triplicates and expressed as the means ± standard deviations. No significant difference was
observed between the means designated by the same letter (Duncan’s p < 0.05).

A previous report indicated that the yield of tofu is strongly related to the aggregation of soy
protein, which traps water in the tofu structure [22]. However, an increased solid content seems to
have a negative effect on the moisture content of tofu. Cai et al. [23] showed that tofu containing a
high proportion of solids had a low moisture content. The same result, that the interaction of the
components of soybeans and additional solid particles decreased the water holding capacity of tofu,
was also reported by Lim et al. [24]. These results suggest that the addition of DSF to tofu could
reduce its ability to retain water and form a gel and might result in tofu with a reduced moisture
content. In this study, the addition of coarse and fine DSF to tofu resulted in a moisture content of 70%,
whereas the moisture content of tofu with superfine DSF was 75.6%. The increased moisture content
of tofu with superfine DSF can be explained by the increased hydration properties of the superfine
DSF. Our previous studies have shown that superfine DSF has increased hydration properties, such
as a water-holding capacity and swelling capacity [15]. The water-holding capacity and swelling
capacity explain the ability of a moist material to retain water. The higher water-holding capacity of
the jet-milled, superfine DSF may explain the increased moisture content and yield of the tofu samples.

3.3. Microstructure and Color of Tofu

Figure 2 shows scanning electron micrographs of the tofu with different DSFs. As shown in
Figure 2a, tofu made without DSF has an obvious gel network and forms a large cell-like structure
with a flat wall. This gel network seems to be affected by the addition of DSFs in the other samples.
Tofu made with the coarse DSF (Figure 2b) had a non-uniform structure, and a flat wall was not found.
Tofu made with fine DSF (Figure 2c) showed a denser network than the control. The microstructure of
the tofu made with the superfine DSF (Figure 2d) was more similar to the control than the tofu made
with coarse and fine DSF. The DSFs in the tofu made with superfine DSF appear to be entrapped inside
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the wall structure. Ullah et al. [25] also found a change in the tofu matrix after the addition of Okara
dietary fiber due to the interaction of fiber with proteins.

Figure 2. Scanning electron micrographs of tofu made with different fibers at 500× magnification:
(a) tofu made without DSF, (b) tofu made with coarse DSF, (c) tofu made with fine DSF, and (d) tofu
made with superfine DSF. The arrows represent DSFs.

Color is an important property of tofu. Good-quality tofu should have a light-yellow or white
color. Table 3 shows the effect of DSF particle size on tofu’s color. The lightness (L* value) of the control
tofu was 87.55 ± 0.24 and decreased with the addition of coarse and fine DSFs. The darkening of tofu
by the addition of fibrous material was reported by Murugkar [26], who reported that an increased
particle size of ground sprout seed in soymilk resulted in a decreased whiteness index of tofu products.
However, there was no significant difference in the lightness between the control and the tofu with
superfine DSF.

The same trends were observed for the a* and b* values of the tofu. The addition of coarse and fine
DSFs resulted in increased a* and b* values, but the addition of superfine DSF did not change the a* and
b* values. The tofu with coarse and fine DSFs had a greater ΔE value (meaning that the color of these
samples differed significantly from the control tofu; p < 0.05). These results are in accordance with
previous reports, showing that, compared to raw materials, jet-milled, superfine powders produce
brighter and more neutral colors [15,17].

3.4. Textural Properties of Tofu

The textural properties of tofu are associated with its physical properties and play an important
role in consumer acceptability [27]. Table 4 shows the results of a texture profile analysis of the control
and tofu with DSFs. The addition of larger particles of DSF (coarse and fine DSFs) increased the
hardness of the tofu significantly to 0.61 ± 0.05 and 0.60 ± 0.06, respectively, whereas the addition
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of superfine DSF resulted in no change in hardness compared to the control tofu. The same trend
was observed in the springiness and cohesiveness of the tofu. The addition of coarse and fine DSFs
reduced the springiness and cohesiveness of the tofu, but the addition of superfine DSF did not change
the springiness and cohesiveness of the control tofu. However, DSF’s addition did not change the
chewiness and gumminess for any of the tofu samples.

Table 4. The effect of DSF particle size on the textural properties of tofu.

Sample
Textural Property

Hardness (N) Springiness Cohesiveness Chewiness (J) Gumminess (N)

Tofu without DSF 0.52 ± 0.05 b 0.94 ± 0.02 ab 0.60 ± 0.02 ab 0.29 ± 0.04 a 0.31 ± 0.04 a

Tofu with coarse DSF 0.61 ± 0.05 a 0.90 ± 0.02 c 0.58 ± 0.03 b 0.32 ± 0.03 a 0.35 ± 0.03 a

Tofu with fine DSF 0.60 ± 0.06 a 0.92 ± 0.02 bc 0.59 ± 0.02 b 0.32 ± 0.03 a 0.33 ± 0.05 a

Tofu with superfine DSF 0.53 ± 0.07 b 0.95 ± 0.02 a 0.62 ± 0.03 a 0.32 ± 0.05 a 0.32 ± 0.04 a

Values are the means of triplicates and are expressed as the means ± standard deviations. No significant difference
was observed between the means designated by the same letter (Duncan’s p < 0.05).

Hardness was measured by the absolute peak force on the first down stroke during TPA analysis.
The addition of conventional DSF to soymilk resulted in an increase in the solid content of the tofu
product. Moreover, the force required to break down the fibrous tofu structure was higher than
for normal tofu. In contrast, the jet-milled DSF did not behave as a solid in the tofu product due
to its superfine particle size. The hardness value of tofu is also related to its moisture content [28].
As described previously, the tofu with superfine DSF had as high a moisture content as the control
tofu. These properties led to a soft-textured tofu with superfine DSF. Springiness is a measure of how
well a product physically springs back after it has been deformed during the first compression, and
products with higher springiness are thought to have higher elasticity. The control tofu and tofu made
with superfine DSF had almost identical springiness values of 0.94 ± 0.02 and 0.95 ± 0.02, respectively,
whereas the tofu made with coarse and fine DSFs showed slightly reduced springiness values. There
were no significant differences in chewiness and gumminess between the control tofu and the tofu
with different DSFs.

3.5. Sensory Analysis of Tofu by Descriptive Analysis

The sensory properties of the control and DSF tofu samples were analyzed by the descriptive
analysis method (Table 5). Four sensory attributes (hardness, springiness, mouthfeel, and beany flavor)
with the previously identified standards are shown in Table 1. The addition of 5% coarse DSF resulted
in significant increases in hardness, mouthfeel, and beany flavor compared to the control tofu. The
increases of hardness and mouthfeel are negative results, since consumers expect tofu with a soft and
smooth structure. The increase of beany flavor can be good or bad depending on individual preference.
There was no significant change in springiness.

Table 5. The effect of DSF particle size on the sensory properties of tofu.

Sample Hardness Springiness Mouthfeel Beany Flavor

Tofu without DSF 3.7 ± 1.6 b 5.0 ± 1.4 a 2.9 ± 0.7 b 3.9 ± 1.1 c

Tofu with coarse DSF 6.0 ± 1.2 a 4.6 ± 1.4 a 5.9 ± 1.1 a 6.4 ± 1.2 a

Tofu with fine DSF 5.1 ± 1.3 a 4.7 ± 1.2 a 5.6 ± 1.0 a 5.3 ± 1.5 ab

Tofu with superfine DSF 3.9 ± 0.9 b 5.2 ± 1.2 a 3.5 ± 0.7 b 4.7 ± 1.1 bc

Values are means of three replicates and 15 judges (n = 3 × 15) and are expressed as the means ± standard deviations.
No significant difference was observed between the means designated by the same letter (Duncan’s p < 0.05).

The increased hardness in tofu by the addition of 5% DSF was relieved by the reduction of DSF’s
particle size. The hardness of the tofu with coarse DSF was 6.0 ± 1.2, while the hardnesses of the tofu
with fine and superfine DSFs were 5.1 ± 1.3 and 3.9 ± 0.9, respectively. The mouthfeel showed a similar
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tendency. The addition of larger particles of DSF (coarse and fine DSFs) resulted in tofu with a rougher
mouthfeel. However, the addition of superfine DSF had a reduced mouthfeel, which indicates that soft
structured tofu was made due to the smaller particle size of the DSF. A smaller particle size resulted in
a less beany flavor compared to the larger DSF. The control tofu had a beany flavor score of 3.9 ± 1.1.
The addition of coarse DSF increased the beany flavor score to 6.4 ± 1.2. The addition of superfine
DSF resulted in a beany flavor score of 4.7 ± 1.1, which is an increase in value but is not significantly
different from the score of the control tofu (p < 0.05).

The descriptive analysis results showed the same trend as the textural property values obtained
using the texture analyzer, especially for hardness and springiness. The mouthfeel attribute was
defined as a rough particle size texture when panelists tasted the tofu. As expected, a larger particle size
increased the mouthfeel value of the tofu. The same result was found by Kim et al. [29], who reported
that the addition of shell powder during tofu processing increased the mouthfeel score. The limited
increase in beany flavor of the tofu with superfine DSF was unexpected. One possible explanation is
that compounds inducing a beany flavor are removed during sieving or jet milling. We previously
showed that superfine DSF can be a food ingredient because it decreases bitter taste and increases the
sweetness of DSF [15]. Our descriptive analysis results indicate that the addition of superfine DSF
powder up to a value up to 5% does not change the sensory properties of tofu. Thus, superfine DSF
could be a good raw material for enhancing the dietary fiber content of tofu products.

4. Conclusions

The results of this study show that fibrous tofu consist of up to 5% DSF. However, conventionally
prepared DSFs with an average particle size larger than 100 μm negatively affected the sensory
properties of tofu. The addition of such DSFs resulted in a lower yield, lower moisture content, harder
texture, rougher mouthfeel, and increased beany flavor compared to the control tofu. On the other
hand, the tofu made with jet-milled DSF overcame all of these disadvantages. The color, textural
properties, and sensory qualities were statistically identical to those of the tofu without DSF. Our
descriptive analysis results show that consumers will accept tofu with 5% superfine DSF because even
trained panelists could not distinguish it from control tofu due to the ultrafine characteristics of the
superfine DSF. Therefore, it can be concluded that superfine DSF is a promising additive, for enriching
fiber, that does not change the physical or sensory properties during the production of high-quality tofu.
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Abstract: Lactic acid fermentation could be used as a potential modification tool for faba bean flour
to enable its incorporation in boosting the nutritional profile of gluten-free breads. Gluten-free breads
made with fermented or unfermented faba bean flours were compared with commercial soy flour.
The amounts of faba- and soy-bean flours were adjusted to obtain the same protein content in bread
(16%). Both fermented and unfermented faba bean flour resulted in larger bread volume (2.1 mL/g
and 2.4 mL/g, respectively) compared to bread made with soybean flour (1.5 mL/g). Breads made with
unfermented and fermented faba flour had higher porosity (82% and 72%, respectively) than bread
with soy flour (61%). The faba breads also were softer than the soy bread. Fermentation of faba flour
prior to bread making significantly increased crumb hardness (584 vs. 817 g). Fermentation increased
in vitro protein digestibility (72.3% vs. 64.8%). Essential Amino Acid and Biological Value indexes
were significantly higher for breads containing fermented faba flour compared to breads made with
unfermented faba and soy flour. The Protein Efficiency Ratio and Nutritional Index increased by
fermentation from 33 to 36 and 1.6 to 2.7, respectively. Pre-fermentation of faba bean flour improved
the nutritional properties of high-protein, gluten-free faba bread. A sensory panel indicated that
fermentation did not affect the crumbliness, evenness of pore size and springiness of breadcrumb.

Keywords: gluten-free; legumes; faba beans; fermentation; textural properties; nutritional properties

1. Introduction

Faba bean (Vicia faba) is an ancient crop, and together with pea, is one of the most important
legume crops in Europe. Faba bean seeds, used in both human and animal nutrition, are rich in essential
amino acids: isoleucine, leucine, lysine, phenylalanine, threonine and valine [1,2], and when combined
with cereal ingredients (rich in sulphur-containing amino acids) make a plant protein source with
well-balanced amino acid composition [3]. Faba bean is also rich in dietary fibre, minerals, phenolics,
and non-nutrient secondary metabolites recognized as beneficial in human health [4]. Faba bean
storage proteins have been found to lower serum glucose, insulin, total and low-density lipoprotein
cholesterol in young men with hypercholesterolemia, whereas l-3,4-dihydroxyphenylalanine (l-DOPA),
contained at high levels in seeds, has been reported as effective in the treatment of Parkinson’s
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disease [5,6]. Despite the nutritional and functional properties, faba bean use is limited by the presence
of antinutritional factors (ANF), which can interfere with digestion, sometimes causing pathologic
conditions. The main ANF are α-galactosides (e.g., raffinose, verbascose, stachyose), condensed
tannins, protease inhibitors, phytic acid and vicine and convicine [4,6,7]. The pyrimidine glycosides,
vicine and convicine, responsible for causing favism in susceptible individuals (suffering from glucose
6 phosphate dehydrogenase deficiency) [6], are synthesized by the plant as a defence mechanism
against fungi and insects [8]. In addition, lectins, found in most legumes, can cause gastrointestinal
tract distress [9].

Some of these ANF are heat-labile (e.g., protease inhibitors and lectins) and thus thermal
treatments would remove the negative effect during consumption. Others (e.g., phytic acid, raffinose,
tannins, saponins) are heat stable [4]. Processing, such as dehulling [10,11], boiling and roasting [12],
and germination [13], have been suggested to reduce the ANF content of legumes. Nonetheless,
fermentation through lactic acid bacteria (LAB) has proven to be effective in ANF reduction [6,14–17].
Overall, LAB fermentation is a traditional food processing method with many applications, including
baked products [18]. It can provide improved sensory, technological and nutritional properties as
well as longer shelf life [18]. Recently, fermentation has been reported as being responsible for the
enhancement of the overall nutritional and functional quality of faba bean through the increase of
the protein digestibility, the release of bioactive peptides and free aminoacids, the decrease of the
glycemic index, the increase of mineral bioavailability and antioxidant activity, and by producing
γ-aminobutyric acid (GABA), a non-protein amino acid with health promoting effects [6,14–17].
Moreover, the degradation of the pyrimidine glycosides, vicine and convicine, was complete after
48 h of fermentation with a LAB strain selected for the high β-glucosidase activity, and the aglycone
derivatives (also toxic) were not detectable. Ex-vivo assays on human blood also confirmed the lack of
toxicity of fermented faba bean flour [18].

Like other legume crops, faba bean is gluten-free and could thus be utilized for gluten-sensitive
and celiac people. The prevalence of celiac disease has become more and more common in recent years,
therefore, the need for tasty and nutritious gluten-free foods is increasing. The structure and texture of
gluten-free foods pose challenges for baking technology. Pulses such as chickpea, pea or soybeans have
been used in gluten-free bread baking either in the form of flour or protein concentrate supplemented
to a starch base [19,20]. Chickpea protein has good emulsifying properties and its supplementation
to corn starch (8% of flour mix) improved bread volume, crust/crumb colour and crumb hardness
without the need of shortening or emulsifier compared to breads made with cornstarch [19]. Chickpea
flour-based gluten-free bread had the best physico-chemical and sensory characteristics compared to
bread made with soy or pea protein isolate with equal protein content [20].

We have previously shown that fermentation of faba bean flour by Lactobacillus plantarum
decreased ANFs, increased the amount of free essential amino acids, improved in vitro protein
digestibility and lowered the starch hydrolysis index [13]. After fermentation of faba flour, vicine
and convicine contents reduced from 11.46 ± 0.22 to 0.67 ± 0.01 (mg/g dm) and 6.24 ± 0.14 to
0.56 ± 0.01 (mg/g dm), respectively [13]. Trypsin inhibitor (TI) activity dropped from 2.09 ± 0.09 to
0.91 ± 0.04 (TI unit/mg dm), whereas the concentration of condensed tannins halved from 27.10 ± 1.30
to 13.71 ± 0.79 (eq catechin/100 g) by fermentation [13]. The objective of the current work was to
evaluate the applicability of fermented faba bean flour for protein enrichment of gluten-free bread
especially with respect to structural, textural and nutritional properties.

2. Materials and Methods

2.1. Materials

Faba beans (Vicia faba cv Kontu), which were used for the production of faba bean flour, were
provided by the University of Helsinki, Finland. The beans were dehulled by using an ultra-fine friction
grinder (Supermasscolloider MKZA10-15, Masuko Sangyo Co. Ltd., Kawaguchi, Japan) operated with
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a 0.5 mm gap, and the hulls were aspirated in a spray drier (Mobile minor, GEA Niro A/S, Soeborg
Denmark). Dehulled beans were milled as described in Reference [13] by using a cutting mill (Retsch
GmbH, Haan, Germany) to obtain the faba bean flour. Commercial soy flour (native, not heat-treated)
(Soyappetit, Helsinki, Finland) (protein 40.3%, fat 21.6%, total dietary fibre 14.2%, total carbohydrates
including sugar, 13.3%), corn starch (Maizena, Unilever, Denmark) (starch 86%, total dietary fibre 1%,
protein and sugar <0.5%), sugar (Dan Sucker, Suomen sokeri Oy, Kantvik, Finland), baking powder
(Meira, Helsinki, Finland), shortening (Sunnuntai, Raisio, Finland), baker’s yeast (Suomen hiiva Oy,
Lahti, Finland), and salt (JOZO salt, Mariager, Denmark) were obtained from a local store. In addition,
emulsifier (Panodan A2020, Dupont, Wilmington, DE, USA) and xanthan gum (Carl Roth GmbH,
Karlsruhe, Germany) were purchased.

2.2. Fermentation of Faba Bean Flour with Lactic Acid Bacteria

2.2.1. Microorganisms and Culture Condition

Lactobacillus plantarum VTT E-133328, at VTT Culture Collection (Espoo, Finland) was routinely
propagated at 30 ◦C in MRS broth (Oxoid, Basingstoke, Hampshire, England). When used for
fermentation, lactic acid bacterial cells were cultivated until the late exponential phase of growth was
reached (ca. 10 h), washed twice in 50 mM phosphate buffer, pH 7.0, and suspended in the tap water
used for fermentation.

2.2.2. Fermentation Procedure

Faba bean flour was mixed with water to prepare dough in a ratio of 50:50. Fermentation with the
lactic acid bacteria (initial cell density of ca. 107 CFU/g of dough) was carried out at 30 ◦C for 48 h as
described in Reference [13]. After fermentation, the pH of faba flour was 4.1 and adjusted to higher pH
levels around 5.5 by using sodiumbicarbonate to avoid excessive sour taste in the breads. The dough
was later freeze-dried (Christ Alpha 2-4 B. Braun, Bioteck International, Osterode am Harz, Germany)
and milled in an ultra-centrifugal mill ZM 200 (Retsch GmbH, Haan, Germany) using a 0.5 mm screen
and 8000 rpm speed.

The pH drop during fermentation was measured by a TitroLine autotitrator (Alpha 471217, Schott,
Mainz, Germany) suspending and aliquot of 10 g of samples in 100 mL distilled water.

Total titratable acidity (TTA) was determined with the TitroLine Alpha autotitrator on 10 g dough
homogenized with 90 mL of distilled water and expressed as the amount (ml) of NaOH 0.1 M to reach
pH of 8.5.

2.2.3. Pasting Properties by Rapid Visco Analyzer

The Rapid ViscoTM Analyser (RVA) (Newport Scientific Pty Ltd., Warriewood, Australia) was
used to determine the pasting properties of the faba bean flours. Pasting properties were determined
following the standard Newport Scientific Method 1 (STD1). The heating cycle was 50–95 ◦C in 282 s,
holding at 95 ◦C for 150 s, and then cooling down to 50 ◦C in 228 s and holding at 50 ◦C for 120 s. Each
cycle was initiated by a 10 s mixing at 960 rpm paddle speed and 160 rpm paddle speed was used for
the rest of the test. The RVA studies were carried out using 3.5 g of dried sample and 25 mL deionized
water in an aluminium canister. The parameters recorded were peak, final, breakdown and setback
viscosities together with pasting temperature. Flour samples were run in triplicate.

2.2.4. Baking of Gluten-Free Breads

Faba bean flour and fermented faba bean flour (freeze-dried) were applied in gluten-free bread
baking and commercial soy flour was used for control breads. The amounts of bean flours were adjusted
to obtain the same final protein content (16%) which would enable the “protein-rich” nutritional claim.
Bread S37 was soy bread with 37% soy flour and 63% corn starch, bread F50 was faba bread with
50% faba flour and 50% corn starch, and bread FF50 was faba bread with 50% fermented faba flour
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and 50% corn starch. The proportion of the rest of the ingredients were fixed for each bread recipe
and were as follows: sugar 5.7%, baking powder 2.4%, shortening 4.9%, baker’s compressed fresh
yeast 4.9%, salt 1.7%, xanthan gum 2%, emulsifier 0.6%, water 102.7%. All the percentages were based
on baker’s percentages. The recipe, mixing, proofing time and baking conditions were optimized
in a preliminary work which is not shown here. The dry ingredients were first mixed together and
then shortening, yeast and water were added. The temperature of the water was adjusted so that the
final dough temperature after mixing was 26 ± 1 ◦C. Kneading was done for 4 minutes at high speed
(level 2/3) with a planetary mixer (Ningbo Sybo Machinery Co., B30CT, Ningbo, China). Small tins
(9 × 5 × 6 cm) were filled with 160 g of batter and then proofed for 45 min at 28 ◦C and 85% relative
humidity The breads were baked in a rack oven (Sveba Dahlen, Fristad, Sweden) at 180 ◦C for 17 min.
Baking was conducted twice for each bread recipe.

2.3. Texture Profile Analysis

The texture profile analysis of the crumb was performed after 1 h and 24 h of baking. Two slices
were taken from the centre of each loaf. Uniform slices of 2.5 cm thickness were obtained with a cutter
and the analysis was carried out with a TA-XT Plus texture analyser (Stable micro systems, Godalming,
UK), equipped with a 25 kg load cell and a 25 mm diameter aluminium cylindrical probe. The pre-test
and test speeds were identical with a value of 1.7 mm/sand post-test speed was 10 mm/s. A strain
value of 40% strain with 5 s pause time between compression cycles was applied. The results are an
average of ten replicates.

2.4. Volume Analysis

The specific volume of the bread loaves was measured based on the infrared light scanning
method (Bread Vol Scan, Pregesbauer, Germany). Six loaves of each bread type were measured, and the
average value was calculated.

2.5. Sensory Analysis

A trained descriptive sensory panel (n = 5) evaluated the characteristics of the breads based on a
previously published protocol [21]. The panel consisted of two males and three females with an age
range of 27–50 years. Attribute intensities were rated on 5-unit, verbally anchored intensity scales.
Altogether, three attribute categories were selected to describe the texture and flavour of the breads.
These were: appearance (Evenness of bread on a scale in which 1 = not at all even and 5 = very even,
Shape of bread on a scale in which 1 = very asymmetric and 5 = very symmetric, Intensity of bread
colour on a scale in which 1 = very light and 5 = very dark), Texture of the crumb (Crumbliness on
a scale in which 1 = not at all crumbly and 5 = very crumbly, Evenness of the pore size on a scale
in which 1 = very uneven (big pore >20 mm) and 5 = very even, Softness of the crumb on a scale in
which 1 = firm and 5 = very soft, Springiness of the crumb on a scale in which 1 = not at all springy
(the slice is broken when bended slightly) and 5 = very springy, Toughness on a scale in which 1 = not
at all tough (needs only 2 bites before broken down) and 5 = very tough), Crumb flavour and colour
(Intensity of the colour on a scale in which 1 = very light and 5 = very dark, Intensity of the flavour on
a scale in which 1 = flavourless and 5 = very intense flavour).

2.6. Microstructural Analyses

2.6.1. X-ray Microtomography

Samples for X-ray microtomography (XMT) were made by cutting 1 cubic cm bread samples at
3 different locations from the centre of each bread recipe. Samples were scanned using a desktop XMT
system (Model 1172, SkyScan, Aartselaar, Belgium) consisting of an X-ray tube, an X-ray detector and
a charge-coupled devices (CCD) camera. The X-ray tube was operated at a voltage of 40 kV/250 μA
to obtain optimum contrast between void (air cells) and matter (cell walls) according to a modified
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method [22]. A 12-bit cooled CCD camera (524 × 1984 pixels) was used to collect the X-ray data.
Samples were rotated by a total of 180◦ during the scanning process with a pixel size of 12.85 μm to
obtain optimum resolution, resulting in a total scanning time of 33 min. The initial X-ray radiographs or
raw images were obtained at every 0.7◦ of rotation. Samples were scanned in triplicate. After scanning,
radiographs were loaded into NRecon reconstruction software (v. 1.6.6, Micro Photonics, Allentown,
PA, USA). The software combines the images graphically into a three-dimensional (3D) object from
which 2D cross-sectional images can be taken. Before the reconstruction, the cross-sectionrotation
feature was used to rotate the sample cross-sections, making them parallel to the view window. Beam
hardening correction and ring artefact corrections were set to 10% and 40% respectively, in order to
reduce the number of artefacts. Cell walls of the solid matrix appear grey, whereas air cells appear
black. The reconstructed 2D slices were then loaded into CTAn software (v. 1.12, Skyscan, Kontich,
Belgium) to obtain the parameters of porosity (%), cell wall thickness (t), and cell diameter (D).

2.6.2. Light Microscopy

Bread samples were first embedded in 2% (w/v) agar and fixed in 1% (v/v) glutaraldehyde in
0.1 M Na-K phosphate buffer (pH 7.0), dehydrated in a graded ethanol series, and embedded in
hydroxyethyl methylacrylate resin (Leica Historesin embedding kit, Leica Microsystems, Heidelberg,
Germany). Polymerized samples were sectioned (2 μm sections) in a rotary microtome HM 355S
(Microm Laborgeräte GmbH, Walldorf, Germany) using a tungsten carbon knife and stained after
transferring onto glass slides. Staining of protein and starch in 2 mm thick sections were done with
Light Green and Lugol’s iodine respectively, as described in Reference [13]. The stained sections were
examined with an Olympus BX-50 microscope (Olympus Corp., Tokyo, Japan). Micrographs were
obtained using a PCO SensiCam CCD colour camera (PCO AG, Kelheim, Germany) and the CellˆP
imaging software (Olympus, Tokyo, Japan).

2.7. Nutritional Properties

In vitro starch digestibility was measured based on Reference [23] and represented as hydrolysis
index (HI) which refers to the amount of maltose per 1 g of soluble starch as compared to wheat bread.
Triplicate sample suspensions containing 1 g of starch in 0.0 5M sodium potassium phosphate buffer
(pH 6.9) were placed in water bath (37 ◦C) and the pH was adjusted to 6.9 with 1M NaOH and 1N
HCl. Pancreatic amylase (110 U) was added to the suspensions. Sample aliquots were removed before
the enzyme addition and after 30, 60, 120 and 180 min and placed in a boiling water bath for 5 min
followed by cooling. Samples were later on analysed for reducing sugar content and absorbance was
measured at 540 nm against the reagent blank. The calibration curve was made with maltose. White
wheat bread (Isopaahto, Vaasan and Vaasan, Espoo, Finland) was used as control sample.

In vitro protein digestibility was measured based on Akeson and Stahman [24]. One gram of each
sample was incubated with 1.5 mg of pepsin in 15 mL of 0.1M HCl at 37 ◦C for 3 h. After neutralization
with 2 M NaOH and addition of 4 mg of pancreatinin 7.5 mL of phosphate buffer (pH 8.0), 1 mL of
toluene was added to prevent microbial growth, and the solution was incubated for 24 h at 37 ◦C. After
24 h, the enzyme was inactivated by the addition of 10 mL of trichloroacetic acid (20%, w/v), and the
undigested protein was precipitated. The volume was made up to 100 mL with distilled water and
the mixture centrifuged at 5000 rpm for 20 min. The precipitate was subjected to protein extraction
according to Weiss et al. [25]. The concentration of protein in the supernatant and the precipitate
was determined by the Bradford method [26]. The in vitro protein digestibility was expressed as the
percentage of the total protein, which was solubilized after enzyme hydrolysis.

The supernatant, which contained the digested protein, was freeze-dried and used for further
analyses. The method of AOAC 982.30a [27], modified as previously reported by Curiel et al. [28],
was used to determine the amino acid profile of the digested protein fraction. Amino acids were
analysed by a Biochrom 30 series Amino Acid Analyser [28], with the exception of tryptophan,
estimated by the method of Pintér-Szakács and Molnán-Perl [29].
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Chemical Score (CS) estimates the amount of protein required to provide the minimal essential
amino acid (EAA) pattern, which is present in the reference protein (hen’s egg). It was calculated using
the equation of Block and Mitchel [30]. The sequence of limiting essential amino acids corresponds to
the list of EAA, having the lowest chemical score [30]. The protein score indicates the chemical score of
the most limiting EAA that is present in the test protein [30].

Essential Amino Acids Index (EAAI) estimates the quality of the test protein, using its EAA
content as the criterion. EAAI was calculated according to the procedure of Oser [31], according to the
following equation:

EAAI = n

√
(EAA1 × 100)(EAA2 × 100)(. . .)(EAAn × 100)[sample]

(EAA1 × 100)(EAA2 × 100)(. . .)(EAAn × 100)[re f erence]
. (1)

The Biological Value (BV) indicates the utilizable fraction of the test protein. BV was calculated
using the equation of Oser [31]: BV = ((1.09 × EAAI) − 11.70). The Protein Efficiency Ratio (PER)
estimates the protein nutritional quality based on the amino acid profile after hydrolysis. PER was
determined using the model developed by Ihekoronye [32]: PER = −0.468 + (0.454 × (Leucine)) −
(0.105 × (Tyrosine)). The Nutritional Index (NI) normalizes the qualitative and quantitative variations
of the test protein compared to its nutritional status. NI was calculated using the equation of Crisan
and Sands [33], which considers all the factors with an equal importance:

NI = (EAAI × Protein (%)/100). (2)

2.8. Statistics

Data were subjected to analysis of variance using IBM SPSS Statistics 21 (IBM Corporation,
New York, NY, USA), and significant differences (p < 0.05) between individual means were identified
by Tukey’s test.

3. Results and Discussion

3.1. Chemical and Physical Characterisation of Fermented and Native Faba Flour

Fermentation did not have a significant impact on the protein (35% dm) and soluble starch
(42% dm) contents of the faba flour, whereas total dietary fibre (DF) (7% versus 6.7% dm) and fat
contents (1.5% versus 0.9% dm) were slightly but significantly reduced. Reduction in total DF and fat
content by fermentation of various pulses such as pigeon pea, gram, kidney bean and cowpea has been
observed earlier [34,35]. DF solubilisation is known to take place in fermentation of cereals largely
due to the action of endogenous enzymes present in the raw material [36]. The dietary fibre content
of faba bean is approximately 10% and consists mainly of insoluble fibre such as hemicelluloses [37].
The reduction in DF content might be also associated with the extensive depolymerisation resulting in
hydrolysis products, which will not be analysed as DF, or on the ability of fermentative microorganisms
to consume hydrolysis products [38].

Fermentation of faba bean flour reduced setback (native flour: 959 ± 13 cP, fermented faba bean
flour: 169 ± 8 cP) and final viscosities (native flour: 1642 ± 8 cP, fermented faba bean flour: 864 ± 11 cP)
in the RVA analysis of flour slurry, as reported earlier for various starch matrices including, for example,
mung bean [39]. Setback viscosity is an indicator of starch retrogradation and can be reduced by
decreasing the pH of the flour matrix as the starch granules become fragile and break down easily
at low pH by heating [40]. The setback value for faba bean flour reduced by 83% after lactic acid
fermentation, where the pH dropped from the initial value of 6.6 to 4.1. This might have lowered the
degree of starch retrogradation after heating. Acidic treatment affects the pasting properties of starches
by partial hydrolysis of glycosidic linkages of starch molecules [40]. The impact of fermentation on the
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other RVA parameters of faba flour such as peak and breakdown viscosity and pasting temperature
were not significant.

3.2. Macro and Micro Structure of Bread

The impact of flour pre-fermentation on the structure of breads was evaluated both at macro-
and micro-scales. Faba breads had higher volume than soy bread, whereas fermentation reduced the
volume yield of bread. The volume yields were significantly different among the breads: 2.4 ± 0.1 a and
2.1 ± 0.1 b (mL/g) for unfermented and fermented faba bread respectively, and 1.5 ± 0.05 c mL/g
for soy bread. GF bread dough generally resembles a cake batter and added proteins act as
emulsifiers by forming a film or skin around oil droplets, which prevents structural failures due to
coalescence. The good emulsifying capacity of faba bean proteins was thus reduced by fermentation [41].
Fermentation has been shown to reduce the foaming stability of faba bean flour by 66% [42], which at
least partly explains to reduced functionality in gluten-free bread as well. The lowest volume, however,
was for the soy bread (S37) used as a benchmark. Earlier, supplementation of gluten-free corn and
potato starch-based breads with 10% soy protein concentrate (72% protein content, 7% protein in
bread) decreased the specific volume [43]. In addition, supplementation of gluten-free rice flour-based
bread with 13% to 25% (flour weight basis) of soybean protein isolate (81% protein content, 10.5%–20%
protein in bread) had a detrimental effect on crumb structure [44]. Faba flour thus could be a better
option for protein enrichment of GF bread.

Faba breads had better loaf shape, smooth crust and better crumb colour and structure compared to
soy bread (Figure 1a). The microstructural characterization results were in line with the macrostructural
data as faba breads also had a more porous, open structure (Figure 1b, Table 1). Native and fermented
faba breads (F50 and FF50) with the same 16% protein content as the soy bread (S37) had 82% and 72%
total porosity respectively (Table 1), flour fermentation thus decreasing porosity. Faba bread had an air
cell diameter of 690 μm, fermented faba bread of 561 μm, and soy bread of 230 μm, having the lowest
value. The reduction in air cell diameter by fermentation of faba flour was not significant. On the
other hand, fermented faba bread had the thickest cell wall (109 μm). We hypothesize that the cell
wall thickness was mainly affected by the surface and functional properties of the faba bean protein.
Furthermore, the hydrolysis of protein and reduction in foam formation and emulsification capacity of
faba bean proteins by fermentation might have adversely affected the air cell formation during bread
processing and resulted in smaller but thicker cell wall formation.

It has earlier been shown that fermentation improves the structure, texture and shelf life of wheat
bread [45]. The literature is not, however, consistent for gluten-free baking. For example, in another
plant protein-rich GF-bread matrix, replacing 20% of oat flour with oat sourdough (produced with
L. plantarum) did not improve the loaf volume, aroma or microbiological shelf life of the gluten-free oat
bread [46]. Lactic acid fermentation of soy-, rice- and buckwheat-based gluten-free mixture hydrolysed
soy proteins after 24 h fermentation, but the impact of fermentation in improving texture and structure
was minor compared to wheat baking [47]. The microstructures of bread samples as analysed using
light microscopy are presented in Figure 2. As expected, no orientated or organized protein network
typical for wheat breads was observed. In addition, starch was the continuous phase and protein
appeared as the discontinuous phase. However, it is known that gelling properties of faba bean protein
is better than soy protein, and the minimum concentration required for a protein dispersion to form
a self-supporting network is 14% and 16% for faba and soy proteins, respectively [48]. This might
have further contributed to the superior structural properties of faba breads compared to the control
soy bread. Large soy protein aggregates (green) surrounded by starch (dark blue) was visible for soy
bread (Figure 2). The protein aggregates in both faba breads were clearly smaller than in soy bread.
For unfermented faba bread (F50), larger protein particles were dispersed throughout the continuous
starch phase. After fermentation of faba flour, these protein particles are degraded to finer particles,
as seen in fermented faba bread (FF50) (Figure 2).
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Figure 1. (a) Digital images of soy bread (S37), faba bread (F50), fermented faba bread (FF50).
(b) Rendered three-dimensional (3D) images and selected 2D reconstructed X-ray microtomography
(XMT) images of bread samples.

Table 1. Microstructural parameters of image analysis data by XMT.

Bread Samples
Average Cell

Wall Thickness (μm)
Average Cell

Diameter (μm)
Total Porosity

(%)

S37 63 ± 9 d 230 ± 54 a 61 ± 2 a

F50 87 ± 11 e 690 ± 8 bc 82 ± 2 c

FF50 109 ± 29 f 561 ± 61 b 72 ± 4 b

Means in the same column with different letters are significantly different (p < 0.05).
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Figure 2. Light green and lugol’s iodine staining images of soy bread with 16% protein content (S37),
faba bread with 16% protein content (F50), fermented faba bread with 16% protein content (FF50).
Green represents protein and dark blue is starch (mainly amylose).

3.3. Textural Properties

Hardness, chewiness and cohesiveness of the breadcrumb as a function of fermentation-induced
changes and storage time are presented in Figure 3. Fermentation of faba flour prior to bread making
significantly increased crumb hardness (F50 (584 g) versus FF50 (817 g). Air cell diameter, air cell
wall thickness and porosity influence the textural properties of baked products [22]. Hardness was
negatively related to bread volume, total porosity and pore size. Negative correlation between crumb
hardness and volume has also been reported by others [20]. In the current study, the changes in protein
structure were proposed to be the key factor responsible for the structural and textural differences as
the amount of other structuring agents such as gums, emulsifiers and yeast was constant. Beyond 15%
(flour basis) soy flour addition resulted in a hard, compact and low loaf volume for GF bread based
on rice and cassava flour [49], whereas soy flour substitution levels lower than 12.5% gave structural
failure (e.g., internal cracks). Faba bean protein has water holding capacity similar to soy protein
but superior whippability and foam stability [50] which might explain better structural and textural
properties of faba breads over soy bread. However, solubility of faba bean protein is reduced at pH
levels 4–5. After 48 h of fermentation, the pH of faba flour was 4.1 but before freeze drying it was
adjusted to higher pH levels around 5.5 by using sodiumbicarbonate.

Earlier, freeze drying of faba bean protein isolates was shown to reduce the solubility and
emulsification properties in protein/water suspension with a maximum 4% protein content compared
to spray-dried counter parts [51]. The effect was stated to be lower when protein content increased [51].
As the protein content in this study is much higher (16% of flour mix), the effect of freeze-drying on
protein functionality can be expected to be minor compared to the effects caused by fermentation.
The TTA values of bread doughs after proofing was 4.66 ± 0.16, 5.53 ± 0.05, 11.04 ± 0.15 mL of NaOH
0.1 M/10 g of dough for S37, F50 and FF50 respectively, whereas the pH values were 6.5, 6.6 and 5.6.

Degradation of the protein matrix by acidification and weakening of the structure reduced the
carbon dioxide holding capacity of dough, lowering both the bread volume and porosity that further
increased hardness. For all breads, hardness value significantly increased the next day. Chewiness of
all faba breads was lower than soy bread (Figure 3). Chewiness reduced after 24 h storage for all breads
despite the increase in hardness, which could be linked to the pronounced reduction in cohesiveness.
Faba breads were less cohesive than soy bread (Figure 3). Soy crumb was wet and had a more plastic
structure (Figure 1a), which could explain the higher cohesiveness value. Fermentation slightly but
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significantly reduced the cohesiveness of faba breads when they were fresh, but no significant difference
was observed after 24 h storage.

Figure 3. Textural parameters of bread samples after 1 h and 24 h of baking.

3.4. Sensory Properties

The general appearance of faba breads was better than soy bread in terms of evenness, shape and
colour intensity of bread (Table 2). No significant difference was caused by fermentation. Crumbliness,
evenness of pore size and springiness of crumb were similar for all breads. However, F50 bread made
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with unfermented faba flour had the highest score for crumb softness. Intensity of colour was similar
for all breads (Table 2), whereas fermentation of the faba flour prior to bread making increased the
intensity of crumb flavour. During lactic acid fermentation proteolysis, acidification and formation of
volatile compounds influenced the flavour profile [21].

Table 2. Sensory properties of bread samples (1 h after baking).

S37 F50 FF50

Appearance
Evenness of bread 2.2 ± 0.7 a 3.6 ± 0.6 b 3.5 ± 0.3 b

Shape of bread 2.4 ± 0.9 a 3.7 ± 0.5 b 3.8 ± 0.5 b

Intensity of bread colour 2.5 ± 0.4 a 3.5 ± 0.2 b 4.0 ± 0.3 b

Texture of the crumb
Crumbliness 2.0 ± 0.1 a 2.3 ± 0.4 a 1.9 ± 0.4 a

Evenness of the pore size 3.5 ± 0.2 a 3.3 ±0.3 a 3.3 ± 0.2 a

Softness of the crumb 3.3 ± 0.3 ab 4.2 ± 0.2 c 3.0 ± 0.8 a

Springiness of the crumb 3.7 ± 0.7 a 3.9 ± 0.4 a 3.7 ± 0.5 a

Toughness 1.7 ± 0.3 a 1.3 ± 0.3 a 1.7 ± 0.7 a

Crumb flavour and colour
Intensity of the colour 2.8 ± 0.5 ab 2.5 ± 0.7 a 3.5 ± 0.7 ab

Intensity of the flavour 2.8 ± 0.5 ab 2.5 ± 0.8 a 3.5 ± 0.7 ab

Means in the same row with different letters are significantly different (p < 0.05).

3.5. Nutritional Characteristics

Bread with fermented faba bean flour (FF50) had a significantly lower hydrolysis index (76 ± 1 c)
compared to S37 soy bread (93± 4 b). However, there was no significant difference of HI values between
FF50 and F50 (83 ± 2 bc). Processing can induce macromolecular interactions between starch and
components of the food matrix reducing the availability of starch for digestive enzymes. The chemical
changes and interactions between starch-protein that occur in the presence of lactic acid have been
suggested to lower the rate of starch hydrolysis [13]. Lactic acid fermentation reduced the in vitro
starch hydrolysis rate for sorghum and teff sourdough bread whereas it increased for quinoa and
buckwheat sourdough breads [46,52]. The authors attributed the varying effect of fermentation to
the structural factors such as increased loaf volume and higher porosity in quinoa and buckwheat
sourdough breads [46,52].

Proteins are key components, which contribute to the nutritional value of foods. The quality of
proteins is estimated through their amino acid composition, which, combined with protein digestibility,
may predict the nutritional value. In vitro digestibility gives information about the stability of protein
hydrolyzates, and resistance to digestion. Fermentation increased the in vitro protein digestibility of
breads from 53.9% to 72.3% (Table 3) to values even higher than that of soy bread (64.8%) (Table 3). This
might be attributed to proteolysis during LAB fermentation [28]. Furthermore, fermentation increased
almost all the chemical scores of faba bread to values higher than those of soy bread. All samples
contained essential amino acids and the chemical score indicated that Methionine and Cysteine were,
respectively, the first and second limiting amino acids. EAAI indicates the ratio of essential amino
acids of the sample compared to the reference. BV estimates the nitrogen potentially retained by the
human body after consumption. Both EAA and BV indexes were significantly higher for fermented
faba bread (FF50) compared to unfermented faba bread F50 and soy bread (S37). The Protein Efficiency
Ratio (PER), which reflects the capacity of a protein to support the body weight gain, increased by
fermentation from 32.7 to 35.7 but was still lower than soy bread (37.1). Among the indexes that are
used to evaluate the nutritional value of foods, only the NI combines qualitative and quantitative
factors. Indeed, NI is considered a global predictor of the protein quality. The Nutritional Index (NI) of
faba bread (F50, 1.57) increased by fermentation (FF50, 2.47) to levels even higher than the soy bread
(S37, 2.1). Fermentation markedly increased protein bioavailability.
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Table 3. Nutritional indexes of breads.

S37 F50 FF50

In vitro protein digestibility (%) 64.8 ± 0.1 c 53.9 ± 0.2 d 72.3 ± 0.2 b

Chemical score (%)

Histidine 88 ± 2 b 85 ± 1 c 92 ± 2 a

Isoleucine 72 ± 2 a 65 ± 2 b 64 ± 2 b

Leucine 96 ± 1 a 88 ± 2 b 96 ± 2 a

Lysine 105 ± 2 b 113 ± 3 a 114 ± 1 a

Cysteine 35 ± 2 c 33 ± 1 c 51 ± 2 a

Methionine 27 ± 1 c 29 ± 1 c 32 ± 1 b

Phenylalanine + Tyrosine 58 ± 1 b 49 ± 1 c 63 ± 2 a

Threonine 74 ± 3 b 78 ± 2 a 78 ± 1 a

Valine 70 ± 2 a 69 ± 2 a 70 ± 2 a

Tryptophan 35 ± 1 c 44 ± 1 b 62 ± 2 a

Sequence of limiting EAA

Methionine Methionine Methionine

Cysteine Cysteine Cysteine

Tryptophan Tryptophan Tryptophan

Protein score (%) 27 ± 2 c 29 ± 1 c 32 ± 2 b

Essential Amino Acid Index (EAAI) 61.5 ± 0.4 b 58.4 ± 0.3 c 63.4 ± 0.4 a

Biological Value (BV) 55.4 ± 0.3 b 51.9 ± 0.1 c 57.4 ± 0.4 a

Protein Efficiency Ratio (PER) 37.1 ± 0.4 a 32.7 ± 0.3 c 35.7 ± 0.4 b

Nutritional Index (NI) 2.1 ± 0.07 c 1.57 ± 0.12 d 2.47 ± 0.08 b

Data are expressed as the mean of the results collected in two independent baking tests. a–d Values in the same row
with different superscript letters differ significantly (p < 0.05).

4. Conclusions

The present study showed that fermentation can be used as a modification tool particularly for
improving the nutritional properties of faba bean flour. Fermentation of faba bean flour increased
in vitro protein digestibility (72.3% versus 53.9%) of gluten-free faba breads. EAA and BV indexes as
well as PER were significantly increased for breads made with fermented faba bean flour. Furthermore,
fermentation increased the NI of faba bread (2.47) to levels even higher than the soy bread (2.1).
No significant difference was caused by fermentation on the general appearance of faba breads
(evenness, shape and colour intensity). A sensory panel indicated that crumbliness, evenness of pore
size and springiness of crumb were similar for all breads.

Generally, gluten-free products are inferior in their nutritional properties as they are mainly high
in carbohydrates and low in protein and dietary fibre. The incorporation of fermented faba bean
flour will not only improve nutritional quality, as stated above, but also enable a source of protein
(a minimum of 12% of the energy value of the food is provided by protein) or high-protein (a minimum
of 20% of the energy value of the food is provided by protein) claims in gluten-free products if used as
a protein ingredient. The gluten-free faba bean bread of this study would be qualified for “source of
protein” and “source of fibre (at least 3 g of fibre per 100 g of product)” claims.
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