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Mining the A.E. Watkins Wheat Landrace Collection for Variation
in Starch Digestibility Using a New High-Throughput Assay

Petros Zafeiriou 1, George M. Savva 1, Jennifer H. Ahn-Jarvis 1, Frederick J. Warren 1, Marianna Pasquariello 2,

Simon Griffiths 2, David Seung 2 and Brittany A. Hazard 1,*

1 Quadram Institute Bioscience, Norwich NR4 7UQ, UK
2 John Innes Centre, Norwich NR4 7UH, UK
* Correspondence: brittany.hazard@quadram.ac.uk; Tel.: +44-(0)1603-255000

Abstract: Breeding for less digestible starch in wheat can improve the health impact of bread and
other wheat foods. The application of forward genetic approaches has lately opened opportunities
for the discovery of new genes that influence the digestibility of starch, without the burden of
detrimental effects on yield or on pasta and bread-making quality. In this study we developed a
high-throughput in vitro starch digestibility assay (HTA) for use in forward genetic approaches to
screen wheat germplasm. The HTA was validated using standard maize and wheat starches. Using
the HTA we measured starch digestibility in hydrothermally processed flour samples and found
wide variation among 118 wheat landraces from the A. E. Watkins collection and among eight elite
UK varieties (23.5 to 39.9% and 31.2 to 43.5% starch digested after 90 min, respectively). We further
investigated starch digestibility in fractions of sieved wholemeal flour and purified starch in a subset
of the Watkins lines and elite varieties and found that the matrix properties of flour rather than the
intrinsic properties of starch granules conferred lower starch digestibility.

Keywords: wheat; landrace; starch digestibility; natural variation; high-throughput; retrograded
starch; starch structure; screening tool; pipetting tool; breeding

1. Introduction

Starchy foods are a main source of carbohydrate in our diet and an important source
of energy. Reducing the rate and extent of starch digestibility in foods can help to maintain
healthy blood glucose levels, which is important for the prevention and management of
obesity and chronic diseases like type II diabetes [1]. Furthermore, there is substantial
evidence that consumption of resistant starch, that is the starch that escapes digestion in
the small intestine and reaches the colon, can reduce blood glucose and help to maintain a
healthy gut [2–4]. Wheat (Triticum aestivum L.) is one of the most widely consumed crops
worldwide and provides up to 50% of the calories in the human diet, mainly in the form of
starch, so improving its nutritional quality could deliver health benefits to a large number
of people [5,6]. Thus, breeding for wheat with less digestible starch is an important strategy
to develop healthier foods to reduce dietary risk factors of chronic diseases.

A mature wheat grain contains predominately starch, 60–70% (w/w), which is the
greatest contributor to calories, and also 10–15% (w/w) protein and 11–15% (w/w) dietary
fiber [7,8]. Starch is produced in the endosperm of wheat during grain filling and is
composed of two distinct α-glucan polymers, amylose (linear α-1,4-linked chains) and
amylopectin (α-1,4-linked chains with α-1,6-linked branches). In their native state, starch
polymers exist as partially crystalline granules, which are difficult for humans to digest;
thus starch-based foods are typically cooked prior to consumption. Heating starch in the
presence of water leads to starch gelatinization making starch polymers more digestible [9–11].
Subsequent cooling leads to retrogradation in which starch polymers form crystalline
structures that are less digestible [12,13]. Moreover, there are several other factors which
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contribute to differences in starch digestibility such as starch molecular structure [14–16]
and properties of wheat flour (particle size and protein content) [17,18].

To date, reverse genetic studies in wheat have demonstrated potential for increasing
resistant starch levels using induced mutations in starch biosynthesis genes [14,19–21].
However, initial analyses of some mutants have shown detrimental effects on yield and
on pasta and bread-making quality, so identifying additional sources of genetic variation
for starch digestibility could support the development of improved traits for commercial
breeding applications [14,20]. Wheat landraces, locally adapted lines that have not been
modified through modern breeding techniques, present reservoirs of genetic diversity
that can be introduced into modern varieties. Of special note is the A.E. Watkins bread
wheat landrace collection, encompassing 826 bread wheat landraces collected in the 1920s
and 1930s from a global geographic distribution. This collection showed a greater level
of genetic diversity compared to modern elite European bread wheat varieties and has
been used to identify resistance genes for a variety of diseases [22–26]. The Watkins
lines have been purified by single-seed descent from which many genomic and genetic
resources have been developed. A core set of 118 accessions (c.Watkins) capturing most
of the genetic diversity in the Watkins collection was presented by Wingen et al. [22], and
used to generate nested association mapping populations, all of which were genotyped,
have genetic maps available, and are free to access (http://wisplandracepillar.jic.ac.uk/)
(accessed on 16 November 2022). Thus, a key aim of this study was to determine the extent
of natural variation in starch digestibility of the c.Watkins lines and in modern elite UK
varieties (bread, biscuit, and animal feed varieties recommended on the UK Agriculture
and Horticulture Development Board Recommended List, AHDB).

Despite the availability of diverse wheat germplasm resources like the c.Watkins
collection, forward screening approaches for starch digestibility have been limited due
to the lack of informative, accurate, and efficient phenotyping methods. Screening based
on amylose content, which has a positive association with resistant starch content, can
identify lines with high levels of resistant starch but cannot identify factors beyond amylose
content that may cause resistance to digestion [27,28]. Only a few studies have developed
methods to directly screen large populations for starch digestibility and these have fo-
cused on analyzing purified starch [29]. However, other components of the wheat flour
matrix and processing (e.g., starch retrogradation) could potentially impact starch digestibil-
ity [30–32]. To our knowledge, no previous studies have screened flour samples of wheat
germplasm collections.

To facilitate rapid assessment of starch digestibility in the c.Watkins wheat landraces,
an in vitro single-enzyme system was utilized (Figure 1, study workflow) [30,33,34]. This
system has proved useful for measuring starch digestibility in mechanistic studies and
early-stage food product development and produces results which are well correlated
with human glycaemic responses to foods [33,35]. Moreover, compared to other in vitro
digestion methods, the single-enzyme system has advantages such as fewer steps, low
consumables, and non-specialized equipment which support its adaptation to a high-
throughput assay (HTA). Here, we describe the development of a HTA for measuring starch
digestibility based on the single-enzyme system [33], which utilizes a 96-sample format
for simultaneous starch digestion analysis over a 90 min period. The HTA allows smaller
amounts of flour to be analyzed in a standardised 96 well-format using only a thermomixer
compared to a cabinet incubator, tube rotator and water bath. These modifications were
made to tailor the method for screening large wheat germplasm collections accurately and
efficiently. Using standard samples of wheat and maize starch, we validated the assay by
comparing starch digestibility profiles to those produced by the single-enzyme system
protocol reported in Edwards et al., 2019 [33]. The HTA was then used to screen for the
first time processed flour samples of the entire c.Watkins collection [22] as well as elite UK
varieties (representing commercial wheat lines for bread, biscuit, and animal feed), which
revealed natural phenotypic variation for starch digestibility.
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Figure 1. Study workflow for screening starch digestibility of wheat germplasm.

2. Materials and Methods

2.1. Chemicals

Chemicals used in this study: PercollTM (17-0891-01, GE Healthcare), 4-Hydroxybenzh
ydrazide (PAHBAH) (5351-23-5), TRIS (77-86-1), EDTA (60-00-4), SDS (151-21-3), DTT
(3483-12-3), Phosphate buffered saline (PBS) (P4417-100), Sodium Carbonate (497-19-8),
DMSO (67-68-5), maltose (6363-53-7), sodium hydroxide (1310-73-2) and α-amylase (DFP
Treated, Type I-A, saline suspension, 647-015-00-4) were purchased from Sigma-Aldrich
Company Ltd., Poole, UK.

2.2. High-Throughput Starch Digestibility Assay

A graphical scheme of the HTA assay is presented in Figure 2. Starch digestion assays
were carried out on samples that were gelatinized and cooled to accelerate retrogradation
following a protocol by Edwards [33], modified for screening a large number of samples.
Wholemeal flour samples were weighed (6 mg) and transferred into a deep well plate
(96/1000 μL, Eppendorf, Stevenage, UK). Phosphate buffered saline (600 μL, PBS, pH 7.4)
was added to each sample with a 1 mm glass ball to improve mixing. The deep well plate
was sealed and secured with a Cap-mat (96-well, 7 mm, Round Plug, Silicone/PTFE) and
added to a preheated thermal mixer (80 ◦C) with a 96 SmartBlock™ DWP 1000 n attachment
(Thermomixer C, Eppendorf Ltd., Stevenage, UK) for 15 min at 1500 rpm to gelatinize
the starch, then cooled at 4 ◦C for 21 h to accelerate retrogradation. The plate was then
briefly spun (100 g for 1 min) to collect condensed liquid on the Cap-mat and placed on
the thermal mixer for 30 min at 37 ◦C, 1600 rpm. Time zero samples (50 μL) were collected
using a 12-multichannel pipette and transferred into a 2 mL deep well plate containing
1.95 mL of stop solution (17 mM NaCO3). Digestion was started by adding pancreatic
α-amylase suspended in PBS targeting 2 U/mL activity into the samples. Enzyme activity
was determined by applying the starch digestibility assay on gelatinized potato starch and
obtaining the linear rate of maltose release every 3 min (mg/mL). Aliquots (50 μL) were
then taken after 6, 12, 18, 24, 40, and 90 min from the onset of digestion and transferred to
the stop solution.

The stopped reactions were then centrifuged at 4000× g for 5 min to avoid transferring
any starch remnants, and 50 μL of the supernatant was transferred to a new deep well
plate; 50 μL of maltose standards (5–1000 μM) were also added to the plate. The PAHBAH
reducing end assay was used to quantify the reducing ends released [36]. Briefly, 0.5 mL of
freshly prepared reagent (2 g of p-hydroxybenzoic acid hydrazide dissolved in 38 mL of
0.5 M HCl and 360 mL of 0.5 M NaOH) was added to each sample. The deep-well plate
was held at 100 ◦C for 7 min and then placed in an ice bath for 10 min. Samples were then
transferred to a microplate, and absorbance was measured at 405 nm using a microplate
reader (Bio-Rad Benchmark Plus, Waukegan, IL, USA). Reducing sugars were expressed as
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maltose equivalents, using a standard curve of maltose standards (5–1000 μM) from each
sample plate. Starch digestibility (%) was expressed according to the single-enzyme system;
each timepoint’s maltose equivalents were corrected by subtracting the baseline maltose
(time zero) and then divided by the maltose equivalent of total starch. Four technical
replicates were used, each carried out on a different day.

 

Figure 2. Principle of the high-throughput in vitro starch digestibility assay using a single enzyme
system. For amylolysis, a known enzyme-substrate ratio is used, and starch is hydrolysed by porcine
pancreatic α-amylase to produce reducing sugars. During amylolysis, aliquots are transferred to
a ‘stop solution’ at predetermined time points to inactivate amylase activity. The reducing sugar
concentration is quantified using a colorimetric p-hydroxybenzoic acid hydrazide (PAHBAH) assay
and maltose standards [36]. The portion of starch digested for each timepoint is calculated based on
reducing sugars and is then displayed against time.

2.3. Validation of the High-Throughput Starch Digestibility Assay

Starch digestion profiles from the HTA and the single-enzyme system were compared
using standards of purified starch from standard maize, waxy maize, and high-amylose
maize (purchased from Merck, formerly Sigma-Aldrich, Darmstadt, Germany), standard
wheat starch (purchased from Merck, formerly Sigma-Aldrich, Darmstadt, Germany), and
two high-amylose starches: sbeII and ssIIIa, previously characterized, respectively, by
Corrado et al. and Fahy et al. [2,21]. Starch samples were aliquoted to make 5.4 mg of
starch/mL of PBS, and α-amylase activity was adjusted at 2 U/mL. The thermal treatment
procedure was followed as described above for the starch digestibility HTA. Three runs
were obtained for both protocols over different days. For each run, six replicates per starch
sample were placed randomly in the 96-well plate for the HTA, and two replicates were
used for the standard protocol. For each run, starch samples and enzyme solution were
prepared in stock and aliquoted for use in both the HTA and single-enzyme system.

2.4. Field Trial Design

Grains for the c.Watkins lines were ordered from the Germplasm Resources Unit
(John Innes Centre in Norwich, UK) using the publicly accessible SeedStor system https:
//www.seedstor.ac.uk/, (accessed on 16 November 2022); permission to use the materials
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for research purposes was obtained. The 118 c.Watkins lines were grown in Autumn 2018
in 1 m2 plots (one plot per line, except for the low yield lines) at Church Farm, Norfolk UK
(52◦37′49.2′′ N 1◦10′40.2′′ E) using standard agronomic practices (Supplemental Figure S1).
Based on yield data from previous years, lines with a lower yield performance were grown
in duplicate or triplicate (to ensure production of sufficient grains), and grains were pooled
for analysis (Supplemental Figure S2). Seeds from elite varieties of bread, biscuit, and
animal feed commercial groups of the UK AHDB Recommended List (Cougar, Crusoe,
Dickens, Diego, Myriad, Paragon, Santiago, Skyfall) were kindly provided by Brendan
Fahy [37] (ahdb.org.uk) (accessed on 16 November 2022). Elite varieties were grown in
2013 in plots (one per genotype) of 1.5 m2 at Morley Farm, Norfolk, UK (52◦33′15.57′′ N
1◦10′58.956′′ E).

2.5. Milling and Sieving

Grains from the c.Watkins and elite varieties were coarsely milled in a cyclone mill
fitted with a 0.5 mm screen (UDY Corporation). Milled samples were passed through a
0.3 mm sieve (Endecotts Limited, London, UK) to produce ‘wholemeal’ flour samples, and
selected lines were passed through a 0.053 mm sieve to produce ‘sieved’ flour samples. The
flour samples were kept in a vacuum desiccator for five days before analysis.

2.6. Starch Isolation

Starch was isolated using an adapted method reported in Hawkins, et al. [38]. Wheat
flour samples were resuspended with water and filtered through a 100 μm cell strainer
(BD Falcon #352360). Samples were then centrifuged at 3000× g for 5 min, and the pellets
were resuspended in 2 mL of water. The starch suspensions were then overlayed into a
Percoll solution (90% v/v) and centrifuged at 2500× g for 15 min to remove cell walls and
proteins. The recovered starch pellets were washed with 1 mL buffer (50 mM Tris-HCl,
pH 6.8; 10 mM EDTA; 4% SDS; and 10 mM DTT), transferred into a 2 mL tube and left to
incubate for 5 min. The starch suspension was then centrifuged at 4000× g for 1 min. The
pellets were recovered, and the washing procedure was repeated once more. The pellets
were then washed three times with 1 mL of water, then once with 100% ethanol. Samples
were then kept one day in the fume hood, followed by five days in a desiccator containing
silicon dioxide prior to analysis.

2.7. Total Starch Assay

Wholemeal flour samples were weighed (~8 mg) and transferred into a deep well
plate (96/1000 μL, Eppendorf), each well containing 20 μL of DMSO and a 3 mm glass ball
to improve mixing. The plate was mixed for 5 min at 1600 rpm to disperse the samples
before adding 500 μL of a thermostable α-amylase to each sample. The thermostable
α-amylase was solubilized at 1:30 (v/v) in 100 mM sodium acetate buffer, pH 5.0 (Total
Starch hexokinase kit, AOAC Method 996.1 1; Megazyme, Bray, IE). The deep well plate
was sealed and secured with a Cap-mat (96-well, 7 mm, Round Plug, Silicone/PTFE).
Samples were heated at 90 ◦C for 10 min at 1600 rpm using a thermal mixer with a 96
SmartBlock™ DWP 1000 n attachment (Thermomixer C, Eppendorf Ltd., Stevenage, UK).
Total starch content was determined using a Total Starch HK kit (Total Starch hexokinase
kit, AOAC Method 996.1 1; Megazyme, Bray, IE, Wicklow, Ireland) following manufacturer
instructions, except volumes of reagents were scaled down by a factor of 10.

2.8. In Depth Analysis of Selected High- and Low-Digestibility Lines

Methods for particle size analysis of flour and starch, size exclusion chromatography,
protein content and endogenous α-amylase are available in Supplementary Materials.

2.9. Tools

During optimization of the HTA, a low-cost 3D-printed pipetting tool was developed,
which allowed for manageable weighing and transferring of samples into 96-sample deep
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well plates and improved speed and control of pipette aspiration (Plate Z). The PLZ 3D
design is available to download and print for free (https://www.hackster.io/386082/high-
throughput-pipetting-plate-z-bde2c7) (accessed on 16 November 2022).

2.10. Data Analysis

Statistical analyses and graphs were produced using RStudio (R version 4.2.1, Posit
Software, Boston, MA, USA). Datasets of the validation of the in vitro starch digestibility
HTA were analysed using the packages lme4 (v 1.1-30) and lmerTest (v 3.1-3) for a mixed
model fit [39–41]. Plots were made using the ggplot2 package (v 3.3.6) [42].

For validation of the HTA, the methods were compared by plotting the estimated
starch digestion profiles from the HTA and the single-enzyme system (protocol from
Edwards et al., 2019 [33]) and by comparing the estimated starch digested at 90 min. The
bias (difference in estimates between methods for the same material) and variation between
runs (technical variation) in starch digested at 90 min was estimated using linear mixed
models, including the type of starch as a fixed effect and sample batch as a random effect.
The variances were estimated using separate models for each method, so that the variability
of each method could be compared, while the bias was estimated using a single joint model
including all data points, with ‘method’ corresponding to an additional fixed effect.

A linear mixed model including line as a fixed effect and experimental run as a
random effect was used for analysis of in vitro starch digestibility of the c.Watkins lines and
elite varieties. Marginal means with standard errors (calculated using a pooled standard
deviation) are plotted for each line.

The correlation between starch digestibility and total starch was estimated using
linear regression. All values reported represent the mean, and the number of replicates
and variance metrics are specified in the description of the corresponding figure and
Supplementary Datasets.

For complete details of analyses, all data and analysis code is available as Supplemen-
tary Materials.

3. Results and Discussion

3.1. Screening of c.Watkins Landraces and Elite Varieties
3.1.1. In Vitro Starch Digestibility

The aim of this experiment was to determine the extent of natural variation in starch
digestibility of the c.Watkins collection and compare it with elite UK varieties representing
each commercial group (qualities of bread, biscuit and animal feed).

Results of the HTA revealed a wide range of variation in starch digestibility among
c.Watkins landraces; starch digestibility profiles formed a gradient of low- to high- di-
gestibility rather than two distinct groups, as expected from complex traits (Figure 3A
shows the individual trajectories of starch digested over time, Figure 3B compares the
starch digested for each line at 90 min). For the c.Watkins lines, the levels of starch di-
gested at 90 min ranged between 9.7–31.6% (at 6 min), 13.2–35% (at 12 min), 14.8–37.2%
(at 18 min), 16.2–36.1% (at 24 min), 19–37.8% (at 40 min), and 23.5–39.9% (Figure 3B). The
residual variance from the mixed effect model, measuring the variability between technical
replicates from the same sample in the same run, was 3.7 percentage points. There was
no statistical evidence for a relationship between the plot location in the field and the
starch digestibility at 90 min, as no trend was observed between field rows and columns
(Supplemental Figure S3).

Elite UK varieties showed less variation and greater starch digestibility compared
to most c.Watkins lines, although a direct comparison is confounded by the different
growing conditions between the two groups (Figure 3A). For example, the levels of starch
digested for the elite varieties ranged between 26.8–36.4% (at 6 min), 29.4–40.4% (at 12 min),
30.6–43.8% (at 18 min), 30–43.4% (at 24 min), 31.3–43.4% (at 40 min) and 31.2–43.5% (at
90 min) (Figure 3B).
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Figure 3. Starch digestibility and total starch of c.Watkins landraces (yellow) and elite varieties
(red) of wholemeal flour. (A). Starch digested (%) for c.Watkins (yellow) and elite varieties (red).
Points and lines represent the mean and standard error from between 3 and 6 technical replicates
per line. (B). Starch digested (%) at 90 min. Individual data points from technical replicates are
shown in white dots, and marginal mean values from a mixed effects model with line as a fixed
effect and experimental run as a random effect are shown in black (c.Watkins) and red dots (elite).
The standard error estimated from the model is displayed as yellow (c.Watkins) and red (elite) bars.
Values represent mean ± SE of n ≥ 3 replicates.

Our results demonstrate that natural phenotypic variation for starch digestibility
exists in the c.Watkins collection (representing the genetic diversity of the entire Watkins
collection, 826 lines) as well as in elite varieties representing commercial groups of bread,
biscuit and animal feed groups, and so there is potential for identifying underlying genetic
diversity. The variation observed among the c.Watkins lines was greater than among
the elite varieties screened, which is consistent with the higher levels of genetic diversity
previously reported for the c.Watkins collection compared to modern European bread
wheat varieties, as well as increased phenotypic variation for agronomically desirable
traits, such as stripe, leaf, and stem rust resistance, as well as grain surface area and grain
width [22–26]. It is important to note that a limitation of our study was that the grain
samples of c.Watkins lines and elite varieties were not produced in the same field trial,
and each a single plot per line, so it is possible that environmental conditions between
and within fields could influence the average starch digestibility levels and the variation
observed; this will be important to consider in future trials. With the availability of
structured germplasm panels (nested association mapping populations) and genotypic
data [43], there is now potential for use of the HTA to investigate the genetic factors
underlying the variation in starch digestibility observed through approaches like QTL
analysis which will aid in identification of underlying candidate genes and development
of tools for marker assisted-selection. Furthermore, once lines are identified, digestion of
starch and other nutrients in wheat foods can be explored using more extensive in vitro
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models of digestion in the upper gastrointestinal track such as the standardized INFOGEST
protocol, based on an international consensus by COST INFOGEST network [44].

3.1.2. Total Starch

Total starch (TS) content of wholemeal flour varied significantly for c.Watkins landraces
(43 ± 3.3 g/100 flour to 61 ± 2.4 g/100 flour, mean ± SE, p ≤ 0.001), and the elite varieties
(46 ± 3.6 g/100 flour to 61 ± 0.9 g/100 flour, mean ± SE, p ≤ 0.05). The elite variety
Diego had the highest TS content (61 ± 0.9 g/100 flour, mean ± SE), and the c.Watkins
line 651 had the lowest (43 ± 3.3 g/100 flour, mean ± SE). Most of the samples had a TS
content between 47 to 57 g/100 flour. Linear regression analysis showed that total starch
content only weakly correlated (R2 = 0.0108) with starch digested at 90 min which suggests
that the differences in total starch content do not explain the variation observed for starch
digestibility (Supplemental Figure S4).

3.1.3. Analysis of Low- and High-Digestibility Lines

To gain further insight into factors influencing the difference in starch digestibility a
subset of c.Watkins lines and elite varieties were selected, based on their starch digestibility
profiles (high- vs. low-digestibility) to measure starch digestibility in sieved flour (to obtain
smaller particle size fractions) and purified starch.

Three low-digestibility lines: 777 (WATDE0111), 216 (WATDE0025), and 639 (WATDE0083);
and five high-digestibility lines: including two c.Watkins landraces 816 (WATDE0117),
308 (WATDE0042) and the three UK elite varieties Myriad, Dickens, and Paragon were
selected for further analysis. The selection was based on the starch digestibility HTA results,
specifically the ranking (low to high), to represent the variation observed in the screen.

Results presented in Figure 4 show that starch digestibility profiles differed consid-
erably for wholemeal flour, sieved flour, and purified starch, suggesting that other flour
components besides starch likely may contribute to the variation in starch digestibility
observed. For wholemeal flour (<0.3 mm), starch digestibility profiles of selected ‘low-’and
‘high-digestibility’ lines grouped separately where the high-digestibility samples varied
between 37.6–41.6% and low-digestibility samples varied between 23.5–24.3% (at 90 min)
(Figure 4A). For sieved flour (<0.05 mm), the digestibility of two low digestibility-lines
(216 and 639) increased significantly (p < 0.05) compared to the corresponding wholemeal
samples, and while the third low-line (777) remained low (Figure 4B). Purified starch
samples showed a greater extent of starch digested at 90 min compared to wholemeal and
sieved flour fractions (Figure 4C). Moreover, there were no differences between the high-
and low-digestibility groups in purified starch samples. For example, high-digestibility
lines differed between 46.9–52.3% and low-digestibility lines varied between 47.6–49.2% (at
90 min).

Finally, these selected lines were also analyzed for starch structural properties (starch
chain-length distribution and starch granule size distribution) and flour properties (flour
particle size, endogenous α-amylase and protein content). These results are described
below. In summary, while differences between the lines themselves were evident for many
properties, none of these factors significantly correlated with starch digestibility in this
sample (Supplemental Table S1 and Supplemental Figures S5–S7).

Starch molecular structure and composition have been shown to influence its di-
gestibility; thus, starch fine molecular structure and starch granule size-distribution was
examined in the selected low- and high-digestibility lines. Starch chain-length distributions
showed significant differences between lines in the proportion of long and short chains of
amylopectin (AP) and amylose (AM) (p < 0.001) (Supplemental Figure S5 and Table S1).
However, the overall AM:AP ratio was not significant. Starch granule size distribution of
purified starch using a Coulter counter revealed significant variation among starch granule
diameter (p < 0.001), whereas minor differences were observed for the overall volume of
A and B granules (Supplemental Table S1). Low-digestibility lines showed the greatest
variation in B-granule diameter, with 6 ± 0.1 μm SE for line 777 to 8.4 ± 0.2 μm SE for line
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216 (40% greater). The diameter of B-granules in high-digestibility lines varied less; 816
had the highest (6.9 ± 0.4 μm SE), and 308 had the lowest (6.2 ± 0.1 μm SE). In general,
similar trends were also observed for A-granule diameter, except that low-digestibility line
216 had significantly larger A-granules. The diameter of A-granules from low digestibility
lines ranged from 18.2 ± 0.2 μm SE (lines 777 and 639) to 20.1 ± 0.2 μm SE (line 216).
There was also significant variation in A-granule diameter among high-digestibility lines;
308 had the smallest (17.7 ± 0.04 μm SE) and Paragon the largest (20.1, ± 0.2 μm SE).
Overall, we observed differences in chain-length distribution profiles and starch granule
size distribution of the selected lines but the there was no correlation of either factor to
starch digestibility of the wholemeal flour.

Figure 4. Starch digestibility of selected low- and high-digestibility lines measured in wholemeal
flour (A), sieved flour (B) and purified starch (C) using the HTA. Samples in blue represent the
low-digestibility lines, and samples in orange represent the high-digestibility lines. Values represent
mean ± SE of n = 3 replicates.

Starch digestibility has also been shown to be affected by the particle size of wheat
flour [17]. Particle size analysis of wholemeal flour from selected low- and high-digestibility
lines showed no major variation (Supplemental Figure S6). There was a statistically signifi-
cant difference (p < 0.003) in the particle size of wholemeal flour; line 639 had more particles
in the range of 14–20 μm whereas Paragon showed a slightly smaller number of particles in
that range. Micrographs of wholemeal flour (produced using scanning electron microscopy)
showed aggregate formations ≥ 120μm in all lines apart from the low-digestibility line 639,
which only had particles smaller than 120μm (Supplemental Figure S7). This data suggests
that the milling efficiency was similar in all lines apart from 639.

Elevated amounts of endogenous α-amylase in cereals could trigger early starch
amylolysis in the endosperm and thus significantly affect starch digestibility [45,46]. The
activity of endogenous α-amylase in low- and high-digestibility lines differed signifi-
cantly (p < 0.05), (Supplemental Table S1), however values were within a normal range
(<0.2 Ceralpha Units/g) according to prior studies (McCleary et al., 2002, Derkx and
Mares, 2020). The activity of endogenous α-amylase in low-digestibility lines ranged
from 0.06 ± 0.01 to 0.15 ± 0.01 Ceralpha Units/g of flour, mean ± SD, with the lowest
in line 639 and the highest line 216. High-digestibility lines varied from 0.05 ± 0.01 to
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0.13 ± 0.01 Ceralpha Units/g of flour, mean ± SD, Paragon being the lowest and line 308
the highest.

Grain hardness can impact starch digestibility and is mainly affected by the protein
content and composition in the endosperm [47]. Thus, protein content of wholemeal flour
was analysed in the selected lines. Results showed that protein content varied significantly
(p < 0.001) (Supplemental Table S1); low-digestibility lines ranged from 14.2–18.4 g/100 flour,
mean and high-digestibility lines ranged from 10.6–17.4 g/100 g flour, mean.

The different digestibility profiles observed across purification steps (wholemeal
flour to sieved flour to purified starch) suggest that multiple mechanisms in the selected
lines could be affecting starch digestibility and that different factors in each line could
have a distinct effect. This is consistent with prior studies which have shown effects of
flour characteristics and starch structure on starch digestibility in cooked wheat samples
including particle size of wholemeal flour, protein content, and chain-length distribution of
starch polymers [31,48,49]. An important limitation of this aspect of the study was the small
number of lines selected for this analysis severely limiting the power to detect correlations
of phenotypes between lines; prior work by Wang et al. [29] identified starch properties
influencing starch digestibility in a screen of 224 wheat starches. Nevertheless, our study
suggests that a combination and interaction of many factors are required to achieve low
starch digestibility profiles in flour, so using a starch digestibility HTA for screening or
selection approaches may be more efficient and informative than selection based solely on
underlying factors such as starch molecular structure.

3.2. Establishment and Validation of a High-Throughput Starch Digestibility Assay

The aim of this experiment was to validate and assess the reliability of the 96-sample
format starch digestibility assay using established starch standards of maize and wheat by
comparing the HTA with the single-enzyme system protocol presented in Edwards et al.,
2019 [33].

The HTA (detailed in the Section 2) was scaled from a 6-tube format to a 96-well plate
format which required optimizations for maintaining even heat distribution during starch
digestions and PAHBAH assays, for the mixing ability of samples, and for recovering
adequate sample volumes for analysis. We also developed new tools to allow faster sample
handling for sample preparation and pipetting (Plate Z, available free to download from
hackster.io, (accessed on 16 November 2022). A graphical scheme is presented in the Sup-
plemental Materials highlighting the changes made to develop the HTA (Supplementary
Figure S8).

Digestion profiles of maize and wheat starch standards were comparable to profiles
generated using the single-enzyme system protocol in Edwards et al., 2019 [33] (Figure 5A).
For example, the difference in the average estimates at 90 min (Figure 5B) from the two
methods was −0.72 percentage points (not statistically significant), and the technical
variation observed at 90 min within the runs was 2.1 percentage points in the HTA and
2.2 percentage points in the single-enzyme system protocol, suggesting that the HTA is not
biased and is no less reliable.

There were no significant differences in the percent of starch digested at all the time
points measured between the single-enzyme system protocol and the HTA. Thus, the HTA
provided comparisons between samples that were accurate and reproducible, and the
reliability of the assay was sufficient for use as a screening tool to aid in the selection of
low- and high-digestibility samples.

The variance using wholemeal flour (in the c.Watkins screen, Section 3.1.1) was higher
than the variance using starch standards in the validation experiment which could be
due to the higher variability in wholemeal flour composition compared to purified starch
samples. The number of technical replicates needed to estimate starch digestibility to a
given precision can be calculated from residual variance.
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Figure 5. Comparison of the HTA to the single-enzyme system protocol reported in Edwards et al.,
2019. (A) Digestibility profiles of purified maize and wheat starch produced by the HTA (black) and
the single-enzyme system (red). (B) Starch digested (%) at 90 min, ranking comparison of the HTA
(left) to the single-enzyme system (right). Values represent the mean ± SD of n = 18 replicates for the
HTA and n = 6 for the single-enzyme system.

Recent studies have reported improved methods to increase the throughput of starch
digestibility assays. Wang et al. [29] developed a 96-sample format assay to screen starch
from a wheat MAGIC population and used a multifactorial analysis to identify the most
influential factors for starch digestibility (starch granule size distribution, amylopectin
chain length distribution, amylose content and endogenous α-amylase activity). Other
studies have also aimed to increase the throughput of starch characterization techniques
however, the starch properties analyzed may or may not have a direct impact on starch
digestibility [50,51]. It is important to consider that other components of wheat flour
and factors like processing are likely to have a major impact on starch digestibility thus,
determining starch digestibility on processed flour samples may better represent what
people may consume in wheat-based foods [29,30,33,53]. Some progress has been made for
other crops like rice; Toutounji et al. [52] developed a 15-sample format assay for screening
starch digestibility of cooked rice grains with potential to allow analysis of 60 samples per
day (if 15 samples are prepared every two hours). In this method, samples were handled
individually with a single pipette, which was a limiting factor for the number of samples
that could be processed simultaneously. Furthermore, the assay was performed using
a set of 8 samples and this assay still needs to be validated on a larger sample set. The
HTA assay described here addresses some of these key limitations presented by prior
assays namely the type of sample analyzed (hydrothermally processed flour) and sample
size (96-sample format). For future work, it will be important to consider improving the
efficiency of upstream steps, including milling, sieving, and weighing samples which
present additional bottlenecks.

4. Conclusions

In this study we identified wide variation in starch digestibility among the c.Watkins
lines which could be used to recover valuable alleles that were lost during modern breeding
with the aim of improving wheat nutritional quality. Starch digestibility profiles of sieved
flour and purified starch from selected lines suggested that the differences observed in
starch digestibility are likely due to multiple factors in the flour matrix and are not limited
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to starch structural properties. Previously, strategies to reduce starch digestibility in wheat
have mainly focused on reverse genetic approaches, but with new tools like the HTA there
is potential to discover other useful sources of variation to support development of wheat
varieties with improved health benefits. Furthermore, future work to determine starch
digestibility in white flour samples will be useful for identifying sources of reduced starch
digestibility for applications in foods made with refined flour.
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Abstract: Though selenium (Se) and zinc (Zn) constitute essential nutrients for human health, their
deficiencies affect up to 15% and 17% of the global population, respectively. Agronomic biofor-
tification of staple crops with Se/Zn may alleviate these challenges. Pea (Pisum sativum L.) is a
nutritious legume crop that has great potential for Se/Zn biofortification. Herein, two varieties of
pea (Ambassador, Premium) were biofortified via foliar application of sodium selenate (0/50/100 g
of Se/ha) or zinc oxide (0/375/750 g of Zn/ha) during the flowering stage under field conditions.
While no significant differences were found in Se accumulation between seed varieties upon Se
treatments, selenate enhanced the accumulation of Se in the two seed varieties in a dose dependent
manner. Selenium concentration was most elevated in seeds of Ambassador exposed to 100 g of Se/ha
(3.93 mg/kg DW compared to the control (0.08 mg/kg DW), p < 0.001). 375 g of Zn/ha (35.7 mg/kg
DW) and 750 g of Zn/ha (35.5 mg/kg DW) significantly and similarly enhanced Zn concentrations
compared to the control (31.3 mg/kg DW) in Premium seeds, p < 0.001. Zinc oxide also improved
accumulations of Fe, Cu, Mn, and Mg in Premium seeds. Se/Zn treatments did not significantly affect
growth parameters and accumulations of soluble solids and protein in seeds. Positive and significant
(p < 0.01) correlations were observed between Zn and Fe, Cu, Mn and Mg levels in Premium seeds,
among others. Consuming 33 g/day of pea biofortified with Se at 50 g/ha and 266 g/day of pea
biofortified with 375 g of Zn/ha could provide 100% of the RDA (55 μg) for Se and RDA (9.5 mg)
for Zn in adults, respectively. These results are relevant for enhancing Se/Zn status in peas by
foliar biofortification.

Keywords: crop biofortification; selenium and zinc; trace element deficiency; nutrition; food supply

1. Introduction

Selenium (Se) and zinc (Zn) are indispensable micro-elements in the human body.
Selenium (as selenoproteins) and Zn act as cofactors for many important antioxidant
enzymes, such as glutathione-peroxidase (GPx) and superoxide-dismutase (SOD), respec-
tively [1,2]. Deficiency of Se and Zn can lead to increased risk of mortality and development
of multi-factorial illnesses, both communicable and non-communicable [1,3–6]. However,
higher intakes have also been reported to produce adverse health effects, as reviewed
previously [7,8].

Selenium and Zn deficiencies affect up to 15% and 17% of the global population,
respectively [9,10]. It should be stressed that both deficiency and suboptimal status in
micronutrients negatively affect human health. Reports have emphasized widespread
below-optimal levels of Se and Zn throughout Europe. This is largely attributable to
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inadequate concentrations in soil [11], reflecting depletions by agricultural practices and
rainfall. Dietary Se/Zn availability is associated to a great extent with the soil Se/Zn level
and the bioavailability of Se/Zn from main crops [12–14], though Se/Zn in soil is not
homogenous in its distribution and availability to crops [15,16].

Agronomic biofortification is a promising approach that aims to enhance the nutri-
tional value (mostly micronutrients) of staple crops. This strategy relies on optimized
application of fertilizers to the soil and/or crop leaves (foliar fertilization), as reviewed
previously [17–19]. Foliar fertilization is a very efficient way of Se and Zn plant biofortifi-
cation [20,21]. In addition, under field conditions, foliar fertilization is less damaging to
the environment, preventing accumulation of the fortificant in the soil, leading potentially
to contamination [20,22]. The efficacy of foliar application of trace elements depends on a
number of factors, namely the physico-chemical specifications of the formulation, the envi-
ronmental conditions during the time of spraying, or the characteristics of the plant—such
as leaf size and metabolism—to which spraying is applied, as summarized previously [23].

Although legumes are staple food crops for billions of people worldwide, their bioforti-
fication is still insufficiently used as an approach for alleviating hidden hunger [24,25]. Pea
(Pisum sativum L.) is a cool season legume harvested all over the world, mainly in temperate
regions [26]. The global harvest of dry peas in 2020 was reported as 14.6 million tons, with
cultured areas spanning 7.2 million ha (FAOSTAT 2022). Pea is an important human and
animal food crop that plays critical roles (as do other pulses) in sustainable agriculture,
biodiversity and the environment, as well as in global health and food security [27–29].
Peas are an important source of protein and carbohydrates such as starch, but also provide
dietary fibre, minerals and vitamins, in addition to phytochemicals, among others [30,31].
Pea protein is a high-biological-value protein that exhibits health benefits encompassing
antioxidant, antihypertensive, and prebiotic-like effects on the gut microbiota [32]. Con-
sumption of peas and their components has been linked to aspects of cardiometabolic as
well as gastrointestinal health [30,33].

Consequently, in this investigation we studied the response of two pea varieties
(Ambassador, Premium) to foliar application of Se and Zn during the flowering stage under
field conditions. Growth parameters, accumulation of selected trace elements (including Se
and Zn), macro elements, soluble solids and protein in seeds, as well as their respective
correlations were evaluated and compared with previous findings, including our pot
experiment [34–36].

2. Materials and Methods

2.1. Chemicals

Zinkuran SC was obtained from Arysta LifeScience Slovakia s.r.o. (Nové Zámky,
Slovakia). Sodium selenate was purchased from Alfa Aesar (Karlsruhe, Germany). HNO3
and H2O2 (suprapure quality) were ordered from LGC Standards (Molsheim, France) and
Merck/VWR (Leuven, Belgium), respectively.

2.2. Experimental Design and Sample Preparation

A field experiment was carried out in 2014 at the Slovak University of Agriculture in
Nitra/Botanical Garden (Nitra, 48.305 N, 18.096 E). The design consisted of four replicates,
two varieties of pea (Pisum sativum L.) and five treatments, totalling 40 plots. The area of
each plot was 1 m2. Pea was sown at a rate of 85 seeds / m2 at a seeding depth of 5 cm.
To minimize potential Se/Zn cross-contamination, border rows were laid out between
each plot. Soil analysis and weather data during the growing season (April–June) in Nitra
in 2014 are presented in Table 1. Soil element concentrations were measured using the
procedure of Varényiová et al. [37] for total N, and available P, K, Mg, and Ca; the methods
of Ducsay et al. [38] and Lindsay and Norvell [39] were used to determine total Se and
available Zn, respectively. Seeds of two high-yielding and dark-seeded pea varieties were
selected for the investigation. Ambassador (representing late variety/restored hybrid) and
Premium (constituting an early variety/open pollinated) were obtained from a farmer
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from the area of Nitra. Selenium (sodium selenate) and Zn (Zinkuran SC (30% ZnO + 6%
chelate)) were administered as part of the following treatments: unaltered control, 50 g
(Se1), 100 g (Se2), 375 g (Zn1) and 750 g (Zn2), all per ha. The applied solutions had final
concentrations of 0.1 and 0.2 g/L of Se or 0.75 and 1.5 g/L of Zn. Foliar application of
Se/Zn was conducted at the flowering stage of the pea plants within dry weather periods
using a manual sprayer. Additional fertilizers were not employed. Regular irrigation and
phytosanitary measures were applied during the experiment. Incidences of pests/diseases
and adverse/toxic impacts of foliar Se/Zn applications on plants were not reported. Seeds
were harvested at physiological maturity. The soluble solids concentration was determined
in fresh seeds, while the remainder of the seeds was rapidly lyophilized and ground to
determine the concentration of trace (Se, Zn, Fe, Cu, Mn, Mo) and macro elements (Ca, Mg,
K, Na) and protein.

Table 1. Physical and chemical variables of tested soil, mean monthly temperature (air) and total
monthly rainfall (April–June) reported in the experimental area in Nitra in 2014.

pH (H2O) pH (KCl) N P K Ca Mg Zn Se Cox (%) Humus (%) Soil Type

mg kg−1

7.55 6.36 13.3 253 285 5630 364 2.47 0.08 1.39 4.01 Gleyic fluvisol

Average air temperature (◦C) and total rainfall (mm) in brackets

April May June

12.4 (48.9) 15.2 (57.6) 19.3 (52.5)

Cox: oxidizable carbon.

2.3. Growth Measures

The number of seeds/pod, and length, perimeter and width of the pod were deter-
mined following harvest. Drying of samples was carried out in a drying oven (105 ◦C) until
no more weight changes were noted prior to seed dry matter measurements.

2.4. Measured Soluble Solids and Protein

The level of soluble solids (SSC) was determined with a handheld digital refractometer
(DR201-95, A. KRÜSS Optronic, Hamburg, Germany). All samples were measured in
duplicates; the average was then expressed as the SSC value (% fresh weight (FW)).

Protein level (in duplicates) was measured following the Dumas technique using
the TruSpec CHNS analyser (LECO, Saint Joseph, MI, USA). The values obtained were
multiplied by the respective nitrogen conversion factor, 5.4 [40], to derive the amount of
protein in the investigated samples.

2.5. Concentration of Minerals

Following Kaulmann et al. [41], 250 mg of freeze-dried pea was mineralised in 7 mL
HNO3 (68%) and 3 mL H2O2 (30%). The mineralisation was done in PTFE vials in a
microwave furnace (Multiwave Pro, Anton Paar, Graz, Austria), by raising the temperature
and pressure to 200 ◦C and 30 bars, respectively. Afterwards, samples were diluted to 25 mL
with ultra-pure water. A reference vegetable (Spinach, NCS ZC 73013, LGC Standards,
Molsheim, France) was employed during each mineralisation cycle. Samples were analysed
by ICP-MS (Elan DRC-e, Perkin Elmer, Waltham, MA, USA).

2.6. Statistical Analysis

The normality of data distribution (normality plots) and variance equality (box plots)
were tested. When needed, the data was logarithmically transformed to better fit a normal
distribution. Afterwards, multivariate models were created, with the number of seeds/pod,
pod length, pod perimeter, pod width, seed dry matter, and concentrations of soluble solids,
protein, Se, Zn, Fe, Cu, Mn, Mo, Ca, Mg, K, and Na in seeds as the dependent observed
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variables, and pea variety (2 levels) and level of biofortification (5 levels, 2 for Se, 2 for Zn,
and controls) as fixed factors. The different levels of biofortification were nested within the
biofortificant. Whenever significant results from Fisher-F tests were obtained, all possible
group-wise comparisons were conducted (Bonferroni post-hoc tests). When interactions
were significant, models were run again by keeping one of the interacting terms constant.
p-values < 0.05 (2-sided) were regarded as significant. SPSS (vs. 25.0, IBM, Chicago, IL,
USA) was chosen for all statistical investigations.

3. Results

3.1. General Effects

After constructing the multivariate models, combined analysis of variance indicated
that treatment (pooled varieties) had a significant impact on the levels of Se, Zn, Fe, Cu, Mn,
Mg, and protein in seeds. Variety (pooled treatments) revealed a significant impact on all
variables except for the concentration of Se, K, and soluble solids in seeds. The treatment x
variety interaction was significant in part (Table 2).

Table 2. Combined ANOVA for the effects of treatment and variety on number of seeds/pod, length,
perimeter and width of the pod, seed dry matter, and levels of soluble solids, protein, Se, Zn, Fe, Cu,
Mn, Mo, Ca, Mg, K, and Na in seeds.

Treatment Variety Treatment × Variety

DF 4 1 4
Number of seeds/pod NS <0.001 NS

Pod length (cm) NS <0.001 NS
Pod perimeter (cm) NS <0.001 NS

Pod width (cm) NS <0.001 NS
Seed dry matter (%) NS <0.001 NS

Soluble solids (% FW) NS NS NS
Protein (% DW) 0.002 <0.001 <0.001
Se (mg/kg DW) <0.001 NS NS
Zn (mg/kg DW) 0.002 <0.001 0.002
Fe (mg/kg DW) <0.001 <0.001 0.011
Cu (mg/kg DW) 0.007 <0.001 <0.001
Mn (mg/kg DW) 0.004 0.004 NS
Mo (mg/kg DW) NS <0.001 NS
Ca (mg/kg DW) NS <0.001 NS
Mg (mg/kg DW) 0.004 <0.001 0.001
K (mg/kg DW) NS NS NS

Na (mg/kg DW) NS <0.001 NS
DF: degrees of freedom; NS: not significant.

3.2. Growth Parameters

Treatment had no significant impact on the number of seeds/pod, length, perimeter
and width of the pod, and seed dry matter vs. controls of both varieties. Ambassador
had a significantly higher number of seeds/pod, length, perimeter and width of the pod
than Premium for all treatments. Ambassador demonstrated slightly but significantly
more elevated seed dry matter compared to Premium for all treatments except for Se2
(Figure 1A–E).
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Figure 1. Impact of foliar Se and Zn treatments and variety on the number of seeds/pod (A), pod
length (B), pod perimeter (C), pod width (D), seed dry matter (E), and concentrations of soluble
solids (F) and protein (G) in seeds. C (control): no applied Se and Zn; Se1: 50 g; Se2: 100 g; Zn1:
375 g; Zn2: 750 g; all per ha; mean ± SD; n = 4 replicates. Bars without identical lower letters differed
significantly within variety. p-values given on the right part of the graph indicate the impact of
treatment across varieties (Ambassador compared to Premium).
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3.3. Soluble Solid Levels (SSC) in Seeds

Treatment had no significant influence on SSC vs. controls in the two varieties. Pre-
mium showed slightly but significantly elevated SSC vs. Ambassador for the Se2 treatment
(Figure 1F).

3.4. Protein Levels in Seeds

Biofortification did not significantly impact protein levels vs. the control in Ambas-
sador, while Se1 application significantly reduced protein levels vs. the control in Premium.
Ambassador exhibited significantly elevated protein levels compared to Premium for all
treatment conditions but not for Zn1 (Figure 1G).

3.5. Concentration of Trace Elements in Seeds

Selenium biofortification significantly improved Se levels vs. controls (in both vari-
eties). The highest concentration of Se was encountered in Ambassador exposed to Se2 vs.
the control, followed by Premium exposed to Se2 vs. the control. Differences found in Se
levels between Ambassador and Premium for Se1 and Se2 were not significant. Ambas-
sador had slightly though significantly higher levels of Se than Premium for the control
(Figure 2A).

Zinc treatments did not significantly affect Zn levels compared to the control in Am-
bassador, while Zn1 and Zn2 significantly elevated Zn levels vs. the control in Premium.
No significant differences were found regarding the concentration of Zn between Am-
bassador and Premium for Zn1 and Zn2. Ambassador displayed significantly raised Zn
concentration vs. Premium for the control (Figure 2B).

The Zn2 treatment significantly improved Fe levels vs. the control in Ambassador,
while Zn1 and Zn2 significantly raised Fe levels vs. the control in Premium. Ambassador
exhibited significantly elevated levels of Fe relative to Premium for all treatments but not
for Zn1 (Figure 2C).

Biofortification had no significant impact on Cu levels vs. the control in Ambassador,
while Zn1 and Zn2 significantly raised Cu levels vs. the control in Premium. Ambassador
had significantly higher Cu levels than Premium for all biofortification treatments except
for Zn1 (Figure 2D).

Treatment failed to significantly impact Mn levels vs. the control in Ambassador, while
Zn1 and Zn2 significantly raised Mn levels vs. the control in Premium. No significant
differences were found regarding concentrations of Mn between Ambassador and Premium
(all treatments, Figure 2E).

Treatment had no significant impact on Mo levels vs. controls in both varieties.
Premium displayed significantly greater concentrations of Mo than Ambassador for all
treatments (Figure 2F).
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Figure 2. Foliar-applied Se and Zn and variety affect the concentration of Se (A), Zn (B), Fe (C), Cu
(D), Mn (E), Mo (F), Ca (G), Mg (H), K (I), and Na (J) in seeds. C (control): without Se and Zn; Se1:
50 g; Se2: 100 g; Zn1: 375 g; Zn2: 750 g; all per ha; mean ± SD; n = 4. Bars that do not share an
identical lower letter differ significantly within variety. p-values on the right part of the graph display
the impact of treatment across varieties (Ambassador compared to Premium).
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3.6. Concentration of Macro Elements in Seeds

Treatment did not significantly influence Ca levels compared to controls in both
varieties. Premium exhibited significantly elevated concentrations of Ca than Ambassador
for all treatments (Figure 2G).

Treatment had no significant impact on Mg levels when compared to the control
in Ambassador, while Zn1 and Zn2 significantly increased Mg levels vs. the control in
Premium. Ambassador had significantly elevated levels of Mg relative to Ambassador for
the control, Se1, and Se2 (Figure 2H).

Biofortification did not significantly affect K levels compared to controls in the two
varieties. No significant differences were revealed in terms of the concentrations of K
between Ambassador and Premium (all treatments, Figure 2I).

The treatment failed to significantly influence Na concentrations compared to controls
in both varieties. Premium exhibited significantly elevated levels of Na vs. Ambassador
(all treatments, Figure 2J).

3.7. Correlations

For Ambassador, a positive and significant correlation was encountered between the
number of seeds/pod and pod length and seed dry matter, between pod length and Mn
concentration, between pod circumference and pod width, between Se concentration and
pod width, between soluble solids and Zn and Mg concentrations, between Zn and Mo
and Ca concentrations, between Mn and Fe, and between Ca and K concentrations, and
between Ca and Mg and Na concentrations. A negative and significant correlation was
encountered between the number of seeds/pod and pod width, and between Se and Mo
concentrations. For Premium, a significant and positive correlation was found between the
number of seeds/pod and pod length, pod circumference, pod width and Zn concentration,
between pod circumference and pod width, between pod length and protein concentration,
between seed dry matter and soluble solid and Se concentrations, between Zn and Fe,
Cu, Mn and Mg levels, between Fe and Cu, and between Mg and Mn levels, between
Cu and Mn and Mg levels, between Mn and Ca and Mg concentrations, and between
K and Na concentrations. A negative and significant correlation was observed between
seed dry matter and the number of seeds/pod, pod length and protein concentration,
between Ca concentration and pod circumference and pod width, between Na and protein
concentrations, between Se and Zn and Cu levels, and between Se concentration and the
number of seeds/pod (Figure 3).
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Figure 3. Correlation coefficients (Pearson) between growth parameters and mineral and macronutri-
ent concentrations in seeds determined for the two pea varieties studied (Ambassador, Premium).
NS: number of seeds/pod; PL: pod length; PP: pod perimeter; PW: pod width; DM: seed dry matter;
SSC: soluble solid concentration; PC: protein concentration. Correlations below and above the black
line indicate Ambassador and Premium, respectively. Significance level, * p < 0.05, ** p < 0.01.

4. Discussion

In this study, we scrutinized the consequences of the foliar application of selenate and
zinc oxide on two Pisum sativum L. varieties (Ambassador, Premium) during the flowering
stage. Parameters related to growth and concentrations of several trace elements (including
Se and Zn), macro elements, and macronutrients were determined in seeds. Selenate
improved the concentration of Se in both pea varieties (Table 2, Figure 2A). In contrast, zinc
oxide enhanced levels of Zn, Fe, Cu, Mn, and Mg in Premium (Table 2, Figure 2). Generally,
Se/Zn treatments did not significantly impact growth parameters and concentrations of
soluble solids and protein (Table 2, Figure 1).

In this investigation, we have focused on pea, as the crop represents an important sta-
ple legume and has been emphasized as a major player to assure food security worldwide,
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especially due to its high protein concentration. Peas have also been found to be able to
accumulate Se and Zn more efficiently compared to cereals, which is likely also related
to their high protein concentration [42,43]. The pea varieties included in the study were
chosen due to their reported high yield. Foliar application has been described as an efficient
method for biofortification, bypassing the effect that soil may have on the bioavailability
of examined minerals [34]. While Zn is an indispensable mineral vital for plants [44], the
essentiality of Se to higher plants is yet to be established. However, at low concentrations,
Se exerts positive impact on plant development and yield, and improves abiotic stress
resilience [45]. Regarding the forms of application, selenate was reported to exhibit a
high efficiency for foliar uptake [46], while zinc oxide was chosen as recommended by
the agro-industry. Our recent findings showed a positive effect of foliar-applied selenate
and zinc oxide on the aggregation of phenolics in pea seeds [36]. In addition, upon these
applications, total condensed tannins did not correlate with a lower accretion of selected
minerals, macronutrients and plant bioactive constituents in pea seeds, which is encourag-
ing in light of agronomic biofortification [34], as tannins have been reported to potentially
hamper the nutritional value of many food items, including legumes, by interfering with
the digestion and bioavailability of nutrients, including especially divalent minerals [47].

Selenate and zinc oxide did not specifically influence growth parameters (Table 2,
Figure 1A–E), which is in line with our pot study (other than in part for the number of
seeds/pod upon Zn treatment) [35]. Similar findings were also found by earlier foliar
biofortification of peas with selenate and zinc sulphate [43], as well as with selenate and
selenite [48]. However, Pandey et al. [49] reported a positive impact of foliar-applied zinc
sulphate on the yield parameters of field pea.

Selenate and zinc oxide did not produce beneficial changes on the levels of solu-
ble solids in pea seeds (Table 2, Figure 1F), which is consistent with our pot study [34].
However, previous studies did report increased concentrations of total sugars in seeds
of pea [49], black gram [50], and common bean [51] following zinc sulphate application.
Soluble solids are mostly simple carbohydrates that are needed for seed development [49].
Carbohydrate metabolism may be positively or negatively affected by selenium, depending
on its employed concentration and form, as well as the plant developmental stage, as
emphasized previously [52]. The negative impact of Se applications on soluble solids in
pea seeds may be related to the lowered content of chlorophyll in seeds [34]. Regarding
Zn, its lower status was linked to reduced photosynthesis and activity of sucrose synthase,
which consequently impaired sugar synthesis in seeds, as emphasized earlier [49].

Selenate and zinc oxide did not improve protein levels in pea seeds (Table 2, Figure 1G).
In contrast, our pot study showed that these applications enhanced protein concentration
in Premium seeds [34]. Other research findings have revealed both beneficial and non-
significant influences of foliar-applied selenate and/or zinc sulphate on protein levels in
pea seeds [42,43,48,53]. The present study further found that Se and Zn concentrations were
not significantly correlated with protein concentrations in Ambassador and Premium seeds
(Figure 3). However, under pot experimental conditions, the concentration of Zn exhibited
a positive and significant correlation with protein levels in both seed varieties [34]. Zinc
may influence protein synthesis according to its involvement in DNA/RNA metabolism,
chromatin condensation, and gene expression [54]. As previously reported, with respect
to Se, its major species in pea seeds following foliar application of selenate was selenome-
thionine, with relevant antioxidant activity and possible benefits to human and animal
health [35,55].

The detected concentration of total Se in the experimental soil (Table 1) is considered
deficient according to Gupta and Gupta [56]. Ambassador variety in general showed
higher concentrations of Se in seeds than Premium variety upon selenate applications
(Figure 2A). In contrast, our pot study demonstrated greater accumulation of Se in the
seeds of Premium rather than Ambassador variety following these applications [35]. The
positive impact of foliar-applied selenate on the level of Se in pea seeds was also reported by
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other research [42,43,48,55]. The positive linear relationship between selenate application
dose and seed Se level (Table S1) is in accordance with earlier research on pea [35,42,48].

The concentration of Zn determined in the experimental soil (Table 1) is considered
to be low, according to previous reports [57,58]. Zinc oxide applications improved Zn
concentration only in Premium seeds (Figure 2B). However, the correlation between Zn
application dose and Zn concentration in Premium seeds was not significant (Table S1). In
contrast, our pot study demonstrated that zinc oxide applications had no positive influence
on Zn concentrations in Ambassador and Premium seeds [35]. However, Pandey et al. [49]
revealed that foliar application of zinc sulphate enhanced Zn concentration in pea seeds.
These findings suggest that zinc sulphate should be used in further investigations on
foliar Zn biofortification of peas. However, other and novel Zn forms may also deserve
further research, such as ZnEDTA and a Zn–glycine complex, which demonstrated lower
phytotoxicity than zinc sulphate [59], allowing applications at a wider dose range.

Selenate, unlike zinc oxide, improved, although in part and not consistently, the
concentrations of Fe, Cu, and Mn, while both Se and Zn applications had no favourable
effect on Mo levels in pea seeds (Table 2, Figure 2C–F). In contrast, our pot study showed
that these applications did not enhance concentrations of Fe, Cu, and Mn in pea seeds [36].
Likewise, other research has demonstrated that foliar-applied selenate and zinc sulphate
did not positively influence the level of Fe in the seeds of pea [42,43,53]. Similarly, Kayan
et al. [60] reported a non-significant influence of foliar-applied zinc chelate/sulphate on Fe
levels in chickpea seeds.

Selenate and zinc oxide failed to significantly impact macroelement concentrations
except for that of Mg in Premium seeds upon Zn applications (Table 2, Figure 2G–J).
In contrast, our pot study revealed that these applications did not significantly affect
the concentrations of Ca, Mg, K, and Na in pea seeds [34]. Likewise, previous research
demonstrated that foliar-applied selenate and zinc sulphate had no beneficial effects on
levels of Ca and Mg in pea seeds [42,43,53].

The significant relationships observed between minerals in pea seeds (Figure 3) are con-
sistent in part with our earlier findings reported under pot experimental conditions [34–36],
namely the positive correlations between Zn and Fe, Cu, Mn, and Mg, as well as the
negative one between Se and Zn. Several aspects regarding interactions between accumu-
lation of trace elements were discussed by our previous work [36]. A number of factors
may impact the association between minerals in plants, including plant species/genotype,
fertilizer dose, form and way of application, conditions of cultivation, soil properties, as
well as antagonism and/or synergism between various elements, as emphasized by Malka
et al. [34].

Finally, consuming 33 g/day of pea biofortified with Se at 50 g/ha and 266 g/day of
pea bio-fortified with 375 g of Zn/ha could provide 100% of the RDA (55 μg) for Se and
RDA (9.5 mg) for Zn in adults, respectively (Table 3).

Table 3. Selenium/Zn intake and fraction (%) of recommended dietary allowance for Se/Zn (% RDA)
obtained from 100 g of pea seeds.

Se

Variety
Se

Treatment
(g of Se/ha)

Se Intake
from 100 g
(μg/day)

% RDA
from 100 g
(USDA *)

% RDA
from 100 g
(EFSA *)

Ambassador
0 8 15 12
50 203 369 290

100 393 715 562
Premium

0 7 12 10
50 165 300 235

100 325 591 464
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Table 3. Cont.

Zn

Variety
Zn

Treatment
(g of Zn/ha)

Zn Intake
from 100 g
(mg/day)

% RDA
from 100 g
(USDA *)

% RDA
from 100 g
(EFSA *)

Ambassador
0 4.40 46 38

375 4.04 42 35
750 3.71 39 32

Premium
0 3.13 33 27

375 3.57 38 31
750 3.55 37 31

* 55 and 70 μg are the RDA and AI (adequate intake) set by the USDA and EFSA, respectively, for Se; * 9.5 and
11.5 mg are the RDA and AI, representing averages for males and females for Zn, according to USDA and EFSA,
respectively.

5. Conclusions

Taken together, the present investigation demonstrated that selenate and zinc oxide
had no distinct adverse impact on the growth parameters of pea, in accordance with
an absence of toxic effects. Zinc oxide improved seed Zn accumulation only in one pea
variety, and as similar effects were encountered in our pot experiment, more bioavailable
alternative forms of Zn, namely zinc sulphate, should be employed in future investigations
of peas. Contrarily, selenate considerably increased seed Se accretion in both varieties
in a dose-dependent manner. Small portions of pea biofortified with 50 g of Se/ha and
375 g of Zn/ha would cover daily intake recommendations for Se and Zn, respectively;
however, lower selenate doses could be envisioned in further research. In addition, the use
of nanoparticles for foliar applications has been receiving some attention, but no results
on peas are currently available. Foliar Se biofortification of pea could be an encouraging
approach to improve human micronutrient supply.

Supplementary Materials: The ensuing supporting data can be downloaded at: https://www.mdpi.
com/article/10.3390/foods12061286/s1, Table S1: Correlation analysis between Se/Zn application
dose and seed Se/Zn concentration in the studied pea varieties.
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Abstract: Consumers’ general preference for white rice over whole grain rice stems from the hardness
and low palatability of cooked whole grain rice; however, strong links have been found between
consuming a large amount of white rice, leading a sedentary lifestyle, and acquiring type 2 diabetes.
This led us to formulate a new breeding goal to improve the softness and palatability of whole grain
rice while promoting its nutritional value. In this study, the association between dietary fibre profiles
(using an enzymatic method combined with high-performance liquid chromatography) and textural
properties of whole grain rice (using a texture analyser) was observed. The results showed that a
variation in the ratio of soluble dietary fibre (SDF) and insoluble dietary fibre (IDF) influenced the
textural characteristics of cooked whole grain rice; found a strong association between SDF to IDF
ratio and hardness (r = −0.74, p < 0.01) or gumminess (r = −0.69, p < 0.01) of cooked whole grain
rice, and demonstrated that the SDF to IDF ratio was also moderately correlated with cohesiveness
(r = −0.45, p < 0.05), chewiness (r = −0.55, p < 0.01), and adhesiveness (r = 0.45, p < 0.05) of cooked
whole grain rice. It is suggested that the SDF to IDF ratio can be used as a biomarker for breeding
soft and highly palatable whole grain rice of cultivated tropical indica rice to achieve consumer
well-being. Lastly, a simple modified method from the alkaline disintegration test was developed for
high-throughput screening of dietary fibre profiles in the whole grain indica rice samples.

Keywords: whole grain rice; rice bran; soft-texture rice; dietary fibre profiles; biomarker

1. Introduction

Rice (Oryza sativa) is a major staple food in most Asian countries. Consumers increas-
ingly prefer white rice for its features such as texture, palatability, and appearance [1]. A few
reports have associated lower consumer acceptability with an increase in the hardness of
rice [2–4]. Additionally, statistical estimation reveals that white rice consumption accounts
for about 85% of the total global rice consumption [5]. However, a relationship might
exist between the consumption of white rice and the development of non-communicable
diseases (NCDs). Epidemiological studies in China [6] and Japan [7] have revealed that
high consumption of white rice increases the risk of developing type 2 diabetes (T2D) (78%
and 65%, respectively), which is consistent with the risk in the Caucasian population in the
United States [8]. Furthermore, a meta-analysis and systematic review concluded that the
relative risk for T2D was 1.55 for the Asian population compared to 1.12 for the Western
population [9]. The soft texture and the absence of bran layer in white rice may result in
faster digestion and higher glycaemic index (GI) [10–12].

Whole grain rice or brown rice consists of a bran layer (6–7% of its total weight), germ
(2–3%), and starchy endosperm (90–91%); if this whole grain rice is further milled to remove
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the bran layer and germ, it is termed ‘white rice’ or ‘milled rice’ [13]. These by-products,
lost during the milling process, have high amounts of macro- and micronutrients, such
as protein, lipids, dietary fibre, vitamins, minerals, and phytochemicals (e.g., phenolic
acids, flavonoids, anthocyanin, tocopherols, γ-oryzanol, and phytic acid), which are all
health-promoting components [14–17]. Current cohort studies and systematic reviews
have revealed that a higher intake of whole grain rice is associated with a lower risk of
NCDs, such as T2D, cardiovascular diseases (CVDs), and cancers [15,18–23]. This effect is
partly due to the high amount of bioactive compounds in rice bran and germ, which have
remarkable biological activities, such as anti-oxidant, anti-diabetic, anti-obesity, cholesterol-
lowering, anti-cancer, and anti-inflammatory activities [15,22–29].

Dietary fibre, as defined by the American Association of Cereal Chemists (AACC,
2000) [30], refers to the edible parts of a plant or analogous carbohydrates that are resistant
to digestion and absorption by the small intestine with complete or partial fermentation in
the large intestine in humans. It is further classified into soluble and insoluble types. Soluble
dietary fibre (SDF) easily dissolves in water and gastrointestinal fluids, then transforms
into a gel-like substance, resulting in the blockage of digestion and absorption of fat and
carbohydrate. This causes a reduction in blood cholesterol and sugar levels. Conversely,
insoluble dietary fibre (IDF) does not dissolve in water, but absorbs fluid and increases the
faecal bulk. This reduces the transit time of food in the digestive tract, thereby preventing
gastrointestinal blockage and constipation, which are causes of colorectal cancer [31–33].
Some studies have demonstrated the influence of dietary fibre content in increasing the
glycaemic index (GI) value of milled rice [10,34–37], suggesting that the bran layer serves
as a physical barrier, which leads to a block in water absorption, inhibition of starch granule
swelling during thermal processing, and a decrease in enzyme accessibility [5]. Fibre
does not have a GI value, and the addition of fibre in a meal also lowers the GI value
of a carbohydrate-rich diet [38]. A growing body of evidence indicates that the regular
consumption of a fibre-rich diet with whole grain rice prevents the risk of T2D [19,21,39].
The consumption of dietary fibre plays a vital role in maintaining healthy gut microbiota,
while fermentable fibre is metabolised by the gut bacteria to produce short-chain fatty acids
that promote the proliferation of beneficial bacteria in the colon and also play a crucial
role in risk reduction of NCDs [40,41]. Additionally, recent studies have highlighted the
synergistic effect of phenolic compounds and rice bran dietary fibre on anti-hyperglycaemic
activities [27,42,43].

Despite these health benefits, few studies have demonstrated the effect of dietary
fibre on the texture and consumer acceptance of whole grain rice. The hardness of cooked
whole grain rice containing dietary fibre is higher than that of cooked milled rice, which
leads to a decrease in consumer acceptance of whole grain rice [4,12,17,44]. Additionally,
Parween et al. [45] demonstrated that increased resistance starch content using genetic
modification affects the textural property of rice, i.e., increased hardness and adhesive-
ness. In addition to dietary fibre, several factors also affect the rice texture among rice
varieties, e.g., chemical composition, the amylose and protein content [46–48]; starch fine
structure, such as the proportions of chain length and molecular size of amylose and amy-
lopectin [49–51]; physicochemical properties, such as gelatinization temperature (GT) and
viscosity [48,52–55], and physical properties, such as shape and size of the rice kernel [48,55].
Therefore, variation in the eating and cooking quality of rice is the most important aspect
to be considered for improving rice variety to ensure customer satisfaction and health
benefits. Surprisingly, a variation in the SDF to IDF ratio among varieties of whole grain
rice was observed in this study, which is likely relevant to the textural properties of cooked
whole grain rice. Our finding was consistent with the finding reported by Daou et al. [56],
who demonstrated that SDF derived from defatted rice bran forms a viscous solution and
increases viscosity, which positively correlates with the adhesiveness of cooked rice [54,57].
Furthermore, in a study by Mestres et al. [48], the amount of β-glucan, which is classified
as SDF, was found to be negatively correlated with the hardness and chewiness of cooked
milled rice.
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Although a few reports explore the relationship between an increase in the dietary
fibre content and the eating quality of rice, no report has been published on the influence
of dietary fibre profiles on the textural properties of cooked whole grain rice. Therefore,
this study is aimed at identifying the association between dietary fibre profiles and textural
properties of cooked whole grain rice, which, in turn, can be utilised as a predictive indicator
of the texture of whole grain rice and as a potential biomarker for breeding soft, whole
grain rice to overcome consumer resistance.

Current methods for predicting both soluble and insoluble types of dietary fibre
in whole grain rice accepted by the Association of Official Analytical Chemists (AOAC)
International are expensive and time-consuming. The Prosky method, the enzymatic-
gravimetric AOAC methods 985.29 and 991.43, provide easy determination of IDF and
only high-molecular weight soluble dietary fibre (HMWSDF); however, the amount of
SDF in whole grain rice is lower than the detection limit of this method [58]. Although
the method developed by McCleary et al. [59], an enzymatic-gravimetry combined with
high-performance liquid chromatography (HPLC) AOAC methods 2009.01 and 2011.25,
can accurately determine the quantity of dietary fibre, including HMWSDF, low-molecular-
weight soluble dietary fibre, and IDF; however, it is a complicated method. This enabled
us to develop a simple predictive method for determining the dietary fibre content in
whole grain rice by investigating the association of dietary fibre content in whole grain rice
determined by the standard method and the alternative alkaline method. These findings
provided vital information for improving the texture of high-nutrient rice.

2. Materials and Methods

2.1. Rice Varieties

Rice varieties (Oryza sativa L. ssp. indica) can be classified into six groups based on
amylose content (AC) and pigment contents. In this study, ACs were subdivided into four
groups: waxy (0–12%), low (12–20%), intermediate (20–25%), and high (25–33%), based
on the classification provided by Juliano [60], Pang et al. [61], and the Waxy (Wx) gene
provided by Liu et al. [62].

2.1.1. Non-Pigmented Rice

High-amylose rice: 66B09, Pinkaset4#20A09 (PK4#20A09), 16F35, MU2-00005,
Pinkaset4#117A08 (PK4#117A08), and Pinkaset4#78A03 (PK4#78A03)

Intermediate-amylose rice: Doongara (DGR), M9997, Basmati (BMT), and Khaotahang (KTH)
Low-amylose rice: RD 43, RD 15, Pitsanulok 80 (PNL80), Pinkaset1 (PK1), Khaodawk-

mali 105 (KDML105), Homsiam (HS), Hugdoi (HD), Pathumthani 1 (PTN1), Hommaliman
(M7881), Sinlek (SL), and Homcholasid (HCS)

Waxy rice: Niewhomnuan (NHN) and RD 6

2.1.2. Pigmented Rice

Low-amylose rice: MU2-42, 909-10-3, Jaohomnil (JHN), Hom Lanna (HLN), Riceberry
(RB), and Sungyodna (SYN)

Waxy rice: Klumhom (KH) and MU1-2313.
These rice varieties were provided by the Rice Science Center, Kasetsart University,

Kamphaeng Saen Campus, Nakhon Pathom, Thailand. The whole grain rice samples were
coarsely ground with a blender, followed by fine grinding and screening into particle sizes
of 200 μm using a speed rotor mill, Pulverisette 14, Fritsch. The flour was stored in an
airtight container at −20 ◦C until it was required for further analysis.

2.2. Rice Bran Fraction Quantification

The rice bran samples were separated by two methods, i.e., the milling method and
the alkaline method. In the milling method, the bran was collected by milling whole grain
rice in a rice polisher followed by roller milling. The percentage of bran removed from
whole grain rice was expressed as the degree of milling (DOM), and the milled bran was
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calculated using the following equation provided by Gujral et al. [63] and Bautista and
Siebenmorgen [64]:

Milled bran (g/100 g, dry basis) =
Weight o f (whole grain − milled) rice × 100

Weight o f whole grain rice
(1)

The alkaline method was adapted from the alkaline degradation test of rice endosperm,
in which the starchy endosperm in rice kernel was digested by 1–7% (w/v) alkaline solution,
depending on the alkaline-resistant properties [65,66]. To determine the weight of the bran
layer without germ, rice germ was removed from whole grain rice by hand using cutting
before incubation with an alkaline solution. In a brief process, 50 rice kernels with or
without germ were immersed in 20 mL of potassium hydroxide (KOH) aqueous solution
with different concentrations, depending on the alkaline-resistant properties as mentioned
below, for 24 h at room temperature. Rice varieties with an alkaline spreading value (ASV)
of more than 1 were treated with 3% (w/v) KOH solution, whereas rice varieties with ASV
equal to 1 were treated with 6% (w/v) KOH solution. After a 24-h incubation, the rice
endosperm starches were completely gelatinised and separated from the rice bran; then the
detached bran layer with germ or without germ (Figure 1) was collected and washed with
deionised water three times.

Figure 1. Separation of bran layer with germ or without germ from whole grain rice by the alkaline method.

To determine the dry weight of alkaline-treated rice bran samples, the samples were
dried in an air oven at 105 ◦C for 24 h, and then weighed; the percentage of alkaline-treated
bran layer with germ or without germ was calculated using the following equation:

BWG (mg/g) =
[

Weight o f bran layer with germ or without germ (g)
Weight o f whole grain rice (g)

× 100
]
× 10 (2)

where BW is the percentage of bran layer weight with germ or without germ in whole grain
rice (g/100 g, dry basis) and BWG is the bran layer weight with germ or without germ per
gram of whole grain rice (mg/g, dry basis).

2.3. Dietary Fibre Analysis

Dietary fibre was determined by measuring carbohydrates that have a degree of
polymerization (DP) of more than 2 and are not hydrolysed by the endogenous enzyme
in the small intestine of humans. The enzymatic method based on AOAC methods 991.43
and 985.29 (K-TDFR, Megazyme) was used to estimate the dietary fibre content of whole
grain rice and rice bran samples in this study. Before the analysis, defatted rice bran
was produced using a modified version of the method given by Ren et al. [67]. Briefly,
rice bran was extracted with cold acetone (1:10, w/v), followed by centrifugation. The
supernatant was discarded, and the remaining pellets were re-extracted twice before air-
drying under the hood overnight, followed by powdering. The sample was subjected to
sequential enzymatic digestion by heat-stable α-amylase, protease, and amyloglucosidase.
In a brief process, 1 g of whole grain rice flour or defatted bran powder was boiled for
30 min with 50 mL of 0.05 M MES/TRIS buffer (pH 8.2) and 0.2 mL of thermostable α-
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amylase (3000 Units/mL). After cooling, the solution was incubated at 60 ◦C with 0.1 mL
of protease (50 mg/mL; ~350 tyrosine Units/mL). After 30 min of incubation, it was
adjusted to pH 4.5 with 0.561 N HCl and further incubated at 60 ◦C for 16 h with 0.2 mL
of amyloglucosidase (3300 Units/mL). Upon complete digestion, the solution was filtered
to separate the insoluble (residue) and soluble (filtrate) fractions. IDF: The residue was
washed with 78% ethanol, 95% ethanol, and acetone, then dried and weighed. The weight
of the residue corrected for crude protein and ash formed the total quantity of IDF, which
was calculated as the percentage of whole grain rice flour or rice bran powder. SDF: To
deionise, the filtrate was further passed through a column packed with mixed-bed ion-
exchange resin, following which the deionised solution was concentrated and filtered again
through a 0.45 μm-membrane filter. The filtrate consisting of SDF was quantified by HPLC
with a refractive index detector (Shimadzu RID-10A HPLC system, Shimadzu Corporation,
Kyoto, Japan) based on Ohkuma’s method [68] with modification and AOAC methods
2009.01 and 2011.25 (K-INTDF, Megazyme). The SDF was expressed as the percentage
of whole grain rice flour or rice bran powder, whereas the total dietary fibre (TDF) was
expressed as the sum of IDF and SDF.

2.4. Predictive Model for Dietary Fibre Content in Whole Grain Rice

A simple prediction model was developed in this study to ascertain the dietary fibre
content in whole grain rice using linear regression between the bran layer fraction weight
estimated by the alkaline method (Section 2.2) and the dietary fibre content determined
by the standard method (Section 2.3). The actual values of dietary fibre content (Y): SDF,
IDF, and TDF, were plotted against the bran layer weight without germ per whole grain
(BW, X1) (Figure S1A). The BW was calculated using the Equation (2). Additionally, to
remove the difference in kernel size, the correlation of dietary fibre content with the bran
layer weight based on the surface area of the rice kernel, representing bran thickness,
was observed. The length (cm), width (cm), and thickness (cm) of whole grain rice were
manually measured using a vernier calliper with 0.1 mm least count. The actual value
of dietary fibre content (Y) was plotted against the bran layer weight without germ per
surface area (BWS, X2) (Figure S1B). The surface area and bran thickness of rice kernel
were calculated using the equation provided by Nádvorníková et al. [69] and Chen and
McClung [70], as shown below:

Sr f ace area
(

s,
cm2

kernel

)
=

π × L2 × (W × T)
1
2

(2 × L)− (W × T)
1
2

(3)

Sur f ace area
(

S,
cm2

g

)
=

s × 50 kernels
FKW

(4)

Bran thickness
(

BWS,
mg
cm2

)
=

BWG
S

(5)

where s is the surface area of a single kernel (cm2/kernel); S is the total surface area per
gram of whole grain rice (cm2/g); L, W, and T are the length, width, and thickness of kernel
(cm), respectively; FKW is the dry weight of 50 kernels of whole grain rice (g); BWG is the
bran layer weight per gram of whole grain rice (mg/g), and BWS is the bran layer weight
per unit of surface area (mg/cm2).

2.5. Chemical Composition Analysis

The AC was determined by the iodine-colourimetric method, based on the method
used by Juliano [71]. The total fat was determined using Soxhlet extraction with petroleum
ether based on AOAC method 945.16. The moisture content was measured by the gravi-
metric method based on the International Organization for Standardization (ISO) method
712:2009. Crude protein was determined by Kjeldahl analysis, according to the AOAC
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method 2001.11. Crude ash was determined by incineration at 525 ◦C for five hours
according to AOAC method 942.05.

2.6. Alkaline Degradation Test

The alkaline degradation test was conducted by the method employed by Little et al. [65],
with minor modifications to estimate GT and alkaline-resistant properties of whole grain
rice samples. Eight kernels of whole grain rice were placed in a closed 10-cm Petri dish
containing 20 mL of 1.7% (w/v) KOH aqueous solution for 24 h at room temperature. The
spreading value was rated visually on a 7-point numerical scale (1 = intact; 7 = greatly
dispersed), and the average scores of eight kernels were taken as the spreading value.

2.7. Texture Profile Analysis

Whole grain rice samples were soaked in water in a ratio of 1:2 in aluminium cups,
then cooked in a stainless-steel streamer for 30–40 min until no white starch core could
be observed before the analysis. A texture profile analysis (TPA) of cooked whole grain
rice samples was conducted with a texture analyser (TA-XT plus, Stable Micro System,
Godalming, UK), based on the method used by Parween et al. [45] and Guillen et al. [72],
which demonstrated the significant correlation with sensory evaluation by trained panel-
lists. A 50-mm cylinder probe was set at 30 mm above the base. The TPA force-deformation
curve was obtained using a two-cycle compression with a force-versus-distance program.
Three warm rice kernels were put onto the base platform under the centre of the probe and
compressed to 90% of the original cooked grain thickness. Pre-test speed, test speed, and
post-test speed were 1, 0.5, and 0.5 mm/sec, respectively. In total, nine measurements were
performed for each sample (3 measurements per cup × 3 cups).

2.8. Radar Chart Image Creation

Two types of radar charts were developed to display the complex correlation among
AC, SDF to IDF ratio, and textural characteristics of whole grain rice. The first one was
designed to plot a series of the SDF to IDF ratio: low, medium, high, and very high over
the average values of each TPA parameter (Figure 6A). The second one was developed
to plot the values of TPA parameters—hardness, springiness, cohesiveness, and SDF to
IDF ratio—across rice varieties with high-intermediated AC (Figure 6B) and with low AC
(Figure 6C). The SDF to IDF ratio and TPA parameters were classified into four groups or
4-point scales using the following numerical rating: 1 = lowest and 4 = highest, as described
in Table 1. Scaling was performed by dividing the difference between the maximum and
minimum values in all samples by 4, based on the method described by Bernstein [73] with
modification.

2.9. Statistical Analysis

The analysis was performed using Statgraphics Centurion XVII software (Statpoint
Technologies, Warrenton, VA, USA). The data were analysed in triplicate by one-way
analysis of variance, and Duncan’s multiple range test was used to determine statistically
significant differences among the samples. These differences were indicated by different
letters in the columns when the p value was lower than 0.05. Linear regression was also
analysed using Pearson correlation two-tailed test with a significance level of 0.05 and
0.01 [74]. A correlation matrix was developed to identify the correlations between two
variables using a linear relationship Pearson correlation coefficient with R-statistic version
5.5.1 (The R Foundation for Statistical Computing, Vienna, Austria) at a significance level
of 0.05 and 0.01 [75] and drawn with the DISPLAYR web free service.
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Table 1. 4-Point rating scale of texture parameters and the ratio of SDF and IDF.

Parameters Measurement Definition
4-Point Scale

<1
Slightly

<2
Moderately

<3
Very

<4
Extremely

Hardness
Determined by the
peak height of the

first curve

The force required
to compress the

food sample

Hard
(N) 0–10 10–20 20–30 30–40

Adhesiveness

Determined by
negative force on the

upstroke
representing work to

pull the plunger
away from
the sample

The degree to
which the food
sample sticks to
the hand, mouth
surface, or teeth

Sticky
(N.s) 0–0.1 0.1–0.2 0.2–0.3 0.3–0.4

Springiness

Determined by the
ratio of distance
travelled by the
plunger on the

two curves

The degree to
which the

deformed food
sample returns to

its original size
and shape relating
to sample recovery

after the first
compression

Springy
(s/s) 0–0.33 0.33–0.67 0.67–1.00 1.00–1.33

Cohesiveness

Determined by the
ratio of the area

under the second
compression to the

area under the
first compression

The degree to
which particles of
food sample stick

together

Cohesive
(N.s/N.s) 0–0.25 0.25–0.50 0.50–0.75 0.75–1.00

Gumminess
Calculated by

hardness ×
cohesiveness

The energy
required to

disintegrate the
food sample until

it is ready to be
swallowed

Gummy
(N) 0–5 5–10 10–15 15–20

Chewiness
Calculated by
gumminess ×

springiness

The energy
required to chew
the food sample

until it is ready to
be swallowed

Chewy
(N) 0–5 5–10 10–15 15–20

4-Point scale/group

<1 <2 <3 <4
SDF to

IDF ratio
Low Med High Very high

0–0.16 0.16–0.28 0.28–0.40 0.40–0.54

Adapted from [73,76–79].

3. Results

3.1. Development of a Simple Prediction Method for Determining the Dietary Fibre Content in
Whole Grain Rice Based on Bran Fraction Weight

In this study, the fraction weight of rice bran was determined using both the classical
milling method in the preliminary part of this research and the alternative method modified
from the alkali degradation test (Table S1). When the association between bran weight and
dietary fibre was investigated, the results showed no correlation between the amount of
TDF, IDF, or SDF in the whole grain rice and the rice bran weight determined by the milling
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method (Figure S2). Likely, the contamination of starchy endosperm in the milled rice
bran caused the overestimation of bran weight [70]. To reduce the measurement error, an
alternative method modified from the alkali degradation test was developed to determine
the fraction weight of rice bran. Figure S1A shows that the percentage of bran layer without
germ (BW), determined by the alkaline method, has a strong correlation with the percentage
of IDF (r = 0.81, p < 0.01) and the percentage of TDF (r = 0.75, p < 0.01). A weak relationship
(r = 0.42, p < 0.05) between SDF content in the whole grain and the bran layer was observed
as expected. IDF was mostly localised in the bran layer, whereas SDF was distributed
throughout the endosperm, which is described later.

Interestingly, Chen and McClung [70] uncovered the correlation between the phys-
ical traits and bran traits of whole grain rice. The authors of the study at hand further
hypothesised that kernel size and surface area can influence the amount of dietary fibre in
whole grain rice. Thus, the relationship between the percentage of dietary fibre and bran
thickness (BWS, mg/cm2) was also observed in this study. Bran thickness, expressed as
bran weight independent of grain size (Tables S1 and S2), showed a strong correlation with
the percentage of IDF and TDF (r = 0.78 and 0.69, p < 0.01, respectively), but no significant
relationship was found with the percentage of SDF (r = 0.32), as presented in Figure S1B.

While both bran weight and kernel shape are related to the amount of dietary fibre
in whole grain rice, dietary fibre content exhibiting a comparatively stronger relationship
with BW than with BWS suggests that the former correlation is more accurate and practical
for screening the dietary fibre content in a huge amount of whole grain rice samples. Thus,
the percentage of bran layer can potentially be used to estimate the percentage of IDF and
TDF in whole grain rice using the following linear regression model: % IDF = 0.73X + 1.09
and % TDF = 0.92X + 1.41, where X represents the BW determined by the alkaline method,
whereas the percentage of SDF in whole grain rice was calculated by subtracting the
percentage of TDF from IDF. Lastly, while the predicted values of IDF and TDF highly
correlated with the value of IDF and TDF quantitated by the AOAC standard method,
the predicted SDF value significantly correlated with the SDF value quantitated by the
standard method (Figure 2).

Figure 2. Linear regression between soluble dietary fibre (SDF), insoluble dietary fibre (IDF), and
total dietary fibre (TDF); predicted value from the alkaline method and determined value from the
standard method. Rice varieties with ASV equal to exactly 1 are shown as circles with a red border.
* Correlation is significant at the 0.05 level. ** Correlation is significant at the 0.01 level.
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3.2. Variation in the Distribution of Dietary Fibre in Whole Grain Rice

A slight variation in the dietary fibre composition was observed among a series of
whole grain rice samples. Figure 3A indicates that the average value of SDF was 0.82%,
varying from 0.27% to 1.44%; the average value of IDF was 2.97%, ranging from 2.18% to
3.82%, which is in line with that in the previous reports [13,17,36,80]. For non-waxy rice,
the three highest values of both SDF and IDF were found in all low-AC and pigmented
rice samples, SDF: HLN (1.24% SDF), RB (1.37% SDF), and MU2-42 (1.44% SDF); IDF:
HLN (3.75% IDF), MU2-42 (3.81% IDF), and SYN (3.82% IDF) (Table S3). Additionally, the
amount of both SDF and IDF in whole grain pigmented rice was observed to be significantly
higher than that in non-pigmented rice (Figure 3C,D). The amount of dietary fibre in rice
bran samples, separated from whole grain rice by milling, was also quantitated (Table S4).
Figure 3B indicates that the average value of SDF was 2.62%, varying from 0.92% to 4.56%,
whereas the average value of IDF was 30.81%, ranging from 25.25% to 39.71%, which is in
line with that in published reports [13,56,81,82]. Although the TDF content in milled bran
was considerably higher than that in whole grain, the major portion of dietary fibre in rice
bran was insoluble, constituting about 90% of TDF. This suggests that only the insoluble
type of dietary fibre is primarily concentrated in the outer layer of whole grain rice, while
the soluble type is distributed throughout the endosperm of rice grain.

(A) (B) (C) (D)

Figure 3. Overview of variation in SDF and IDF distribution (A) in whole grain rice samples varying
from high amylose content (AC) to low AC, expressed as the percentage of total grain weight and
(B) in milled bran samples expressed as the percentage of rice bran powder; the difference in (C) SDF
or (D) IDF of whole grain non-pigmented (NP) and pigmented (P) rice, expressed as the percentage
of total grain weight. Values with different letters are significantly different with p < 0.05.

When the SDF to IDF ratio of whole grain rice was compared among the rice varieties,
a wide variation was found, ranging from 0.1 (PK+4#20A09, 26.86% AC; PK+4#117A08,
26.69% AC; KTH, 21.73% AC, and RD43, 19.98% AC) to 0.5 (SL, 14.86% AC and RB, 13.96%
AC) (Figure 4A, Table S3). Conversely, a slight difference was found in the SDF to IDF
ratio of milled bran samples, ranging from 0.03 to 0.18 (Figure 4B, Table S4). This suggests
a variation in SDF distribution throughout the endosperm among rice varieties and that
rice with lower AC exhibits a higher SDF to IDF ratio. Thus, the distribution of SDF in rice
endosperm likely also influences the hardness of cooked whole grain rice.
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(A)

(B)

Figure 4. Variation in dietary fibre profiles, SDF and IDF of (A) whole grain rice samples with
different ACs and (B) milled bran samples, expressed as a percentage of TDF.

3.3. Correlations of Dietary Fibre Profiles, Textural Characteristics, and Amylose Content of Whole
Grain Rice

Several lines of evidence revealed the influence of factors such as chemical compo-
sition [46,47], starch fine structure [49,50], and physicochemical properties [52–55] on the
textural properties of whole grain rice. Moreover, an association between the SDF to IDF
ratio and the textural characteristics of whole grain rice with differing AC was discovered
in this study. This led us to analysing the associations among different properties of whole
grain rice, such as dietary fibre profiles, AC, GT, and textural characteristics using multiple
regression analysis. The AC showed a strong positive correlation with most of the TPA
parameters but a negative correlation with adhesiveness (Figure 5, Table S5). For the dietary
fibre profile, variation in dietary fibre had a strong influence on TPA and the eating quality
of whole grain rice. In particular, SDF and SDF to IDF ratio of whole grain rice contributed
strongly to the softness of cooked whole grain and to most of the TPA parameters (Figure 5).
Therefore, IDF in whole grain rice gave no significant contribution to cooked whole grain

40



Foods 2023, 12, 899

rice in the selected rice germplasm. Moreover, the hardness and gumminess of cooked
whole grain rice were strongly negatively correlated with the SDF content (r = −0.70 and
−0.72, respectively) and the SDF to IDF ratio (r = −0.74 and −0.69, respectively) in cooked
whole grain rice at a 99% confident level; cohesiveness and chewiness were moderately
negatively correlated with the SDF content (r = −0.58 and −0.62, p < 0.01, respectively) and
the SDF to IDF ratio (r = −0.45, p < 0.05 and r = −0.55, p < 0.01, respectively). Conversely,
the SDF content in whole grain rice was moderately positively correlated with the adhe-
siveness of cooked whole grain rice (r = 0.45, p < 0.05). All these findings indicated that the
distribution of SDF throughout the rice endosperm highly reduced the hardness of cooked
rice, whereas AC increased its hardness.

Figure 5. Pearson’s correlation matrix: correlation between amylose content, gelatinization temper-
ature, textural parameters, and dietary fibre profiles. AC = amylose content; GT = gelatinisation
temperature; HRD = hardness; ADH = adhesiveness; SPR = springiness; COH = cohesiveness;
GUM = gumminess; CHEW = chewiness; SDFWGR = SDF in whole grain rice; IDFWGR = IDF in
whole grain rice; SDF:IDF = SDF to IDF ratio of whole grain rice.

3.4. Influence of Dietary Fibre Profiles on the Softness of Whole Grain Rice

To further observe the association between the textural properties and the dietary
fibre profiles of whole grain rice, cooked whole grain rice samples were subjected to TPA
conducted using a texture analyser with a two-cycle compression, which mimics the first
and second bites on a rice sample, for predicting the texture of whole grain rice. The texture
characteristics of all cooked whole grain rice samples have been described in Table S6.
The RB rice with the highest SDF to IDF ratio showed the lowest value of hardness and
gumminess (13.04 N and 4.47 N, respectively), whereas PK+4#20A09 rice with the lowest
SDF to IDF ratio demonstrated the highest value of the above textural parameters (36.67 N
and 16.00 N, respectively). Conversely, RB or PK+4#20A09 rice did not show the highest
or lowest value for other textural parameters, i.e., chewiness (2.09–11.52 N), adhesiveness
(10.62–77.14 mN.s), springiness (0.46–0.89 s/s), and cohesiveness (0.31–0.53 N.s/N.s). Only
hardness and gumminess showed a strong correlation with the SDF to IDF ratio of whole
grain rice.

Furthermore, whole grain rice samples were grouped by the SDF to IDF ratio into
a low ratio (<0.16), medium ratio (0.16–0.28), high ratio (0.28–0.40), and very high ratio
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(0.40–0.54), to associate with expected textural characteristics (Figure 6A). Based on the
textural parameters (Table 1), the association between dietary fibre and the texture of
cooked whole grain rice was established. Rice with a lower SDF to IDF ratio was harder,
gummier, and chewier than rice with a higher SDF to IDF ratio. However, no statistical
differences were detected in adhesiveness (p = 0.31) and springiness (p = 0.45) among the
groups of cooked whole grain rice with different SDF to IDF ratios (Figure 6A). Thus, the
SDF to IDF ratio of whole grain rice negatively correlates with the hardness, gumminess,
chewiness, and cohesiveness of cooked whole grain rice.

(A)

(B) (C)

Figure 6. Radar charts showing (A) textural characteristics of whole grain rice containing different
SDF:IDF ratios and (B,C) relationships between textural properties and dietary fibre profiles of (B)
whole grain Wxa rice with AC higher than 20% and (C) whole grain Wxb rice with AC lower than
20%. Rice varieties are sorted in a clockwise direction from high to low AC. The texture parameters
including hardness (HRD), adhesiveness (ADH), springiness (SPR), cohesiveness (COH), gumminess
(GUM) and chewiness (CHEW), and SDF to IDF ratio were expressed as a 4-point scale. Values with
different letters are significantly different with p < 0.05.

Nevertheless, the Wx gene plays important roles in regulating grain AC and cooked
rice quality [83]. Two key polymorphisms GT and TT, identified at the 5′ splice site of
the first intron in the 5′ untranslated region, define two predominant Wx alleles, namely
Wxa and Wxb. The Wxa rice contains the GT haplotype, exhibiting intermediate to high
AC, whereas the Wxb rice contains the TT haplotype, exhibiting low AC [62]. In this study,
all rice samples were genotyped using the GT/TT single-nucleotide polymorphisms to
determine Wx gene haplotypes in addition to amylose analysis (Table S7). To understand
the relationship among AC, SDF to IDF ratio, and textural properties of whole grain rice,
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we created a radar chart analysis to illustrate such complex relationships across diverged
rice varieties with high, intermediate, and low AC (Figure 6B,C).

Among the high-intermediate AC group (Wxa group), rice with lower SDF to IDF
ratios had a highly significant correlation with hardness (r = −0.95, p < 0.01). Interestingly,
rice varieties in the intermediate AC group (20–25% AC) had a higher average SDF to IDF
ratio than those in the high AC rice group. As expected, cooked whole grain rice from
the high AC rice group was harder than that from the intermediate AC rice group due
to both AC and SDF to IDF ratio. Within the intermediate AC group, SDF to IDF ratio
played a major role in the softness of cooked whole grain rice. Whole grain rice from DGR
(25.01% AC), M9997 (23.91% AC), and BMT (22.48% AC) with high SDF to IDF ratio cooked
softer than that from KTH (21.73% AC) (Figure 6B). Particularly, among the low AC rice
group, SDF to IDF ratio played a sensitive role in determining the softness of cooked whole
grain rice (Figure 6C). There were a wide range of ACs and SDF to IDF ratios among the
selected varieties (Table S3). However, SDF to IDF ratio had a strongly negative correlation
with hardness (r = −0.91, p < 0.01). The most contrasting varieties on dietary fibre profile,
hardness, and AC are RB and RD43 (Tables S3 and S6). Recorded as the richest SDF, RB had
also the highest SDF to IDF ratio and the softest cooked whole grain rice. Conversely, RD43
had the highest AC and hardness containing the lowest SDF content and SDF to IDF ratio
among the low AC rice group. These results suggest that reductions in the SDF to IDF ratio
of whole grain rice increase the hardness of cooked rice. Thus, in addition to impacting AC,
the SDF to IDF ratio also influences the textural characteristics of cooked whole grain rice.

4. Discussion

4.1. More Accuracy in the Alternative Alkaline Method for Estimation of Dietary Fibre

Current methods for measuring both soluble and insoluble types of dietary fibre in
whole grain rice—the enzymatic-gravimetric method combined with the HPLC method
based on AOAC methods 2009.01 and 2011.25—are expensive and complicated. Here, we
found that the amount of dietary fibre in milled rice is approximately half of that in whole
grain rice (Table S8), consistent with a previous study that demonstrated that the TDF
values of milled rice with low and high AC were 59% and 49% of the values found in whole
grain rice, respectively [11]. This suggests that the other half of dietary fibre is located
in the bran fraction. Dietary fibre is the second largest component of rice bran [29,84,85].
Consequently, we had to investigate the association between the fraction weight of rice
bran and the amount of dietary fibre in whole grain rice for developing the potential
model to predict the dietary fibre content in whole grain rice. To date, bran weight has
been estimated from the weight lost during the milling process of whole grain rice [63,64].
However, we have observed that rice bran fractions prepared by the milling method are
contaminated, with variable amounts of starch ranging from 6.8% to 35.1% due to kernel
size and thickness [63], DOM [64], and type of milling processes used [86,87]. To reduce
overestimation, the total starch concentration in the bran was determined and subtracted
from the milled bran weight [70,88]. Due to a measurement error in the milling method,
we developed the modified alkali disintegration method to provide a more accurate value
of rice bran that was further used for predicting the dietary fibre.

The alkali degradation test, also referred to as the alkaline spreading method, was
employed as an indirect quality assessment of GT [65,89,90]. During alkali spreading,
KOH gelatinises starch (particularly, its amorphous region), causing degradation of the
long, linear, and branched chains of amylose and amylopectin, and resulting in rice grain
gelatinisation [90]. Rice bran, which is mainly composed of fibre, lipids, and protein, can
be separated from the starchy endosperm fraction. However, some lipids, proteins, and
arabinoxylan (AX) are partly dissolved in the alkaline solution during separation [91,92].
The alkaline solvent also derives solubilised AX from the cell wall matrix by the disruption
of hydrogen and covalent bonds, thereby resulting in the loss of alkali-solubilised AX
during the washing of rice bran [93,94]. This explains the reason for the lower percentage
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of bran layer determined by the alkaline method compared to the percentage previously
published [16,85].

We demonstrated that the predicted values of IDF and TDF in whole grain indica
rice, calculated from bran layer fraction weight determined by the alkaline method, were
highly correlated with those found by the AOAC standard method, whereas the predicted
SDF value in whole grain indica rice was weakly correlated with the analysed value by
the standard method due to distribution of SDF throughout the whole grain. However,
the alkaline method can provide a more accurate value of SDF than the milling method;
moreover, it is cheaper and more simplified compared to the enzymatic-HPLC standard
AOAC method. The gravimetric AOAC method does not provide an accurate SDF value
due to a small amount of SDF in whole grain rice. Furthermore, chain length distribution
of amylopectin is known to affect GT [95]. In this study, rice varieties with high GT were
included and we found that the relationship between the predicted value from the alkaline
method and the determined value from the standard method of rice varieties with an ASV
equal to 1 showed the same result as that of rice varieties having an ASV of more than 1
(Figure 2, Table S2). This suggests that treating rice samples with different concentrations
of KOH (3–6%) does not disturb the estimation of dietary fibre content in whole grain rice.

Additionally, the correlation between rice bran composed of bran layer with germ and
dietary fibre of whole grain rice was considered. The result showed that the relationship be-
tween rice bran weight (BW, g/100 g) or bran thickness (BWS, mg/cm2) (Tables S1 and S2)
and the percentage of SDF (r = 0.36, r = 0.24, respectively) or IDF (r = 0.73, r = 0.67, p < 0.01,
respectively) or TDF (r = 0.62, r = 0.56, p < 0.01, respectively) was a bit weaker than that
of the bran layer without germ. A possible explanation for this result is the difference in
chemical compositions between the bran layer and germ; the germ is composed of a lower
dietary fibre than the bran layer [24]. As all samples were selected mainly from elite indica
rice varieties, the linear relationships between BW or BWS and SDF are more predictive
for long-slender-grain indica rice varieties than short-rounded-grain japonica varieties.
Interestingly, the BW and BWS of whole grain pigmented rice were higher than those of
the non-pigmented rice [70]. This is consistent with our findings, showing that the amount
of IDF, which has a strong correlation with either BW or BWS, was significantly higher in
whole grain pigmented rice than in non-pigmented rice.

4.2. Distribution of Soluble Dietary Fibre throughout Rice Endosperm

The comparison of the SDF to IDF ratio in whole grain and rice bran in this study
indicates that the majority of SDF and about half of IDF are distributed throughout the
endosperm of the rice grain, while the remaining small amount of SDF and the other half
of IDF are concentrated in the bran layer of whole grain rice. This finding is consistent with
that in a published report, which showed that the values of SDF, IDF, and TDF in milled
rice are 67%, 49%, and 53%, respectively, of those values in whole grain rice [17]. Further, a
variation was found between SDF distribution among rice varieties, and the low AC rice
had a higher SDF to IDF ratio. Most dietary fibre in cereal grains is derived from the cell
wall material [96,97], and recent studies, using monosaccharide analysis, have proposed
that the composition of cell wall-derived dietary fibre in milled rice comprises glucan,
pectin, arabinogalactan, and glucurono (arabino)xylan [98,99]. Meanwhile, other studies
have reported that the profile of non-starch polysaccharides in whole grain rice and milled
rice is composed of cellulose, AX, pectin, fructan, β-glucan, and resistant starch [100,101].

Only limited information is available on the composition of SDF in whole grain rice
with different ACs. Therefore, we also investigated the composition of SDF including
soluble AX, β-glucan, and pectin in whole grain rice with different ACs and rice bran
samples (Table S9). The AX is among the major hemicellulosic components in cereal grain
cell walls, and its structure comprises a linear backbone of β-(1–4)-linked xylose residues
with arabinose substitution at the O-2 and O-3 positions. β-glucan is a water-soluble dietary
fibre composed of glucose monomers linked together via β-(1–4) and β-(1–3) glycosidic
bonds. Pectin is the most complex polysaccharide in plant cell walls, composed of nearly
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70% galacturonic acid covalently linked at the O-1 and O-4 positions [31,102,103]. The
results showed that the average percentages of soluble AX, β-glucan, and pectin were 7%,
11%, and 28%, respectively, of the SDF in whole grain rice, accounting for about 46% of
the SDF content in whole grain rice. According to other published reports [98–101], the
other half of SDF in whole grain rice might be resistant starch, arabinogalactan, and fructan.
Interestingly, a greater variation was observed in β-glucan and pectin content in whole
grain rice compared to that in rice bran; the highest amount of β-glucan and pectin was
found in low AC rice, while the lowest amount was observed in high AC rice. This suggests
that the distribution of β-glucan and pectin throughout the endosperm in low AC rice is
higher than that in high AC rice, which is consistent with a previous report [48].

4.3. SDF to IDF Ratio as a Potential Biomarker for Selecting Eating Quality of Whole Grain Rice

Higher intake of whole grain rice is associated with a lower risk of NCDs [13,18,21–25],
the reason being the high concentration of bioactive compounds in bran and germ fraction,
e.g., phytochemicals and dietary fibre. They play various roles in biological activities,
such as anti-oxidant, anti-diabetic, anti-obesity and cholesterol-lowering, anti-cancer, and
anti-inflammatory activities [15,22–29]. Consumer preference regarding eating and cooking
qualities is a strategic goal to achieve consumer acceptance in rice breeding. Eating and
cooking quality, including water uptake, cooking temperature, grain size and shape, aroma,
and texture, is mainly controlled by physicochemical properties, such as gelatinisation, ret-
rogradation and pasting properties, the molecular structure of starch, and other nutritional
compositions in rice kernel [104,105]. Mir et al. [1] revealed that consumers globally tend
to prefer soft-textured white rice, which highly correlates with a high GI [10–12,34,35] and
a high risk of developing T2D [6–9]. Recently published reports have demonstrated that an
increase in the hardness of rice is associated with lower consumer acceptability [2–4]. The
hardness parameter constitutes the force required to bite through the rice with molars, and
chewiness implies the amount of work required to chew the rice until it is ready to swallow,
which also predicts the hardness of the rice. Meanwhile, adhesiveness is interpreted as the
mouthfeel of stickiness, i.e., the degree to which the food sample sticks to the hand, mouth
surface, or teeth; cohesiveness indicates the degree to which the rice deforms rather than
cracks when bitten by molars [76]. Here, the textural properties of cooked rice samples
were determined by an instrumental texture analyser; however, previous reports [45,72]
have demonstrated a significant relationship of rice texture attributes such as hardness,
cohesiveness, and adhesiveness, between sensory evaluation by trained panellists and
instrumental texture analyser under the same conditions used in this study. This suggests
that the instrumental texture analyser has the potential to assist rice breeders to select the
preferred cooked rice texture, in this case, the whole grain rice quality.

Carbohydrate structure, especially ACs, has a strong influence on the textural proper-
ties of whole grain rice [46,47]. Particularly, the proportions of chain length, DP, GT, and
molecular size of amylose and amylopectin contribute to the hardness and stickiness of
cooked milled rice [49–51,55]. An in-depth study on cooked rice quality of whole grain
rice has been overlooked due to low marketing demand. We consider whole grain rice
as a practical solution for rice biofortification. Despite the many nutritional benefits of
whole grain rice, its low palatability induces resistance in consumers. Here, we dissect
the key roles of dietary fibre profile in eating quality of whole grain rice. There have been
reports on the impact of TDF on the hardness of cooked whole grain rice [4,12,17,44]. In
this study, we demonstrated that an increase in the amount of SDF in whole grain rice
decreases the hardness, cohesiveness, gumminess, and chewiness but increases the adhe-
siveness of cooked whole grain rice. Rice varieties in the intermediate AC group have a
higher average SDF to IDF ratio than the high AC rice group. Interestingly, among the
intermediate AC groups or low AC groups, cooked rice with a higher SDF to IDF ratio
had a softer texture than cooked rice with a lower SDF to IDF ratio. This shows that the
SDF to IDF ratio can determine the hardness among the intermediate AC rice group and
low AC rice group. A possible reason for increased SDF content to reduce the hardness of
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cooked whole grain rice is the viscous properties of SDF. It is well known that viscosity or
gel formation is one of the significant properties associated with SDF [33,106]. Previous
studies have demonstrated that SDF can form a viscous solution and increase the solution
viscosity [56], and Chen et al. [54] demonstrated a significant positive correlation between
the adhesiveness and the viscosity of cooked rice. However, the impact of β-glucan on
the hardness and chewiness of cooked milled rice was moderate [48]. β-glucan plays a
crucial role in fighting against CVD, dyslipidaemia, insulin resistance, and obesity due
to its fermentability and viscous properties [107]. Moreover, β-glucan can enhance the
immune system via interactions with immune cells [108]. Some studies have also shown
the antioxidant and prebiotic properties of β-glucan extracts of rice bran [109,110]. Despite
the lack of information regarding the health benefits of pectin in rice, several reports have
revealed that pectin has multiple positive effects on human health by the reduction of
post-prandial glycaemic responses and the maintenance of normal blood cholesterol con-
centration, owing to its viscosity [96]. In this study, β-glucan and pectin constituted only
a small fraction of SDF in selected varieties of whole grain rice. However, the benefits of
whole grain rice are well documented in lowering the risk of NCDs and enhancing the im-
mune system via phytoceutical compounds such as polyphenol, antioxidants, anthocyanin,
and proanthocyanin [15,18–23]. We determined further that not only the SDF content but
also the IDF content played crucial roles in the TPA of cooked whole grain rice. We have
shown that the SDF to IDF ratio has a stronger link than SDF alone for precision breeding
for the palatability of whole grain rice among varieties of cultivated tropical indica rice.

5. Conclusions

This study investigated the effects of dietary fibre profiles on the textural properties of
cooked whole grain rice. Despite a slight variation in the dietary fibre composition of whole
grain rice, the variation of SDF to IDF ratio in whole grain rice impacted the texture of
cooked rice. Furthermore, this study demonstrated that the SDF to IDF ratio of whole grain
rice was negatively correlated with hardness, cohesiveness, gumminess, and chewiness
(p < 0.01) but positively correlated with the adhesiveness (p < 0.05) of cooked whole grain
rice. This finding is helpful for future trends to improve softness and consumer acceptance
of whole grain rice in indica rice (Figure 7). Furthermore, this study successfully developed
a simplified approach to precisely predict dietary fibre profiles into fractions of whole grain
rice using an alternative alkaline method that is practical for high-throughput screening of
dietary fibre in precision rice breeding.

Figure 7. Conceptual diagram summarising the framework of this research.
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Abstract: Gluten-free bread is an important product that is under development using different
sources, such as rice and starchy plants. Teosinte seeds are utilized by ethnic groups in Honduras
to produce gluten-free flour to prepare traditional baked goods and beverages. The quality of
gluten-free products could vary depending on flour properties, such as amylose content, particle
size, and water absorption capacity. A good strategy for developing baked goods is to mix different
cereal grain sources to optimize their physicochemical properties. As a result, the current study
aimed to develop bread from novel flours including teosinte (TF), high-protein brown rice (BRF),
and high-protein white rice (WRF). Breads were analyzed for hardness, specific volume, and color
utilizing a Simplex-Centroid mixture design coupled with the desirability function. Pasting, and
rheological characteristics of the flours, were also analyzed. For flour characteristics, TF addition to
BRF or WRF decreased the peak, trough, breakdown, setback, and final viscosities, which would
result in a more stable bread and decrease the flow index of rice flour dispersions. BRF and WRF had
similar pasting properties, except that BRF had a lower breakdown viscosity. For bread characteristics,
TF addition to BRF or WRF increased the specific volume and hardness of the bread compared to
rice flour alone. L* of the crust and crumb a* values were increased with greater TF in the mixture,
whereas TF decreased the crust a*and b* values and crumb L* values when mixed with BRF or WRF
compared to rice flours alone. WRF and BRF were similar in crumb color (L* and a*), except that
BRF had greater crumb yellowness (b*). Teosinte flour can be used in combination with rice flour to
produce bread with good quality.

Keywords: teosinte; rice; gluten free; bread; mixture design

1. Introduction

Bread uses the ability of hydrated gluten to build a viscoelastic network [1], which
causes gas to be trapped, and thus increases its volume. Additionally, gluten in bread
plays a key role in moisture control [2]. It is a high-molecular weight protein found in the
endosperm of cereals including wheat, barley, and rye. Additionally, it is a storage protein
in a group of flowering plants utilized during the growth and germination process that
consists of two types of proteins, i.e., a glutenin and a prolamin (gliadin found in wheat),
which can be broken down to produce α, β, and γ peptides [3].

However, gluten in bread can cause problems in a group of consumers. Celiac disease
is an autoimmune disorder seen in people who genetically have the potential to develop an
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immune reaction to gluten. The first place affected by this disease is the small intestine;
nevertheless, it has a wide distribution that includes both intestinal and extra-intestinal
symptoms [4]. Currently, the most effective and safest treatment for people affected by
Celiac disease is to use a gluten-free (GF) diet, which causes an improvement of the small
intestinal mucosa [5,6].

Gluten helps by forming a sticky, elastic dough with gas retention, as well as shaping
the structure [7]. In the absence of gluten in bread, the ability of the bread to hold carbon
dioxide produced by yeast is significantly reduced, which results in bread with a firm
texture, as well as low specific volume [8].

Gluten-free bread available in the market is usually obtained by replacing wheat flour
with rice flour with or without corn starch. Rice flour is known for its low price and mild
taste, as well as antiallergenic properties, which is why it is utilized in these products.
The rice flour used to prepare gluten-free bread is mostly from white rice [9]. However,
gluten-free bread, which is obtained by using white rice flour, is nutritionally imbalanced
due to the removal of the entire bran layer, leaving mainly starch and protein. It is expected
that the use of brown rice flour in gluten-free bread will compensate for this deficiency
because brown rice has non-starch nutrients including dietary fiber, minerals, and bioactive
compounds in its bran layer [10].

Teosinte (Dioon mejiae) as an endemic tree in Honduras is one of the dioecious trees
and belongs to the category of minor cereals. Minor cereals occur only in a few parts of the
world, that is why their use on a large scale is not common. In addition to Teosinte, other
plants including teff, millet (pearl, proso, finger, foxtail, and Kodo), fonio (black and white),
jungle rice, and Job’s tears are in this category [11–14]. Teosinte seeds are locally used in
the preparation of flour as well as other traditional foods and drinks. The nutritional value
of teosinte seed is high with protein and methionine levels higher than maize. However,
no difference was reported in the amino acids, such as lysine, tryptophan, or niacin [15]. In
the distant past, regional people used the seeds of this plant after washing and drying to
prepare foods such as bread, donuts, tamales, and tortillas. Additionally, a type of starch
called sago is obtained from this plant, which is used as a food supplement by the natives
of that area [16].

Some studies have been conducted in the field of gluten-free bread production and
improvement. Some innovative technologies were proposed to improve quality, replace
or imitate the gluten network by using exogenous substances including hydrocolloids,
emulsifiers, proteins, and cross-linking enzymes [6,17]. As mentioned previously, among
the available approaches for gluten-free bread production is the use of alternative plant
sources for wheat. Different types of flour and starch (rice, corn, cassava, soybean, and
peanut) have been used to produce gluten-free bread [18,19]. For example, active soybean
flour improved the volume and structure of gluten-free bread [19]. Bread made with corn
flour and chickpea flour became softer with greater levels of chickpea flour, which was
thought to be due to greater protein levels [20]. Other flours are used to increase the
nutritional quality of gluten free breads [21].

In this regard, due to the essential need to diversify the diet and for those who have
special nutritional requirements, such as celiac patients, it is mandatory to provide an
innovative diet. For this purpose, examining the potential of traditional and lesser-known
food sources as alternatives and the expansion of their use to produce innovative gluten-
free foods that are acceptable to consumers seems promising. Due to the potential for using
brown rice flour and teosinte flour in gluten-free foods, and the few studies in this field,
this study aims to use these plant resources to develop gluten-free bread.

2. Material and Method

2.1. Experimental Design

Table 1 shows the treatment design for bread production using a Simplex-Centroid
Mixture Design (CSMD). The independent variables were the proportions of high-protein
brown rice flour (Cahokia), high-protein white rice flour (Cahokia), and teosinte flour,
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while the dependent variables included specific volume (g/mL), color (L*, b* and a*) and
texture (resilience, cohesiveness, hardness, and springiness). The obtained response from
each investigated parameter was analyzed using adjusting the cubic model (Y = β1 × 1 +
β2 × 2 + β3 × 3 + β12 × 1 × 2 + β13 × 1 × 3 + β23 × 2 × 3 + β123 × 1 × 2 × 3) at
p < 0.05 and using regression to determine significant differences in parameters for the
level of flour/starch used (dependent variables). The bread formula was optimized using
the desirability function methodology (DOM) [22]. The objective of the mixture design is
to optimize flour concentrations of high-protein brown rice flour (Cahokia), high-protein
white rice flour (Cahokia), and teosinte flour regarding physicochemical characteristics.

Table 1. Experimental design for bread making with simplex centroid design.

Treatments *TF *BRF *WRF

� TF alone 100% 0% 0%
� BRF alone 0% 100% 0%
� WRF alone 0% 0% 100%
� TF-BRF 50% 50% 0%
� TF-WRF 50% 0% 50%
� BRF-WRF 0% 50% 50%
� TF-BRF-WRF 33.337% 33.337% 33.337%

*BRF—High-Protein Brown Rice Flour, *TF—Teosinte Flour, *WRF—High-Protein White Rice.

2.2. Preparing the Bread

The amounts of each ingredient used are shown in Table 2 for gluten-free breads
and control breads (the same procedure was used for both type of breads and only the
formulation varied). To make the bread, Fleischmann’s activated dry yeast (ACH Food
Companies, Inc., Memphis, TN, USA) was mixed with sugar (Great Value, Leander, TX,
USA) and distilled water, then rested for 42 h. Subsequently, by using a Globe stand mixer
(model SP5 Global Food Equipment, Dayton, OH, USA), the other dry ingredients (Great
Value, Leander, TX, USA) were mixed. The mixture was gently stirred for 30 s. Next, in
a separate container, room temperature eggs (Great Value, Leander, TX, USA), vegetable
oil (Great Value, Leander, TX, USA), and apple cider vinegar (Great Value, Leander, TX,
USA) were weighed and added to the dry ingredients and gently mixed for 1 min. Then,
the yeast mixture was gradually added and mixed for 7 min. In the production process of
gluten-free bread, the consistency is usually similar to batter (instead of dough, which can
be kneaded). Vegetable oil was sprayed in a mini loaf pan (15.4 × 8.6 × 4.7 cm) to grease.
Next 150 g of standard-loaf batter was weighed in the pan and the surface was smoothed
with a spatula. The relative humidity and temperature of a full-size Metro proofing cabinet
(C599-SDS-U Intermetro Industries Corporation, Wilkes-Barre, PA, USA) were set to 90%
and 100 ◦F, respectively, then the pan was placed in the cabinet for 30 min. Afterwards
the pan was placed in the center of a Baxter mini-rotating rack gas oven (model OV310G)
at a temperature of 345 ◦F and baked for 20 min. At the end of the baking process, the
bread was left in the pan for 5 min to cool and then removed from the pan. After an hour
of cooling, a sanitized, electric, meat-slicing machine (model S-4 Sanitary Scale Company,
Belvidere, IL, USA) was used to prepare slices of 2.5 cm for color and texture analysis.
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Table 2. Percentages of gluten-free bread ingredients.

Gluten Free Breads Control Bread

Ingredients Percentage Ingredient Percentage

Flour * 17.09% All purpose flour 42.32%
Tapioca flour 14.64% Whole wheat flour 10.83%

Sugar 3.33% Sugar 6.66%
Salt 0.98% Salt 1.50%

Active dry yeast 0.88% Active dry yeast 1.17%
Water 32.2% Water 30.67%

Vegetable oil 1.47% Vegetable oil 4.89%
Vanilla 1.96% Vanilla 1.96%

Cornstarch 16.11%
Egg 9.76%

Xanthan gum 0.78%
Baking powder 0.49%

Apple cider vinegar 0.29%
* Treatments varied only by mixture design treatments illustrated in Table 1. Control bread = wheat bread.

2.3. Flour Rheological and Pasting Properties

The pasting properties of the flours were evaluated based on the AACC method
61.02.01 [23] by using a Rapid Visco Analyzer (RVA) (RVA-4, Newport Scientific Pty. Ltd.,
Warriewood, Australia). Rheological properties were evaluated with a rheometer (AR
2000ex, TA Instruments, New Castle, DE, USA) by parallel disc geometry and 40 mm
dimensions with a gap of 3 mm. Dispersions of 5% w/w were stirred at medium speed
for 15 min and heated for 30 min. Instantly, hot paste (1 mL) was placed in the rheometer.
When the sample temperature reached 25 ◦C, rheological analysis was performed with two
types of evaluation (steady shear flow as well frequency sweep) using the method from
Ye et al. [24] with slight modifications.

2.4. Bread Physical Features

The specific volume of bread (mL/g) was measured according to the AACC method
10-05 [25] with rapeseed. The texture of the sample was analyzed with a texture analyzer
(Texture Technologies Corporation, T.A. XT plus, Scarsdale, NY, USA) based on the AACC
method 74-09 (2000) using a two-inch cylinder probe. The bread was cut into to 2.5 cm
width slices to examine the bread’s firmness. The parameters were set to a 40% compres-
sion at a rate of 1.7 mm/s. With colorimeter equipment (Konica Minolta BC-10 Baking
Contrast Meter, Wayne, NJ, USA), L* (brightness/darkness), a* (redness/greenness), and
b* (yellow/bluish) samples were analyzed in triplicate.

2.5. Statistical Analysis

For the simplex-centroid design, generation of the corresponding response surfaces
and coefficients of the special cubic model was performed in the Minitab 17 program
(2014, Minitab LLC, State College, PA, USA) to check the characteristics of bread. One-way
analysis of variance (ANOVA) and Tukey’s post-hoc test were conducted.

3. Results and Discussion

3.1. Bread Characteristics

Prepared bread samples are shown in Figure 1 compared to control wheat flour bread.
Figure 2A shows that the bread sample prepared with a combination of TF*BRF presented

a greater specific volume compared to BRF and TF individually. Kadan et al. [26] found that
rice bread had a lower specific volume than wheat bread; in our study the addition of TF
to BRF resulted in a greater specific volume. According to Bastias-Montes et al. [11], protein
and total starch contents were 9.67 ± 0.08% and 67.90 ± 0.68% in teosinte flour, and
Aleman et al. [27] found that high-protein brown rice flour had 12.2 ± 0.14% protein and
65.4 ± 0.5% starch, while high-protein white rice flour had 10.23 ± 0.26% protein and
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75.15 ± 0.20% starch [28]. The specific volume is directly related to water absorption of the
network, which affects bread quality, and bread with greater starch content tended to have a
greater specific volume [29]. Our study does not show this, as bread with a greater protein,
TF*BRF, had a greater specific volume, which could be due to the protein also binding to the
water and stabilizing the starch gel [30]. Additionally, the mixture which contained equal
percentages of TF, BRF, and WRF showed a lower specific volume similar to bread with
WRF or BRF alone. Furthermore, TF alone had the greatest hardness (Figure 2B) compared
to other treatments, and Table 3 coefficients indicated that TF had a greater positive effect
on the hardness than other flours, which might be due its lower protein content which
leads to less water binding and decreased the loaf specific volume [30]. Greater hardness is
associated with a lower specific volume, as less water binding could lead to a dryer firmer
product with less stable air pockets. WRF alone and BRF alone had the lowest hardness
with WRF being lower than BRF. Paz et al. [31] found a similar result for hardness between
brown and white rice flour breads.

Crust lightness (L*) was lowest for TF*WRF bread, while TF*WRF*BRF bread had a
greater lightness compared to bread made from BRF*TF and BRF*WRF (Figure 2C). Crust
redness was the lowest in 100% TF bread (Figure 2D). Bread with TF*WRF and TF*BRF had
lower a* compared to BRF*WRF. In another study, the addition of kale to bread decreased
a* value due to the addition of the green color [32]. WRF increased the redness in bread
which was made from a blend of WRF and BRF. The crust yellowness pattern (Figure 2E)
was the same as the redness pattern which means WRF resulted in a greater yellowness in
WRF alone, BRF-WRF, and TF-BRF-WRF. TF resulted in a lower yellowness in bread crust
for TF alone and TF-WRF.

The crumb color pattern was different from the crust pattern. The lightness of the
bread crumb (Figure 2F) was lowest with the use of TF alone, which might be due to
the natural, brownish pigments in the seeds [33]. WRF was responsible for lightness in
WRF alone, TF-WRF, and BRF-WRF. TF alone had the highest a*, and T3 had the lowest
redness (Figure 2G) among breadcrumbs. According to Figure 2H, WRF tended to decrease
yellowness (b*) in TF-WRF and BRF-WRF. BRF breadcrumb had the greatest yellowness
compared to other treatments, which may be due to the presence of yellow pigments [34].

Figure 1. Appearance of central slices of breads crumbs. (T1 = TF = Teosinte Flour, T2 = BRF = High-
Protein Brown Rice, T3 = WRF = High-Protein White Rice Flour, T4 = TRF-BRF = Teosinte Flour
with High-Protein Brown Rice, T5 = TF-WRF = Teosinte Flour with High-Protein White Rice Flour,
T6 = BRF-WRF = High-Protein White Rice Flour with High-Protein Brown Rice Flour, T7 = TF-BRF-
WRF = Teosinte Flour with High-Protein White Rice Flour and with High-Protein Brown Rice Flour)
Control (T8) = bread made with wheat flour.
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Figure 2. Contour plot of the breads (A) Specific Volume, (B) Hardness, (C) L* Crust, (D) a* Crust,
(E) b* Crust, (F) L* Crumb, (G) a* Crumb, and (H) b* Crumb with *BRF—High-Protein Brown Rice
Flour, *TF—Teosinte Flour, and *WRF—High-Protein White Rice.

3.2. Flour Pasting and Rheological Properties

Figure 3 shows peak, trough, breakdown, final, and setback viscosities, as well as yield
stress, and flow behavior index with coefficients shown in Table 3. Figure 3A shows that
TF alone had the lowest peak viscosity with the lowest coefficient (275) (Table 3) among the
flours, while the addition of WRF to the bread blend increased the peak viscosity with a
greater coefficient (1739.7), meaning a greater positive effect on peak viscosity (Table 3) than
TF. The lower peak viscosity (Figure 3A) of TF resulted in the lowest breakdown viscosity
(Figure 3C) coefficient (6.7) (Table 3), and greater past stability compared to BRF and
WRF. BRF and WRF showed a greater positive influence on peak, trough final and setback
viscosities with greater coefficients than TF (Table 3). Combinations of TF combined with
BRF or WRF caused a negative influence resulting in lower pasting viscosities. Other model
coefficients did not differ greatly among the individual flours (Table 3). Greater setback
viscosity (Figure 2E) in BRF-WRF is associated with a greater retrogradation potential of
the starch granules after cooking, which means it might cause a firmer product over time.
However, there is no significant correlation between viscosity and starch concentration or
distribution of the granules [35].
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Figure 3. Contour plot of the flour dispersions (A) Peak Viscosity, (B) Trough Viscosity, (C) Breakdown
Viscosity, (D) Final Viscosity, (E) Setback Viscosity, (F) Yield Stress, and (G) Flow Behavior Index with
*BRF—High-Protein Brown Rice Flour, *TF—Teosinte Flour, and *WRF—High-Protein White Rice.

The combination of the WRF and BRF increased the yield stress and flow behavior
index and TF had the lowest yield stress and flow behavior index (Figure 3F,G). According
to the current study, all flow behavior indices were less than 1.0, indicating that all pastes
exhibited pseudoplastic and shear-thinning behavior. WRF and BRF showed results closest
to n = 1, which corresponds to a Newtonian fluid [36].

The complex viscosity (Figure 4A) decreases with increasing frequencies representing
a shear-thinning flow behavior. The shear stress as a function of the shear rate is indicated
in Figure 4B. which shows all treatments had non-Newtonian behavior due to the increase
of the shear stress with the shear rate-like [37] pseudoplastic behavior. BRF-WRF had high-
shear stress compared to other treatments. The pasting behavior of treatments is exhibited in
Figure 4C, and various parameters were measured like peak, trough, breakdown, final, and
setback viscosity. The shape of the pasting curve is different for different flour treatments
and significant differences can be observed among GF flours, confirming the contour
plot illustrations (Figure 3). The pasting curves of WRF alone had the highest value at
peak viscosity and WRF-BRF had the highest final viscosity. The pasting process is the
absorption of water by starch granules and granules lose their crystalline structure after
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swelling properly. According to the steady peak of TF for pasting over time and the heating
process, amylose double helices were not melted in the cooking process, granules resisted
swelling [38], and granules had a lower rate of water absorption and swelling compared
to other samples [39]. According to Table 3, a greater influence was observed for BRF on
peak viscosity, as well as a trough, breakdown, and final viscosity, than other single flour
samples, while TF had a negative effect on these parameters when mixed with BRF. A higher
protein could lead to lower peak viscosity, affecting peak time, trough, and breakdown
viscosities by lowering the water-holding capacity of the starch during gelatinization [40].
Peak viscosity, trough viscosity, and breakdown viscosity for WRF were greater than BRF,
which may be due to the greater starch content in WRF, 75.15 ± 0.20% vs. 65.4 ± 0.5% for
BRF [37].

Figure 4. (A) steady shear flow measurements, (B) frequency sweep analysis, and (C) Viscosity
profiles of flour dispersions (TF = Teosinte Flour, BR = High-Protein Brown Rice, WF = High-Protein
White Rice Flour, TF-BF = Teosinte Flour with High-Protein Brown Rice, TF-WF = Teosinte Flour with
High-Protein White Rice Flour, BF-WF = High-Protein White Rice Flour with High-Protein Brown
Rice Flour, TF-BF-WR = Teosinte Flour with High-Protein White Rice Flour and with High-Protein
Brown Rice Flour).
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Table 3. Coefficients for the cubic model for bread and flours characteristics.

Response TF BRF WRF TF-BRF TF-WRF BRF-WRF TF-BRF-WRF R2

Specific Volume (mL/g) 0.01 0.01 0.01 >0.01 >0.01 >0.01 >0.01 87.0%
Hardness (N) 14.9 10.5 9.68 −0.03 0.01 0.03 −0.03 92.8%
L* (Crust) 0.74 0.73 0.72 >−0.01 >−0.01 >−0.01 >0.01 80.9%
a∗ (Crust) 0.06 0.08 0.10 0.01 >−0.01 >0.01 >0.01 95.6%
b∗ (Crust) 0.20 0.22 0.24 >0.01 >−0.01 >0.01 >0.01 87.7%
L* (Crumb) 0.69 0.77 0.79 >−0.01 >−0.01 >−0.01 >−0.01 92.7%
a* (Crumb) 0.03 >0.01 >−0.01 >0.01 >0.01 >−0.01 >−0.01 99.4%
b* (Crumb) 0.14 0.15 0.12 >−0.01 >−0.01 >−0.01 >−0.01 75.5%
Peak Viscosity (cP) 275 2848.3 1739.7 −2909 −1164 −29 −2533 99.2%
Trough Viscosity (cP) 268.3 1811.7 1541.3 −1128 −814 181 −1253 98.6%
Breakdown Viscosity (cP) 6.7 1036.7 198.3 −1781.3 −350 −210 −1280 99.6%
Final Viscosity (cP) 324 3969 3854 −2883 −2805 3370 −7483 98.1%
Setback Viscosity (cP) 56 2158 2312 −1755 −1991 3189 −6230 97.7%
Flow behavior index (n) 0.85 0.31 0.44 1.31 1.27 0.41 1.12 95.8%
Yield Stress (K) 5.72 7.19 6.83 −2.92 3.65 166.90 −367 97.4%

(p > 0.05) of the independent variables of the cubic model adjusted for cupcake characteristics (TF = Teosinte
Flour, BRF = High-Protein Brown Rice, WRF = High-Protein White Rice Flour, TF-BRF = Teosinte Flour with
High-Protein Brown Rice, TF-WRF = Teosinte Flour with High-Protein White Rice Flour, BRF-WRF = High-Protein
White Rice Flour with High-Protein Brown Rice Flour, TF-BRF-WRF = Teosinte Flour with High-Protein White
Rice Flour and with High-Protein Brown Rice Flour).

4. Conclusions

This research examined the development of gluten-free bread by using TF, BRF, and
WRF to observe the effects of the different sources on bread properties. Lower pasting
properties, such as breakdown and setback viscosity, indicated that TF samples would be
more stable. In bread, TF had negative effects on specific volume, texture, and color of
breads, resulting in a greater hardness and greater crumb darkness, but these issues can be
mitigated by using a combination of brown rice flour or white rice flour with teosinte flour
to make the breads.
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Abstract: The shift towards a vegetarian, vegan, or flexitarian diet has increased the demand for
vegetable protein and plant-based foods. The defatted cake generated during the extraction of
lipids from durum wheat (Triticum turgidum L. var. durum) milling by-products is a protein and
fibre-containing waste, which could be upcycled as a food ingredient. This study aimed to exploit
the dry-fractionated fine fraction of defatted durum wheat cake (DFFF) to formulate a vegan, clean
labelled, cereal-based snack bar. The design of experiments (DoEs) for mixtures was applied to
formulate a final product with optimal textural and sensorial properties, which contained 10% DFFF,
30% glucose syrup, and a 60% mix of puffed/rolled cereals. The DFFF-enriched snack bar was harder
compared to the control without DFFF (cutting stress = 1.2 and 0.52 N/mm2, and fracture stress = 12.9
and 9.8 N/mm2 in the DFFF-enriched and control snack bar, respectively), due to a densifying effect
of DFFF, and showed a more intense yellow hue due to the yellow–brownish colour of DFFF. Another
difference was in the caramel flavour, which was more intense in the DFFF-enriched snack bar. The
nutritional claims “low fat” and “source of fibre” were applicable to the DFFF-enriched snack bar
according to EC Reg. 1924/06.

Keywords: cereal based; texture; upcycling; ready to eat food; design of experiments; texture analysis;
nutritional composition

1. Introduction

One third of food produced for human consumption is lost or wasted worldwide,
accounting for about 1.3 billion tons annually [1]. Alongside this, food supply chains
generate a large amount of valuable by-products that still could be exploited and valorised
for human nutrition. As for the supply chain of durum wheat (Triticum turgidum L. var.
durum), during the milling process, a by-product is generated composed of germ, bran, and
debranning fractions [2]. Being rich in high biological value protein, minerals, fibre, and
lipids, this by-product can be further exploited [3,4]. Indeed, the extraction of the lipid
fraction, rich in vitamins and essential fatty acids, has been proposed [5], and durum wheat
oil has been used for the preparation of biscuits and focaccia [6,7]. The lipid extraction,
however, generates a second by-product, namely, the defatted durum wheat cake. To
upcycle the defatted cake, after stripping and micronisation, the dry-fractionation process
can be applied, allowing a coarse fraction rich in starch and fibre and a fine fraction rich
in protein to be obtained [8]. The coarse fraction of dry-fractionated cereal flours has
already been proposed as an ingredient in different food products, such as meat analogues
and spaghetti [9,10]. In addition, the fine fraction can also be used to fortify foods [11]
with the advantage of being derived by a more sustainable method of protein enrichment
compared to a wet concentration, which uses an alkaline extraction followed by isoelectric
precipitation [8].
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The sustainability of food systems is a hot topic increasingly considered by researchers,
national/international organizations, and consumers. Additionally, the recovery of pro-
tein from vegetable waste and by-products matches the general request to replace animal
protein with alternative plant protein [12]. In fact, the shift towards a vegetarian, ve-
gan, or flexitarian diet has increased the demand for vegetable protein and plant-based
foods [13,14]. The reduction of animal protein is associated with well-being and health,
both being drivers that play a pivotal role in influencing the food choices of many con-
sumers who integrate nutrition with sport activities [15]. To support this healthy lifestyle,
consumers increasingly choose foods rich in protein and fibre, usually marketed in the
form of snack bars [16,17]. In addition, the fast pace of life further concurs to the “snacking”
effect, mostly based on the consumption of snack bars.

Given that sweet snacks are considered unhealthy due to the presence of high levels of
sugars, food companies are releasing snacks formulated in a healthier way, incorporating
protein isolates to increase protein content [18] and preferring clean labelled formula-
tions [19,20]. Though specific regulations/legislations of clean labels do not exist, and
a clear definition has not been established [21], this new trend in food products, mostly
referring to the absence of additives, has been taken up by a multitude of food industry
stakeholders [22]. Indeed, many additives can be included in the formulation of snack
bars. Among the most used, sorbitol and polyols, responsible for a laxative effect, are
sugar replacers, while lecithin is the most common emulsifier, and glycerol is added as
a gelatinizing agent, followed by colouring agents and artificial flavours to improve the
sensory properties [23]. Moreover, saturated fats, involved in cholesterol increase and
cardiovascular disease, are reported among the variety of ingredients commonly used in
snack bars [23].

Over the past few years, several studies have been conducted concerning the re-use of
food industry by-products (such as the bran of black rice and corn, banana peel powder,
sunflower meal, and jackfruit seed flour) in the formulation of snack bars [20,24–27]. These
studies have confirmed the increasing interest towards this food category, highlighting
its suitability as a recipient for fortification and functionalization. However, the re-use of
defatted durum wheat cake, which can be easily dry-fractionated to obtain a protein-rich
flour, has not been considered so far.

In this framework, this study aimed at exploiting the dry-fractionated fine fraction of
defatted durum wheat cake (DFFF) to formulate a vegan, clean labelled, cereal-based snack
bar, evaluating the influence of the ingredients on the textural, sensory, and nutritional
properties of the final product.

2. Materials and Methods

2.1. Basic Ingredients

DFFF was provided by Casillo Next Gen Food srl (Corato, Italy). Its preparation was
as follows: The durum wheat milling by-product was composed of a mix of germ, bran,
and debranning fractions, and it was submitted to the extraction of the oily fraction using
n-hexane, as described in the study by Squeo et al. (2022) [5]. The remaining cake was
micronized using an impact mill (UPZ 100, Hosokawa-Alpine, Augusta, Germany). The
mill speed was set at 15,000 rpm and the feed rate at 3 kg h−1. Then, an air classifier (ATP
50, Hosokawa-Alpine, Augusta, Germany) was used to dry-fractionate the micronized cake
flour into coarse and fine fractions. The speed of the grader wheel was set at 3000 rpm and
the air flow rate at 50 m3 h−1. The fine fraction was recovered, having an n-hexane residual
content <5 ppm, i.e., food grade. The chemical composition of DFFF is shown in Figure 1.
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Figure 1. Proximate composition (g 100 g−1) of dry-fractionated fine fraction of defatted durum
wheat cake (DFFF).

Puffed hulled millet (Vivibio, Villareggia, Italy), 5-grain rolled cereals (20% oat, 20%
barley, 20% rice, 20% rye, 20% wheat) (Fiorentini, Troffarello, Italy), and puffed spelt (Selex,
Trezzano, Italy) were purchased from a local retailer.

2.2. Experimental Design and Preparation of the Snack Bars

The design of experiments (DoEs) for mixtures [28] was applied to formulate a product
with optimal textural and sensorial properties. Three factors were considered, which were
the three main ingredients, namely, DFFF, glucose syrup, and a cereal mix composed
of puffed hulled millet, 5-grain rolled cereals, and puffed spelt (35:40:25 w/w/w). The
quantitative ranges were 10–50%, 30–60%, and 20–60% for DFFF, glucose syrup, and cereal
mix, respectively. Then, from all the possible mixtures in the defined experimental domain,
8 unique formulations were chosen (Table 1) by a D-optimality criterion [29] to model a
special cubic response.

Table 1. List of the experiments performed.

Experiment

Dry-Fractionated
Fine Fraction of
Defatted Durum
Wheat Cake—X1

(g 100 g−1)

Glucose Syrup—X2
(g 100 g−1)

Puffed/Rolled
Cereal Mix—X3

(g 100 g−1)

1 50 30 20
2 20 60 20
3 10 60 30
4 10 30 60
5 10 45 45
6 35 45 20
7 25 40 35
8 30 30 40
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To prepare the snack bars, glucose syrup (Ambrosio, Striano, Italy) and DFFF were
manually mixed and heated in a pan on an induction heater (G3 Ferrari, Rimini, Italy) at
the power of 2000 W until the complete formation of a cream was reached (about 5 min).
Then, the cereal mix was added and manually mixed to distribute it homogeneously into
the cream, followed by pouring into a silicone mould (FantasyDay, Changan Town, China)
having six 2 cm thick cavities of 11.5 × 3.8 cm, and cooking in a ventilated oven (Smeg,
Guastella, Italia) for 5 min at 120 ◦C. The snack bars were allowed to cool down at room
temperature (20 ± 1 ◦C) and then extracted from the moulds.

Three snack bars for each formulation of the experimental design were prepared
(n = 3). A control snack bar, without DFFF, was prepared with 33.3 g 100 g−1 of glucose
syrup and 66.6 g 100 g−1 of cereal mix.

2.3. Determination of the Chemical Composition

Protein content (N × 5.7) was determined according to the method AOAC 979.09 [30].
The lipid content was determined using a Soxhlet apparatus, according to the method
AOAC 945.38F [30], using diethyl ether as the extraction solvent. The total dietary fibre
was analysed by the enzymatic–gravimetric procedure as described in the method AOAC
985.29 [30]. Moisture and ash content were determined according to the AOAC methods
925.10 and 923.03 [30], respectively. The available carbohydrate content was determined by
difference, subtracting the content of protein, lipid, fibre, moisture, and ash to 100. The en-
ergy value was calculated by using Atwater general conversion factors. All determinations
were carried out in triplicate.

2.4. Texture Analysis

The textural properties of the snack bars were determined by a cutting test and a
three-point bending test. A texture analyser, equipped with a 1 kN load cell (Z1.0 TN,
Zwick Roell, Ulm, Germany), was used for both tests.

The cutting test was carried out as described in Costantini et al. [31] with some
modification. The sample (11.5 × 3.8 × 2 cm, L × W × H) was positioned on the base in
order to be cut by the 50 mm length blade on its short side positioned 25 mm from the
surface of the sample. The blade descended at a speed of 1 mm/s until the sample was
cut. The cutting stress, i.e., the maximum force applied on the surface until the sample was
completely cut (N/mm2), and the deformation until the cut (mm) were measured.

Three-point bending was carried as reported in Pasqualone et al. [32] with a few
modifications. The texture analyser was equipped with a 1 kN load cell, a metal breaking
probe, and two metal supports, 6 cm apart from each other, to hold the whole sample
(11.5 × 3.8 × 2 cm, L × W × H). The sample was placed on the two supports, and the
probe (positioned 25 mm above the sample) descended on it at a speed of 5 mm/s. The
fracture stress (N/mm2), i.e., the maximum force required to break the sample, and the
deformation until rupture (mm) were measured.

Data acquisition was accomplished using TestXPertII v3.41 software (Zwick Roell,
Ulm, Germany). The analysis was carried out in triplicate.

2.5. Sensory Analysis

The sensory features were evaluated by a panel consisting of 8 trained members
aged between 26 and 56 years. The panellists did not suffer from any food intolerances
or allergies, received information on the objectives of the study, and provided written
informed consent.

At first, the snack bars corresponding to the 8 different formulations (Table 1) were
evaluated on a 0–9 score range (0 = minimum; 9 = maximum) for their stickiness (a critical
parameter for these products) and acceptability. The results of this evaluation, together
with the textural data, allowed the optimal snack bar to be selected. Then, both the optimal
and the control snack bar were submitted to Quantitative Descriptive Analysis (QDA) for a
detailed sensory profiling. Eight sensory descriptors were evaluated on a 0–9 score range
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(0 = minimum; 9 = maximum intensity) regarding visual appearance (homogeneity of the
distribution of cereals, brightness, yellowish colour), flavour (cereal-like, toasted, caramel
and abnormal), and taste (sweet).

2.6. Colour Analysis

The snack bars had a highly heterogeneous colour that could not be analysed directly
with a colourimeter, and, for this reason, image analysis and colour elaboration was carried
out. An RGB image was collected using a Canon EOS 600D camera equipped a Canon
EF-S 18–200mm f/3.5–5.6 IS lens (Canon Inc., Tokyo, Japan) at a 50 cm distance between
the lens and the sample. The optimal and control snack bars, placed inside a white plastic
box, sized 49 × 51 × 50 cm, with a black base, were photographed from above. The image
(2193 × 2683 pixels) was imported into MATLAB R2021a (The MathWorks Inc., Natick, MA,
USA) and processed as follows: After masking and background removal, carried out using
the HYPER-Tools toolbox (freely available at www.hypertools.org, accessed on 20 April
2023) [33], the image was converted from RGB colour space to L*a*b* colour space, thus
obtaining the respective values of brightness and red and yellow indices per pixel. Then,
the absolute frequency distribution and the cumulative frequency distribution of the pixels
were calculated per each L*a*b* index to highlight differences in the colour characteristics
of the snack bars.

2.7. Statistical Analysis

The mixture experimental design was set up and analysed using CAT (Chemometric
Agile Tool) software [34], freely downloadable from http://gruppochemiometria.it/index.
php/software, accessed on 20 April 2023. All data were expressed as the mean ± standard
deviation (n = 3). One-way analysis of variance (ANOVA) was performed, followed by
the Tukey test for multiple comparisons using Minitab 17 (Minitab Inc., State College,
PA, USA).

3. Results and Discussion

3.1. Identification of the Optimal Formulation

Figure 2 depicts the contour plots of the cutting stress (A), the fracture stress (B), the
sensory acceptability (C), and the stickiness (D) of the experimental snack bars in the defined
domain. DoEs allowed us to reach a comprehensive understanding of the ingredients’
effects on the snack bar properties and to select the better formulation. A snack bar, indeed,
is a mixture of ingredients that substantially retain their original physical characteristics,
which are generally very different from each other, so their relative quantities greatly
influence the features of the final product.

The cutting and fracture stress, determined by measuring the maximum force required
to cut or break the sample, respectively (Figure 2A,B), were considered because they
are known to be related to sensory firmness and stickiness to the teeth [35], which are
important characteristics of snack bars. The fitting of the responses, however, was not
excellent, showing in both the cases an R2 value equal to 0.6. This was likely due to the
high physical inhomogeneity of this kind of product, which brought great variability in
the responses, making the modelling more difficult. Nonetheless, from the contour plots,
useful information about the effects of the ingredients on the mechanical features of the
snack bar could be caught. Indeed, the cutting and fracture stress values, and thus the
hardness of the snack bars, progressively increased by raising the proportion of X2 (glucose
syrup). Therefore, the highest amount of glucose syrup gave rise to very hard bars, as
observed close to the X2 vertex. On the other hand, the experimental region close to the
X1 vertex corresponded to the worst results due to a total lack of consistency. The snack
bars in this region (trials 1 and 8) were impossible to shape properly, showing a powdery
and poor structure (Figure 3). Experiments 1 (50% DFFF, 30% glucose syrup, 20% cereals)
and 8 (30% DFFF, 30% glucose syrup, 40% cereals) highlighted that the snack bar could not
be formed when DFFF was ≥ glucose syrup. Indeed, DFFF was rich in protein and fibre,
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so its increase would be nutritionally valuable [36], but being a powdery ingredient, an
excessive amount disrupted the structure of the snack bar, especially when the amount of
glucose syrup was too low. At the same time, high amounts of glucose syrup excessively
increased the hardness. By increasing the amount of the cereal mix (X3), a moderate and
positive effect on the structure was observed. Therefore, for the textural features, the best
experiments were those in the centre of the domain (point 7), at the X3 vertex (point 4), and
along the edge of X3–X2 (points 3 and 5) (Figure 2A,B).

Figure 2. Contour plots of the cutting stress (N/mm2, (A)), fracture stress (N/mm2, (B)), sensory
acceptability (C), and stickiness (D) of the experimental snack bars. X1 = dry-fractionated fine fraction
of defatted durum wheat cake (DFFF); X2 = glucose syrup; X3 = puffed/rolled cereal mix. Red point
represents the experiments carried out.
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Figure 3. Experimental snack bars formulated with dry-fractionated fine fraction of defatted durum
wheat cake (DFFF), glucose syrup, and puffed/rolled cereal mix. Numbers 1–8 correspond to the
formulations reported in Table 1.

Together with the textural properties, two other parameters were chosen for the
selection of the optimal formulation, i.e., sensory acceptability, which is fundamental for
food products in general, and stickiness, which is important especially for the snack bars.
The responses for these two parameters are depicted in Figure 2C,D, respectively. In this
case, the fitting of the responses was better than the textural parameters, showing an R2

value equal to 0.9 for the sensory acceptability and 0.7 for the stickiness, both markedly
influenced by variations in the ingredient ratio. The stickiness was very high in the upper
part of the X3–X2 edge (experiments 3 and 5). The highest sensory acceptability and the
lowest stickiness were observed in the experimental region close to the X3 vertex (point 4).

In light of these results, the most suitable trade-off was considered to be the formula-
tion corresponding to the X3 vertex (experiment 4), i.e., 10% DFFF, 30% glucose syrup, and
60% cereals. This well-structured bar, neither too sticky nor too hard, was the optimal one
and was then further characterized for its nutritional, textural, and sensorial features.

3.2. Nutritional, Textural, and Sensorial Characterization

Table 2 shows the results of the nutritional composition of the DFFF-enriched snack
bar, compared with the control snack bar, prepared without DFFF.
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Table 2. Nutritional composition of the experimental snack bars. DFFF = dry-fractionated fine
fraction of defatted durum wheat cake.

Parameter

DFFF-Enriched Snack Bar Control Snack Bar

Amount per
100 g

Amount per
Unit
(33 g)

% Daily
Value per

Unit (33 g) *

Amount per
100 g

Amount per
Unit
(33 g)

% Daily Value
per

Unit (33 g) *

Moisture (g) 8.3 ± 0.11 b 2.7 - 9.3 ± 0.17 a 3.2 -
Protein (g) 9.7 ± 0.24 a 3.2 6.4 6.5 ± 0.08 b 2.3 4.3

Total dietary fibre (g) 3.2 ± 0.20 a 1.1 4.2 2.3 ± 0.31 b 0.8 3.0
Lipids (g) 1.4 ± 0.09 a 0.5 0.7 1.4 ± 0.04 a 0.5 0.7

Carbohydrates (g) 76.4 ± 0.36 b 25.2 9.8 80.1 ± 0.63 a 26.4 10.2
Energy value (kcal) 363 120 6.0 364 120 6.0

* Energy, protein, lipids, and carbohydrates were calculated according to the daily reference intakes reported in
the Annex XIII of the EU Reg. 1169/2011 [37]; total dietary fibre was calculated according to the daily reference
intake reported in the EFSA recommendation [38]. Different letters indicate significant differences at p < 0.05.

The addition of DFFF caused a significant reduction of the moisture and an increase
in protein content with respect to the control. These results were expected, DFFF being
an ingredient high in protein and low in moisture. In particular, the increase in protein
highlighted the effectiveness of using a dry-fractionated ingredient considering that studies
involving the addition of other cereal by-products, such as black rice bran and maize
bran [20,26,39], did not achieve a significant increase in protein content. One DFFF-enriched
snack bar (weight = 33 g) covered 6.4% of the daily reference intake of protein, while the
control snack bar provided only 4.3% of the reference intake. The consumption of plant-
based protein has a positive effect on health, since it minimizes cardiometabolic risk factors
and is inversely correlated with hypertension, obesity, and insulin resistance [40].

DFFF is also rich in fibre (Figure 1). Therefore, another positive result of the incorpora-
tion of DFFF was the enrichment in total dietary fibre (Table 2), recommended to improve
the metabolism of gut microbiota and to reduce the risks connected with diabetes, obesity,
and dyslipidaemia [41]. Moreover, the reached amount of fibre makes possible the labelling
of the DFFF-enriched snack bar as a “source of fibre” according to the current rules [42], as
it meets the minimum requirement of 3 g of fibre per 100 g of product. This amount was
higher than the level reached by adding other by-products of the food industry, such as
pumpkin seed flour or carrot powder [43,44]. Specifically, a single DFFF-enriched snack
bar (33 g) provided 4.2% of the daily intake recommended by the EFSA for dietary fibre
(i.e., 25 g) [38], while the control bar provided 3.0% of the reference intake.

The lipid content did not show a significant difference between the two snack bars.
The observed amount makes possible the labelling of them as “low fat” according to the
EC Reg. 1924/2006 [42] (no more than 3 g of fat in 100 g). The observed lipid content was
considerably lower than in snack bars formulated with other by-products, such as tilapia
frames or roasted rice bran [39,45].

Carbohydrates remained the main constituents of the snack bars, but they were
significantly lower in the DFFF-enriched bar than in the control.

The two types of snack bars showed very similar energy values, providing 6% of the
daily reference value of 2000 kcal [37].

As for the texture analysis of the snack bars, both cutting and bending tests, which
helped also in selecting the optimal formulation, highlighted significant textural differences
between the DFFF-enriched snack bar and the control, with the former being harder than
the latter. The results are shown in Table 3.
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Table 3. Texture analysis of the experimental snack bars. DFFF = dry-fractionated fine fraction of
defatted durum wheat cake.

Parameter
Type of Snack Bar

DFFF-Enriched Control

Cutting test
Cutting stress (N/mm2) 1.2 ± 0.1 a 0.52 ± 0.2 b

Deformation (mm) 16.3 ± 0.29 a 14.7 ± 0.56 b

Three point-bending test
Fracture stress (N/mm2) 12.9 ± 3.9 a 9.8 ± 4.09 b

Deformation (mm) 3.6 ± 0.8 a 2.5 ± 1.07 b

Different letters indicate significant differences at p < 0.05.

The observed increase in cutting and fracture stress was likely due to the densifying
effect of DFFF when added to glucose syrup, leading to a thick cream that made the
snack bar become very compact and hard. These results were correlated with the higher
extent of deformation observed in the DFFF-enriched bar with respect to the control. This
indicated a greater effort needed to chew the DFFF-enriched snack bar compared to the
control and, more in general, evidenced the ability of the new formulation to tolerate
higher stress. Foods that need longer chewing could reduce the appetite and then also the
energy intake [46]. Therefore, a harder texture is desirable from a nutritional point of view.
Zulaikha et al. [45] and Silva et al. [47] observed a similar increase in hardness following
the addition of powdery ingredients, such as tilapia frames and marolo pulp flour, to
snack bars.

As for the colour of the snack bars, high heterogeneity was found along their surfaces,
as expected in this kind of product (Figure 3). As a consequence, a direct colorimeter
evaluation was not sufficiently reliable, justifying the need for imaging approaches to better
evaluate the product’s colour. Figure 4A shows the image of the snack bars reconstructed
according to the L*a*b* values of each pixel. In both the snack bars, the surface of the cereal
grains showed higher values of brightness (L*), which could be explained by the shiny
coating formed by the glucose syrup. The pixel distribution of the L* value (Figure 4B) was
bimodal, i.e., presented two main peaks, indicating a strong contrast within the surface
brightness in different parts of the snack bar due to the heterogeneity of the assembled
ingredients. The curves of the cumulative distribution showed that the control bar had a
higher percentage of pixels with high L* values with respect to the DFFF-enriched snack
bar, supporting the empirical observation (Figure 4A) that the former was, overall, brighter
than the latter.

High rates of negative a* values were recorded in both snack bars (Figure 4A), indicat-
ing a general trend toward the greenish colour, with some surface portions characterized
by positive values and thus reddish features. The pixel distribution (Figure 4B) was very
similar between the two snack bars, showing minor differences in the whole red–green
feature, but with a higher proportion of reddish pixels in the DFFF-enriched snack bar with
respect to the control.

A remarkable difference was observed for the b* index, with the DFFF-enriched snack
bar clearly presenting a more intense yellow hue (i.e., positive values) with respect to
the control bar (Figure 4A). The DFFF ingredient, indeed, was characterized by a yellow–
brownish colour that was reflected in a more yellow bar. This empirical observation was
supported by the frequency distribution (Figure 4B) that clearly showed a higher proportion
of pixels having high b* values in the DFFF-enriched snack bar with respect to the control.
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Figure 4. (A) L*, a*, and b* reconstructed images of the DFFF-enriched snack bar (snack bar on the top
of each image) and the control snack bar (snack bar on the bottom of each image). (B) Pixel absolute
frequency distribution (bars) and cumulative frequency distribution (lines) of the control snack bar
(light grey) and of the DFFF-enriched snack bar (dark grey) for L*, a*, and b*.

Overall, it could be concluded that the DFFF-enriched snack bar was slightly less
bright but redder and yellower than the control bar.

The QDA results are reported in Table 4. The visual evaluation revealed statistically
significant differences in the colour, with the DFFF-enriched snack bar perceived as more
yellow than the control, in agreement with the instrumental analysis. Brightness was also
in line with the instrumental results because the DFFF-enriched bar was significantly less
bright than the control, probably because the addition of DFFF diminished the glossy
appearance of the surface.

Table 4. Results of the quantitative descriptive sensory analysis of the experimental snack bars.
DFFF = dry-fractionated fine fraction of defatted durum wheat cake.

Sensory Parameter
Type of Snack Bar

DFFF-Enriched Control

Visual
Yellowish colour 6.1 ± 1.2 a 4.0 ± 0.9 b

Brightness 5.0 ± 1.1 b 7.1 ± 0.8 a

Homogeneity of the
distribution of cereals 6.8 ± 0.4 a 7.0 ± 0.6 a

Flavour
Cereal-like 6.8 ± 0.9 a 6.8 ± 1.3 a

Toasted 4.7 ± 1.2 a 3.8 ± 1.0 a

Caramel 4.1 ± 0.7 a 2.2 ± 1.1 b

Abnormal odours 0.2 ± 0.4 a 0.3 ± 0.8 a

Taste
Sweetness 4.5 ± 0.5 a 4.1 ± 0.5 a

Different letters indicate significant differences at p < 0.05.

From a practical point of view, the corroboration of the results of the instrumental
colour evaluation and of the sensory evaluation suggests that image processing technology
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may be implemented on the production process for quality control procedures, consid-
ering also that colour determination with classical colorimeters is challenging for such
heterogeneous products, and the sensory evaluation requires trained panellists and is time
consuming. On the contrary, no significant differences emerged in the homogeneity of the
distribution of cereals.

Flavour attributes were ascribed to the typical characteristic of cereals and/or con-
nected to the cooking step. The addition of the DFFF did not affect the cereal-like note. The
flavour of caramel, instead, was significantly more intense in the DFFF-enriched snack bar
than in the control, probably due to the thermal effect exerted by the hot glucose syrup on
DFFF during the preparation of the snack bar. Heat treatments of bran and similar materials
are known to develop volatile compounds with sweet and caramel-like aromas [48]. Indeed,
also the toasted note was perceived more intensely in the DFFF-enriched snack bar, but
the difference with the control was not statistically significant. No abnormal smells were
detected in either samples. The taste evaluation showed that both the snack bars had an
equally perceived medium sweet taste, imputable to the glucose syrup.

4. Conclusions

The use of DFFF as a food ingredient could favour the circularity of the durum
wheat supply chain while responding to the demand for healthy and ready-to-eat food
products expressed by modern consumers. The outcomes of this study demonstrated that
the development of an innovative snack bar enriched with DFFF is a feasible strategy to
this end.

DFFF should not be added in quantities higher than 10%, and in any case must be
lower than the amount of glucose syrup in order to ensure an optimal structure and ad-
equate sensory acceptability of the snack bar. Nonetheless, thanks to the fortification
with DFFF, the proposed snack bar showed improved nutritional characteristics, with
enhanced protein content. Noteworthily, the optimized formulation can be labelled as
“low fat” and a “source of fibre” according to the EC Reg. 1924/06. Furthermore, be-
ing exclusively made of plant-based ingredients, without additives, the DFFF-enriched
snack bar was a clean-labelled food product and met the expectations of vegetarian and
vegan consumers.

This study could pave the way for the formulation of other DFFF-enriched snack
bars, for example, by incorporating nuts and/or dehydrated fruit, to offer the consumer
a wide choice of flavours and tastes while meeting the current trends in sustainable
food consumption.

Author Contributions: Conceptualization, A.P.; methodology, V.L. and F.V.; software, G.S.; for-
mal analysis, G.S., D.D.A. and C.S.; investigation, V.L. and F.V.; data curation, G.S. and V.L.;
writing—original draft preparation, G.S. and V.L.; writing—review and editing, A.P., F.C. and C.S.;
visualization, V.L.; supervision, A.P. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data used to support the findings of this study can be made
available by the corresponding author upon request.

Acknowledgments: The authors would like to thank José Manuel Amigo of Bilbao IKERBASQUE
Basque Foundation for Science (Bilbao, Spain) and the Department of Analytical Chemistry, University
of the Basque Country (Bilbao, Spain) for help with the image processing, and Casillo Next Gen Food
s.r.l. (Corato, Italy) for kindly providing the dry-fractionated fine fraction of defatted durum wheat
cake. The authors also thank Marcello Greco Miani (Casillo Next Gen Food s.r.l., Corato, Italy) for
valuable discussions.

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

75



Foods 2023, 12, 2547

References

1. FAO. Global Food Losses and food Waste. Extent, Causes and Prevention. 2011. Available online: https://www.fao.org/3/mb0
60e/mb060e00.pdf (accessed on 18 March 2023).

2. Onipe, O.O.; Ramashia, S.E.; Jideani, A.I. Wheat bran modifications for enhanced nutrition and functionality in selected food
products. Molecules 2021, 26, 3918. [CrossRef] [PubMed]

3. Prueckler, M.; Siebenhandl-Ehn, S.; Apprich, S.; Hoeltinger, S.; Haas, C.; Schmid, E.; Kneifel, W. Wheat bran-based biorefinery 1:
Composition of wheat bran and strategies of functionalization. LWT-Food Sci. Technol. 2014, 56, 211–221. [CrossRef]

4. Onipe, O.O.; Jideani, A.I.; Beswa, D. Composition and functionality of wheat bran and its application in some cereal food
products. Int. J. Food Sci. Technol. 2015, 50, 2509–2518. [CrossRef]

5. Squeo, G.; Silletti, R.; Napoletano, G.; Greco Miani, M.; Difonzo, G.; Pasqualone, A.; Caponio, F. Characterization and Effect of
Refining on the Oil Extracted from Durum Wheat By-Products. Foods 2022, 11, 683. [CrossRef]

6. Vurro, F.; Greco Miani, M.; Summo, C.; Caponio, F.; Pasqualone, A. Effect of durum wheat oil on the physico-chemical and
sensory features of biscuits. Foods 2022, 11, 1282. [CrossRef]

7. Vurro, F.; Summo, C.; Squeo, G.; Caponio, F.; Pasqualone, A. The Use of Durum Wheat Oil in the Preparation of Focaccia: Effects
on the Oxidative Stability and Physical and Sensorial Properties. Foods 2022, 11, 2679. [CrossRef]

8. Schutyser, M.A.I.; Van der Goot, A.J. The potential of dry fractionation processes for sustainable plant protein production. Trends
Food Sci Technol. 2011, 22, 154–164. [CrossRef]

9. Bühler, J.M.; Schlangen, M.; Möller, A.C.; Bruins, M.E.; van der Goot, A.J. Starch in plant-based meat replacers: A new approach
to using endogenous starch from cereals and legumes. Starch-Stärke 2022, 74, 2100157. [CrossRef]

10. Verardo, V.; Gómez-Caravaca, A.M.; Messia, M.C.; Marconi, E.; Caboni, M.F. Development of functional spaghetti enriched
in bioactive compounds using barley coarse fraction obtained by air classification. J. Agric. Food Chem. 2011, 59, 9127–9134.
[CrossRef]

11. Silventoinen, P.; Kortekangas, A.; Ercili-Cura, D.; Nordlund, E. Impact of ultra-fine milling and air classification on biochemical
and techno-functional characteristics of wheat and rye bran. Food Res. Int. 2021, 139, 109971. [CrossRef]
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Abstract: This study was aimed at minimizing the anti-nutrient content of the Gradoli Purgatory
bean (GPB: Phaseolus vulgaris) and Solco Dritto chickpea (SDC: Cicer arietinum) seeds grown in the
Latium region of Italy by defining the three steps of their malting process. The water steeping and
germination phases were carried out in a 1.0-kg bench-top plant at 18, 25, or 32 ◦C. By soaking
both seeds at 25 ◦C for 3 h, 95 to 100% of seeds sprouted. There was no need for prolonging their
germination process after 72 h, the degradation degree of raffinose in germinated GPBs or SDCs being
about 63%, while that of phytic acid being ~32% or 23%, respectively. The steeping and germination
kinetics of both seeds were mathematically described via the Peleg and first-order reaction models,
respectively. The third step (kilning) was carried out under fluent dry air at 50 ◦C for 24 h and at 75 ◦C
for 3 h, and yielded cream-colored malted seeds, the cotyledons of which were cyclonically separated
from the cuticles and finally milled. Owing to their composition, the decorticated malted pulse flours
might be used in the formulation of specific gluten-free food products high in raw proteins and
low in phytate, α-oligosaccharides and in vitro glycemic index (GI). Even if their low GI trait was
preserved after malting, only the GPB malt flour having a resistant starch-to-total starch ratio ≥ 14%
has the potential to be labeled with the health claim for improving postprandial glucose metabolism
according to EU Regulation 432/2012.

Keywords: decorticated malted pulses; germination kinetics; in vitro glycemic index; kilning
conditions; pulse flour; pulse malting; pulse processing; raffinose and phytate removal;
steeping kinetics

1. Introduction

Legumes are rich in proteins, dietary fibers, and micronutrients and are currently used
to prepare several pulse-based food products to replace foods of animal origin in the diet,
as well as gluten-free products [1]. Despite their high nutritional profile [2] and sustainable
farming [3], their global per capita consumption has stagnated during the last three decades
and currently is no more than 21 g/day [4], probably because of their long cooking times,
unpleasant flavor, low-digestible proteins, gastrointestinal problems [5], and high content
of anti-nutrients (i.e., phytic acid, tannins, enzyme inhibitors, and flatulence-inducing
oligosaccharides) [6].

In 2021, the worldwide production of pulses was nearly 89 million metric tons (Mg) [7].
Of this, the production of dry bean accounted for about 27.7 million Mg [8], chickpea pro-
duction for about 14.3 million Mg [9], and lentil production for about 5.7 million Mg [10].
The largest world producer of dry beans and chickpeas is India with about 6.1 and
9.9 million Mg per year, respectively, while the second producer is Turkey for dry bean
production (630 × 103 Mg) or Brazil for chickpea production (2.9 × 106 Mg). In Italy, dry
pulse production decreased significantly from about 640,000 Mg in 1960 to 135,000 Mg in
2010 [11]. Even if the trend has started to revert since 2017, the import-to-consumption
ratio is still as high as 98% for lentils, 95% for beans, and 59% for chickpeas.
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Among the pulse varieties cultivated in Italy, three (i.e., Gradoli Purgatory beans, GPB;
Solco Dritto chickpeas, SDC; and Onano lentils, OL) are typical of the Latium region [12].
In previous work [13], the lentils of Onano (Viterbo, Italy), which were awarded with
the Protected Geographical Indication (PGI) mark by the European Union (PGI-IT-02651;
https://www.tmdn.org/giview/gi/EUGI00000017728, accessed 6 August 2023), were
submitted to malting and used to prepare fresh egg-pasta using only malted lentil flour.
Such a fresh egg pasta was high in raw proteins (24 g/100 g), low in phytate (0.6 g/100 g)
and in vitro glycemic index (41%), and basically free of oligosaccharides.

In this work, the other two pulse varieties were submitted to malting to attempt
lowering their anti-nutrient content. In particular, the small, round, and whitish Purgatory
bean seeds, similar to Cannellini beans but with a more delicate taste and a thinner skin,
have been cultivated in the province of Viterbo (Italy), specifically in the towns of Gradoli,
Acquapendente, and Onano, as testified by the traditional menu of the Purgatory Lunch,
which has been served at Gradoli in the first day (Ash Wednesday) of the penitential Lenten
season since the XVIIth century [14]. The other pulse variety accounted for the so-called
Solco Dritto (straight furrow) chickpea (SDC) from the furrow tracing performed in the plain
beneath the town of Valentano (Italy) on 14 August of every year, its straightness being
regarded as a presage of an excellent harvest [15]. These smooth, yellow-beige skinned
chickpea seeds have been locally cultivated since the time of Etruscans.

To minimize the anti-nutrient contents of pulses, various traditional (i.e., dehulling,
soaking, boiling, pressure cooking, sprouting, and fermentation) and emerging (i.e., dielec-
tric heating, extrusion, γ-irradiation, ultrasound, and high hydrostatic pressure) processing
techniques have been tested with different reduction yields [16].

Malting, a conventional process used in the beer industry to obtain malted barley, was
successfully applied to reduce the native content of phytic acid and raffinose in two lentil
varieties, including the Onano ones [13].

The first aim of this work was to identify the most proper operating conditions of the
three phases (i.e., seed steeping, germination, and kilning) of the malting process of Gradoli
Purgatory beans and Solco Dritto chickpeas. The second aim was to describe mathematically
the kinetic rate constants of the seed steeping and germination steps. Finally, the third one
was to obtain dehulled malted pulse flours low in phytate and α-galactosides as novel
ingredients in the formulation of several gluten-free pulse-based food products, such as
fresh and dry pastas with low in vitro glycemic index.

2. Materials and Methods

2.1. Raw Materials

Two varieties of legumes were used in this work. The Gradoli Purgatory beans
(Phaseolus vulgaris) and Solco Dritto chickpeas (Cicer arietinum) were produced and supplied
by Il Cerqueto Srl (Acquapendente, Viterbo, Italy).

2.2. Physical Properties of Pulses

Both pulse seeds (as such or malted) were characterized by determining the mean
values of the seed weight (mS), volume (vS), density (ρS), hydration capacity (HC), and
swelling capacity (SC) by accounting for 50 seeds [17]. By assuming that each kernel had
spherical conformation, it was possible to estimate the mean radius (RS) of each seed [18].

2.3. Steeping Equipment

The steeping kinetics of each pulse seed was assessed in a bench-top plant, appropri-
ately designed (Figure S1 in the electronic supplement). Each chamber was equipped with
two stainless-steel perforated baskets, each one containing up to 1 kg of rehydrated seeds,
and a low-temperature immersion circulator type IB-TastemakerCompact10 (Klarstein
Chal-Tec GmbH, Berlin, Germany). As soon as the steeping process was completed,
both stainless-steel baskets were moved to the germination chamber, where a sensor-type
CJMCU-1080 HDC1080 (Texas Instruments, Dallas, TX, USA) was inserted to monitor the
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relative humidity (RH) and temperature (T) of the air with an accuracy of ±2% RH and
±0.2 ◦C, respectively. The germination chamber was thermostated at 18, 25, or 32 ◦C, while
a temperature probe-type DS18B20 (Maxim Integrated, San Jose, CA, USA) was used to
measure continuously the temperature of the seeds with an accuracy of ±0.5 ◦C. Water
was sprayed inside each germination chamber for 1 min every hour, while the germinating
seeds were aerated by manual mixing every 24 h to attempt homogenizing the distribution
of water and disrupting the aggregates formed by root sprouting.

Soaking trials were carried out by charging each of the two baskets with about 0.3 kg
of dry seeds, which were then submerged with deionized water at 18, 25, or 32 ◦C. Several
soaked kernels were sequentially collected as time increased from 0 to 24 h, rapidly blotted
on paper towels, and placed on the weighing plate of a Kern DAB 100-3 thermostatic scale
(Kern&Sohn GmbH, Balingen, Germany) to be dried till constant weight at 110 ◦C for about
20 min.

2.4. Seed Germination

During each steeping test, forty seeds were collected at times ranging from 0 to 8 h
and laid over an absorbent paper sheet, pre-soaked in 50 mL of deionized water, within a
(20 cm × 14.5 cm × 2.5 cm) box. This was sealed and housed in a dark chamber thermostated
at the same soaking temperature for 24 or 48 h. All the seeds with a manifest root, indepen-
dently of its length, were counted and referred to the overall number of seeds accounted for.
In this way, it was possible to assess the germination degree after 24 (G24) or 48 (G48) h, and
thus identify the steeping time (tSm) and temperature (TSm), as well as the seed moisture
content, associated with the minimum number of non-sprouted seeds. Finally, the seeds
moistened at TSm for as long as tSm were drained and let germinate up to 24, 48, 72, or
96 h to detect the degradation of phytic acid and α-galactosides using the Phytic Acid and
Raffinose/Sucrose/D-Glucose Assay Kits (Megazyme Ltd., Bray, Ireland), respectively.

2.5. Germinated Seed Kilning

Both germinated pulses were finally dehydrated at 50 ◦C for 24 h, and then at 75 ◦C
for 3 h using the Nobel Pro 6 ventilated dryer (Vita 5, Gronsveld, The Netherlands), thus
obtaining GPB and SDC malts. By using a portable color-measuring instrument mod. D25-
PC2 (Hunterlab, Reston, VA, USA) with a diffuse (0/45◦) illuminating viewing geometry, it
was possible to assess the color of the split seeds in the CIELAB color space.

2.6. Dehulling and Grinding of Malted Pulses

Malted pulse seeds were manually submitted to slight abrasion before being aspirated
via a cyclone separator using a suction system. Figure S2a shows the cyclone used, which
was designed and produced using a 3D printer. In this way, it was possible to split malted
GPB (Figure S2b) or SDC (Figure S2c) seeds into a cotyledon-rich fraction (Figure S2d or
Figure S2e) and a cuticle-rich one. An electric stone mill (Mockmill 200, Wolfgang Mock,
Otzberg, Germany) was used to convert each cotyledon-rich fraction into a decorticated
GPB or SDC malt flour, its fineness being regulated at level 2 out of 10. Total starch (TS) and
resistant starch (RS) contents in any malted pulse flour were assayed using the enzymatic
kits by Megazyme Ltd. (Bray, Ireland). TS was assessed in raw samples, once dried and
ground, while RS was tested in cooked ones.

2.7. Cooking of Pulse Seeds as Such or Malted

About 750 g of GPB or SDC seeds were weighted and transferred into a container.
After adding tap water at 20 ◦C using a water-to-seed ratio of 4 g/g [19], the seeds were
let to soak at 20 ◦C for 16 h. Once the soaking water had been drained, the moistened
seeds were transferred into a stainless-steel pot containing 3 kg of tap water and let to cook
with the lid closed at 98 ◦C for 60 or 90 min, respectively, using a 2-kW induction-plate
hob (INDU, Melchioni Spa, Milan, Italy). About 750 g of decorticated malted GPBs or
SDCs were cooked without presoaking at 98 ◦C for 45 or 60 min, respectively, with the pot
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initially filled with 3 kg of tap water at room temperature. The hob knob was set at the
nominal power of 2 kW till the water started boiling, then it was shifted to 0.4 kW till the
end of seed cooking. All the cooked pulses were recovered from the cooking water using a
colander, cooled by running tap water for 90 s, and drained.

2.8. In Vitro Glycemic Index

In vitro digestion of the cooked pulses as such or malted was carried out using the
procedure developed by Zou et al. [20]. All the tests were at least triplicated. By assaying
the time course of the concentration of glucose released (CG) during the simulated digestion
using the D-Glucose Assay Procedure K-GLUC 07/11 (Megazyme Ltd., Bray, Ireland), it
was possible to plot the so-called digestogram for each cooked sample. The area under
the digestogram (AUC) was numerically calculated for a total digestion time of 180 min
using the Trapezoidal Rule. The AUC values were referred to the corresponding area
estimated for a reference product (i.e., white bread) [21] to calculate the percentage starch
hydrolysis index (SHI), this being equal to 100% for the reference white bread. The empirical
formula developed by Granfeldt et al. [22] allowed the in vitro glycemic index (GI) to be
finally estimated:

GI = 8.198 + 0.862 × SHI (1)

2.9. Statistical Analysis of Data

All the tests were carried out at least 3 times to estimate the mean value (μ) and
standard deviation (sd) of any parameter assayed. The Tukey Test at a probability level (p)
of 0.05 was used to assess the statistical significance of any parameter difference. One-way
analysis of variance (ANOVA) was also performed using SYSTAT v. 8.0 (SPSS Inc., Chicago,
IL, USA, 1998).

3. Results and Discussion

3.1. Physical Properties

Table 1 shows the main chemico-physical properties of the pulse seeds under study.

Table 1. Main chemico-physical properties and CIELab coordinates (L*, a*, b*) of Gradoli Purgatory
bean (GPB) and Solco Dritto chickpea (SDC) seeds as such or malted (M).

Parameter GPB MGPB SDC MSDC Unit

Raw protein 22.7 ± 1.7 a 23.4 ± 2.1 a 22.3 ± 1.7 a 23.6 ± 1.9 a g/100 g dm
Total Starch (TS) 33.81 ± 1.66 b 34.96 ± 0.19 b 46.8 ± 0.6 a 45.2 ± 2.0 a g/100 g dm
Resistant Starch (RS) 23.59 ± 0.34 a 22.01 ± 1.82 a 1.77 ± 0.22 b 1.19 ± 0.43 b g/100 g dm
Phytic Acid (PA) 1.15 ± 0.12 a 0.78 ± 0.13 b 1.15 ± 0.12 a 0.79 ± 0.09 b g/100 g dm
Raffinose (R) 5.31 ± 0.28 a 1.95 ± 0.20 c 3.80 ± 0.15 b 1.65 ± 0.11 c g/100 g dm
Seed weight (mS) 0.167 ± 0.003 c 0.133 ± 0.002 d 0.302 ± 0.010 a 0.219 ± 0.002 b g/seed
Seed volume (vS) 0.123 ± 0.006 c 0.103 ± 0.000 d 0.233 ± 0.012 a 0.191 ± 0.000 b cm3/seed
Mean seed radius (RS) 0.309 ± 0.005 c 0.290 ± 0.000 d 0.382 ± 0.006 a 0.358 ± 0.000 b cm/seed
Seed density (ρS) 1.35 ± 0.03 a 1.30 ± 0.002 b 1.30 ± 0.09 a,b 1.14 ± 0.01 c g cm3

Hydration capacity (HC) 0.149 ± 0.006 c 0.132 ± 0.003 d 0.284 ± 0.006 a 0.182 ± 0.010 b g/seed
Swelling capacity (SC) 0.313 ± 0.012 c 0.368 ± 0.007 b 0.503 ± 0.015 a 0.369 ± 0.012 b cm3/seed
L* 71.0 ± 1.7 b,c 73.3 ± 1.5 a,b 69.5 ± 1.6 c 75.1 ± 1.8 a -
a* 0.6 ± 0.5 c 0.01 ± 0.61 c 3.7 ± 0.5 a 2.3 ± 0.6 b -
b* 15.6 ± 1.7 b 19.0 ± 1.9 b 27.0 ± 2.3 a 27.0 ± 1.3 a -

In each row, values with the same letter have no significant difference at p < 0.05.

As concerning the Gradoli Purgatory beans, their crude protein, total starch, phytic
acid, and raffinose contents on a dry matter basis were in line with those of the many bean
varieties cultivated worldwide [4,23–25]. Raw beans are generally classified as very small,
small, average, normal, or big size if their seed weight is smaller than 0.2 g, ranges from
0.2 to 0.3 g, from 0.3 to 0.4 g, from 0.4 to 0.5 g, or greater than 0.5 g [25]; GPBs, having
an average weight of 0.167 g/seed, are of very small size with an equivalent spherical
radius of 0.309 ± 0.005 cm. Their density (ρS) was in line with that of some white bean
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varieties grown in Tunisia [26]. The swelling capacity (SC) of any seed depends upon its
hydration capacity (HC). High HC and SC values favor bean processing (e.g., soaking,
germination, decortication, and fermentation) for either extracting active principles or
removing anti-nutritional components [27]. Moreover, the higher the hydration capacity,
the lower the bean cooking time and hardness will be. HC and SC were found to vary from
0.17 to 0.54 g/seed and from 0.16 to 0.50 cm3/seed, respectively, in several genotypes of
dry beans cultivated in Turkey [28] and Tunisia [26], probably because of the different seed
size, coat thickness, and water absorption characteristics [29]. Common beans may contain
from 0.4 to 16.1 g of α-galactosides [30] and from 0.3 to 2.9 g of phytic acid [31] per 100 g of
dry mass. The raffinose equivalent content of GPBs was around 5.3 ± 0.3 g/100 g, while
the phytic acid content amounted to 1.15 ± 0.12 g/100 g (Table 1).

As concerning the Solco Dritto chickpeas, their crude protein, phytic acid, and raf-
finose contents on a dry matter basis (Table 1) complied with those of several chickpea
varieties [32,33]. The seed weight (mS), volume (vS), hydration (HC), and swelling (SC)
capacities were slightly smaller than those of a few Sicilian strains [17], but greater than
some Indian cultivars of the Desi and Kabuli types [34]. Its density (1.3 ± 0.1 g/cm3)
was like that of the Indian chickpeas, but greater than that (1.18 ± 0.15 g/cm3) of the
Sicilian seeds. Since also in the case of chickpeas, the swelling capacity and hydration
capacities were related to the cooking time [35], it is highly likely that the cooking time of
SDCs would be intermediate among those of the above Indian and Sicilian varieties. SDCs
contained about 3.8 g of raffinose and from 1.15 g of phytic acid per 100 g of dry mass,
values quite near to those (4.2 ± 0.7 and 1.21 ± 0.09 g/100 g dm, respectively) of other
Kabuli chickpea seeds grown in Egypt [36]. Moreover, the phytic acid content of SDCs was
in line with the range of levels (0.3–1.4 g/100 g dm) assayed in several chickpea varieties
by Sparvoli et al. [31]. Finally, once split, the GPB and SDC seeds were characterized by the
CIELab color coordinates shown in Table 1. The difference in the lightness (L*) between
these raw seeds was not statistically significant at p = 0.05 (Table 1), but the raw SDCs
exhibited greater red-green (a*) and yellow-blue (b*) components than those of raw GPBs.
Nevertheless, both split seeds were of a light color quite near to the cream color in the
Avery list [37].

3.2. Soaking Kinetics of Dry Legumes

Figure 1 shows the time course of the moisture ratio (M) at the soaking temperatures
of 18, 25, or 32 ◦C for both the pulse varieties under study. Table S1 in the electronic
supplement shows the mean values (μ) and standard deviations (sd) of the experimental
moisture weight fraction (xW) against soaking time. All isotherms were characterized by an
initial quick increase for t varying from 0 to about 3 or 5 h in the case of GPB or SDC seeds,
respectively. After that, M exhibited a slower growth up to the equilibrium moisture ratio.
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Figure 1. Time course of the experimental moisture weight ratio (M) during the steeping of Gradoli
Purgatory beans (a) and Solco Dritto chickpeas (b) at different temperatures (•: —, 18 ◦C; �: - - -, 25 ◦C;
�, —. —, 32 ◦C). The continuous, broken, and dash-dotted line curves were plotted using the Peleg
model (Equation (2)) and the constants k1 and k2 calculated as reported in the text.
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The time course of the experimental moisture ratio (M) was described using the
empirical model developed by Peleg [38]:

M(t) = M0 +
t

k1 + k2t
(2)

where t is the soaking time, M0 is the initial moisture ratio, while k1 and k2 are the Peleg
rate and capacity constants.

The mean values and standard deviations of both Peleg constants were determined
using the least squares method upon linearization of Equation (2):

t
M(t) − M0

= k1 + k2 t (3)

as shown in Table 2 together with the corresponding coefficient of determination (r2).

Table 2. Mean values and standard deviations (μ ± sd) of Peleg constants k1 and k2 at different
steeping temperatures (T) for Gradoli Purgatory beans and Solco Dritto chickpeas and empirical

parameters [Ea/R; ln(A)] of the Arrhenius-type relationship (Equation (4)) and mean value
(

k2

)
.

Legume
Variety

Parameter
Gradoli Purgatory Beans Solco Dritto Chickpeas Unit

T 18 25 32 18 25 32 [◦C]

k1 0.92 ± 0.18 1.16 ± 0.29 0.36 ± 0.13 2.76 ± 0.26 2.23 ± 0.35 1.49 ± 0.14 [h g
dm/g]

k2 0.83 ± 0.02 0.75 ± 0.03 0.81 ± 0.01 0.75 ± 0.03 0.73 ± 0.04 0.71 ± 0.03 [g dm/g]
r2 0.996 0.986 0.998 0.988 0.979 0.990 [-]
Ea/R 6099 ± 1278 a 3552 ± 441 b [K]
ln(A) −20.94 ± 4.29 a −11.16 ± 1.48 b [-]
r2 0.85 0.93 [-]
k2 0.81 ± 0.02 a 0.76 ± 0.04 a [g dm/g]

In each row, values with the same letter have no significant difference at p < 0.05.

Since the reciprocal of k1 coincides with the initial water uptake rate (RW0), its de-
pendence on the absolute soaking temperature (TK) was described using the following
Arrhenius-type relationship:

1
k1

= A exp(− Ea

R TK
) (4)

where Ea is the activation energy, A is the pre-exponential nonthermal factor, and
R (=8.31 J K−1 mol−1) is the universal gas constant. The semilogarithmic plot shown
in Figure 2 confirmed this assumption for both the pulses examined. On the contrary, the
estimated k2 values appeared to be about constant (k2) and temperature-independent, as
also observed by other authors [39–41]. Table 2 also lists the least-squares estimated values
of A and (Ea/R), as well as k2.

Finally, Figure 1 compares the experimental and calculated M values at the three
temperatures examined for both pulses. For all the hydration isotherms examined, the
average experimental error among the experimental and calculated M values was around
10 or 8% for the GPB or SDC seeds, respectively.
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Figure 2. Peleg constants k1 and k2 of the soaking kinetics of Gradoli Purgatory beans (closed
symbols and broken lines) and Solco Dritto chickpeas (open symbols and continuous lines): experi-
mental and calculated k1 (�, �) and k2 (•, �) values as a function of the reciprocal of the absolute
soaking temperature (TK). The broken and continuous lines fitting the k1 values were plotted using
Equation (4) with the parameters listed in Table 2, while the horizontal ones were plotted by averaging
the k2 values shown in Table 2.

For both the legumes under study, the independent parameters (A and Ea/R) were
found to be statistically different at p = 0.05, while the Peleg capacity constant (k2) was
practically constant (0.78 ± 0.04 g dm/g) (Table 2).

As t→∞, the moisture ratio M approaches the equilibrium moisture content (Me):

Me = M0 +
1
k2

(5)

The estimated value of the equilibrium moisture weight ratio (Me) or fraction (xWe)
for both legumes was approximately equal to 1.42 g/g dm or 58.6% w/w, respectively, in
agreement with the values extrapolated from the data in Table S1.

3.3. Pulse Germinability

During the pulse seed soaking at 18, 25, or 32 ◦C, forty seeds were collected at times
ranging from 0 to 8 h and let germinate at the same steeping temperature up to 24 or 48 h.
Figure S3 shows the sealed boxes used to determine the soaking temperature and time
associated with the maximum number of sprouted seeds. Table S2 reports the average
number of GPBs and SDCs, exhibiting an evident root despite its longer or shorter length.
By plotting the degree of germinability (G), that is the percentage of sprouted seeds out of
100 seeds, against the steeping time (tS) (see Figure 3), it was noted that GPB seeds tended
to sprout quicker than the SDC ones. However, after 48-h germination at 25 ◦C, 96 ± 4% of
all the GPB seeds, but almost 100% of the SDC seeds sprouted after a presoaking time of 3 h.
In such soaking conditions, which minimized the degree of inhomogeneity in germinating
seeds, the average moisture content of the GPB or SDC seeds was equal to 52 ± 4 or
43 ± 3% (w/w), respectively (Table S1).
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Figure 3. Average percentage of (a) Gradoli Purgatory beans and (b) Solco Dritto chickpeas germinated
after 24 (G24: closed symbols) or 48 (G48: open symbols) h, once they had been presoaked at different
temperatures (18 ◦C: �, �, - - -; 25 ◦C: •, �, —; 32 ◦C: �, �, —. —) for different steeping times (tS).

3.4. Pulse Germination

Once the GPB and SDC seeds had been soaked at the above optimal conditions
(Tsm = 25 ◦C, tsm = 3 h), and the steeping water drained out, both rehydrated seeds were let
to germinate at 25 ◦C up to 96 h.

Seed germination involves three steps, namely water imbibition, reactivation of
metabolism, and radicle protrusion [42]. As seeds imbibe water, some physiological and
biochemical processes (i.e., hydrolysis, macromolecules biosynthesis, respiration, subcellu-
lar structures, and cell elongation) are reactivated. These result in the hydrolysis of stored
starch, polyphosphate, and other storage materials into simple forms. For instance, germi-
nating seeds use sugars and other molecules as a substrate for respiration. The greatest
storage form of total phosphorus (about 50–80%) in legumes is phytic acid (C6H18O24P6).
This anti-nutrient may form complexes with proteins, and chelate some cations (i.e., Fe, Ca,
K, Mn, Mg, Zn). The resulting mixed salts, such as phytin or phytate, in germinating seeds
are hydrolyzed by an acid phosphatase enzyme (phytase), thus freeing phosphate, cations,
and inositol easily utilizable by the seedlings [42].

Since the plot of the natural logarithm of the ratio between the current (Ci) and initial
(Ci0) concentrations of the i-th anti-nutrient against the germination time (tG) exhibited a
linear negative trend for both the pulse seeds examined (Figure 4), the degradation kinetics
of raffinose (R) or phytic acid (PA) were described as a first order reaction:

d Ci
dt

= − ki Ci (6)

where ki is the degradation kinetic rate constant of the i-th anti-nutrient. By separating the
independent variables and integrating, the following was obtained:

Ci = Ci0 e−kit for t ≥ 0 (7)

where Ci0 is the initial concentration of the i-th component.

Table 3. Mean values and standard deviations (μ ± sd) of the degradation kinetic rate constant ki

of each i-th component (R, PA) during the germination of Gradoli Purgatory beans and Solco Dritto
chickpeas together with the corresponding coefficients of determination (r2).

Parameter ki [h−1] r2 ki [h−1] r2

Component i Gradoli Purgatory beans Solco Dritto chickpeas

Raffinose −0.018 ± 0.003 a 0.89 −0.012 ± 0.002 b 0.92
Phytic acid −0.0044 ± 0.0005 a 0.96 −0.0035 ± 0.0003 a 0.97

In each row, values with the same letter have no significant difference at p < 0.05.
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Figure 4. Semi-logarithmic diagram of the ratio (Ci/Ci0) for the raffinose (R: �. —) and phytic acid
(PA: �, - - - -) concentrations during the germination of GPBs (a) and SDCs (b) at 25 ◦C as a function
of the germination time (tG). The continuous and broken lines were plotted using the first-order
kinetic model (Equation (6)) and the kinetic constant rates reported in Table 3.

Table 3 shows the least-squares estimates of ki for both the pulses of concern.
It can be noted that the degradation rate constant of raffinose during the germination

of GPBs was one and a half greater than that relative to the germinating SDCs, while the
degradation rate constant of phytic acid for both seeds was not statistically different at
p < 0.05.

Finally, Figure 5 shows the evolution of the concentration of raffinose and phytic acid
during the germination of GPBs and SDCs at 25 ◦C. The lines plotted were calculated using
Equation (7) with the kinetic constant rates shown in Table 3. It can be noted as quite a
good reconstruction of the experimental profiles.
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Figure 5. Germination of GPBs (a) and SDCs (b) at 25 ◦C: Concentration (Ci) of raffinose (R: ∗, —) or
phytic acid (PA: �, - - -) against the germination time (tG). The continuous and broken lines were
plotted using the first-order kinetic model (Equation (7)) and the kinetic constant rates reported in
Table 3.

In summary, there was no need for extending the seed germination process at 25 ◦C
up to 96 h (Table S3). After 72-th, the degradation degree of raffinose or phytic acid in the
germinating GPBs and SDCs was about 62% or 32%, and 63% or 23%, respectively. These
phytate degradation degrees were smaller than those reported for a 96-h germination of
Kabuli-type chickpeas (73%) and kidney bean from Ethiopia (79–96%) at 25 ◦C [43], as well
as those measured in germinated black (53%) and white (45%) [44]. As concerning the only
soaking in water of common beans and chickpeas, the reduction degree of raffinose or
phytate was found to range from 22 to 97% or from 0.2 to 35%, respectively [16].
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3.5. Malted Pulse Flour Production and Characterization

Once dehydrated firstly at 50 ◦C for 24 h and then at 75 ◦C for 3 h, the germinated
pulse seeds gave rise to malted seeds having a moisture content of about 10% (w/w).

By using the cyclone shown in Figure S2a, almost all the cuticle fragments were
separated from the cotyledons of both malted pulses. The cotyledon-rich fraction recovered
approximately represented 85% or 86% of the input malted GPBs or SDCs, respectively.

As shown in Table 1, there was a general reduction in the physical properties of
the decorticated malted pulses with respect to raw pulse ones. Moreover, the content of
raffinose or phytate in malted GPBs or SDCs was reduced to about 37% or 68% of the
original one, respectively.

Table 1 also shows the CIELab coordinates of the split malted seeds. The difference in
their lightness L* was not statistically significant at p = 0.05, but the malted SDCs exhibited
greater red-green (a*) and yellow-blue (b*) components than malted GPBs.

The difference in the CIELab coordinates (L*, a*, b*) between the raw and malted GPBs
was not statistically significant, while the malted SDCs had greater lightness and a smaller
red-green component (a*) than the raw counterpart, but the same yellow-blue component
(b*). Since chickpea is a rich source of carotenoids, such as xanthophyll (9.0–19.7 mg/100 g),
canthoxanthine (21.0–67.9 mg/100 g), and β-carotene (166–431 μg/100 g) [45], the significant
increase in the lightness L* of malted SDCs may be highly likely attributed to the oxidative
reactions, especially cis-trans isomerization of carotenoids, that occur during air kilning, these
being intensified by higher temperature and lower relative humidity drying conditions [46].
Altogether, both malted seeds displayed a light color of the cream type in the Avery list [37].

Upon grinding for two or three cycles, it was possible to obtain a dehulled GPB or
SDC malt flour, their raw protein, total starch, resistant starch, raffinose, and phytic acid
contents coinciding with those of decorticated malted pulse seeds (Table 1).

Both these flours were characterized by almost the same raw protein
(~23.5 g/100 g dm), raffinose (~1.8 g/100 g dm), and phytic acid (~0.78 g/100 g dm)
contents, but quite different total and resistant starch concentrations. Of these, owing to
its low total starch content (~35 g/100 g dm) and high resistant starch-to-total starch ratio
(~0.63 g/g), the dehulled GPB malt flour might represent a valuable ingredient for the
formulation of functional foods having a resistant starch level ≥ 14% of their TS content,
this allowing their labelling with a specific health claim regarding the physiological effect
of improved postprandial glucose metabolism according to EU Regulation 432/2012 [47].

3.6. In Vitro Glycemic Index of Pulse Seeds

To describe the simulated digestion kinetics of the cooked pulses as such or malted,
the average concentration (CG) of glucose freed by the enzymatic treatments was plotted
against the incubation time (t), as shown in Figure 6.

Figure 6 shows that white bread exhibits a glycemic index significantly greater than the
pulses, as also confirmed by the numerical calculation of the areas under each digestogram
(AUC) up to an overall incubation time of 180 min (cfr. Table 4). It can be noted that AUC
reduced from about 81 g min/L in the case of white bread to as low as 4.2 or 4.9 g min/L for
the cooked SDC or GPBs seeds as such, the difference between these AUC values being not
statistically significant at p = 0.05. For the malted GPB and SDC seeds, the AUC values were
slightly higher (6.0 or 7.6 g min/L), but even their difference was statistically negligible at
p = 0.05. Thus, by using Equation (1), the estimated in vitro glycemic index (GI) of both
GPBs and SDCs as such or malted was equal to ~13 or 15%, respectively. Since such malted
flours had a resistant starch content not statistically different from that of their native forms
(Table 1), the in vitro tests shown in Figure 6 suggested that the malting process did not
significantly change the GI response of the pulses.
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Figure 6. Glucose concentration freed by the simulated in vitro digestion of white bread (CGWB: �) or
cooked pulses (CGP) versus time (t): GPBs as such (�) or malted (�); SDCs as such (�) or malted (�).

Table 4. Estimation of the areas (AUC) enclosed by the digestograms of white bread, Gradoli Purgatory
beans as such (GPB) or malted (MGPB), and Solco Dritto chickpeas as such (SDC) or malted (MSDC)
for a digestion time of 180 min using the Trapezoidal Rule, starch hydrolysis index (SHI), and in vitro
glycemic index (GI) via Equation (1), and their classification according to the so-called GI chart.

Food Product AUC [g min/L] SHI [%] GI [%] GI Chart

White bread 81.2 ± 0.4 a 100.0 ± 0.5 a 94.4 ± 0.4 a High
GPB as such 4.9 ± 0.2 c 6.0 ± 0.3 c 13.4 ± 0.2 c Low
MGPB 6.0 ± 0.8 b,c 7.4 ± 1.0 b,c 14.6 ± 0.9 b,c Low
SDC as such 4.2 ± 1.3 c 5.1 ± 1.5 c 12.6 ± 1.3 c Low
MSDC 7.6 ± 1.1 b 9.3 ± 1.3 b 16.2 ± 1.1 b Low

In each column, values with the same letter have no significant difference at p < 0.05.

Probably because of the different methods of preparation, processing, and heat appli-
cation, the glycemic indexes reported in the literature [21] exhibit a wide variation from
18 ± 2 to 99 ± 11% for common beans, and from 14 ± 3 to 96 ± 21% for chickpeas when
using white bread as a reference.

According to Foster-Powell et al. [48] and Atkinson et al. [49], foods can be classified
into three categories: low (≤55), medium (55–69), and high (≥70) GI foods. Thus, the
malting process did not affect the in vitro GI of the pulses examined here.

4. Conclusions

All the operating conditions of the three steps of the malting production process of two
decorticated malted Gradoli Purgatory bean and Solco Dritto chickpea flours were defined
together with the mathematical modelling of their seed steeping and germination processes.
A three-h water steeping followed by a 72-h germination at 25 ◦C was sufficient to reduce
the raffinose or phytic acid content by about 38% or 68–77% of the corresponding native
content, respectively.

The subsequent kilning at 50 ◦C for 24 h and at 75 ◦C for 3 h gave rise to malted pulse
seeds having almost the same cream color. The decorticated malted Gradoli Purgatory bean
and Solco Dritto chickpea flours were characterized by quite different total and resistant
starch concentrations, but almost the same raw protein (~23.5 g/100 g dm), raffinose
(~1.8 g/100 g dm), and phytic acid (~0.78 g/100 g dm) contents, their low GI trait being
preserved after malting. Thus, these flours might be regarded as valuable ingredients for
designing several gluten-free food product formulations low in fats, α-oligosaccharide,
and phytate specific for celiac, diabetic, and hyperlipidemic patients. However, just those
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prepared with the dehulled GPB malt flour (having a resistant starch level by far greater
than 14% of its total starch content) might be labelled with the health claim of improved
postprandial glucose metabolism according to EU Regulation 432/2012. Further work is
needed to test the technical feasibility and sensory properties of such novel formulations.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods12173187/s1, Figure S1: Views of the experimental bench-top
soaking chamber used; Figure S2: Picture of the laboratory-scale cyclone used to recover cotyledon-
rich fractions; Figure S3: Pictures of the GPBs and SDCs during their germination in sealed boxes at
different times; Table S1: Time course of the moisture weight fraction of GPBs and SDCs at different
temperatures; Table S2: Average number of germinated GPBs and SDCs at different germination
temperatures and times; Table S3: Effect of the germination time on the raffinose and phytic acid
contents of GPBs and SDCs at 25 ◦C.
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Abstract: Peanuts contain nutritionally relevant levels of protein, yet are poorly digestible. Fermen-
tation is a promising technique to boost legume protein quality, but its effect on the protein quality
of raw peanuts has not been investigated. This study aimed to assess the impact of fermentation
on the in vitro protein digestibility and free amino acid profile of cooked peanut slurry (peanut to
water ratio 1:1). Cultures used were Propionibacterium freudenreichii subsp. globosum and a commercial
fresh cheese culture that contained Lactococcus lactis subsp. cremoris, lactis, lactis biovar diacetylactis,
and Leuconostoc, fermenting at 38 ◦C for 48 h. Samples fermented with the combination of cultures
showed higher protein digestibility, as well as softer texture. Significant increases were observed only
in the sample fermented with the fresh cheese culture. While the fresh cheese culture improved the
free amino acid profile after fermentation, the combination of the cultures decreased all free amino
acid concentrations except for glutamine, alanine, and proline. The observed increases in in vitro
protein digestibility and the free amino acid profile may be attributed to the proteolytic activities of
the cultures.

Keywords: protein digestibility; peanuts; legumes; probiotics; fermented food; Lactococcus;
Propionibacterium; cheese; amino acids; texture

1. Introduction

Legumes are one of the main sources of plant-based protein. They are rich in protein,
fiber, carbohydrates, and micronutrients [1]. For instance, commercial raw peanuts contain
26.3 g of protein, 11.4 g of carbohydrates, and 5.7 g of dietary fiber per 100 g [2]. While
legumes are nutritious foods, plant-based proteins generally have a lower digestibility rate
(75 to 80%) compared to animal proteins (90 to 95%) [3]. Additionally, most plant-based
proteins are incomplete sources of amino acids, while animal-based proteins tend to be com-
plete sources [4]. In a previous study, it is reported that raw peanuts contained 270 ± 4 g/kg
dry weight of protein which mainly consisted of glutamic acid (859 ± 23 mg/kg dry weight),
phenylalanine (555 ± 84 mg/kg dry weight), asparagine (238 ± 79 mg/kg dry weight),
valine (208 ± 9 mg/kg dry weight), aspartic acid (190 ± 8 mg/kg dry weight), arginine
(188 ± 18 mg/kg dry weight), and alanine (170 ± 20 mg/kg dry weight) [5].

The protein quality of legumes can be enhanced through the fermentation technique.
The quality of dietary protein is assessed based on its digestibility and amino acid profile [6].
Protein digestibility refers to the amount of hydrolyzed proteins that are broken down by
digestive enzymes in relation to the total protein content [3]. Small peptide fractions can
contribute to an increase in protein digestibility and accessibility in the body [7]. On the
other hand, amino acid profiles can be expressed as free amino acid or essential amino acid
profiles [3,8]. Ketnawa and Ogawa [8] discovered that soybeans fermented with Bacillus
natto increased the protein digestibility with low molecular weight soluble-protein fractions.
They also found that the fermentation technique increased the concentration of all free
amino acids.
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Although fermentation is a promising technique to boost legume protein quality, there
is a lack of understanding of how it impacts the protein quality of raw peanuts. It was
reported that the incorporation of naturally fermented peanuts into pearl millet-based
infant foods improved the in vitro protein digestibility compared to the incorporation of
naturally fermented cowpea [9]. It is also reported that sorghum base tempeh fermented
with Rhizopus oligosporus increased the in vitro protein digestibility when mungbean and
peanuts were incorporated [10]. However, there is no published research on the effect of
fermentation with cheese cultures on the protein digestibility and free amino acid profile
of raw peanuts. The aim of this research was to evaluate the effect of fermentation using
a commercial fresh cheese culture and Propionibacterium freudenreichii subsp. globosum on
the protein digestibility and free amino acid profile of raw peanut slurry. The fresh cheese
culture contained Lactococcus lactis subspecies. The hypothesis posited that proteolysis
activities of microbes would increase the protein digestibility and free amino acid profile of
raw peanut slurry through fermentation.

2. Materials and Methods

2.1. Materials and Slurry Fermentation

Raw peanuts (Pams, Auckland, New Zealand) were deskinned and blended with water
at a 1:1 (w/w) ratio until a smooth slurry formed. Fresh cheese culture was obtained from
Mad Millie (Auckland, New Zealand); it contained Lactococcus lactis subsp. cremoris, lactis,
lactis biovar diacetylactis, and Leuconostoc. Propionibacterium freudenreichii subsp. globosum
culture was obtained from the Urban Cheese Company (West Melton, Christchurch, New
Zealand). The fresh cheese culture was dissolved in water at a concentration of 0.10%.
Propionibacterium freudenreichii subsp. globosum was also dissolved into the fresh cheese
culture solution at a concentration of 0.03%. A baking pan was sanitized using 70% ethanol,
and then 90 g of the raw peanut slurry was transferred to a cup on the pan. Subsequently,
32 g of each culture solution was added to the cup and mixed in. At this point, pre-
fermentation samples were stored in a freezer for subsequent analysis. The samples were
incubated at 38 ◦C for 48 h, then stored in a freezer for further analysis and thawed at room
temperature prior to analysis. Each sample was prepared in triplicate. A representative
picture of the slurry produced is available in Figure 1.

Figure 1. Representative picture of the fermented slurry produced from peanuts.

2.2. pH

One of the parameters used to test fermentability is pH. The pH of samples was
measured with a Mettler Toledo pH meter (SevenEasy pH, Schwerzenbach, Switzerland).
Slurries were analyzed in their original state by immersing the pH probe in them.

94



Foods 2023, 12, 3447

2.3. Microbial Enumeration

Fermentability was also tested by quantifying Lactococcus microorganisms. Duplicate
sets of De Man–Rogosa–Sharpe (MRS) agar plates, pH 5.7, were labeled and inoculated
with 1 mL of diluted suspensions, distributed with a spreader. The MRS media was chosen
as ideal substrate for probiotic growth, specifically for lactobacilli such as Lactococcus
and Leuconostoc [11]. Incubation took place at 35 ◦C for 48 h. Anaerobic sachets (Oxoid
AnaeroGen 2.5 L, Thermo ScientificTM; Christchurch, New Zealand) were used. Microbial
count was expressed as colony forming units per gram of sample (CFU/g).

2.4. Protein Digestibility
2.4.1. Preparation of Sample Solutions

Aliquots of 1 g of raw peanut slurry were weighed and left overnight at room temper-
ature in a 200 mL beaker. Then, 90 mL of distilled water was added to the 200 mL beaker
to dissolve the slurry, and the mixture was stirred using a magnetic stirring bar until the
slurry broke down into small particles. The pH of the solution was adjusted to 2.0 with
1 mol/L HCl, and then the volume was adjusted to 100 mL with distilled water, for a final
pH of 2.0.

2.4.2. Preparation of Enzymes

Pepsin solution was prepared with 25 mg of pepsin (600–800 U/mg protein; EC
232-623-3) and 10 mL of 0.04 mol/L HCl for gastric digestion. Pancreatin solution was
prepared with 25 mg of pancreatin (activity > 25 USP units/mg; CAS 8049-47-6) and
10 mL of 0.1 mol/L phosphate buffer for intestinal digestion combined with lipase
(activity > 2.0 USP units/mg) and protease (activity > 25 USP units/mg).

2.4.3. In Vitro Protein Digestion

In vitro digestion was determined according to the methods of Uraipong and Zhao [12]
with slight adjustments. Sample solutions and blank water were heated to 37 ◦C using
magnetic stirrers (IKA, Guangzhou, China). Then, 1 mL aliquots were taken, followed by
the addition of 0.5 mL of the pepsin solution to initiate the gastric phase. Samples were
kept at 37 ◦C and stirred, and 1 mL of aliquots were taken every 20 min up to 120 min. The
aliquots were heated in a 95 ◦C water bath for 10 min to quench the enzymatic reaction
at each sampling point. After 120 min, the pH was adjusted to 8.0 with 1.7 mol/L NaOH
and 1 mol/L HCl. The addition of 0.5 mL pancreatin solution initiated the intestinal phase,
while the samples continued to be stirred and maintained at 37 ◦C. The 1 mL aliquots were
again taken every 20 min for the subsequent 120 min, and the aliquots were treated as in
the gastric phase to quench the enzymatic reaction at each sampling point. All in vitro
digestion samples were stored at −20 ◦C for further analysis.

2.4.4. In-Vitro Protein Digestibility Evaluation

Protein concentration in the in vitro digestion samples was determined by the Bradford
method. BSA solution (0.5 mg/mL) was diluted to form a standard curve (0, 0.125, 0.25, 0.4,
and 0.5 mg/mL) using distilled water. Bio-Rad protein assay dye reagent was diluted at a
reagent and water ratio of 1:4 (v/v), and then the diluted reagent was filtered. Then, 10 μL
of each in vitro digestion sample and 200 μL of the diluted dye reagent were added to a cell
on 96-well plates and then mixed three times using pipetting. The absorbance of the plates
was measured at 595 nm within 1 h after mixing the first sample. As shown in Equation (1),
the in vitro protein digestibility was calculated using the equation established by Almeida
and collaborators [13]. In this equation, Ph represents the protein concentration in the
in vitro digestion sample, Pb is the protein concentration in the blank, and P0 represents
the protein concentration in the in vitro digestion sample at 0 min.

Protein Digestibility(%) =

(
1 − Ph − Pb

P0

)
× 100 (1)
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2.5. Total Amino Acids

Wet samples were defatted with the Soxhlet method. Defatted samples were then
treated prior to chromatographic analysis. The amino acid profile of the freeze-dried sample
was determined upon acid hydrolysis (5.0 mL 6 N HCl solutions heated at 110 ◦C for 20 h)
and subsequent chromatographic analysis (Agilent 1100 Series HPLC system; Santa Clara,
CA, USA). The HPLC settings were as follows: 150 × 4.6 mm, C18, 3u ACE-111-1546
column (Winlab, Harborough, UK) at a temperature of 40 ◦C. Two solvents were used: A
(0.01 M disodium phosphate in 0.8% tetrahydrofuran, pH 7.5) and B (50% methanol, 50%
acetonitrile) (LiChrosolv Reag, VWR, Radnor, PA, USA). The flow rate was 0.7 mL/min
with solvent B increasing from 0 to 100% in 24 min, then decreasing to 0% in 12 min.
Derivatization was performed with o-phthalaldehyde and 3-Mercaptopropionic acid for
primary amino acids and 9-fluorenylmethyl chloroformate for secondary amino acids.
Injection volume was 11.0 μL. A fluorescence detector (excitation 335 nm, emission 440 nm)
was used. At 22 min, the detector was switched for secondary amino acid (excitation
260 nm, emission 315 nm).

2.6. Free Amino Acids

The quantity of free amino acids in wet samples was determined with the same
chromatographic method described in Section 2.5, but without acid hydrolysis, as detailed
elsewhere [14].

2.7. Texture Profile Analysis

Digestibility of protein is also affected by the texture and structure. Therefore, Texture
Profile Analysis (TPA) was performed on peanut slurry. A TA.XT Texture Analyser (Stable
Micro Systems, Godalming, UK) was used to perform double compression on slurry
samples to a compression rate of 40%. Slurry was analyzed in the baking pan and settings
were the following: load cell 50 kg, aluminum probe P/25, and test speed 1.7 mm/s.
Parameters measured were hardness and adhesiveness.

2.8. Statistical Analysis

Values were repeated in duplicate (microbial enumeration, total and free ammino
acids) and triplicate (pH, protein digestibility, hardness and adhesiveness). All calcula-
tions were performed using Excel from Microsoft Office Home and Business 2019, and
Minitab (version 20) was utilized for statistical analysis. Results are reported as mean
plus/minus standard deviation. Statistically significant differences were evaluated with
one-way analysis of variance (ANOVA) and Tukey’s honest significant difference (HSD)
test (p < 0.05).

3. Results

3.1. Fermentability

As shown in Table 1, the pH of the raw peanut slurry decreased significantly after
fermentation. The initial pH was 6.78 in the sample with the fresh cheese culture, and
6.67 in the sample with the combination of the fresh cheese culture and Propionibacterium
freudenreichii subsp. globosum (Figure 2). Although the pH significantly decreased to 4.74
and 4.70 after fermentation, no significant difference was observed between the cultures
used (Table 1).

Microbial enumeration of Lactobacillus species confirmed the fermentability of the
peanut slurry samples. Both settings (fresh cheese culture alone, and fresh cheese culture
added with Propionibacterium freudenreichii subsp. globosum) resulted in significant microbial
growth for lactobacilli (Table 1).
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Table 1. Fermentability of peanut slurry measured as pH and microbial enumeration of Lactobacillus.
Mean values and standard deviation are reported.

Fermentability UC FC UCP FCP

pH 6.78 ± 0.03 a 4.74 ± 0.06 b 6.67 ± 0.04 a 4.70 ± 0.06 b

Microbial Enumeration (CFU/g) 6 × 103 TMC 1 1 × 103 TMC 1

UC = unfermented peanut slurry with the fresh cheese culture; FC = fermented peanut slurry with the fresh
cheese culture; UCP = unfermented peanut slurry with the fresh cheese culture and Propionibacterium freudenreichii
subsp. Globosum; (FCP) = fermented peanuts slurry with the fresh cheese culture Propionibacterium freudenreichii
subsp. globosum. Different letters present a significant difference (p < 0.05) between the same sample, determined
by one-way ANOVA and HSD test. 1 TMC = Too Many to Count.
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Figure 2. Changes in protein digestibility of peanut slurry. UC = unfermented peanut slurry with the
fresh cheese culture; FC = fermented peanut slurry with the fresh cheese culture; UCP = unfermented
peanut slurry with the fresh cheese culture and Propionibacterium freudenreichii subsp. Globosum;
FCP = fermented peanuts slurry with the fresh cheese culture Propionibacterium freudenreichii subsp.
globosum. Different letters present a significant difference (α = 0.05) between the same sample,
determined by one-way ANOVA and HSD test.

3.2. Protein Digestibility

Figure 2 presents the results of the in vitro protein digestibility. The protein digestibil-
ity increased through the simulated gastric and intestinal digestions in all samples (Figure 2).
The sample fermented with the combination of the fresh cheese culture and Propionibac-
terium freudenreichii subsp. globosum exhibited higher protein digestibility after 100 min
than the sample fermented with the fresh cheese culture (Figure 2). Significant differences
were observed in both the sample fermented with the fresh cheese culture after 180 min
and the sample fermented with cheese culture and Propionibacterium freudenreichii subsp.
globosum after 200 min (Figure 2). No significant difference was observed among different
samples at the same digestion time points (Figure 2).

3.3. Total Amino Acid Profile

Quantification of total amino acids revealed abundance of glutamic acid (Glu), as-
paragine (Asn). As expected for legumes, lysine (Lys) was more abundant than methionine
(Met). Fermentation with either Lactococcus alone or in combination with Propionibacterium
freudenreichii subsp. globosum did not significantly alter the amino acid profile of peanuts
(Figure 3).

Figure 3. Cont.
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Figure 3. Changes in the total amino acid content. UC = unfermented peanut slurry with the fresh
cheese culture; FC = fermented peanut slurry with the fresh cheese culture; UCP = unfermented
peanut slurry with the fresh cheese culture and Propionibacterium freudenreichii subsp. Globosum;
FCP = fermented peanuts slurry with the fresh cheese culture Propionibacterium freudenreichii subsp.
globosum. Results are expressed as μmol per dry matter. Statistically significant difference was
determined by one-way ANOVA with HSD test (α = 0.05).

3.4. Free Amino Acid Profile

Figure 4 shows the changes in the free amino acid profile before and after fermentation.
The levels of all free amino acids increased after fermentation with the fresh cheese culture
(Figure 4). On the other hand, fermentation with the combination of the fresh cheese culture
and Propionibacterium freudenreichii subsp. globosum decreased the amount of all amino
acids except for Gln, Ala, and Pro (Figure 4).

3.5. Texture

Textural analysis of peanut slurry revealed changes induced by fermentation. Specif-
ically, the cheese culture addition resulted in a drastically softer texture: 52.8 vs. 220 g
(Table 2). Softening of the fermented peanut slurry represented a four-fold reduction in
hardness. On the contrary, Propionibacterium freudenreichii subsp. globosum addition did
not produce the same results. This result correlated with the changes observed in protein
digestibility (Figure 2).

Figure 4. Cont.
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Figure 4. Changes in the free amino acid content. UC = unfermented peanut slurry with the fresh
cheese culture; FC = fermented peanut slurry with the fresh cheese culture; UCP = unfermented
peanut slurry with the fresh cheese culture and Propionibacterium freudenreichii subsp. Globosum;
FCP = fermented peanuts slurry with the fresh cheese culture Propionibacterium freudenreichii subsp.
globosum. Results are expressed as μmol per dry matter. Statistically significant difference was
determined by one-way ANOVA with HSD test (α = 0.05).

Table 2. Texture profile analysis of the slurry, both unfermented and fermented. Mean values and
standard deviation are reported.

Texture Profile UC FC UCP FCP

Hardness (g) 220 ± 108 a 52.8 ± 4.8 b 141 ± 47 ab 100 ± 3 ab

Adhesiveness (g·mm) 82.9 ± 19.7 b 88.5 ± 16 b 299 ±175 a 173 ± 3 ab

UC = unfermented peanut slurry with the fresh cheese culture; FC = fermented peanut slurry with the fresh
cheese culture; UCP = unfermented peanut slurry with the fresh cheese culture and Propionibacterium freudenreichii
subsp. Globosum; (FCP) = fermented peanuts slurry with the fresh cheese culture Propionibacterium freudenreichii
subsp. globosum. Different letters present a significant difference (p < 0.05) between the same sample, determined
by one-way ANOVA and HSD test.

No significant differences were observed in terms of adhesiveness, yet larger variation
was observed in the Propionibacterium freudenreichii subsp. globosum-containing recipe
(Table 2).

4. Discussion

4.1. Fermentability

There was a significant decrease in the pH of the raw peanut slurry after fermentation
(Table 1). A possible explanation for this result could be that acids produced by microbes
during fermentation resulted in the pH decrease in the samples. Both Lactococcus lactis
and Leuconostoc, which belong to lactic acid bacteria, ferment sugars to produce lactic acid,
subsequently lowering the pH [15]. Propionibacterium also ferments sugars, producing
propionic acid that reduces the pH [16]. Additionally, it was reported that Propionibacterium
freudenreichii subsp. globosum consumed lactate and produced both propionate and acetate
within 46 h when incubated at 30 ◦C [17]. Therefore, the decrease in the pH of the samples
can be attributed to lactic acid, propionic acid, and acetate produced by the microbes
during fermentation. The sugar profile of peanuts is mostly comprised of a disaccharide
(sucrose) and oligosaccharides (stachyose and raffinose) [18]. Whereas sucrose can be
fermented by numerous microorganisms, oligosaccharides are efficiently fermented by
probiotic microorganisms such as Lactococcus. Fermentation of sugars by Lactococcus lactis
has been shown to produce lactic acid, 2,3-butanediol, and ornithine (an amino acid) [19].
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2,3-butanediol is a known plasticizer used as precursor in the rubber industry [20]. In
addition, it delivers a creamy and fruity flavor [21]. The presence of this diol might explain
the beneficial effects on protein solubility and texture.

Microbial growth was observed in both samples (Table 1). Peanuts can be an excel-
lent fermentation matrix for probiotic bacteria such as Lactobacillus and Propionibacterium
species. This is due to peanuts’ nutritional value, delivering as much as 24 g of protein
per 100 g sample, as well as 4.9 g of sugar [22]. In addition, peanuts contain nutritionally
relevant levels of micronutrients such as vitamins B1, B2, B3, B6, B9, and choline [22] and
minerals such as calcium, iron, magnesium, phosphorous, potassium, sodium, zinc, copper,
manganese, and selenium [23]. These nutrients support microbial growth. Production
of a slurry involves grinding peanuts into fine particles. This process can release amino
acids, thus providing microorganisms with easily digestible nitrogen [24]. It must be stated
that the initial number of probiotics was lower than in previous studies: approximately
3 vs. 6–8 CFU/g [24,25] due to the supplier recommendation for the cultures used. Post-
fermentation results were indicated as TMC, as opposed to specific values. The goal of this
study was not to quantify the probiotic level, but rather to verify whether fermentation of
this matrix is possible.

4.2. Protein Digestibility

All samples demonstrated an increase in protein digestibility through the in vitro
digestion process (Figure 2). The same trend was observed in a previous study. Ketnawa
and Ogawa [8] fermented soybeans with Bacillus natto at 40 ◦C for 18 h. The protein
digestibility of soaked, boiled, and fermented soybeans increased significantly as the
simulated digestion time increased [8]. Despite the increase in protein digestibility in all
samples, there were no significant differences observed in the samples before fermentation.
One possible explanation for this might be the non-uniformity of the raw peanut slurry due
to the amino acid profile. Raw peanuts mainly consist of both water-soluble and insoluble
amino acids. In a previous study, it was revealed that raw peanuts mainly consisted of
glutamic acid (859 ± 23 mg/kg dry weight), phenylalanine (555 ± 84 mg/kg dry weight),
asparagine (238 ± 79 mg/kg dry weight), and valine (208 ± 9 mg/kg dry weight) [5]. It
can be inferred that the insoluble proteins contribute to the non-uniformity of the peanut
slurry before fermentation. This study could be improved by agitation before sampling to
obtain uniform products.

Significant increases in protein digestibility during intestinal digestion were observed
in the raw peanut slurry fermented with the fresh cheese culture after 180 min (Figure 2).
The increases in protein digestibility can be attributed to small peptides produced by
Lactococcus lactis and Leuconostoc in the fresh cheese culture, due to the production of
proteases. Lactococcus lactis are proteolytic microbes that produce proteases during cell
growth [25,26]. In a previous study, Lactococcus lactis was used as a proteolytic microbe
to obtain bioactive peptides from soymilk through fermentation [27]. After fermentation,
the soymilk had 2875 U/mL of protease activity, and the degree of hydrolysis value
reached 44.32%. The degree of hydrolysis was assessed with the trinitro-benzene-sulfonic
acid assay and calculated as the ratio between the increase in amino acid content after
hydrolysis and the total peptide content, with the result expressed as a percentage [27].
Leuconostoc may also have a proteolytic ability. Rizzello and collaborators [28] fermented
300 g of a fava bean flour and water mixture using 6 log cfu/g of Leuconostoc kimchi at
25 ◦C for 48 h. After the fermentation, the peptide content significantly increased from
16.03 ± 0.94 g/kg to 20.18 ± 1.12 g/kg [28]. Researchers concluded that proteases produced
by Leuconostoc kimchi hydrolyzed proteins, and the hydrolyzed peptide fractions increased
the protein digestibility significantly, which increased from around 55% to 65% during the
simulated gastrointestinal digestion. Further studies may explore the optimal temperature
to improve the protein digestibility using the fresh cheese culture. Both Lactococcus lactis and
Leuconostoc are mesophilic bacterium. While the optimal growth temperature of Lactococcus
lactis was around 30 ◦C, the optimal temperature of Leuconostoc for maximum growth was
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from 34 to 36 ◦C [29,30]. In this study, the raw peanut slurry was incubated at 38 ◦C which
was higher than the optimal one suggested by previous studies. Further research could
assess the optimal temperature to maximize the protein digestibility of the fermented raw
peanut slurry using the fresh cheese culture. The moisture content of the slurry was 70%
for all samples treated, providing sufficient moisture for the proteolysis to take place.

While the raw peanut slurry fermented with a combination of the fresh cheese culture
and Propionibacterium freudenreichii subsp. globosum demonstrated higher protein digestibil-
ity after 100 min than the sample fermented solely with the fresh cheese culture, significant
differences were only observed at the 200 min (Figure 2). One potential explanation for
this could be the formation of aggregates in the samples containing Propionibacterium
freudenreichii subsp. globosum, contributing to the non-homogeneity of the peanut pep-
tides. The proteinase activity of Propionibacterium freudenreichii subsp. globosum may be
attributed to the following enzymes: aminopeptidase, iminopeptidase, X-prolyl dipeptidyl
aminopeptidase, endopeptidase, two different oligopeptidases, and carboxypeptidase [31].

In a previous study, it was found that Propionibacterium freudenreichii subsp. globosum
produced extracellular polysaccharides in a yeast extract–lactate medium and formed ag-
gregates on a yeast extract–lactate plate [32]. The researchers concluded that the produced
extracellular polysaccharides contributed to the aggregate characteristics of the Propionibac-
terium freudenreichii subsp. globosum. Based on this, it could be inferred that the aggregates
formed by Propionibacterium freudenreichii subsp. globosum producing polysaccharides con-
tributed to the non-homogeneity of the fermented peanut slurry. Further research could
examine the protein digestibility of fermented raw peanut slurry using the combination of
the fresh cheese culture and Propionibacterium freudenreichii subsp. globosum after agitation.

4.3. Total Amino Acid Profile

The total amount of acids in the slurries ranged from 40.4 to 43.7 μmol, without
significant changes due to fermentation. This agreed with the previous literature on
peanuts: total amino acids 45 μmol [33]. The most abundant amino acids found in the
peanut slurry were Glu and Asp. This result also agreed with the previous literature [32].
Within essential amino acids, lysine (Lys) was three times more abundant than methionine
(Met), as expected for legume seeds [30].

4.4. Amino Acid Profile

All free amino acid concentrations increased after fermentation using the fresh cheese
culture (Figure 4). The increase can be attributed to proteolytic microbes in the fresh cheese
culture hydrolyzing proteins in the raw peanut slurry. In a previous study, soybeans
were fermented using Bacillus natto at 40 ◦C for 18 h [8]. After the fermentation, all free
amino acid concentrations increased except for Arg [8]. The researchers concluded that
hydrolyzation during fermentation with the proteolytic microbe improved the free amino
acid profile. Although it can be inferred that fermentation improved the free amino acid
profile of raw peanut slurry, this research was unable to determine significant differences.
Further research could identify the specific amino acids that experience significant increases
during fermentation with the fresh cheese culture. Further studies could also examine the
changes in free amino acid profile after in vitro digestion to estimate nutritional availability
in the body.

On the other hand, fermentation with the combination of the fresh cheese culture
and Propionibacterium freudenreichii subsp. globosum led to a decrease in the concentration
of all amino acids, except for Gln, Ala, and Pro. It could be inferred that Propionibac-
terium freudenreichii subsp. globosum consumed the free amino acids produced by the fresh
cheese culture during fermentation. In a previous study, Propionibacterium freudenreichii
globosum was inoculated in yeast extract–lactate medium and incubated at 30 ◦C [34].
The researchers found that the Propionibacterium freudenreichii subsp. globosum strain con-
sumed all free amino acids except for Thr, Gln, Val, Met, Lie, Try, His, and Pro in yeast
extract–lactate medium after 3 days of incubation [32]. Based on this, it could be inferred
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that Propionibacterium freudenreichii subsp. globosum might consume the amino acids hy-
drolyzed by the fresh cheese culture. Aburjaile and coauthors [34] also mentioned that
the concentration of several free amino acids increased after 9 days of fermentation. Fu-
ture studies could investigate the change in free amino acid concentrations over different
fermentation periods.

Organoleptic quality is crucial. The current study estimated sensory quality instrumen-
tally: free amino acids and peptides affect aroma and flavor, hardness and adhesiveness
affect texture. Free amino acids contribute to the aroma and flavor of food. Fermentation
with the cheese culture freed glutamic acid and asparagine (Figure 4). Glutamic acid is
known to produce the umami taste [35], as some hydrolysate peanut peptides do [36]. This
is a flavor profile that typically entices consumers, as it occurs with cheese, meat, and mush-
rooms. Interestingly, asparagine flavor profile depends on its structure. While L-asparagine
is described as tasteless, D-asparagine was described as having an intense sweet flavor [37].
These changes in the amino acidic profile can potentially increase consumer acceptance of
the fermented peanut slurry. In addition, Propionibacterium freudenreichii subsp. globosum is
known to reduce the acidity of fermented food. Therefore, it is possible that fermentation of
peanut slurry with Lactobacillus lactis might increase consumer acceptability of this highly
digestible protein source. No significant changes in pH and fat content were observed
among fermented and unfermented samples (Table 1).

4.5. Texture

Fermentation using the fresh cheese culture significantly decreased the hardness of the
peanut slurry, resulting in a more homogeneous product with a smaller standard deviation
(Table 2). The increased protein solubility (Figure 2), which is the second most abundant
component after water, likely explains the decrease in the hardness [38,39]. Another
factor to consider is pH. Protein structure changes at different pH values. Peanut protein
was determined to be more soluble, thus leading to a softer texture, at pH 7 than 5 [40].
Therefore, increased solubility of the acidified slurry (post-fermentation) is remarkable and
likely attributed to protein hydrolysis. One possible explanation is that lactic fermentation
of legume protein increases its emulsifying properties [41]. The peanut slurry was abundant
in oil and water, resulting in an unstable matrix, as shown by the high standard deviation
of the raw samples (Table 2). Higher emulsifying ability results in a homogeneous structure
and lower surface tension, hence, a softer texture. Propionibacterium freudenreichii subsp.
globosum metabolizes lactic acid into propionic acid, pyruvic acid, carbon dioxide, and
vitamin B12 [42]. The main reason for using this microorganism was the synthesis of
vitamin B12 in plant-based food.

On the other hand, no significant difference was observed in the sample fermented
using both the fresh cheese culture and Propionibacterium freudenreichii subsp. globosum
(Table 2). Only the unfermented sample with both cultures (FCP) was drastically more
adhesive than the other three treatments. It has been hypothesized that the propionic
culture contained compounds such as complex sugars which might contribute to the sticky
texture. The lower standard deviation observed in the fermented slurry might also be
attributed to the increased protein solubility. Peanuts are lipid-rich seeds and have low
affinity to water, which are composed of approximately 50% oil and 25% protein [23].
Enhanced protein solubility may increase the water affinity of ground peanuts, potentially
resulting in a more homogeneous peanut slurry.

On the contrary, adhesiveness was not affected by any treatment. This indicates that
soluble protein did not interact with moisture distribution within the slurry. Consequently,
it can be stated that the peanut slurry fermented with cheese culture was significantly softer.

5. Conclusions

This study has shown that protein digestibility of peanuts can be increased by means
of lactic fermentation. Specifically, incubation of a peanut slurry with Lactobacillus species
and Leuconostoc enhanced protein digestibility while decreasing slurry hardness. The slurry
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fermented with the fresh cheese culture exhibited an increase in protein solubility, from 35
to 50%, after a 240-h in vitro digestion. Simultaneously, slurry hardness decreased from 220
to 53 g upon lactic fermentation, and from 141 to 40 g with Propionibacterium freudenreichii
subsp. globosum.

Probiotic bacteria grew abundantly in this highly nutritious media, releasing amino
acids that contribute to umami and sweet taste. Fermentation with Propionibacterium
freudenreichii subsp. globosum did not significantly increase the protein solubility, while
it did soften the texture. This study highlighted the benefits of fermenting peanuts with
these starter cultures: more digestible protein, sweeter umami taste, and softer texture.
Furthermore, P. globosum has the potential to synthesize vitamin B12, an essential nutrient
lacking in plant-based foods. Potential challenges include fermentation time and cost.
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Abstract: We investigated the effects of different types of long-term fermented soybeans (traditionally
made doenjang; TMD) on glucose and bone metabolism and memory function in ovariectomized
(OVX) rats. The rats were categorized into six groups: Control, cooked unfermented soybeans (CSB),
and four TMDs based on Bacillus subtilis (B. subtilis) and biogenic amine contents analyzed previously:
high B. subtilis (HS) and high biogenic amines (HA; HSHA), low B. subtilis (LS) and HA (LSHA), HS
and low biogenic amines (LA; HSLA), and LS and LA (LSLA). The rats in the CSB and TMD groups
fed orally had a 4% high-fat diet for 12 weeks. Rats in the Control (OVX rats) and Normal-control
(Sham-operated rats) groups did not consume CSB or TMD, although macronutrient contents were
the same in all groups. Uterine weight and serum 17β-estradiol concentrations were much lower in
the Control than the Normal-control group, but CSB and TMD intake did not alter them regardless of
B. subtilis and biogenic amine contents. HOMA-IR, a measure of insulin resistance, decreased with
TMD with high B. subtilis (HSLA and HSHA) compared to the Control group. In OGTT and IPGTT,
serum glucose concentrations at each time point were higher in the Control than in the Normal-
control, and HSLA and HSHA lowered them. Memory function was preserved with HSHA and
HSLA administration. Bone mineral density decline measured by DEXA analysis was prevented in
the HSHA and HSLA groups. Bone metabolism changes were associated with decreased osteoclastic
activity, parathyroid hormone levels, and osteoclastic activity-related parameters. Micro-CT results
demonstrated that TMD, especially HSLA and HSHA, preserved bone structure in OVX rats. TMD
also modulated the fecal bacterial community, increasing Lactobacillus, Ligalactobacillus, and Bacillus.
In conclusion, through gut microbiota modulation, TMD, particularly with high B. subtilis content,
acts as a synbiotic to benefit glucose, bone, and memory function in OVX rats. Further research is
needed to make specific recommendations for B. subtilis-rich TMD for menopausal women.

Keywords: traditionally made doenjang; glucose metabolism; memory function; bone mineral
density; estrogen deficiency

1. Introduction

Menopause occurs when the ovaries stop producing estrogen. Estrogen is responsible
for several functions in the body, such as regulating the menstrual cycle, controlling
energy, glucose, and lipid levels, maintaining bone mineral density (BMD), and cognitive
function [1,2]. Menopausal symptoms include hot flashes, mood swings, night sweats,
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and insomnia. In addition, menopause raises the risk of metabolic diseases along with
obesity [1,2]. The incidence and severity of menopausal symptoms may vary depending
on the geographic region and cultural factors. Asian women have a lower incidence
of menopausal symptoms than Western women, which may be potentially related to
differences in dietary patterns, such as a high intake of soybeans.

Estrogen promotes the production and upregulation of glucose transporters, especially
glucose transporter-4 (GLUT-4), in cell membranes through estrogen receptors (ESR)-1 and
ESR-2, allowing efficient glucose uptake from the bloodstream [3,4]. Estrogen deficiency,
conversely, can induce insulin resistance and weight gain while also being a well-known
factor contributing to BMD loss [5]. While higher body mass index, particularly in the
overweight and obese range, is generally associated with increased mechanical loading on
bones and stimulating bone formation, postmenopausal women often experience lower
cortical bone mass and strength despite elevated insulin resistance [5–7]. Insulin resistance
in prediabetic and diabetic patients is also associated with cognitive dysfunction, potentially
through increasing Tau phosphorylation [8]. Interestingly, estrogen deficiency affects bone
health and has implications for cognitive function [8]. Estrogen plays a role in brain
connectivity, and its deficiency can contribute to cognitive impairment and amyloid-beta
deposition, leading to Alzheimer’s disease development [9]. Low estrogen infusion to
the brain enhances cognitive function in estrogen-deficient animal models [10]. Therefore,
postmenopausal women with abdominal abnormal glucose metabolism are at a higher risk
of experiencing osteoporosis and cognitive dysfunction.

Hormone replacement therapy with estrogen with or without progestogen improves
menopausal symptoms. However, it may raise the risk of women-related cancers such as
breast, ovarian, and uterine cancers. Alternative therapies involve natural remedies, di-
etary and lifestyle changes, herbal supplements, and other complementary medicines [11].
Phytoestrogens, mainly isoflavones, may protect against trabecular bone loss in post-
menopausal women by enhancing bone formation and suppressing bone resorption [12].
Soybeans contain isoflavonoids known as phytoestrogens, and their intake is reported to im-
prove bone density and skeletal muscle mass and reduce body weight after menopause [13].
However, fermented soybeans have isoflavone aglycones, which have greater bioavailabil-
ity and may have better bone formation activity, and may improve cognitive function as
observed in estrogen-deficient animal models [14–16]. Furthermore, some gut microbiota
can convert daidzein in fermented soybeans, such as chungkookjang, into equol, the most
potent phytoestrogen [17].

Traditionally made doenjang (TMD) is made by fermenting soybeans for about one
year and is influenced by environmental factors, such as bacteria composition, fermentation
temperature, seasonal variation, fermentation time, and salt contents [18]. TMD contains
beneficial bacteria like Bacillus, Lactobacillus, Pediococcus, and Weissella, contributing to its
potential as a synbiotic food [18]. However, some TMD products may also harbor low levels
of harmful bacteria and contain biogenic amines during fermentation [18]. Biogenic amines
are formed through the microbial decarboxylation of amino acids during fermentation.
However, some Bacillus subtilis (B. subtilis) strains also have degradation activity of biogenic
amines since different strains of bacteria have particular functions in fermented foods [19].
While TMD generally contains biogenic amines within safe levels (<200–500 mg/kg for
fish and its products in CODEX) [20], it is essential to consider the varying quantities of
these compounds in different TMD products. Excessive consumption of certain biogenic
amines has been associated with adverse effects such as headaches, migraines, skin rashes,
digestive issues, and allergic-like reactions [19]. However, the specific health implications
of various biogenic amine quantities have not been extensively studied.

TMD intake improves the bioavailability of bioactive components in soybeans and
menopausal symptoms in estrogen-deficient animal models [16]. It has also shown antiobe-
sity activity in randomized clinical trials [21]. However, few studies have examined the
TMD intake effect on glucose and bone metabolism and cognitive function in estrogen-
deficient animal models. The present study aimed to investigate whether the TMD intake
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containing different quantities of B. subtilis and biogenic amines could improve glucose and
bone metabolism and suppress cognitive impairment in OVX rats, known to be estrogen-
deficient animal models.

2. Materials and Methods

2.1. Collection of TMD Products

Over 50 TMD products were purchased from different regions in Korea. Their charac-
teristics were different due to varying annual temperatures, air pollution, and salt content.
They were generally made by fermenting boiled soybeans with 10–13% salt for about
12 months outdoors [18,19]. Bacteria in TMD mainly originated from the air and were
modulated by the salt content and bacterial community during fermentation [18,19]. Their
compositions were analyzed for bacteria, biogenic amines, isoflavonoids, and sodium. The
bacteria compositions in TMD were analyzed using the next-generation sequencing (NGS)
in the 2.10 section based on previous studies [18,22].

The sodium content in TMD was quantified using ICP-AES (Thermo IRIS Intrepid
II XDL, USA) following Korean MFDS guidelines. Protein digestion with nitric acid
was performed prior to measurement. Methanol was mixed with TMD, and the filtrates
were used to measure the sodium content. The oxygen and acetylene flows were set at
10.00 L/min and 2.50 L/min, respectively, with an air acetylene flame type, and the
wavelength was set at 589.0 nm. Isoflavonoid glycone and aglycone contents in the filtrates
were analyzed using HPLC (Agilent 1200 series, Agilent Technologies, Santa Clara, CA,
USA) equipped with a Shiseido UG 120 column (4.6 × 250 mm, 5 μm, Osaka, Japan)
according to the established procedure. As previously described, biogenic amine contents,
including histamine and tyramine, were determined using HPLC analysis with a Cepcell
Pak C18 column [23]. TMD was mixed with an internal standard and derivatized with
sodium carbonate and dansyl chloride prior to measuring the biogenic amine contents.
From the NGS results and biogenic amine contents of 50 TMD products, four TMD products
were selected such as high and low B. subtilis at the cutoff of 70% of total bacteria and
high and low biogenic amines at the cutoff of 300 mg/kg TMD. The four selected TMDs
contained (1) High B. subtilis (HS) plus low biogenic amines (LA)(HSLA), (2) HS plus high
biogenic amines (HA)(HSHA), (3) Low B. subtilis (LS) plus LA (LSLA), and (4) Low LS plus
HA (LSHA).

2.2. Ovariectomy Procedure

Sixty female Sprague-Dawley rats (8 weeks old, weighing 163 ± 12 g) were obtained
from DBL Co. Ltd. (Yeumsung-Kun, Republic of Korea) and individually housed in
stainless-steel cages with a 12-h light/dark cycle at a room temperature of 23 ◦C. Following
a week of acclimatization at the animal facility of Hoseo University, the rats underwent
ovariectomy (OVX) surgery. An animal study was performed under the ethical guidelines
and regulations, approved by the Hoseo University Animal Care and Use Committee
(Approval No. HSIACUC-22-03), and aligned with the principles outlined in the Guide
for the Care and Use of Laboratory Animals by the National Institutes of Health (NIH)
in the USA. Both ovaries of sixty rats were dissected with scissors after subcutaneously
injecting a ketamine/xylazine mixture (100 and 10 mg/kg body weight). An additional ten
rats underwent a sham operation for ovariectomy.

2.3. Diet Preparation

All the groups were given a baseline high-fat diet (HFD), which diminished bone
mineral density and bone microstructure [6]. This diet was formulated to contain 43.4%,
17.1%, and 39.5% of energy (En%), fat, protein, and carbohydrates, respectively, and
5.9 g salt/kg based on the AIN-93 diet for small animals [24]. The diet was supplemented
with either 4% (w/w) of lyophilized doenjang or 4% (w/w) of cooked soybeans. As doenjang
and soybeans contain fats, proteins, and carbohydrates, the nutrient composition of these
ingredients was subtracted from the corresponding components in the corresponding
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diet to achieve uniform carbohydrate, fat, and protein composition across all diets. This
adjustment ensured that all diets had equivalent carbohydrate, fat, and protein composition,
allowing for a fair comparison of the effects of the interventions. The assigned starch,
casein, vitamins, minerals, and either TMD or cooked soybeans were combined and mixed.
Subsequently, lard and soybean oil were added to the mixture, and the ingredients were
sifted to remove lumps. All the diets in the TMD and control groups had equivalent
amounts of carbohydrates, proteins, fats, and sodium.

2.4. Experimental Design

Sixty OVX rats were randomly allocated to each group and given either cooked
soybeans or four different TMD products. Each group was labeled based on the type of
diet administered: (1) Control (high-fat diet without TMD or cooked soybeans), (2) cooked
soybeans (CSB), lyophilized TMD with (3) HSHA, (4) HSLA, (5) LSHA, and (6) LSLA. In
addition, ten sham-operated rats were included as Normal controls. All the diets had an
equivalent macronutrient composition. Throughout the twelve-week study period, all
rats were provided unrestricted access to food and water, and their food intake and body
weight were monitored and recorded weekly.

2.5. Glucose Metabolism Measurement

After the 11-week TMD intervention, the animals underwent an oral glucose tolerance
test (OGTT) following an overnight fasting period. During the test, they were orally admin-
istered 2 g of glucose per kg of body weight. Tail blood samples were collected at 10-min
intervals for up to 120 min to measure serum glucose concentrations. Additionally, serum
insulin concentrations were assessed at 0, 20, 40, 90, and 120 min. The trapezoidal rule
was applied to calculate the mean area under the curve (AUC) for both serum glucose and
insulin concentrations. Three days after the OGTT, the animals underwent an intraperi-
toneal insulin tolerance test (IPITT) following a 6-h fast. Their serum glucose levels were
measured at 15-min intervals for 90 min after receiving an intraperitoneal insulin injection
at a dosage of 0.75 U/kg of body weight.

2.6. Memory Function Measurement

A passive avoidance test was conducted using a shuttle box apparatus equipped with
two dark/light compartments [25]. A rat was initially placed in the light compartment.
When it entered the dark chamber, electrostimulation (75 V, 0.2 mA, 50 Hz) was delivered
in two acquisition trials with an 8-h interval. In the third trial, the latency taken to enter the
dark chamber was assessed without electrostimulation for 600 s. A longer latency indicates
better memory function.

For the forced swimming test, the rat was food-deprived for 8 h and then subjected
to a 10-min pretest in a clear acrylic cylinder. The cylinder was 60 cm in height and
30 cm in width, and it was filled with 45 cm of water maintained at a temperature of
24 ± 1 ◦C. After 24 h, a 5-min forced swimming test was conducted in the same cylinder.
During this test, the rat’s movements were recorded and scored for mobile behaviors, such
as swimming and climbing, as well as immobile behaviors [25]. The total time spent on
active and passive behaviors was calculated. Rats showing longer active time during the
forced swimming session were considered less depressed.

The novel object recognition test was performed by modifying previously established
methods [25]. On the first two days, rats were given 5 min to explore a plexiglass box.
During the training phase, the box was divided into four areas, and two identical objects
were placed in the center of the diagonal area. Rats were then placed in the center of the box
and allowed to explore the objects for 5 min freely. Afterward, the objects and instruments
were cleaned with 75% ethanol to remove residual odor. On the final day of the experiment,
one of the objects was replaced with a new object that was similar in size but differed in
shape and color from the original object. The rats’ exploration behavior, which included
nose/paw contact (excluding sitting on or turning the object around), was recorded for
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both the old and new objects. The time spent exploring each object was measured. The
recognition index was calculated by dividing the time spent exploring the new object by
the total time spent exploring both objects. If the recognition index was lower than 50%, it
was considered incidental, indicating poor recognition. Higher values of the recognition
index indicated good recognition of the new object.

2.7. BMD Measurement by Dual-Energy X-ray Absorptiometry (DEXA) and Sample Collection

Two days after the IPITT, the body composition of the rats was assessed using DEXA
while they were under anesthesia with a ketamine/xylazine mixture. The DEXA measure-
ments were performed using a DEXA machine supplied by Norland Medical Systems Inc.,
Fort Atkinson, WI, USA. Before and after the experiments, a calibration phantom was used
to ensure accurate measurements of the rats’ body composition. The anesthetized rat was
positioned in a prone position with its rear legs securely in external rotation, and the hip,
knee, and ankle joints were flexed at 90◦ for the DEXA scan. Following the scan, the BMD
was determined using the DEXA machine’s software designed explicitly for rodent BMD
analysis [26].

After completing the DEXA analysis, the rats were euthanized. While under anesthesia
induced by a combination of ketamine and xylazine, blood samples were drawn from the
inferior vena cava. The femur was then carefully dissected following the 12-week treatment
period. Next, the epididymal and retroperitoneal fat masses were excised and weighed,
along with the uteri. The uterus index was calculated by dividing the uterus weight by the
body weight of the rats. Blood was collected via cardiac puncture and then centrifuged at
3000 rpm for 20 min to obtain serum samples. Additionally, tissues and fecal samples were
collected and carefully preserved at −70 ◦C for future analyses.

2.8. Micro-Computed Tomography (CT) of the Femur

The femur was then fixed with 4% paraformaldehyde, and the BMD was determined
in vivo through X-Ray Radiography Micro-computed tomography (Micro-CT; Skyscan
1273, Billerica, MA, USA) in Korea Basic Science Institute, Aging Science Center (Kwangju,
Republic of Korea).

2.9. Biochemical Assay

The homeostasis model assessment for insulin resistance (HOMA-IR) was determined
by applying the following formula: fasting insulin (μIU/mL) × fasting glucose (mM)/22.5.
The Glucose Analyzer II (Beckman-Coulter, Palo Alto, CA, USA) and Ultrasensitive insulin
ELISA kits (R&D Diagnostics, Minneapolis, MN, USA) were employed to measure the
serum glucose and insulin concentrations, respectively. ELISA kits from Enzo Life Sciences
(Farmingdale, NY, USA) were employed to assess serum 17β-estradiol levels. Additionally,
BMD-related biomarkers in circulation were measured using ELISA kits. These biomarkers
included rat osteoprotegerin (OPG; Abcam, Cambridge, UK), receptor activator of nuclear
factors-κB ligand (RANKL; Abcam), osteocalcin (Abcam), parathyroid hormone (PTH;
Abcam), and bone-specific alkaline phosphatase (BALP; MyBioSource, San Diego, CA,
USA).

Serum was collected from portal vein blood and combined with acidic ethanol (0.01 N
HCl; Duksan, Republic of Korea). SCFA concentrations in the resulting supernatants were
measured using a gas chromatograph (Clarus 680 GAS, PerkinElmer, Waltham, MA, USA)
equipped with an Elite-FFAP capillary column (30 m × 0.25 mm × 0.25 μm) [27]. External
standards of 1 mM acetate, propionate, and butyrate (Sigma Co., St. Louis, MO, USA) were
used for calibration.
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2.10. Gut Microbiota in the TMD and Feces Evaluated by NGS

Metagenome sequencing using NGS techniques was conducted to analyze the micro-
bial communities in TMD and fecal samples obtained from the cecum [10]. Bacterial DNA
from the feces was extracted using the Power Water DNA Isolation Kit (Qiagen, Valencia,
CA, USA). PCR products were amplified with 16S amplicon primers in the FastStart High-
Fidelity PCR System (Roche, Basel, Switzerland), following the GS FLX plus library prep
guide [10]. The bacterial DNA in the feces was then sequenced using Illumina MiSeq and a
Genome Sequencer FLX plus 454 Life Sciences (Illumina; San Diego, CA, USA) following
the manufacturer’s instructions in Macrogen (Seoul, Republic of Korea) [28].

The 16S amplicon sequences were processed using Mothur v.1.36, and the Miseq
standard operation procedure was applied to identify the taxonomy of fecal bacteria. Silva
reference alignment v.12350 was utilized to align the sequences, and relative bacterial
counts were determined based on taxonomic assignment for each sample [28]. The se-
quences classified as mitochondria, Eukaryota, or unknown were removed. Operational
taxonomic units (OTUs) below 10,000 reads were deleted. The principal coordinate analysis
(PCoA) outcomes of gut microbiota were visualized using the R package, as described
previously [10].

Metagenome function analysis was conducted using the PICRUSt2 software to in-
vestigate the differences among gut microbiota in the various groups. The metabolic
functions of the fecal bacteria were predicted from the FASTA files and counted us-
ing tables PICRUSt2, and these predictions were based on the Kyoto Encyclopedia of
Genes and Genomes (KEGG) Orthologues (KO) mapped through the KEGG mapper
(https://www.genome.jp/kegg/tool/mapper/search.html, accessed on 23 March 2023), as
previously described [10].

2.11. Statistical Analysis

Statistical analysis was performed using SAS software version 7 (SAS Institute, Cary,
NC, USA). The optimal sample size of 10 per group was determined using the G power
program with a power of 0.90 and an effect size of 0.5. After confirming the normal
distribution through Proc univariate, the data were expressed as mean ± standard deviation
(SD). One-way ANOVA was employed to analyze the measurements, and Tukey’s test was
used to assess differences among the groups. Statistical significance was considered at
p < 0.05.

3. Results

3.1. The Characteristics of Dried TMD with Different Amounts of B. subtilis and Biogenic Amines

Water content in the TMD samples was around 50% (50–59%), and the dried TMD
contained approximately 7–9% salts (Table 1). The amounts of histamine and tyramine,
biogenic amines, were higher in two TMDs (HSHA and LSHA) than in the others (Table 1).
The biogenic amine contents of HSHA and LSHA were higher than HSLA and LSLA. The
bacterial composition of the TMD products, as determined by NGS, exhibited that two
HSHA and HSLA contained about 90% B. subtilis but other TMDs (LSHA and LSLA) were
composed of less than 60%. LSHA and LSLA contained about 20 and 35% of B. licheni-
formis. Leuconostoc mesenteroides, Leuconostoc citreum, Staphylococcus aureus, and Acinetobacter
baumannii, potentially harmful bacteria, were less than 1% in all TMDs (Table 1).

CSB contained high in isoflavonoid glycans and low in isoflavonoid glycans. After
fermentation, isoflavonoid glycans were not detected in LSHA, HSHA, and HSLA, but
LSLA contained a small number of isoflavonoid glycans. However, TMD included much
higher amounts of isoflavonoid aglycans than CSB. Among TMDs, LSLA contained less
isoflavonoid aglycon than LSHA, HSHA, and HSLA (Table 1). Total isoflavonoids were
much lower in TMDs than CSB, and LSLA contained them the lowest.
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Table 1. Characteristics of dried traditionally-made doenjang (TMD).

LSHA HSHA HSLA LSLA CSB

Sodium (%) 8.8 ± 0.1 a 7.4 ± 0.2 c 9.0 ± 0.1 a 8.5 ± 0.2 b -
Water (%) 56.7 ± 0.37 b 59.2 ± 0.32 a 51.9 ± 0.33 c 49.9 ± 0.36 d

Histamine (ug/g) 796 ± 1.4 b 954 ± 0.6 a 22.7 ± 0.2 d 59.9 ± 0.4 c -
Tyramine (ug/g) 2629 ± 1.4 a 1653 ± 1.4 b 36.1 ± 1.4 d 279 ± 1.7 c -

Bacillus subtilis (%) 15.0 ± 0.6 86.5 ± 2.3 92.0 ± 1.6 59.4 ± 1.5 -
Bacillus licheniformis (%) 35.1 ± 0.72 0.60 ± 0.0 0 ± 0 19.7 ± 0.12 -

Weissella confuse (%) 0.02 ± 0 4.3 ± 0.2 0.35 ± 0.01 0.01 ± 0 -
Pediococcus acidilactici (%) 0.16 ± 0 2.06 ± 0.07 0.05 ± 0 0.02 ± 0 -

Bacillus coagulans (%) 0.76 ± 0.02 0 ± 0 0 ± 0 0.03 ± 0 -
Leuconostoc mesenteroides (%) 0 ± 0 0.9 ± 0.04 0.01 ± 0 0.15 ± 0 -

Leuconostoc citreum (%) 0 ± 0 0.39 ± 0.01 0 ± 0 0.01 ± 0 -
Staphylococcus aureus (%) 0.09 ± 0 0 ± 0 0 ± 0 0.01 ± 0 -

Acinetobacter baumannii (%) 0.01 ± 0 0.04 ± 0 0 ± 0 0.01 ± 0 -
Daidzein (ug/g) 25.9 ± 0.05 b 26.4 ± 0.62 b 29.9 ± 0.48 a 13.4 ± 0.31 c 8.4 ± 0.11 d

Genistein (ug/g) 43.8 ± 0.47 b 42.6 ± 0.54 b 47.2 ± 0.34 a 26.3 ± 0.38 c 9.2 ± 0.09 b

Glycitein (ug/g) 6.7 ± 0.11 a 6.3 ± 0.08 a 6.8 ± 0.9 a 1.8 ± 0.22 b 3.5 ± 0.17 ab

Daidzin (ug/g) - - - 1.2 ± 0.09 35.4 ± 0.39
Genistin (ug/g) - - - 2.5 ± 0.08 50.5 ± 0.58
Glycitin (ug/g) - - - - 8.7 ± 0.24

Total isoflavonoid aglycans (ug/g) 76.4 ± 1.87 b 75.3 ± 1.11 b 83.9 ± 0.73 b 45.2 ± 0.56 c 116 ± 0.82 a

Values represented means ± standard deviation (n = 5). HSLA, TMD with high contents of Bacillus subtilis
(B. subtilis) and high biogenic amines. HSHA, TMD with high contents of B. subtilis and low biogenic amines.
LSHA, TMD with low contents of B. subtilis and high biogenic amines. LSLA, TMD with low contents of B. subtilis
and low biogenic amines. a,b,c,d Different letters on the bars indicate a significant difference among the groups by
Tukey’s test at p < 0.05.

3.2. Energy and Glucose Metabolism

Throughout the 12-week intervention, the Control group displayed a higher body
weight increase than the Normal-control group. In contrast, all TMD groups exhibited
lower weight gain than the Control group, but the reduction was not as significant as
observed in the Normal-control group (Table 2). CSB did not result in decreased weight
gain compared to the Control group. However, it is noteworthy that all groups showed no
significant difference in food intake (Table 2).

Table 2. Serum glucose, insulin, and 17β-estradiol concentrations after 12-week intervention.

Control LSHA HSHA HSLA LSLA CSB Normal-Con

Weight gain (g/12 week) 175 ± 12.1 a 150 ± 12.7 b 157 ± 10.1 b 152 ± 12.1 b 159 ± 14.2 b 165 ± 16.3 ab 117 ± 13.4 c

Visceral fat (g) 11.1 ± 0.95 a 10.8 ± 1.02 a 7.73 ± 0.84 b 7.35 ± 0.77 b 5.92 ± 0.63 c 7.15 ± 0.82 b 5.75 ± 0.73 c

Food intake (g/day) 13.6 ± 1.8 12.2 ± 1.3 12.6 ± 1.2 12.5 ± 1.4 13.0 ± 1.3 12.9 ± 1.4 11.6 ± 1.7
Uterine weight (g) 0.16 ± 0.02 b 0.15 ± 0.02 b 0.17 ± 0.03 b 0.15 ± 0.02 b 0.16 ± 0.02 b 0.15 ± 0.02 b 0.65 ± 0.03 a

Serum 17β-estradiol(pg/mL) 1.56 ± 0.10 b 1.52 ± 0.14 b 1.61 ± 0.25 b 1.49 ± 0.22 b 1.53 ± 0.28 b 1.42 ± 0.29 b 7.47 ± 0.88 a

Fasting serum glucose
(mg/dL) 113 ± 4.47 a 104 ± 5.58 ab 103 ± 4.76 b 102 ± 5.34 b 109 ± 6.03 ab 109 ± 7.46 ab 95.3 ± 5.43 c

2h-postprandial serum
glucose (mg/dL) 143 ± 7.23 a 126 ± 6.75 b 126 ± 6.55 b 126 ± 7.56 b 141 ± 7.32 a 135 ± 7.44 ab 125 ± 6.13 b

Fasting plasma insulin
(ng/mL) 1.56 ± 0.19 a 1.11 ± 0.19 b 1.04 ± 0.13 b 0.83 ± 0.19 c 1.49 ± 0.21 a 0.93 ± 0.19 bc 0.86 ± 0.10 c

HOMA-IR 6.53 ± 0.53 a 4.93 ± 0.53 b 3.97 ± 0.34 c 3.11 ± 0.44 c 6.02 ± 0.59 a 3.75 ± 0.51 c 3.04 ± 0.26 c

Values represent mean ± standard deviation (n = 10). HOMA-IR, homeostasis model assessment estimate for
assessing insulin resistance. HSLA, TMD with high contents of Bacillus subtilis (B. subtilis) and high biogenic
amines. HSHA, TMD with high contents of B. subtilis and low biogenic amines. LSHA, TMD with low contents
of B. subtilis and high biogenic amines. LSLA, TMD with low contents of B. subtilis and low biogenic amines.
a,b,c Different letters in each variable indicate significant differences in one-way ANOVA at p < 0.05.
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The Control group exhibited significantly lower serum 17β-estradiol concentrations
and uterine weight than the Normal-control group. The administration of TMD or CSB
did not affect these concentrations (Table 2). Uterine weight was notably higher in the
Normal-control group than in the Control group, but TMD did not significantly impact
it (Table 2). The fasting and 2-h post-prandial serum glucose concentrations were higher
in the Control group than in the Normal-control group. HSLA prevented this increase.
However, the 2-h post-prandial serum glucose concentrations in the HSHA and HSLA
groups were similar to those of the Normal-control group (Table 2). Fasting serum insulin
concentrations were higher in the Control group compared to the Normal-control group.
Interestingly, HSHA, HSLA, and CSB intake led to decreased insulin concentrations. The
serum insulin concentrations in the HSLA and CSB groups were similar to those of the
Normal-control group (Table 2). HOMA-IR, an insulin resistance index, was significantly
higher in the Control group than in the Normal-control group. However, HSHA, HSLA,
and CSB intake resulted in similar levels of HOMA-IR compared to the Normal-control
group (Table 2).

3.3. OGTT and IPITT

Following the administration of 2 g of glucose per kilogram of body weight in the
OGTT, the serum glucose concentrations of all rats steadily increased up to 30–40 min and
then gradually decreased (Figure 1A). At 20 min, the peak serum glucose concentrations
did not show significant differences between the groups, but they markedly decreased
between 30 and 50 min. Subsequently, the concentrations gradually decreased from 50 min
onwards. The serum glucose concentrations in the Control group were higher than those in
the Normal-control group, whereas they were lower in the LSHA and CSB groups. The
AUC of the serum glucose concentrations from 0–40 min was higher in the Control group
than the Normal-control group, while it was lower in all the TMD and CSB groups than in
the Normal-control (Figure 1B). However, the AUC from 40–90 min was much higher in
the Control group than the Normal-control group, while the AUC in the LSHA and CSB
groups was similar to that of the Normal-control (Figure 1B).

During the OGTT, serum insulin concentrations in the Control group increased to
30 min but peaked at 20 min for the other groups. The Normal-control group showed the
lowest serum insulin concentrations, with the HSHA and HSLA groups displaying levels
similar to the Normal-control (Figure 1C). The AUC of the serum insulin concentrations
during 0–20 min was higher in the Control group compared to the Normal-control group,
and it was lower in the HSHA and HSLA groups than the Control group but higher
than the Normal-control (Figure 1D). The AUC of the serum insulin concentrations from
20 to 90 min was much higher in the Control group compared to the Normal-control group.
While it was lower in the HSHA group than the Control group, it was not as much as in the
Normal-control group (Figure 1D).

Following intraperitoneal insulin injection after 6-h food deprivation in the IPITT,
serum glucose concentrations decreased in all rats. However, the decrease was less sig-
nificant in the Control group than in the other groups (Figure 2A). At 60–90 min, the
concentrations in the HSHA, HSLA, and CSB groups were lower than in the Normal-
control. The AUC of the serum glucose concentrations was much higher in the Control
than in the Normal-control group (Figure 2A). Meanwhile, the AUC for the HSHA, HSLA,
LSLA, and CSB groups decreased during the 0–30 min period. The AUC between 30 and
90 min also showed a similar decrease but to a greater extent (Figure 2B). This indicates that
HSHA, HSLA, and CSB can improve glucose homeostasis and reduce insulin resistance.
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(A)

(B)

(C)

(D)

Figure 1. Serum glucose and insulin concentrations after the oral intake of 2 g glucose per kg body
weight during oral glucose tolerance test (OGTT). (A) Changes in serum glucose concentrations.
(B) The area under the curve (AUC) of serum glucose concentrations during the OGTT. (C) Changes
in serum insulin concentrations. (D) The AUC of serum insulin concentration during the OGTT. Dots
or bars and error bars represent the means ± standard deviations (n = 10). * significantly different
among six groups at p < 0.05. a,b,c Different letters on the bars indicate a significant difference among
the groups by Tukey’s test at p < 0.05.
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(A)

(B)

Figure 2. Serum glucose concentrations after the intraperitoneal injection of 1 U insulin per kg
body weight during intraperitoneal insulin tolerance test (IPITT). (A) Changes in the serum glucose
concentrations. (B) The area under the curve (AUC) of serum glucose concentrations during the
IPITT. Dots or bars and error bars represent the means ± standard deviations (n = 10). * significantly
different among six groups at p < 0.05. a,b,c,d Different letters on the bars indicated a significant
difference among the groups by Tukey’s test at p < 0.05.

3.4. Memory Functions and Depression

In the passive avoidance test, the latency in entering the dark room was significantly
shorter in the Control group compared to the Normal-control group in the second trial, and
it was only extended in the HSHA group. In the third trial, the latency was longer in all the
TMD and CSB groups except LSLA, and it was similar to that of the Normal-control group
(Figure 3A). The novel object recognition rate was lower in the Control group than in the
Normal-control group during the novel object recognition test. However, administration
of HSHA and HSLA to OVX rats increased the recognition rate, making it comparable
to that of the Normal-control group (Figure 3B). The swimming rate assessed depression
during the forced swimming test (Figure 3B). The forced swimming rate was lower in
the Control group than the Normal-control group but increased in the HSHA and HSLA
groups, reaching levels similar to that of the Normal-control group. The result suggests that
OVX rats induced depression, and HSHA and HSLA treatments effectively ameliorated it,
similar to the Normal-control group.
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(A)

(B)

Figure 3. Cognitive function. (A) The latency in entering the dark room in the passive avoidance test.
(B) Novel object recognition rate and forced swimming test by rats. Bars and error bars represent
the means ± standard deviations (n = 10). a,b Different letters on the bars indicated a significant
difference among the groups by Tukey’s test at p < 0.05.

3.5. BMD by DEXA and Micro-CT

The DEXA analysis showed that the differences in the BMD of the lumbar spine and
left and right legs between the pre- and post-interventions were lower in the Control
group than in the Normal-control group based on measurements taken before and after the
12-week intervention (Figure 4A). In the HSHA and HSLA groups, there was no difference
in the BMD of the lumbar spine after the interventions, similar to the Normal-control. The
differences in BMD of the legs were higher than that of the lumbar spine, and the decrease
in the HSHA group was similar to that of the Normal-control (Figure 4A). The difference in
the BMD of the legs was lower in HSLA than in the Normal-control.

At the end of the 12-week intervention, the Micro-CT analysis revealed that the BMD
in the Control group was significantly lower than in the Normal-control group (Figure 4B).
However, all the TMD and CSB groups showed significantly higher BMD than the Control
group. The HSLA group exhibited a remarkable prevention of BMD loss, although its
BMD levels did not fully reach those observed in the Normal-control (Table 3, Figure 4B).
The ratio of segmented bone volume to the total volume of the bone region (BV/TV) was
higher in the Normal-control compared to the Control, and the TMD and CSB treatments
effectively prevented the decrease in BV/TV. The HSLA group showed the highest BV/TV,
though it still remained lower than the Normal-control (Table 3; Figure 4B). The mean
trabecular thickness (Tb_Th) exhibited a similar trend to BV/TV (Table 3; Figure 4B).
Moreover, the average trabecular number (Tb.N) was lower in the Control group than
in the Normal-control group, and the HSLA group showed the highest Tb.N among the
TMD and CSB treatment groups. On the other hand, the mean trabecular distance (Tb.Sp)
displayed an opposite trend to that of Tb.N (Table 3; Figure 4B). Overall, both HSLA
and HSHA treatments were effective in partially preventing BMD loss better than CSB in
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estrogen deficiency-induced conditions. However, they were unable to maintain BMD at
the level of the Normal-control group fully.

(A)

(B)

Figure 4. Bone mineral density measured by dual X-ray absorptiometry (DEXA) and Micro-computed
tomography (CT). (A) Differences in the BMD before and after the 12-week intervention of TMD or
CSB. (B) Image of micro-CT analysis in the distal femur after the 12-week treatment. Bars and error
bars represent the means ± standard deviations (n = 10). a,b,c Different letters on the bars indicate a
significant difference among the groups by Tukey’s test at p < 0.05.

The serum PTH concentrations were notably higher in the Control group than in the
Normal-control group (Table 4). However, the administration of CSB and TMD, except
for LSHA and LSLA, resulted in decreased serum PTH concentrations compared to the
Control group. Remarkably, HSHA administration led to a lower concentration of PTH,
even comparable to the levels observed in the Normal-control group. Regarding the serum
RANKL concentrations, they increased in the Control group when compared to the Normal-
control group. However, the administration of TMD and CSB, except for LSHA and LSLA,
decreased RANKL concentrations, bringing them to similar levels as in the Normal-control
group (Table 4). As for the serum OPG concentrations, they were reduced in the Control
group when compared to the Normal-control group. Nevertheless, the administration
of HSHA, HSLA, and CSB effectively decreased the OPG levels, bringing them to levels
similar to those observed in the Normal-control group (Table 4). Moreover, the serum
osteocalcin concentrations were higher in the Control group than in the Normal-control
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group, but the administration of HSHA, HSLA, and CSB successfully prevented their
increase (Table 4). As an index of bone turnover rate, serum BALP concentrations were
higher in the Control group than in the Normal-control group. The administration of TMD
and CSB prevented the increase in BALP concentrations. However, only the CSB group
exhibited BALP concentrations similar to those in the Normal-control group (Table 4).

Table 3. Bone mineral density (BMD) of the femur by micro-CT after a 12-week intervention.

Control LSHA HSHA HSLA LSLA CSB Normal-Con

BMD (g/cm3) 0.065 ± 0.016 d 0.106 ± 0.013 c 0.122 ± 0.016 c 0.18 ± 0.047 b 0.081 ± 0.019 d 0.114 ± 0.001 c 0.23 ± 0.016 a

BV/TV (%) 11.4 ± 2.1 e 15.9 ± 1 d 17.9 ± 2.0 c 23.8 ± 3.0 b 13.5 ± 2.1 e 17.1 ± 1.3 c 30.6 ± 1.1 a

Tb.Th (mm) 0.096 ± 0.003 c 0.1 ± 0.005 b 0.106 ± 0.002 a 0.099 ± 0.001 b 0.098 ± 0.004 b 0.098 ± 0.003 b 0.111 ± 0.003 a

Tb.N (1/mm) 1.18 ± 0.08 c 1.6 ± 0.18 b 1.63 ± 0.19 b 2.39 ± 0.36 a 1.38 ± 0.24 c 1.74 ± 0.01 b 2.71 ± 0.08 a

Tb.Sp (mm) 1.12 ± 0.08 a 0.77 ± 0.19 b 0.81 ± 0.15 b 0.49 ± 0.21 c 1.02 ± 0.23 a 0.72 ± 0.05 b 0.4 ± 0.08 c

Values represent mean ± standard deviation (n = 10). HSLA, TMD with high contents of Bacillus subtilis
(B. subtilis) and high biogenic amines. HSHA, TMD with high contents of B. subtilis and low biogenic amines.
LSHA, TMD with low contents of B. subtilis and high biogenic amines. LSLA, TMD with low contents of B.
subtilis and low biogenic amines. BMD, bone mineral density; BV/TV (%), bone volume/tissue volume; BS/BV,
bone surface/bone volume; Tb.Th, trabecular thickness; Tb.N, trabecular number; Tb.Sp, trabecular separation.
a,b,c,d,e Different letters in each variable indicate significant differences in one-way ANOVA at p < 0.05.

Table 4. Bone-metabolism-related parameters after the 12-week intervention.

Control LSHA HSHA HSLA LSLA CSB Normal-Con

PTH (ng/mL) 43.9 ± 5.49 a 38.8 ± 4.62 b 28 ± 5.15 c 32 ± 6.7 bc 39.4 ± 5.03 ab 31.4 ± 6.32 bc 37.5 ± 3.89 b

RANKL (pg/mL) 32.3 ± 3.43 a 29.4 ± 3.15 b 28.1 ± 3.52 b 24.1 ± 3.12 c 30.9 ± 3.73 ab 27.9 ± 4.12 b 22.4 ± 3.52 c

OPG (ng/mL) 14.4 ± 0.95 c 14.7 ± 0.97 c 17.5 ± 0.83 b 16.9 ± 0.95 b 18.9 ± 1.17 a 17.2 ± 0.94 b 17.3 ± 0.91 b

Osteocalcin (ng/mL) 1.59 ± 0.17 a 1.40 ± 0.21 ab 1.13 ± 0.18 b 1.06 ± 0.17 b 1.38 ± 0.15 ab 1.05 ± 0.14 b 0.69 ± 0.08 c

BALP (U/L) 37.2 ± 4.58 a 28.2 ± 4.72 b 26.9 ± 3.68 b 25.4 ± 5.09 b 28 ± 5.01 b 19.9 ± 4.18 c 15.9 ± 3.2 c

Values represent mean ± standard deviation (n = 10). HSLA, TMD with high contents of Bacillus subtilis (B.)
subtilis and high biogenic amines. HSHA, TMD with high contents of B. subtilis and low biogenic amines. LSHA,
TMD with low contents of B. subtilis and high biogenic amines. LSLA, TMD with low contents of B. subtilis and
low biogenic amines. PTH, parathyroid hormone; OPG, Osteoprotegerin; RANKL, receptor activity of nuclear
factor kappa B ligand; BALP, bone-specific alkaline phosphatase. a,b,c Different letters in each variable indicate
significant differences in one-way ANOVA at p < 0.05.

3.6. SCFA in the Blood from the Portal Vein and Fecal Bacteria

The levels of acetate and propionate in the portal vein did not show significant
differences among all the groups (Figure 5A). However, butyrate concentrations were
notably lower in the Control group compared to the Normal-control group. The HSLA and
CSB groups exhibited the highest butyrate levels among the intervention groups, whereas
the LSHA and LSLA groups had relatively lower levels (Figure 5A).

(A)

Figure 5. Cont.
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(B)

(C)

(D)

Figure 5. Cont.
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(E)

Figure 5. Fecal bacterial analysis after the 12-week intervention. (A) The short-chain fatty acid
concentration in the portal vein. (B) Relative abundance of fecal bacteria from the cecum at the genus
level. (C) Linear discriminant analysis (LDA) score. (D) Metagenome analysis in glucose, amino
acid, and purine metabolism. (E) Metagenome analysis in insulin secretion and cyclic adenosine 3′,5′-
monophosphate (cAMP) signaling pathways. Bars and error bars represent the means ± standard
deviations (n = 10). a,b,c,d Different letters on the bars indicated a significant difference among the
groups by Tukey’s test at p < 0.05.

The Control group had somewhat different fecal bacteria than the Normal-control
and the TMD intake altered their composition (Figure 5B). The levels of the genus Blautia
were higher in the LSHA and HSLA groups than the other groups, and levels of the
genus Bacillus were higher in the TMD groups than in the Control and Normal-control
groups (Figure 5B). The TMD intake increased the abundance of the genus Lactobacillus
and Ligilactobacillus compared to the Control and Normal-control groups, and the intake
of LSLA increased the abundance of the genus Olsenella compared to the other groups
(Figure 5B). Although the α-diversity did not vary among the groups, TMD was separated
from the Control in the β-diversity (p < 0.001). In linear discriminant analysis (LDA)
analysis, Bacillus species were selected as the primary bacteria in the TMD but not the CSB
group. Ligilactobacillus apodemi had a high LDA level in the HSLA group, and Olsenella
phocaeensis and Clostridium hylemonae were high in the LSHA group (Figure 5C). Regarding
metagenome function analysis, glycolysis/gluconeogenesis and purine metabolism were
lower in the Control group compared to the Normal-control group. CSB and TMD, except
LSLA, prevented the decrease in these functions. Pantothenate and coenzyme A (CoA)
biosynthesis and phenylalanine/tyrosine/tryptophan biosynthesis showed an opposite
trend to glycolysis/gluconeogenesis in fecal bacteria (Figure 5D). Insulin secretion and
the cyclic adenosine 3′,5′-monophosphate (cAMP) signaling pathways were higher in the
Control group compared to the Normal-control group. TMD and CSB prevented an increase
in the signaling of these pathways (Figure 5E).

4. Discussion

TMD has been reported to ameliorate obesity, hypertension, neuroinflammation,
neurodegeneration, and oxidative stress [22]. However, few studies have been reported
to evaluate TMD effects in improving estrogen-deficiency-associated symptoms, glucose,
energy, and bone metabolism [29]. We aimed to investigate how different TMD types
modulate glucose, bone metabolism, and memory function in OVX rats, an estrogen-
deficient animal model. The novel findings of the current study are as follows. The
present study showed that TMD decreased serum glucose concentrations during OGTT
and improved insulin resistance, which helped prevent glucose-induced bone loss and
memory dysfunction. The HSHA and HSLA types of TMD were particularly effective in
preventing the reduction in BMD and memory function. However, the study also found
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that the abundance of Bacillus in TMD may affect its efficacy for glucose metabolism, bone
density, and memory function. Further research is needed to evaluate the optimal TMD
type to achieve the abovementioned benefits.

Furthermore, fermented soybeans such as chungkookjang and TMD improve glucose
metabolism [30]. Both contain isoflavone aglycones more than isoflavone glycones com-
pared to unfermented soybeans, and the process to remove glucose from the isoflavone
glycones is conducted with Bacillus species, particularly B. subtilis, B. amyloliquefaciens,
and B. licheniformis in chungkookjang and TMD. Therefore, adults showing a better re-
sponse to soybeans may have specific intestinal microbes (e.g., Lactobacillus intestinalis and
Lactobacillus johnsonii) that convert daidzein into equol, a potent phytoestrogen, potentially
to alleviate estrogen-deficient symptoms [17]. These intestinal microbes exist in those
consuming soybean products, especially fermented soybeans. The present study showed
that all TMD types decreased glucose intolerance, mainly by enhancing insulin sensitivity.
Therefore, TMD can improve glucose tolerance and insulin resistance, and among the vari-
ous TMD types, HSLA was most effective in regulating glucose homeostasis by enhancing
insulin sensitivity in estrogen-deficient rats. Isoflavonoids in HSLA might have a higher
chance of being converted into equol, which is potent for preventing and ameliorating
BMD loss. It needs to have further study.

There is a close relationship between glucose and bone metabolism and cognitive
function, and estrogen deficiency adversely affects all three parameters. Osteoporosis
has been linked to cognitive decline and memory impairment, likely due to blood flow
changes and brain oxygen delivery [31]. Consistent with previous studies [31], in the
present study, an increase in serum PTH concentrations was observed in estrogen-deficient
rats, which increased bone resorption, leading to decreased BMD as measured by the
DEXA and micro-CT methods and elevated bone resorption indexes such as RANKL,
osteocalcin, and BALP. HSLA and HSHA prevented the decrement of BMD compared to
the Control group. CSB declined bone resorption compared to the Control group, but the
HSLA and HSHA groups exhibited lower bone resorption than the CSB group. Although
the relationship between soybean intake and BMD remains controversial in estrogen-
deficient states, dietary isoflavonoids attenuate menopause-induced osteoporotic bone
loss by decreasing bone resorption and stimulating bone formation [32]. Isoflavonoids
decrease bone resorption through the OPG/RANKL/RANK pathways, similar to the
HSLA and HSHA activity observed in the present study [31]. Previous research has shown
that consuming fermented soybean products like natto and doenjang is associated with
increased BMD in postmenopausal women [33–35]. In the current study, the intake of HSLA
and HSHA, among various types of TMDs, effectively prevented BMD loss in OVX rats by
reducing bone resorption by decreasing serum PTH concentration. These findings strongly
suggest that the presence of high B. subtilis in TMD plays a critical role in mitigating
BMD loss. This observation aligns with other studies that have highlighted the positive
impact of B. subtilis C-3102 on BMD improvement in postmenopausal women through
mechanisms such as inhibiting bone resorption, enhancing fecal Bifidobacterium, and
reducing Fusobacterium [36]. Therefore, HSLA and HSHA act as synbiotics to improve
BMD in an estrogen-deficient state.

The decrease in glucose metabolism with insulin resistance contributes to reduced
synaptic plasticity [37], suggesting brain insulin resistance leads to cognitive decline. Es-
trogen deficiency is also involved in exacerbating insulin resistance in the brain, possibly
disturbing cognitive function [38]. Postmenopausal women who consume soy isoflavones
have better cognitive function compared to those who do not consume soybeans [38]. Both
unfermented and fermented soybeans (chungkookjang and doenjang) improve memory
function in an estrogen-deficient state [16,39–41]. However, long-term fermented soy prod-
ucts may have a greater effect on improving cognitive dysfunction, particularly memory,
due to Bacillus species and changes in the soybean components, such as increased isoflavone
aglycones, as observed in previous studies [40,41]. The present study has demonstrated
that the memory function assessed using passive avoidance and novel object recognition
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tests was improved in HSLA and HSHA-treated estrogen-deficient rats compared to the
Control group. The improvement in HSLA and HSHA-treated rats was greater than in
CSB-treated rats. HSLA and HSHA contain an abundance of Bacillus species, primarily
B. subtilis, B. coagulans, B. amyloliquefaciens, and B. velezensis that produce short-chain fatty
acids, especially butyrate and propionate, similar to chungkookjang [39–41]. Therefore,
better memory function in fermented soybeans is potentially related to the Bacillus species
and their metabolites.

The composition of fecal bacteria can exhibit variations compared to that of the gut,
as observed in previous studies [42]. Factors such as transit time through the gut, interac-
tions with host cells and other bacteria, and environmental influences contribute to these
differences in fecal bacterial composition. Furthermore, the abundance of bacterial groups
in feces is known to be influenced by factors such as diet, age, and health status [42,43].
However, whether specific bacterial species are more likely to be excreted in the feces is still
unclear. In our present study, we found that an increased intake of B. subtilis from TMD
led to higher excretion of Bacillus species in the feces, while the levels of Akkermencia were
relatively lower in fecal bacteria. TMD in B. subtilis might modulate other gut bacteria,
including Bacillus species, leading to altering the fecal bacteria. HSLA and HSHA did not
increase Bacillus species in the feces, suggesting that B. subtilis and other Bacillus species
might increase in the gut. Interestingly, B. subtilis was one of the primary fecal bacteria in
the LSLA group, indicating that B. subtilis in the LSLA might not reside in the gut. Addition-
ally, TMD intake increased not only the abundance of Bacillus species but also Lactobacillus
and Ligilactobacillus species in the feces compared to the Control and CSB groups. Our
previous study demonstrated that a comparable TMD intake resulted in an increase in
Akkermencia but a decrease in Ligilactobacillus in the cecal bacteria of the HSLA and LSLA
groups compared to the Control group. These findings highlight the differences in bacterial
content between cecal and fecal samples after the intervention and emphasize the need
to interpret fecal bacterial data carefully. Considering the findings from our previous and
present studies, TMD exhibits synbiotic properties and shows potential for beneficial effects
on bone metabolism.

Fermented foods can sometimes contain toxins produced by specific bacteria. Among
the common toxins are mycotoxins, including aflatoxin B1, bacterial toxins such as bo-
tulinum and amylosin, as well as biogenic amines [44,45]. Aflatoxins, which Aspergillus
generates, are heat-stable and remain unaffected by ordinary cooking methods. Reducing
aflatoxin levels in fermented foods is important, and certain strains of B. subtilis, B. amyloliq-
uefaciens, and B. lincheniformis have been found to degrade aflatoxins effectively [45–47].
Considering TMD, which contains a high amount of B. subtilis, the strains in the TMD
can help degrade aflatoxins during fermentation, thus reducing their presence in the final
product. However, it should be noted that certain B. amyloliquefaciens strains have been
reported to produce amylosin, a heat-stable compound that can stimulate cytokines from
human macrophages [46]. Biogenic amines, such as histamine and tyramine, present in
some fermented foods, can potentially lead to adverse effects [18,19]. Nevertheless, some
strains of B. subtilis have the ability to degrade these biogenic amines during the fermenta-
tion process, which contributes to improved food safety. The present study investigated
the levels of biogenic amines in TMD enriched with B. subtilis and found that they did
not induce harmful effects. It suggests that the presence of B. subtilis might contribute to
reducing the production of certain toxins during fermentation. However, further research
is required to isolate specific strains of B. subtilis that can effectively reduce toxins during
the fermentation of TMD.

There were some limitations of the present study. (1) The study used ovariectomized
(OVX) rats as a model for menopausal women. While animal models provide valuable
insights, there may be differences in responses between animals and humans, limiting the
direct applicability of the findings to human populations. (2) The intervention period was
limited to 12 weeks. Long-term effects and safety considerations of prolonged TMD con-
sumption were not explored, and additional studies with extended follow-up periods are
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necessary. (3) The study suggests potential benefits of B. subtilis-rich TMD for menopausal
women. However, this study did not establish specific dosages and optimal formulations
of TMD for human consumption, warranting further investigation. (4) The study relied on
an animal model, and extrapolating the results to human populations requires caution.

In conclusion, menopause is characterized by typical menopausal symptoms and
insulin resistance. Exacerbation of insulin resistance during menopause leads to the dys-
regulation of glucose metabolism, bone loss, and memory dysfunction. This study aimed
to examine the potential of TMD intake to modulate glucose and bone homeostasis and
memory function in OVX rats. The findings revealed that consuming different types of
TMD, distinguished by the abundance of B. subtilis and biogenic amines, resulted in im-
proved insulin resistance, reduced serum glucose concentrations, and mitigated memory
decline compared to the Control group. Notably, HSHA and HSLA formulations exhibited
the ability to preserve BMD and counteract markers of osteoclastic activity. However, it is
essential to acknowledge that the BMD of the TMD-treated groups did not reach the levels
observed in the Normal-control group. Consequently, TMD enriched with high B. subtilis
content may be recommended for enhancing glucose metabolism and partially improving
BMD and memory function. More long-term animal studies to examine the effects over
extended periods would offer valuable insights into the potential sustainability and long-
lasting benefits of incorporating TMD into the diet. Further randomized clinical trials with
a large number of postmenopausal women are warranted to validate the potential benefits
of TMD and to provide evidence-based recommendations.
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Abstract: Colorectal cancer (CRC) is the third most common type of cancer and is caused by multiple
factors. Chronic inflammation, known to cause inflammatory bowel disease (IBD), is closely associ-
ated with CRC. Cheonggukjang (CJ), a traditional Korean fermented soybean, is a functional food
with anti-inflammatory effects in the intestines, but its anti-cancer effects have not yet been explored.
In this study, we investigated the cancer-protective effects of cheonggukjang in an azoxymethane/DSS
(AOM/DSS)-induced colitis-associated colorectal cancer (CAC) mouse model. The CJ alleviated
AOM/DSS-induced pathological symptoms such as colonic shortening, increased spleen weight, tu-
mor formation, and histological changes. It also modulated pro-inflammatory and anti-inflammatory
cytokine levels via the suppression of NF-κB and inflammatory mediator signaling pathways. Fur-
thermore, the CJ improved intestinal integrity by regulating mucin-associated and tight junction
proteins. In addition, it suppressed tumor growth by regulating apoptosis and proliferation. These
results highlight the anti-tumor effects of CJ in an AOM/DSS-induced CAC mouse model.

Keywords: colorectal cancer; chronic inflammation; inflammatory bowel disease; cheonggukjang;
anti-cancer effects; functional food

1. Introduction

Colorectal cancer (CRC) is the third most common type of cancer in both men and
women worldwide [1]. In 2018, the overall CRC incidence rate in Korea was 11.4%,
12.9% in men and 9.8% in women, with a mortality rate of 10% in men and 12.6% in
women [2]. Chronic inflammation leads to various organ-specific diseases, depending on
where the inflammation occurs [3]. In particular, chronic inflammation in the intestine
causes inflammatory bowel disease (IBD), which increases the risk of developing CRC, also
known as colitis-associated colorectal cancer (CAC) [4].

IBD is associated with multiple genetic, microbial, environmental, and immune-
mediated factors [5,6]. However, the accurate etiology of IBD is still unknown. Recent
studies have indicated that pro-inflammatory cytokines and gut dysbiosis induce both
intestinal inflammation and the disruption of normal mucosal immunity, resulting in
IBD [7,8]. Consequently, the suppression of intestinal inflammation may help prevent
inflammation-associated colon cancer [9].

Cheonggukjang (CJ) is a soybean paste made through the fermentation of boiled
soybeans. It is rich in substances that exhibit various biological activities, such as poly
γ-glutamic acid (γ-PGA), isoflavone, saponins, phenolic acids, and flavonoids [10]. In
many studies, CJ has emerged as a functional food with anti-obesity, antioxidant, and
anti-inflammatory effects in bowel disease [10–12]. We have previously shown that CJ
contains beneficial probiotics and is effective in preventing inflammatory diseases by
suppressing the inflammatory signaling pathway in dextran sodium sulfate (DSS)-induced
colitis mice [13]. However, to the best of our knowledge, the preventive effect of CJ on
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inflammatory colorectal tumorigenesis has not been elucidated. In this study, we report
the anti-tumor growth effects of CJ by inhibiting azoxymethane (AOM)/DSS-induced
pathological symptoms in an AOM/DSS-induced CAC mouse model.

2. Materials and Methods

2.1. Preparation of the CJ

The CJ was obtained from the Microbial Institute for Fermentation Industry (Sunchang-
gun, Jeollabuk-do, Republic of Korea) as described previously [13]. It was produced
using the traditional method of Kangjin-gun (Jeollanam-do, Republic of Korea) and had a
moisture content of 53.15%. The CJ was dissolved in distilled water at 500 mg/kg and then
stored at −20 ◦C before being orally administered to mice.

2.2. AOM/DSS-Induced Colorectal Cancer Model and CJ Treatment

A total of 32 male BALB/c mice (five-week-old) were purchased from Damool Science
(Daejeon, Republic of Korea). The mice were maintained at 20–24 ◦C with a 12 h light/dark
cycle and a relative humidity of 50–60%. After 1 week of acclimatization, the mice were
divided into four groups (n = 8): NOR (normal group; only water), CON (control group;
AOM (10 mg/kg)/DSS (2%)), PC (positive control group; AOM (10 mg/kg)/DSS (2%) and
5-aminosalicylic acid (75 mg/kg/day, 5-ASA, Sigma-Aldrich, St. Louis, MO, USA)), and
CJ (CJ treated group; AOM (10 mg/kg)/DSS (2%) and CJ (100 mg/kg/day)). AOM/DSS-
induced CAC was initiated by injecting the mice intraperitoneally with AOM (10 mg/kg,
Sigma-Aldrich, St. Louis, MO, USA) on day 0. After 1 week, the mice were administered
DSS (2%, MP Biomedicals, Irvine, CA, USA) for another week, followed by water for
2 weeks for recovery. This treatment was repeated twice (days 7–14, 32–39). All experimen-
tal animal procedures were performed within the guidelines of and approved by the Jeonju
AgroBio-Materials Institute’s Animal Care and Use Committee (JAMI IACUC 2022004).

2.3. ELISA Analysis

The serum levels of TNF-α (MTA00B), IFN-γ (MIF00), IL-6 (M6000B), IL-1β (MLB00C),
IL-4 (M4000B), and IL-10 (M1000B) were analyzed using commercial ELISA kits (R&D
Systems, Minneapolis, MN, USA) according to the manufacturer’s recommendations.

2.4. Quantitative Real-Time PCR (qRT-PCR) Analysis

Total RNA was extracted from colonic tissues using a Hybrid-RTM kit (GeneAll, Seoul,
Republic of Korea). First, cDNA was synthesized with the BioFACTTM 2X RT Pre-Mix (BIO-
FACT, Daejeon, Republic of Korea). Next, qRT-PCR was undertaken using the BioFACTTM

2X Real-Time PCR Master Mix (Bio-Fact) and analyzed with a sequence detection system
(CFX96, Bio-Rad, Hercules, CA, USA). The primer sequences used are listed in Table 1.

Table 1. Primer sequences.

Gene Forward (5′-3′) Reverse (5′-3′)

TNF-α CTGAACTTCGGGGTGATCGG GGCTTGTCACTCGAATTTTGAGA
IFN-γ AGCCCTATTACAGCACAG TTCTAACAACAAGTATCCC
IL-6 TGTCTATACCACTTCACAAGTCGGAG GCACAACTCTTTTCTCATTTCCAC

IL-1β CAACCAACAAGTGATATTCTCCATG GATCCACACTCTCCAGCTGCA
IL-4 GGTCTCAACCCCCAGCTAGT GCCGATGATCTCTCTCAAGTGAT
IL-10 CTTACTGACTGGCATGAGGATCA GCAGCTCTAGGAGCATGTGG
iNOS CGAAACGCTTCACTTCCAA TGAGCCTATATTGCTGTGGCT

COX-2 TTTGGTCTGGTGCCTGGTC CTGCTGGTTTGGAATAGTTGCTC
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Table 1. Cont.

Gene Forward (5′-3′) Reverse (5′-3′)

p53 CCCCTGTCATCTTTTGTCCCT AGCTGGCAGAATAGCTTATTGAG
Bcl-2 GCTACCGTCGTGACTTCGC CCCCACCGAACTCAAAGAAGG

Bcl-XL GGCACTGTGCGTGGAAAGCGTA CCGCCGTTCTCCTGGATCCA
Bax AGACAGGGGCCTTTTTGCTAC AATTCGCCGGAGACACTCG

MUC-2 ATGCCCACCTCCTCAAAGAC GTAGTTTCCGTTGGAACAGTGAA
Occludin TCTGCTTCATCGCTTCCTTAG GTCGGGTTCACTCCCATTA

ZO-1 AGGACACCAAAGCATGTGAG GGCATTCCTGCTGGTTACA
GAPDH GACGGCCGCATCTTCTTGT CAGTGCCAGCCTCGTCCCGTACAA

2.5. Western Blotting

Western blotting was performed as described previously [13]. Briefly, about 20 μg of
cell lysate was separated using a 10% SDS-PAGE and transferred to a PVDF membrane
using the Trans-Blot Turbo Transfer system (Bio-Rad). The membranes were probed with
specific antibodies: anti-iNOS, anti-COX-2, anti-p-p65, anti-p65, anti-Bax, anti-p53, anti-
Bcl-2, anti-Bcl-XL, and anti-β-actin (Cell Signaling Technology, Danvers, MA, USA). The
protein–antibody binding was visualized using the enhanced chemiluminescence (ECL)
detection system (Amersham Imager 600, GE Healthcare, Chicago, IL, USA).

2.6. Hematoxylin & Eosin (H&E) Staining and Immunohistochemistry

Colon tissue sections (4 μm thick) were stained with H&E. For immunolabeling, the
sections were incubated with specific antibodies (anti-Muc2, anti-ZO-1, anti-occludin,
anti-proliferating cell nuclear antigen (PCNA; Cell Signaling Technology, Danvers, MA,
USA), and anti-Ki-67 (Abcam, Boston, MA, USA)) overnight at 4 ◦C in the dark. Next,
the sections were incubated with either mouse or rabbit Envision plus polymer reagent
(Dako, Glostrup Kommune, Denmark) for 30 min at 4 ◦C, and binding was detected by 3,
3’-diaminobenzidine (DAB) staining. Images were captured using a tissue slide scanner
(Motic; Xiamen, China).

2.7. Statistical Analysis

A comparison of the statistical significance between groups was determined using a
one-way ANOVA and a Tukey post-hoc test in GraphPad Prism (version 5.0; GraphPad
Software, Inc., San Diego, CA, USA). The data are presented as mean ± standard deviation
(SD). The statistical significance was set at p < 0.05.

3. Results and Discussion

3.1. CJ Attenuates Pathological Symptoms in Mice with AOM/DSS-Induced CAC

Chronic inflammation, one of the major contributing factors in the development of IBD,
is closely associated with CRC and can be prevented or delayed with anti-inflammatory
agents [14,15]. We have previously studied the anti-inflammatory effects of CJ [13] and
now aimed to determine the anti-cancer effects of CJ in CRC, which is closely related to
chronic inflammation. Therefore, in this study, we investigated the anti-cancer effects of
CJ using an AOM/DSS-induced CAC mouse model (Figure 1a). The administration of a
2% DSS reduced the body weights of AOM/DSS-treated mice. However, the lost body
weight was regained when the DSS administration was discontinued (Figure 1b). The
decrease in body weight was moderate in the PC (5-ASA treated) and CJ groups. Based
on previous reports of reduced colon length in mice with AOM/DSS-induced CAC [16],
we measured the colon lengths of the treated mice to evaluate the protective effects of CJ.
Compared with the NOR group, the AOM/DSS-treated group (CON) had significantly
shorter colons. However, the administration of 5-ASA and CJ restored the colon length
(Figure 1c,d). Next, we measured the spleen weights, an indicator of the severity of tumor
progression, of AOM/DSS-induced CAC mice [16]. The CON group showed an increase
in spleen weight, which was reversed by the administration of 5-ASA and CJ (Figure 1e),
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supporting the anti-tumor effects of CJ. These findings indicate that CJ attenuates the
pathological symptoms in mice with AOM/DSS-induced CAC.

 
(a) 

 
 

(b) (c) 

 

 

 
(d) (e) 

Figure 1. Effects of CJ on pathological symptoms of AOM/DSS-induced colorectal cancer (CAC)
mice. (a) Experimental design; (b) weight change (%); (c) representative pictures of colon in mice;
(d) colon length in mice; (e) representative pictures of spleen and spleen weight in mice. Values are
means ± standard deviation (n = 8); NOR, normal group; CON, control group; PC, positive control
group; CJ, cheonggukjang treated group; #, p < 0.05 versus normal group; **, p < 0.005; *, p < 0.05
versus control group.

3.2. CJ Suppresses Tumorigenesis in AOM/DSS-Induced CAC Mouse Model

AOM/DSS-induced CAC in mice is characterized by severe colitis with weight loss
and a reduction in colon length, followed by the development of multiple colon tumors [17].
Therefore, we investigated the effects of CJ on intestinal tumorigenesis in mice with
AOM/DSS-induced CAC. The AOM/DSS-treated mice showed an increase in macroscopic
tumors, which was reversed following the administration of 5-ASA and CJ (Figure 2a.). The
increased number of tumors in the CON group was reduced following the administration
of 5-ASA and CJ (Figure 2b). Moreover, a significant difference was seen in the mean tumor
size between the CON group and the PC and CJ groups (Figure 2c). Tumor formation and
the thickening of the mucous membrane have been reported to increase the ratio of colon
weight to colon length [18]. Therefore, we calculated the ratio of colon weight to colon
length to confirm the inhibitory effects of CJ on tumorigenesis. As shown in Figure 2d, the
weight-to-length ratio was significantly higher in the CON group than in the NOR group.
However, this increase was significantly attenuated by the administration of 5-ASA and CJ
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(Figure 2d). H&E staining is used for the histological diagnosis of various diseases, includ-
ing IBD and cancer [19,20]. The pathological features of AOM/DSS-induced CAC in mice
include inflammatory cell infiltration, crypt abscesses, and hyperchromatic nuclei [17,21].
The histopathological features related to CRC development were examined with H&E stain-
ing. Inflammatory cell infiltration and hyperchromatic nuclei were observed in the colon
tissue of the CON group, and they were significantly ameliorated by the administration
of PC and CJ (Figure 2e). These results indicate that CJ suppresses AOM/DSS-induced
colitis-associated tumorigenesis in mice.

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 2. Effects of CJ on tumorigenesis in mice with AOM/DSS-induced CAC. (a) Representative
pictures of colon tissue in the different groups of mice. Arrow indicates a tumor. Shown are the
(b) total number of tumors, (c) tumor size, and (d) ratio of colon weight-to-colon length in the different
groups of mice. All values are mean ± standard deviation (n = 8). (e) Representative histology for
H&E staining of colon tissue. Magnification, 100× and 400×; Scale bar; 100 μm and 300 μm; NOR,
normal group; CON, control group; PC, positive control group; CJ, cheonggukjang treated group.
#, p < 0.05 versus normal group; ***, p < 0.001; **, p < 0.005; *, p < 0.05 versus control group.

3.3. CJ Modulates the Expression of Inflammatory Cytokines in AOM/DSS-Induced CAC Mice

AOM/DSS-induced CAC is associated with the expression of pro-inflammatory and
anti-inflammatory cytokines, such as TNF-α, IFN-γ, IL-1β, IL-6, IL-4, and IL-10 [22,23]. As
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shown in Figure 3a-f, mRNA levels of pro-inflammatory cytokines (TNF-α, IFN-γ, IL-1β,
and IL-6) were increased in the CON group, whereas those of anti-inflammatory cytokines
(IL-4 and IL-10) were decreased. However, these changes in mRNA levels were reversed by
the administration of 5-ASA and CJ (Figure 3a–f). To confirm these effects, we evaluated
the levels of TNF-α, IFN-γ, IL-1β, IL-6, IL-4, and IL-10 in a serum by ELISA. Consistent
with the mRNA results, the CON group showed increased TNF-α, IFN-γ, IL-1β, and IL-6
levels and decreased IL-4 and IL-10 levels (Figure 3g–l). The increase/decrease in cytokine
levels was reversed in the PC and CJ groups, indicating that CJ modulates the expression of
pro-inflammatory and anti-inflammatory cytokines in mice with AOM/DSS-induced CAC.

   
(a) (b) (c) 

   
(d) (e) (f) 

   

(g) (h) (i) 

Figure 3. Cont.
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(j) (k) (l) 

Figure 3. Effects of CJ on the expression of inflammatory cytokines in mice with AOM/DSS-induced
CAC. Shown are the mRNA levels of (a) TNF-α, (b) IFN-γ, (c) IL-1β, (d) IL-6, (e) IL-4, and (f) IL-10
in the colon and protein levels of (g) TNF-α, (h) IFN-γ, (i), IL-1β, (j) IL-6, (k) IL-4, and (l) IL-10
in the serum. Values are mean ± standard deviation (n = 8); NOR, normal group; CON, control
group; PC, positive control group; CJ, cheonggukjang treated group. #, p < 0.05 versus normal group;
***, p < 0.001; **, p < 0.005; *, p < 0.05 versus control group.

3.4. CJ Suppresses Activation of NF-κB Signaling in AOM/DSS-Induced CAC Mice

Nuclear factor-κB (NF-κB) is involved in inflammatory responses, proliferation, dif-
ferentiation, and apoptosis. Moreover, the activation of NF-κB contributes to IBD and
tumor development [24,25]. In a previous study, we showed that the NF-κB signaling
pathway is activated by DSS and suppressed by CJ in DSS-treated mice [13]. Therefore, we
investigated whether CJ suppresses NF-κB activation in mice with AOM/DSS-induced
CAC. The CON group showed a significant increase in phospho-p65 NF-κB expression,
which was decreased in the PC and CJ groups (Figure 4a). NF-κB activation induced several
inflammatory enzymes, such as inducible nitric oxide synthase (iNOS) and cyclooxygenase
(COX-2) [26]. Therefore, western blotting and quantitative real-time PCR (qRT-PCR) were
performed to evaluate the iNOS and COX-2 levels in the treated mice. The protein levels of
iNOS and COX-2 were increased in the CON group (Figure 4a). However, 5-ASA and CJ
administration inhibited iNOS and COX-2 expression (Figure 4a). These findings were con-
firmed by the mRNA levels of iNOS and COX-2 measured by qRT-PCR (Figure 4b,c). These
findings indicate that CJ suppresses the phospho-NF-κB, iNOS, and COX-2 expression in
mice with AOM/DSS-induced CAC.

 
 

(a) (b) (c) 

Figure 4. Effects of CJ on AOM/DSS-induced CAC-associated signaling pathways: (a) protein levels
of phosphorylated p65, p65, iNOS, and COX2; and mRNA levels of (b) iNOS and (c) COX-2. Values
are means ± standard deviation (n = 8); NOR, normal group; CON, control group; PC, positive
control group; CJ, cheonggukjang treated group. #, p < 0.05 versus normal group; ***, p < 0.001 versus
control group.
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3.5. CJ Improves Intestinal Integrity in Mice with AOM/DSS-Induced CAC

The colonic mucus layer and tight junctions act as a layered defensive barrier in
the colon and play a vital role in regulating mucosal permeability to ions, nutrients, and
water [27,28]. The mucus layer, protected by the secreted mucin protein MUC2, is in contact
with the epithelial cells lining the intestine and is joined via tight junctions [29]. Tight
junctions consist of transmembrane proteins such as occludin, claudin, and junctional
adhesion molecules [30]. Occludin directly interacts with zonula occludens-1 (ZO-1) and
regulates paracellular permeability [31]. The loss of the colonic mucus layer is responsible
for various intestinal diseases, including IBD and CRC [32,33].

We investigated the levels of mucin-associated protein (MUC2) and tight junction
structural proteins (occludin and ZO-1) in the treated mice to assess the effects of AOM/DSS
treatment on the colonic mucus layer. The mRNA levels of MUC2, occludin, and ZO-1
were significantly decreased in the CON group (Figure 5a–c). However, the administration
of 5-ASA and CJ reversed the effects of AOM/DSS and significantly increased the mRNA
levels of these markers (Figure 5a–c). Immunohistochemical staining confirmed the reduced
expression of MUC2, Occludin, and ZO-1 in the CON group (Figure 5d). However, the
administration of 5-ASA and CJ reversed these effects and increased the levels of MUC2,
occludin, and ZO-1. These findings indicate that CJ may improve intestinal integrity
by inducing the expression of mucin-associated and tight junction proteins in mice with
AOM/DSS-induced CAC.

  
(a) (b) (c) 

 
(d) 

Figure 5. Effects of CJ on the expression of mucin-associated protein and tight junction proteins in
mice with AOM/DSS-induced CAC. Shown are the mRNA levels of (a) Muc2, (b) occludin, and
(c) ZO-1 in the different groups of mice. (d) Representative images of the colonic tissue immunohisto-
chemically stained with MUC2, occludin, and ZO-1. Magnification, 200 X; scale bar, 60 μm. Values are
means ± standard deviation (n = 8); NOR, normal group; CON, control group; PC, positive control
group; CJ, cheonggukjang treated group. #, p < 0.05 versus normal group; ***, p < 0.001; **, p < 0.005;
*, p < 0.05 versus control group.
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3.6. CJ Suppresses Tumor Growth by Regulating Apoptosis and Proliferation

The occurrence of CRC is closely associated with abnormal cell growth via the rapid
proliferation and evasion of apoptosis [34]. The NF-κB signaling pathway regulates apopto-
sis and cell proliferation factors such as p53, Bax, Bcl-2, Bcl-XL, PCNA, and Ki67 [24,35]. In
Figure 4a, we observed that the NF-κB signaling pathway was activated in the CON group.
Thus, we evaluated the apoptosis and cell proliferation factors following treatment with
AOM/DSS in this group. As shown in Figure 6a–d, the mRNA levels of pro-apoptotic mark-
ers, p53 and Bax, were significantly lower, and the mRNA levels of anti-apoptotic markers,
Bcl-2 and Bcl-XL, were higher in the AOM/DSS-treated CON group compared with the
NOR group. Treatment with 5-ASA and CJ reversed these effects (Figure 6a–d). Western
blotting confirmed these mRNA results at the protein level (Figure 6e). Next, to evaluate the
regulation of cell proliferation by AOM/DSS, cell proliferation markers were studied with
immunohistochemical staining. PCNA and Ki-67 expression were higher in the AOM/DSS-
treated CON group compared with the NOR group, while 5-ASA and CJ reversed this effect
(Figure 6f). These findings indicate that CJ inhibits tumor growth by inducing apoptosis
and suppressing the proliferation of tumor cells in mice with AOM/DSS-induced CAC.

  
 

(a) (b) (c) 

 

 

(d) (e) 

Figure 6. Cont.
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(f) 

Figure 6. Effects of CJ on the expression of apoptosis and proliferation-related proteins in mice with
DSS-induced colitis. mRNA levels of (a) p53, (b) Bax, (c) Bcl-2, and (d) Bcl-XL in the different groups
of mice were measured by qRT-PCR. (e) Protein levels of p53, Bax, Bcl-2, and Bcl-XL were determined
by western blotting. (f) Representative images of the colonic tissue immunohistochemically stained
with PCNA and Ki67. Magnification, 200×; Scale bar, 60 μm. Values are means ± standard deviation
(n = 8); NOR, normal group; CON, control group; PC, positive control group; CJ, cheonggukjang
treated group. #, p < 0.05 versus normal group; ***, p < 0.001; **, p < 0.005; *, p < 0.05 versus
control group.

4. Conclusions

This study demonstrates that CJ, made from the fermentation of boiled soybeans,
significantly ameliorates AOM/DSS-induced pathological symptoms in mice including
colonic shortening, spleen hypertrophy, tumor formation, and histopathological colonic
changes, similar to the positive control (5-ASA). We also show that CJ and 5-ASA suppress
the expression of pro-inflammatory cytokines and inflammatory mediators while increasing
the expression of anti-inflammatory cytokines through the activation of NF-κB signaling
pathways. Furthermore, CJ and 5-ASA attenuate tumorigenesis by inhibiting tumor growth
through the induction of apoptosis and the inhibition of cell proliferation. These results
suggest that CJ, which shows anti-cancer effects similar to 5-ASA, can be used as a functional
food to prevent chronic inflammatory CRC.
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Abbreviation
CRC Colorectal Cancer
IBD Inflammatory Bowel Disease
CAC Colitis-Associated Colorectal Cancer
CJ Cheonggukjang
γ-PGA poly γ-glutamic acid
DSS Dextran Sulfate Sodium
AOM Azoxymethane
NOR Normal
CON Control
PC Positive Control
5-ASA 5-Aminosalicylic acid
qRT-PCR Quantitative Real-Time PCR
H&E Hematoxylin & Eosin
NF-κB Nuclear Factor-κB
iNOS Inducible Nitric Oxide Synthase
COX-2 Cyclooxygenase
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Abstract: Patients with chronic pancreatitis (CP) are particularly vulnerable to nutrient malabsorption
and undernutrition caused by the underlying pathology of their disease. Dietary intervention
trials involving soy isoflavones in patients with CP are limited and isoflavone metabolites have
not yet been reported. We hypothesized soy bread containing plant-based protein, dietary fiber,
and isoflavones would be well-tolerated and restore gut functional capacity which would lead to
isoflavone metabolites profiles like those of healthy populations. Participants (n = 9) received 1 week
of soy bread in a dose-escalation design (1 to 3 slices/day) or a 4-week maximally tolerated dose
(n = 1). Dietary adherence, satiety, and palatability were measured. Isoflavone metabolites from
24 h urine collections were quantified using high-performance liquid chromatography. A maximum
dose of three slices (99 mg of isoflavones) of soy bread per day was achieved. Short-term exposure
to soy bread showed a significant dose-response increase (p = 0.007) of total isoflavones and their
metabolites in urine. With increasing slices of soy bread, dietary animal protein intake (p = 0.009) and
perceived thirst (p < 0.001) significantly decreased with prolonged satiety (p < 0.001). In this study,
adherence to short-term intervention with soy bread in CP patients was excellent. Soy isoflavones
were reliably delivered. These findings provide the foundation for evaluating a well-characterized
soy bread in supporting healthy nutrition and gut function in CP.

Keywords: soy bread; isoflavones; satiety; metabolites; chronic pancreatitis

1. Introduction

Chronic pancreatitis (CP) is a syndrome characterized by chronic inflammation and
fibrosis of the pancreas, and is commonly associated with debilitating effects on health
outcomes and quality of life [1]. Etiologies include toxin exposures such as alcohol and
smoking, recurrent acute pancreatitis, genetics, and idiopathic mechanisms [1]. Chronic
inflammation and fibrosis lead to destruction of the parenchyma and progressive loss of
endocrine and exocrine function [1]. Consequently, patients often suffer from abdominal
pain, diabetes mellitus, and maldigestion. Unfortunately, there are currently no approved
medical therapies to interrupt or reverse this process, and management primarily consists
of screening for and treating complications [2]. Due to the underlying pathophysiology
and functional outcomes of CP, patients are often at risk for malnutrition. Steatorrhea,
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malabsorption, alcoholism (in alcoholic CP), and poor dietary intake due to abdominal
pain and other gastrointestinal symptoms frequently lead to nutrient deficiencies [3,4].

The culmination of maldigestion and malabsorption of nutrients due to exocrine and
endocrine insufficiency leads to metabolic perturbations [5], dysbiosis [6–8], impaired
immunity [9], and loss of intestinal functional capacity [10–12] in CP patients. Several
studies have reported changes in intestinal microbiota in CP. For instance, a reduction in
beneficial bacteria Faecalibacterium prausnitzii and Ruminococcus bromii was observed in CP
subjects compared to healthy controls [7,10,11]. Both bacteria are responsible for production
of butyrate, which has a critical role in the growth and differentiation of intestinal epithelial
cells as well as supporting healthy immune and intestinal barrier function [13].

Current consensus for the nutritional management of malnutrition in CP patients has
been focused on caloric support using high protein, high-energy foods; however, there has
been very little attention paid towards recovery of intestinal functional capacity [14]. Soy
is rich in proteins (~50% in defatted soy flour) and prebiotics (dietary fiber, linoleic acid,
and isoflavones) [15,16] which work synergistically to restore intestinal mucosal integrity,
reduce inflammation, improve microbiota composition, and enhance localized production
of short chain fatty acids [17–20]. Specifically, when soy is delivered as a bread versus a
beverage, the physicochemical properties of bread prolong the gut transit time and promote
the formation of isoflavone metabolites [21,22]. Equol, a mammalian derived metabolite of
daidzein, has been purported to display greater bioactivity than its parent compound [23]
and it has been associated as a marker of health [24,25]. In previous studies, the frequency
of equol-producing phenotypes with those following a Westernized diet [26] was ~30%
whereas the frequency doubles to 60% in those consuming an Asian diet [27]. Bacteria
belonging to the Coriobacteriaceae and Clostridiaceae families have been associated with equol-
producing phenotypes [24,25,28]. However, the mere presence of these equol-producing
bacteria did not ensure equol production; rather, it was a combination of a healthy lifestyle,
high microbial diversity, and equol-producing bacteria [29].

Given that metabolic impairments and dysbiosis are commonly found in CP patients,
alterations in isoflavone absorption and metabolism are possible. In vitro and animal
studies have shown that isoflavones can restore gut functional capacity in gastrointestinal
disorders [30–32]. Descriptive epidemiology, laboratory animal models, and in vitro studies
provide evidence of the health benefits of soy consumption in chronic inflammatory disease;
however, data from clinical intervention trials involving whole soy foods in patients with
chronic pancreatitis (CP) are almost non-existent. Among the limited number of human
studies evaluating the impact of isoflavones on gastrointestinal disease, none have reported
isoflavone metabolites in CP [33–35]. Therefore, we examined isoflavone absorption and
metabolism and dietary habits in an open label trial using soy bread administered for 1
or 4 weeks in subjects with CP. We previously reported that soy bread intervention was
safe, associated with a decrease in the pro-inflammatory cytokine tumor necrosis factor
alpha (TNFα), and possibly reduced other pro-inflammatory cytokines, such as interferon
gamma and interleukin-6 [36]. CP is characterized by a state of chronic inflammation and
increased levels of circulating pro-inflammatory cytokines; blunting this process is one
purposed mechanism to intervene in the progression of CP [2,9]. Soy bread is a whole-food
approach which allows for delivery of high-quality proteins, dietary fiber, and a complex
mixture of soy bioactives to target inflammation and nutrients to offset malnutrition in
patients with CP.

The current study was a pre-planned secondary analysis assessing the impact of soy
bread intervention on isoflavone metabolism and dietary habits in CP participants during
dose escalating (DE) and a maximally tolerated dose (MTD) phase. These analyses are
needed to determine the potential adherence to soy bread intervention in future participants
as well as the potential for inter-subject variability. We hypothesized soy bread containing
high-quality plant-based protein, dietary fiber, and isoflavones would be well-tolerated and
restore gut functional capacity, which would be evidenced by the presence of isoflavone
metabolites like those of a healthy population. The primary objectives of this study were
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(a) to evaluate tolerability of soy bread intervention in the context of palatability and
satiety, and (b) to assess urinary isoflavone absorption and metabolism in CP. Overall,
this small clinical trial will provide the necessary clinical data required to move this
intervention forward in the setting of a future placebo-controlled trial for individuals with
CP. In addition, the findings will provide valuable mechanistic information to understand
inflammatory biomarkers relevant to CP and to facilitate in designing a future study of
individual differences in soy isoflavone metabolism within this patient population.

2. Materials and Methods

2.1. Soy Bread Materials

A wheat bread where 30% of the wheat flour was displaced by a mixture of soymilk and
soy flour was designed to deliver ~30 mg aglycone equivalents (AE) of total isoflavones/slice.
Granulated sugar, kosher salt (Diamond Crystal, Savannah, GA, USA), vegetable shortening
(Crisco; Orrville, OH, USA), bread flour (Bouncer; Bay State Milling, Minneapolis, MN,
USA), and baker’s yeast (Saf-Instant Yeast; Lesaffre, Marcq-en-Barœul, FR, USA) were
purchased from Gordon Food Service (Dublin, OH, USA). Vital wheat gluten (Manildra
Milling, Leawood, KS, USA) and defatted soy flour (Baker’s Nutrisoy, Archer Daniel)
were purchased from Skidmore Sales (Cincinnati, OH, USA). Soymilk powder (Benesoy;
Devansoy, Carroll, IA, USA) was purchased from Devansoy. The standardized soymilk
and soy flour mixture was produced using soymilk powder (25 kg) and soy flour (75 kg)
that was blended into a single mixture using a large capacity ribbon blender (model 1608,
Federal Equipment Co., Cleveland, OH, USA). The soy mix was packaged into 5 kg vacuum
sealed bags and stored at −40 ◦C until used for bread preparation.

2.2. Soy Bread Preparation and Isoflavone Analysis

Soy breads were prepared as previously described using a sponge-dough process [37].
Sixty loaves (1300 g each) of bread from 6 batches were manufactured at The Ohio State
University Wilbur Gould Food Industries Center over a two-week period. Finished breads
were baked until an internal temperature of 96.0 ± 0.5 ◦C was reached, then cooled at
ambient conditions for 4 h, and uniformly sliced (SM302B Doyon, Menominee, MI, USA).
Individual slices were weighed and vacuum-sealed in polyethylene bags, then immediately
frozen and stored (−40 ◦C) to extend bread quality and preserve isoflavone content. Frozen
breads were distributed to patients in insulated bags supplied with ice packs to keep
bread frozen for 2 h. Frozen loaves of bread were distributed with thawing instructions.
Isoflavone composition of breads from each batch (n = 6) were analyzed using HPLC
equipped with photodiode array detector (PDA) (Waters Corp, Milford, MA, USA). The
HPLC equipment and conditions as well as preparation of the isoflavone standards are
detailed by Ahn-Jarvis et al. [38].

2.3. Study Design

The design has been described in detail in our previous publication [36]. In brief, this
feasibility study involved two sequential phases: In Phase 1, dose escalation (DE) was
used to determine the highest tolerable dose of soy bread. In Phase 2, maximally tolerated
dose (MTD) was used to assess tolerance of the maximum target dose during a 4-week
intervention (Figure 1). Study subjects were allowed to participate at multiple dose levels.

2.4. Participant Description

The study protocol was approved by The Ohio State University Biomedical Science
Institutional Review Board (1 October 2014) as protocol 2014H0226 and registered on clini-
catrials.gov (NCT 02577640) (https://clinicaltrials.gov/ct2/show/NCT02577640?term=
NCT+02577640&draw=2&rank=1 (accessed 23 April 2020). Participants with CP (>18 year
of age) who met the eligibility criteria were evaluated, and informed consent was obtained
at The Ohio State University Wexner Medical Center Pancreas Clinics. Participants were
asked to abstain from legumes (legume-free diet), supplement their diet with the prescribed
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number of slices, and document the time of soy bread consumption in their daily journal.
Condiments were permitted on the bread, but heating was discouraged since the latter
may degrade the isoflavones. All participants were provided a standardized multivita-
min/mineral supplement (One Daily Multiple Plus Minerals, CVS Caremark, Woonsocket,
RI, USA) and asked to discontinue all other dietary supplements (vitamins and botanical
supplements) for the duration of the study. Participants were instructed to document
gastrointestinal symptoms, frequency of bowel movements, and score their stool using
the Bristol stool scale. A registered dietitian provided instructions to complete 3-day diet
records (days 2, 4, and 6 for DE and MTD phases as well as additional days −5, −3, and
−1 during the MTD phase), questionnaires, and a 24 h urine collection. Fasting blood and
spot urine were collected at the start of intervention (baseline) and at the end of the 7-day
intervention for DE and every week for the MTD participant.

Figure 1. Study design of 3 + 3 dose escalating phase leading to maximum tolerated dose phase.
Depending on the study phase, isoflavones were measured in urine on day 7 or day 28. Circles
represent study visit days.

2.5. Sensory and Satiety Assessments

Participants were provided with a sensory ballot with written instructions to complete
at home. They were to be completed on the first day, immediately after bread was consumed.
Participants were instructed to rinse their mouths with cold tap water prior to eating their
bread. A 9-point hedonic scale (1 = dislike extremely to 9 = like extremely) was used to
assess six attributes (overall liking, aroma, flavor, sweetness, bitterness, and texture) of the
soy bread and was followed by a descriptive analysis. It was performed using a horizontal
line scale (6 inches) to evaluate whether soy bread attributes were like their ideal bread.
Intensity was measured (1 = low and 10 = high) for brown crust color, sweetness, saltiness,
bitterness, hardness, chewiness, and oiliness. Participants were given the following written
lexicons to calibrate their senses to the respective attribute: peanut (1) and milk chocolate
(10) for brown color; potato (1) and carrot (10) for sweetness; tomato (1) and olives (10) for
saltiness; spinach (1) and coffee (10) for bitterness; cooked pasta (1) and licorice candy (10)
for hardness; cream cheese (1) and raisin (10) for chewiness; nuts (1) and French fries (10)
for oiliness. Additionally, measures of satiety (perceived fullness or lack of hunger) were
conducted using a vertical (6 inches) visual analogue scale (VAS) to examine the impact of
satiety on soy bread compliance. Subjects were asked to rate their satiety (hunger, fullness,
how much they can eat, thought of food, desire, and urge to eat) as well rate their nausea,
thirst, and energy. VAS was to be completed prior to the first dose of soy bread consumed,
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then 30 min and 4 h after consumption of the soy bread, as well as before going to bed. For
the first day, participants were asked to consume a full dose as a single meal.

2.6. Laboratory and Clinical Measures of Toxicity

Fasting blood (electrolytes, glucose, renal and liver function tests) was collected at the
enrollment and end of study visits. All clinical blood samples were analyzed by The Ohio
State University Wexner Medical Center clinical laboratories.

2.7. Isoflavone Quantification in Urine
2.7.1. Chemicals

From Fisher Scientific (Fairlawn, OH, USA), anhydrous sodium acetate and solvents
(diethyl ether, formic acid, acetonitrile, methanol, and water) which were HPLC-grade or
higher were purchased. Lyophilized glucuronidase/sulfatase from Helix pomatia, dimethyl
sulfoxide, and equol were obtained from Sigma-Aldrich (St. Louis, MO, USA). Daidzein,
genistein, glycitein, daidzin, genistin, glycitin, acetyl daidzin, malonyl genistin, and acetyl
genistin were obtained from LC laboratories division (PKC Pharmaceuticals, Inc., Woburn,
MA, USA), and malonyl daidzin and malonyl glycitin from Wako Chemicals USA, Inc.,
(Richmond, VA, USA). Isoflavone metabolites (dihydrodaidzein DHD, dihydrogenistein
DHG, ODMA, and 6-OH-ODMA) were acquired from Plantech (Reading, UK). The fol-
lowing authenticated isoflavone standards were purchased from Sigma-Aldrich (St. Louis,
MO, USA): daidzein, genistein, glycitein, and equol. Food isoflavone standards (daidzin,
genistin, glycitin, acetyl daidzin, malonyl genistin, and acetyl genistin) were obtained from
LC Laboratories division (PKC Pharmaceuticals, Inc., Woburn, MA, USA).

2.7.2. Sample Handling and Isoflavone Quantification

Isoflavones were quantified using high-performance liquid chromatography (HPLC)
grade chemicals and authenticated isoflavone standards as described by Ahn-Jarvis et al.
2015 [37]. Subjects were provided 24 h urine collection vessels, which were pre-weighed
with 0.5 g/L boric acid, and collection began one day prior to completion of study (i.e., Day
6 and/or Day 27). Mass of urine combined with urine specific gravity was used to determine
urine volume over 24 h. A minimum collection of 20 h was considered complete and used
for analysis. Urine aliquots were stored at −80 ◦C for HPLC analysis. Extraction and quan-
tification of isoflavonoids in urine are detailed by Ahn-Jarvis et al. [37]. Regression analysis
of calibration curves revealed a good linear relationship (R2 = 0.9996 ± 0.0002). The inter-
assay and intra-assay variability in urine was less than 15%. Isoflavone concentrations
in urine less than 43 nmol/L (12.2 ng/mL) to 54 nmol/L (13.7 ng/mL) for the parent
(daidzein, genistein, glycitein) isoflavonoids and less than 48 nmol/L (13.1 ng/mL) to
62 nmol/L (15.9 ng/mL) for intermediate (DHG and DHD) isoflavonoids were considered
below the level of quantification. Microbial metabolites of isoflavones less than 120 nmol/L
(29.1 ng/mL) for equol, 88 nmol/L (22.7 ng/mL) for O-DMA, and 137 nmol/L (39.5 ng/mL)
for 6 OH-ODMA were considered below the level of quantification.

2.8. Statistical Analysis

SPSS software (version 22, IBM, Armonk, NY, USA) was used for analyses. A paired
t-test was used to evaluate the differences between baseline and at the end of study in
clinical biomarkers. An ANOVA was used to discriminate differences in satiety parameters,
isoflavone concentrations in urine, and dietary intake in respects to dose (slices/day)
and/or time. When statistically significant (p < 0.05) differences were found, a Tukey’s
post hoc test was used to determine the mean separation. Hierarchical cluster analysis
for urine isoflavones was conducted using proportions of metabolites belonging to the
daidzein family as three components (equol, ODMA, and DHD + Daidzein). The clusters
were formed using Euclidean distances and average linkage. These methods are detailed
in our previous studies [37,39]. Sensory data were analyzed using Wilcoxon signed-rank
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test and reported as median ± inter-quartile range. Radar analysis compared soy bread
attributes to participants’ self-described ideal bread using paired t-test.

3. Results and Discussion

3.1. Soy Bread Nutrient and Isoflavone Composition

Each slice of soy bread provided ~34 mg total isoflavones. The nutrient and isoflavone
composition of soy bread are detailed in Table 1. Soy bread isoflavone composition re-
mained stable during 2 years of frozen storage.

Table 1. Nutrient and isoflavone content of one slice of soy bread.

Nutrition Parameters

Serving Size (g) 92.4 ± 2.3
Nutrient Composition 1

Energy (kcal) 220.8
Fat (g) 3.4
Total Carbohydrates (g) 37.8
Dietary Fiber (g) 3.7
Protein (g) 15.2

Total Isoflavones (Mean ± SD, mg) 2 34.38 ± 0.21

Daidzein (mg) 1.44 ± 0.10
Daidzin (mg) 3.81 ± 0.23
6”-O-Acetyldaidzin (mg) 0.54 ± 0.03
6”-O-Malonyldaidzin (mg) 6.48 ± 0.39
Genistein (mg) 1.84 ± 0.14
Genistin (mg) 6.92 ± 0.40
6”-O-Acetylgenistin (mg) 0.67 ± 0.03
6”-O-Malonylgenistin (mg) 11.67 ± 0.63
Glycitein (mg) 0.10 ± 0.01
Glycitin (mg) 0.77 ± 0.04
6”-O-Acetylglycitin (mg) Trivial 3

6”-O-Malonylglycitin (mg) 0.12 ± 0.01
1—Nutrient calculated from soy bread formulation using NDSR; 2—Isoflavone content in soy breads (n = 6)
determined using HPLC with PDA; 3—Quantity less than level of quantification but detectable.

3.2. Soy Bread Palatability and Its Impact on Satiety

Sensory evaluation of soy bread using hedonic scoring indicated that the soy bread
was palatable (Figure 2A). The radar analysis assessing bread attributes indicated that the
taste of the soy bread was like their ideal bread, but the texture (hardness and chewiness)
of the soy bread was significantly different (p = 0.040 and p = 0.003, respectively, Figure 2B)
which is evidenced by a lower Hedonic score (likability) for texture being below neutral.
Because of the 30% displacement of wheat flour by soy ingredients, CP participants detected
a difference in the texture of the soy bread not being the same as their ideal bread and this
was also reflected in the decrease in Hedonic score for texture. Loss in organoleptic qualities
of wheat bread have been reported when 15% or 20% of the wheat flour is displaced by
soy [40]. Moreover, there were no significant dose-dependent effects on bread palatability
among the three cohorts nor the MTD participant. Therefore, consistent with our primary
hypothesis, the sensory evaluation of the soy bread suggested that the bread would be
well-tolerated and feasible for use in a short-term intervention study.

Visual analogue scale (VAS) was used to evaluate various aspects of satiety. The VAS
scores indicate perceived thirst decreased significantly (p < 0.001) between one and three
slices of bread after 8 h (Figure 2C). Dietary intake records show that dietary water and
total beverage intake did not significantly decrease (p = 0.065 and p = 0.152, respectively)
but there was a trend where mean dietary water intake decreased with increasing number
of slices/day. Further, VAS scores indicate that there was a significant persistence in satiety
with an increase in number of daily slices over time. Specifically, in the assessment of desire
to eat, one slice/day compared to three slices/day at 8 h postprandial (p < 0.001) showed
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a decrease in the desire to eat (Figure 2B). Similar differences were observed with other
satiety endpoints (Supplemental Figure S1A–G). The significant differences in perceived
thirst and satiety suggest that soy bread may be contributing to fluid homeostasis in the gut.
Although speculative, one possible rationale is the physicochemical differences between
wheat and soy flour. Soy flour has three times the water-holding capacity than wheat flour
and strong oil holding capacity [41,42]. This physicochemical property may facilitate water
retention in the intestinal lumen, thereby enhancing satiety and fluid balance, but further
dietary intervention studies using wheat control bread is warranted.

Figure 2. Sensory evaluations were used to assess soy bread palatability. (A) Hedonic scores representing
soy bread palatability shown as box and whisker plots (median and interquartile ranges). (B) Radar
analysis shows attribute intensities (median) of soy bread compared to participant’s ideal bread. Visual
Analogue Scale (VAS) scores for perceived thirst (C) and desire to eat (D) are represented as bar graphs
(mean ± SD). Superscript letters represent the mean separation using ANOVA analysis and Tukey’s
post hoc test when significant differences (p ≤ 0.05) were observed. * Significant differences (p ≤ 0.05)
between soy bread and ideal bread were assessed using a paired t-test.

3.3. Participant Clinical Features and Dietary Adhrence

Recruitment occurred over a 20-month period and a detailed CONSORT diagram was
previously reported [36]. Of the 11 participants enrolled, 1 failed screening and withdrew
before allocation, 9 completed the DE phase and 1 completed the MTD phase. Among the
nine, two individuals from cohort 1 (1 slice/day) returned after 1 year to participate in
cohort 3 (3 slices/day) (Figure 1). The age range was from 52 to 79 years old, and all were
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men except for one individual. A majority consumed their meals with lipase (Pancreatic
Enzyme Replacement Therapy, PERT) supplementation (Table 2). Fasting blood chemistry,
complete blood count, and renal and liver function tests were not significantly affected
by soy bread intervention (Table 2). Although not a primary outcome in this small study,
we observed a 18% reduction in mean fasting blood glucose in cohorts consuming two
and three slices of soy bread per day. Previous animal studies report that isoflavones elicit
hypoglycemic effects in rats with diabetes by inhibiting intestinal α-glucosidase activity [43]
whereas others report that isoflavones improve insulin sensitivity by activating peroxisome
proliferator activated receptors [44,45]. However, the anti-diabetic effects of soy isoflavones
in human studies are mixed [46,47].

From three-day diet records, the total energy intake (p = 0.095) was not statistically
significant with increases in soy bread dose, but this is likely attributed to the small size
of this study. However, we observed a 9% and 35% reduction in mean energy intake in
cohort 2 and 3 when compared to cohort 1. Likewise, there was a decrease, albeit not
statistically significant, in daily water intake by ~35% in cohort 2 and 3 when compared
to cohort 1. The dietary intake of total protein (p = 0.013), specifically animal protein
(p = 0.009) decreased in a dose dependent manner (Table 2). Dietary intake was determined
without the inclusion of soy bread. Participants were instructed to maintain their normal
diets and consume breads in addition to their normal diets. Notably, the caloric content of
the soy bread (weight for weight) is approximately 10% lower than a slice of conventional
white or whole wheat bread. In a recent study, we demonstrated there is a wide range of
caloric intake in subjects with CP, so this possible shift could have mixed consequences [48].
For those with substantial calories derived from lower quality food items using this bread
product would be beneficial, whereas intake could be problematic in those with low caloric
intake at baseline. Additionally, it will be necessary to assess tolerability over a long term,
since it is anticipated that this (or any) intervention to effectively treat CP would need to
last for years.

3.4. Isoflavone Metabolism

Oral ingestion of soy bread, when delivered in a dose escalating manner by increasing
the number of bread slices per day, was associated with a linear increase (Pearson R = 0.869,
p = 0.0011) in the excretion of total isoflavones in 24 h urine collections (Figure 3C). The
total isoflavone excreted in each cohort during the DE phase was statistically significant,
p = 0.007. The mean (±SEM) total daidzein excretion was 11.50 ± 3.55 mg/24 h for one slice,
19.02 ± 5.00 mg/24 h for two slices, and 30.51 ± 5.10 mg/24 h for three slices (Figure 3A),
while total genistein was 4.66 ± 1.47 mg/24 h for one slice, 11.55 ± 3.05 mg/24 h for
two slices, and 15.91 ± 2.95 mg/24 h for three slices (Figure 3B). A significant dose-
dependent increase was observed in total daidzein (p = 0.028) excreted, but not for total
genistein (p = 0.188). Daidzein metabolites such as dihydrodaidzein (DHD), O-desmethyl-
angolensin (ODMA), and equol and genistein metabolites such as dihydrogenistein (DHG)
and 6-OH-ODMA) were observed in 24 h urine samples.

3.5. Isoflavonoid Phenotypes

Phenotypes which favor daidzein excretion were predominant compared to genistein
excreting phenotypes. Therefore, in this study population, 90% (9/10) had total daidzein:
total genistein ratios (TD:TG ratio) greater than 1 (range 1.28–9.21). Like our previous
soy bread studies [21,37], we observed four daidzein metabolizing phenotypes with this
CP cohort. Specifically, among the ten 24 h urine samples analyzed, we observed one
non-daidzein metabolizing (NDM) phenotype (subject 1G), three O-desmethyl-angolensin
(ODMA: subjects 1D, 1E, and 2A), three ODMA + equol (subjects 1A, 1C, and 1H), and three
equol (subjects 1B, 1F, and 1I) producing phenotypes (Figure 3A). The greatest excretion of
total genistein was observed in NDM phenotype (subject 1G). Two subjects repeated 1 and
3 slice/day dosing arms. Both demonstrated that isoflavone metabolizing phenotypes are
reproducible and metabolite excretion increased with dose. In the equol-producing subject
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(1B and 1I) equol excretion increased from 28 (1 slice/day) to 61% (3 slice/day) of total
isoflavones excreted, whereas in a ODMA producing subject (1A and 1H) their ODMA
excretion increased from 3% (1 slice/day) to 10% (3 slice/day). In this same participant,
equol was not present during their 1 slice/day period but detected during their 3 slice/day
intervention period.

Table 2. Clinical and dietary information of chronic pancreatitis participants.

Participant Information

Dose Escalating Phase
(Phase 1)

MTD 1

(Phase 2)

1 Slice/Day
(n = 3)

2 Slice/Day
(n = 3)

3 Slice/Day
(n = 3) 2

3 Slice/Day
(n = 1)

Clinical Features

Body Mass Index (kg/m2,mean ± SD) 23.4 ± 5.2 28.4 ± 1.6 26.5 ± 3.9 24.6
Lipase (PERT) with meals (%) 66 100 66 yes
Lipase dose range (1000 units/meal) 24 and 72 24 to 48 24 and 72 24
Diabetes mellitus (%) 33 100 66 no
Pancreatic calcification/calculi (%) 100 100 100 yes
Main Pancreatic Duct Dilatation (%) 66 66 100 no

Clinical Laboratory Values (mean ± SD) 3

Creatinine (mg/dL)
Pre-intervention 1.03 ± 0.06 1.17 ± 0.02 0.94 ± 0.09 1.49
Post-intervention 0.09 ± 0.06 1.24 ± 0.05 0.89 ± 0.07 1.49
Blood glucose (mg/dL)
Pre-intervention 104 ± 6 172 ± 52 236 ± 141 82
Post-intervention 113 ± 8 139 ± 24 194 ± 79 89
Alanine aminotransferase (IU/L)
Pre-intervention 16 ± 5 22 ± 10 17 ± 2 12
Post-intervention 18 ± 4 26 ± 10 17 ± 3 16
Aspartate aminotransferase (IU/L)
Pre-intervention 16 ± 1 18 ± 4 17 ± 1 19
Post-intervention 22 ± 4 19 ± 4 18 ± 3 21
Total bilirubin (mg/dL)
Pre-intervention 0.6 ± 0.1 0.4 ± 0.1 0.7 ± 0.1 0.4
Post-intervention 0.5 ± 0.1 0.4 ± 0.1 0.7 ± 0.1 0.4
Albumin (g/dL)
Pre-intervention 4.3 ± 0.2 4.3 ± 0.3 4.1 ± 0.2 3.6
Post-intervention 4.3 ± 0.2 4.3 ± 0.3 4.1 ± 0.2 3.6
Alkaline phosphatase (IU/L)
Pre-intervention 74 ± 12 110 ± 25 101 ± 45 98
Post-intervention 70 ± 7 109 ± 16 108 ± 34 101

Daily Nutrient Intake (mean ± SEM) 4

Total Energy (kcal) 2300 ± 288 2095 ± 240 1517 ± 221 1592 ± 158
Total fat (g) 95.0 ± 16.8 75.2 ± 11.7 65.7 ± 14.4 49.0 ± 18.6
Cholesterol (mg) 391.4 ± 109.5 174.3 ± 33.2 216.9 ± 64.5 81.6 ± 71.1
Total carbohydrate (g) 278.1 ± 32.2 288.8 ± 38.5 191.5 ± 31.8 252.7 ± 46.3
Dietary fiber (g) 21.4 ± 5.6 18.4 ± 2.9 25.6 ± 5.5 24.9 ± 11.3
Total protein(g) 5 96.7 ± 13.4 a 74.6 ± 8.3 ab 48.2 ± 9.6 b 50.1 ± 12.1
Animal protein (g) 5 74.7 ± 11.3 a 46.4 ± 9.6 ab 28.6 ± 7.7 b 18.5 ± 12.6
Vegetable protein (g) 22.0 ± 3.6 28.2 ± 3.3 19.6 ± 3.4 29.1 ± 8.2
Total water (g) 3296 ± 936 2149 ± 517 2083 ± 514 2143 ± 189

1—Maximum Tolerated Dose; 2—2 of 3 subjects were also in the 1 slice/day subgroup; 3—Fasting blood serum;
4—Data collected from 3-day diet records, not including intake of soy bread, and analyzed using NDSR (Nutrition
Data System for Research, Minnesota, MN, USA); 5—Statistically significant (p < 0.05) ANOVA analysis and mean
separation are indicated by different superscript letters.

Isoflavone absorption and metabolism patterns in our cohort were similar with those
consuming a habitual Asian diet [49] and those consuming a Westernized diet after soy
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intervention [21,37]. Repeated daily dosing in both 1-week and 4-week interventions
demonstrated both time periods were sufficient in duration to capture isoflavone metabo-
lites in urine. Isoflavone microbial metabolites have shown greater bioactivity than their
parent compounds (daidzein, genistein, and glycitein) [50] and their production shows
great interspecies and regional diversity. Among mammalian species, the frequency of
equol production is much higher in rodents than in humans, more frequent in Asian than
Western populations, and much higher in vegetarian diets [49,51]. In our cohort, equol-
producing compared to NDM and ODMA phenotypes had the greatest daily intake of total
dietary fiber (p = 0.001) and insoluble fiber (p = 0.002). The NDM (subject 1G) phenotype
had the lowest caloric intake at ~800 kcal/day whereas the mean daily energy intake for
the other phenotypes was ~2000 kcal/day.

3.6. Potential Implications for Clinical Care

CP is a debilitating, irreversible disease with a detrimental impact on quality of life,
nutrition, and health care visits. While there are currently no approved medical therapies
to interrupt this chronic inflammatory process, much of the nutritional management of
chronic pancreatitis is to prevent malnutrition by treating the symptoms of maldigestion
and malabsorption using medical modalities and diet modification (high protein, high
energy diet) [14,52]. However, this fails to address a number of the underlying pathways
that contribute to disease progression and clinical manifestations, including inflammatory
pathways and gut dysbiosis, amongst others. Advances in microbiome research and whole
genome sequencing have provided insights into other alternative approaches, such as
restoration of intestinal functional capacity and gut health to improve the nutritional
status in CP, and warrant further investigation in CP [53–55]. Among the many food
ingredients, plant-based foods offer a unique opportunity to enhance bioactive profiles
in the food ingredients through horticultural conditions, biofortification, and precision
breeding [56–59]. Moreover, complementary food processing techniques can enhance
bioavailability of bioactive compounds or utilize food structures to modulate their delivery
to localized sites along the gastrointestinal tract [38,60]. While nutritional intervention
studies represent a great opportunity in CP, there are several challenges, including the
lack of standardized outcome assessments to determine clinical efficacy [61]. Nevertheless,
considering the absence of approved medical therapies for CP and the significant nutritional
abnormalities, this is a key opportunity for future investigations.

The current pilot trial was primarily focused on assessing feasibility, safety, and
tolerability of the soy-enriched bread in a study population with chronic pancreatitis.
Due to the small sample size and expected within-group variability, we were unable to
characterize the mechanisms of cellular action or immunological signaling, and examined
isoflavone metabolism as a biochemical outcome. Nevertheless, a prior pre-clinical resource
using a similar diet in an animal model demonstrated that dietary soy modulates natural
killer cell function, including reduced expression of interferon-gamma, a key mediator for
chronic pancreatitis [62].
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Figure 3. Isoflavone metabolites in 24 h urine collection across three doses of soy bread. (A) Total
isoflavones excreted across three doses of soy bread and colors represent the four daidzein excreting phe-
notypes observed in this cohort. (B) Total daidzein concentration excreted (left) and their corresponding
metabolite composition of each subject expressed as a percentage of total daidzein (right). (C) Total
genistein concentration excreted (left) and their corresponding metabolite composition of each subject
expressed as a percentage of total genistein (right). Superscript letters represent the mean separation
using ANOVA analysis and Tukey’s posthoc test when significant differences (p ≤ 0.05) were observed.
Isoflavone structures show abbreviated metabolite pathways (inset). DHD: dihydrodaidzein; DHG:
dihydrogenistein; ODMA: O-desmethyl-angolensin; 6-OH-ODMA: 6-hydroxyl ODMA.
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4. Conclusions

In this small pilot study, short-term soy intervention with soy bread in participants
with CP demonstrated that the soy bread effectively delivered isoflavones in a dose-
dependent manner. To our knowledge, this study is the first to report isoflavone metabolism
and isoflavone phenotypes in patients with chronic pancreatitis. Because of the great het-
erogeneity in CP disease, metabolic phenotypes of soy isoflavone intervention are critical to
help decipher heterogeneity in biologic responses among individuals with CP. This study
combined with our previous findings demonstrating safety and the anti-inflammatory
effects of the soy bread provides the necessary foundation to design future foods for CP
and larger clinical trials.
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