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ct of dehulling andmalting on the
antioxidant properties, phenolic composition, and
metabolite profile of Bambara groundnut (Vigna
subterranea) flour obtained from three varieties

Mpho Edward Mashau, * Thakhani Takalani, Shonisani Eugenia Ramashia,
Nakisani Babra Moyo and Oluwaseun Peter Bamidele

Bambara groundnut (Vigna subterranea) is an under-exploited legume with significant nutritional potential

and is known for its adaptability to challenging environmental conditions. This study evaluated the effects of

dehulling and malting on the antioxidant properties, and the phenolic and metabolite profiles of Bambara

groundnut (BGN) flours derived from three distinct varieties (cream, brown, and red). The antioxidant

properties and phenolic profiles of BGN flour were determined using standard methods. On the other

hand, the metabolomic profile of BGN flour was determined using liquid chromatography-quadrupole

time-of-flight mass spectrometry (LC-qTOF-MS). Malting significantly enhanced the total phenolic

content (TPC), with malted brown and red varieties having a higher value of 0.43 mg GAE/g.

Furthermore, the total flavonoid content (TFC) of malted BGN flours was higher, with values ranging

from 0.27 (malted cream) to 0.49 mg QE/g (malted red). Malting also increased the antioxidant activity

(DPPH and FRAP) of BGN flour. On the other hand, dehulling decreased (p < 0.05) the TPC and TFC of

BGN flour, and the values ranged between 0.23 (control cream) to 0.15 mg GAE/g (dehulled cream) and

TFC from 0.26 (control brown) to 0.23 mg QE/g (dehulled brown) and 0.32 (control red) to 0.26 mg

GAE/g (dehulled red variety). Moreover, dehulling decreased the DPPH and FRAP of the BGN flour. Both

processing methods increased (p < 0.05) the levels of protocatechuic and syringic acids in the red BGN

variety. Malting also increased (p < 0.05) the vanillic and ferulic acid contents of the red BGN variety.

Both processing methods decreased most phenolic acids in the BGN flour samples. Dehulling and

malting showed some notable differences in the metabolic profile of BGN, particularly for the red variety,

while the other two varieties showed only minor differences. Dehulling was observed to increase

oxylipins in red BGN, with much lower levels detected in malted and whole samples.
Sustainability spotlight

Bambara groundnut (Vigna subterranea) is a climate-smart crop, an under-utilised legume that is rich in nutrients and bioactive compounds. Its metabolites are
related to direct and indirect sustainability wins across several SDGs, from food security and nutrition to climate resilience and sustainable livelihoods. The high
protein content and micronutrients in Bambara groundnut enhance dietary quality, which is related to SDG 2 – Zero Hunger. Meanwhile, the high bre content,
antioxidants, and bioactive peptides support metabolic health and decrease the risk of diseases, aligning with SDG 3 – Good Health and Well-being. Drought
tolerance and low-input growth reduce vulnerability and emissions from synthetic fertilizers, aligning with SDG 13 – Climate Action.
1 Introduction

In addition to being an affordable dietary source of protein,
legumes have attracted increasing interest in recent years owing
to their benecial effects on human health.1 The frequent
consumption of legumes has been reported to help manage
several diseases, such as type 2 diabetes, cancer, and
gy, Faculty of Science, Engineering and

dou 0950, South Africa. E-mail: Mpho.

y the Royal Society of Chemistry
cardiovascular diseases, and these benets are associated with
the presence of phytochemicals.2,3 Given that processing
methods can signicantly alter the composition of secondary
metabolites in legumes and other plant-based foods, it is crucial
to explore their effects. Rooted in Africa, the Bambara
groundnut (Vigna subterranea (L.) Verdc.) is a dioecious legume
known for its nutritional value and adaptability, ranking
alongside peanuts and cowpeas.4,5 Bambara groundnut (BGN) is
a rich source of protein, bre, fat, carbohydrates, and indis-
pensable amino acids such as methionine and lysine, and is
regarded as a complete food.6 It can withstand poor soils, low
Sustainable Food Technol.

http://crossmark.crossref.org/dialog/?doi=10.1039/d5fb00611b&domain=pdf&date_stamp=2026-05-10
http://orcid.org/0000-0002-7797-2292
http://orcid.org/0000-0002-1448-1146
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fb00611b
https://pubs.rsc.org/en/journals/journal/FB


Sustainable Food Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 3
:5

1:
08

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
rainfall, and harsh climates.7 The ability of BGN to sustain
harsh environmental conditions and x atmospheric nitrogen
makes it suitable for sustainable agriculture,8 making it well-
suited for regions prone to food scarcity and climate change
in low-income countries.6

The BGN grains have different colours and shapes, such as
cream, brown, red, white, and black. The red and cream/black
eye have big kernels and higher yield, but the red variety is
harvested very late due to its late maturity compared to other
BGN varieties. The cream/no-eye variety has tiny pods, while
cream/brown eye has a medium kernel and has a good yield.
Brown BGN has moderate- to big-sized kernels, and its colour
may be light and dark brown.9 The black BGN is a very thin,
moderate-sized kernel that is mainly one-seeded and matures
earlier than the other BGN varieties. Seed coat colours show
extensive diversity, including cream and red (26% each), black-
cream and cream-purple (19.33% each), and black (9.33%).10,11

The phenotypic diversity in BGN is expressed across multiple
characteristics, including colour, shape, texture, exibility,
growth habit, pilosity, and hardness in both aerial organs and
underground pods.12 This extensive phenotypic variation
provides the foundation for understanding how different colour
variants – including brown, red, cream, and black types – may
relate to underlying genetic differences.

Bambara groundnut is neglected and underutilised in
Southern Africa. Traditionally, BGN is consumed by boiling
freshly harvested grains and eaten as a relish with maize-meal
porridge.13,14 Nonetheless, BGN has recently become a subject
of interest because it is regarded as a complete food product. An
area that scientists have not investigated is the biochemical
composition of the different varieties of BGN using state-of-the-
art equipment, including liquid chromatography-tandem mass
spectrometry (LC-MS/MS). Metabolomics, the study of small
molecules called metabolites within an organism's cells, effec-
tively addresses this issue. By using sophisticated analytical
methods like gas chromatography-tandem mass spectrometry
(GC-MS/MS), LC-MS/MS, and nuclear magnetic resonance
(NMR) spectroscopy, scientists can achieve the goal of meta-
bolomics, which is to identify andmeasure bioactive substances
and nutritional metabolites present in food, as well as changes
caused by food processing methods.15,16

Food processing methods, such as malting, enhance the
digestibility, taste, and concentration of legumes, including the
bioavailability of their bioactive compounds.17 Malting
produces three important enzymes, such as protease, amylase,
and phytase, each providing distinct functions in the alteration
of legume grain. During malting, protease hydrolyses proteins
into amino acids and smaller peptides, providing a nitrogen
source for the developing seedling.18 Amylase hydrolyses
starches into fermentable sugars, and phytase releases phos-
phorus and other nutrients by breaking down phytate
compounds.19 Pal et al.20 reported reduced quercetin, catechin,
and gallic acid levels in germinated lentils. In contrast, malting
increased the levels of volatile compounds in lentils at different
times.21 Processing BGN can also help reduce antinutrients
such as tannins, phytates, and trypsin inhibitors, while
increasing polyphenols and oligosaccharides.22 Mudau and
Sustainable Food Technol.
Adebo23 observed an increased total phenolic and avonoid
content, while the ABTS and FRAP of malted mixed BGN our
decreased.

Although some studies have evaluated the impact of pro-
cessing methods, including dehulling24 and malting,25,26 on the
metabolite composition of BGN, a substantial gap remains in
understanding how these methods inuence the overall meta-
bolome, particularly across different BGN varieties. This repre-
sents a critical knowledge gap, especially considering the
growing interest in BGN as a nutraceutical. Adetokunboh et al.25

determined the inuence of malting on BGN specialty malts
and syrups by focusing on primary metabolites (amino acids,
fatty acids, and sugars) and volatile compounds. A study by
Oladimeji and Adebo26 mainly focused on volatile compounds
in malted BNG our, whereas Adedayo et al.24 examined the
impact of dehulling on the metabolite proles of different
varieties of BGN our, providing insights into the phytochem-
ical differences attributed to this processing technique. Despite
these valuable contributions, subtle differences can easily be
missed using conventional approaches for analysing mass
spectrometry data. Recent advances in computational meta-
bolomics, particularly molecular networking, allow visual-
isation and comparison of the entire metabolome of samples,
thereby facilitating a holistic exploration of metabolic varia-
tions attributed to different food processing methods.

To the best of the knowledge of the authors, this is the rst
study that used ultra-high-performance liquid chromatography
quadrupole time-of-ight mass spectrometry (UHPLC-qTOF-MS)
to evaluate the metabolite composition of processed BGN our
from three varieties (cream, brown, and red) followed by visual-
isation throughmolecular networking. This study determined the
effects of dehulling and malting on the antioxidant properties,
phenolic composition, and metabolomic prole of three distinc-
tive varieties of BGN. Apart from the study's data contributing to
the body of knowledge, particularly on the functionality of pro-
cessed BGN ours, it will also promote the use of processed BGN
our in the food sector, thereby achieving food security inmiddle-
income countries. Furthermore, this study provides scientic
information on how dehulling and malting affect the health-
promoting compounds of BGN.
2 Materials and methods
2.1. Raw materials and chemicals

A total of 10 kg of mixed BGN grains was obtained from
a supermarket (Thohoyandou, South Africa). All analytical-
grade chemicals and reagents were obtained from Microsep
(Johannesburg, Gauteng, South Africa). The width of the cream,
brown, and red BGN grains was 9.54, 9.66, and 9.98 mm,
respectively. The length of the BGN grains was: 12.02 mm
(cream), 12.16 mm (brown), and 13.58 mm (red). The width and
the length of 100 randomly selected BGN grains were measured
by micrometre reading to 0.001 mm. The weight of the BGN
grains was measured. The 1000 BGN grain mass was 576 g for
cream, 582 g for brown, and 754 g for red, and the BGN grains
were randomly selected, and the weight was measured.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.2. Preparation of processed Bambara groundnut ours

Bambara groundnut grains were sorted by colour (cream,
brown, and red), washed to remove impurities, and soaked at
room temperature for 20 h to facilitate dehulling. Aer di-
scarding the soaking water, the grains were manually dehulled
by removing the seed coat. A conventional oven drier was used
to dry the dehulled grains for 14 h at 70 °C to obtain a moisture
content of # 12%.27 The dehulled grains were milled (Perten-
3303 Laboratory Mill, USA), sied using a 355 mm sieve to ne
our, and labelled as dehulled BGN our.

Bambara groundnut grains were steeped in water (5 L
bucket) for 20 h at 30± 2 °C to facilitate malting. Aer draining,
four trays were used to germinate BGN grains at 28 °C for
120 h,28 with water sprayed twice daily to maintain a suitable
moisture content. The germinated grains were oven-dried using
a conventional dryer at 70 °C for 14 h, ground into our using
an ultra-centrifugal mill (ZM 200; Retch, Germany), sied using
a 355 mm sieve to ne our, and marked as malted BGN our.
Untreated whole BGN grains were similarly milled, sied using
a 355 mm sieve to ne our, and designated as control BGN
our. All ours (whole, dehulled, and malted) were stored in
polyethylene bags at 4 °C until further analysis.
2.3. Total phenolic content (TPC) determination

To prepare the extract, the BGN our sample (50 g) was sus-
pended in 500 mL of methanol. The extract was shaken for 2 h
and then centrifuged (Rotina 380 R-Labotec Ecotherm (Pty) Ltd,
Midrand, South Africa) for 20 min at 3000 rpm. The extract was
collected, ltered using Whatman no. 1 paper, and kept at an
environment of 4 °C until needed.

The TPC of the BGN our was examined as per the modied
Folin-Ciocalteu method.29 Briey, 200 mg of the our sample
was suspended in 1.5 mL of Folin Ciocalteu reagent (1 : 10
diluted with distilled water) and allowed to rest for 5 min at
room temperature. Subsequently, 2.5 mL of a 7% sodium
bicarbonate solution was added. The supernatant was vortexed
thoroughly for one minute and centrifuged at 5000 rpm for
10 min. The absorbance of BGN our was recorded at a wave-
length of 765 nm using a UV spectrophotometer (VIS-7220N,
Beijing Rayleigh Analytical Instrument Co., Ltd, China). The
same spectrophotometer was used to evaluate the total avo-
noid content, DPPH, and FRAP of the BGN our. Gallic acid was
used to generate a standard curve. The results were expressed
as mg gallic acid equivalent per gram of dry sample.
2.4. Total avonoid content (TFC) determination

The TFC of the BGN our samples was examined using the
aluminium chloride colorimetric assay according to Mudau and
Adebo,23 with some modications. A BGN our extract (10 mL)
was suspended in 30 mL of methanol, 30 mL of AlCl3 solution, 100
mL of sodium hydroxide solution, and 10mL of a volumetric ask
was prepared by adding distilled water. Themixture was vortexed
for one minute and allowed to rest for 30 min in a dark envi-
ronment. The absorbance of the BGN our samples was recorded
at 450 nm using an ultraviolet spectrophotometer. Quercetin was
© 2026 The Author(s). Published by the Royal Society of Chemistry
used to generate a standard curve, and TFC was expressed as mg
quercetin equivalent on a dry matter basis (mg QE/g).
2.5. Analysis of DPPH (2,2-diphenyl-1-pycryl-hydroxyl) free-
radical-scavenging activity

With minor modications, the method explained by Ram-
atsetse et al.30 was employed to evaluate the DPPH assay of the
BGN our samples. The DPPH solution was prepared by di-
ssolving 1.465 mg in 50 mL of methanol. BGN our extract (2
mL) was suspended in methanol. Following this, 1 mL of DPPH
solution was added, and themixture was adjusted to 25mL with
methanol. The supernatant was properly shaken at ambient
temperature (25 ± 2 °C) before being incubated for 30 min in
a dark room. The absorbance was recorded at 570 nm using an
ultraviolet spectrophotometer, and the results were reported as
the percentage of DPPH.
2.6. Ferric-reducing antioxidant power (FRAP)
determination

The FRAP of the BGN our samples was examined as explained
by Mudau and Adebo23 with minor modications. Briey, 100
mL BGN our was suspended in 300 mL distilled water in a test
tube. Subsequently, 3 mL of FRAP reagent was added to 250 mL
of BGN our. The mixture was vortexed and placed in a water
bath for 20 min at ambient temperature. An ultraviolet spec-
trophotometer was employed to record the absorbance of the
sample at 700 nm, and the results were reported as mg GAE/g.
2.7. Determination of polyphenols

2.7.1. Sample preparation for phenolic acids determina-
tion. One millilitre of 70% methanol was suspended in a test
tube and 100 mg of the BGN our sample was added. The
supernatant was mixed by vortexing it and incubated at 60 °C
for 180 min. Following this, the supernatant was extracted for
3 h at 60 °C. A 130 mL of the extract was dried overnight in
a freeze dryer and derivatised with 30 mL of BSTFA and 100 mL of
acetonitrile for 30 min at 60 °C. Aerwards, the our sample
was placed in an insert (positioned in a 2 mL GC vial), and 1 mL
was injected into the GC-MS/MS using splitless mode.

2.7.2. Chromatographic separation for phenolic acids
determination. A gas chromatograph (GC 7820A) coupled to
a triple quadrupole mass spectrometer (MS 7697A, Agilent
Technologies, California, USA) was used to analyse the phenolic
acids. Briey, the analytes were separated on a non-polar Rxi-
5Sil MS (30 m, 0.25 mm ID, 0.25 mm lm thickness) capillary
column. Helium was used as the carrier gas at a ow rate of 1
mL min−1. The injector temperature was held at 250 °C. One
microliter of the sample was inserted in splitless mode. Aer-
wards, the oven temperature was set as follows: 100 °C for
4 min, then increased to 180 °C at 10 °C min−1, maintained for
2 min, and nally elevated at 20 °C min−1 until reaching 320 °C,
and held for 5 min. A single reaction mode was used to operate
the mass spectrometer detector, and the source and quad
temperatures were maintained at 250 °C and 150 °C. The
transfer line temperature was held at 250 °C.
Sustainable Food Technol.
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2.7.3. Sample preparation and metabolite extraction for
LC-qTOF-MS analysis. Bambara groundnut our was prepared
and extracted as explained by Moyo et al.31 In brief, BGN our (2
g) was extracted overnight with 20 mL of 80% methanol using
a digital rotisserie tube rotator (Sigma-Aldrich, Midrand, South
Africa) at 70 rpm. The extracts of the crude were centrifuged
using a benchtop xed-angle centrifuge (Microse, Midrand,
South Africa) at 12 800 rpm for 20 min. Nylon lters (0.22 mm)
were used to lter the our samples into HPLC vials and stored
at 4 °C for further analysis. LC-MS-grade methanol, acetonitrile,
and water were acquired from Microsep (Midrand, South
Africa).

2.7.4. Chromatographic separation of secondary metabo-
lites using the LC-qTOF-MS. A liquid chromatography-
quadrupole time-of-ight tandem mass spectrometer (LC-MS-
9030 q-TOF, Shimadzu Corporation, Kyoto, Japan) was utilised
to measure BGN our, as previously described by Moyo et al.31

Shim-pack Velox C18 column (100× 2.1 mm, 2.7 mm) (Shimadzu
Corporation, Kyoto, Japan) separated the secondary metabo-
lites, which were held at 55 °C. Five microliters of the sample
were inserted into the instrument, and a binary mobile phase
gradient elution was utilised to separate the metabolites at
a ow rate of 0.3 mL min−1. Mobile phases A and B consisted of
0.1% (v/v) formic acid in ultrapure water and methanol. From
0min to 3min, themobile phase contained 5% solvent B, which
was maintained for 8 min. In contrast, the composition of
mobile B was elevated to 40% and then gradually raised to 95%
between 23 and 25 min. The gradient was modied to 5%
mobile phase B for 27 min and maintained at this composition
for 30 min. For mass spectral analysis, a q-TOF high-resolution
mass spectrometer with an electrospray interface (ESI) oper-
ating in negative ionisation mode was used, and the parameters
of the instrument were programmed as follows: voltage inter-
face at 4.0 kV, temperature interface at 300 °C, nebulisation and
drying gas ow at 3 L min-1, temperature's heat block of 400 °C,
temperature DL at 280 °C, detector voltage at 1.8 kV, and
temperature ight tube at 42 °C. Sodium iodide was utilised for
calibration to guarantee high mass accuracy.
2.8. Feature-based molecular networking and metabolite
annotation

Molecular networking was performed using the GNPS platform
(https://gnps.ucsd.edu, accessed July 28, 2025) and its online
workow (https://ccms-ucsd.github.io/GNPSDocumentation/).
Raw data from the Shimadzu LCMS-9030 q-TOF was rst
converted to the open-source mzML format. mzML les were
pre-processed using MSDial 4.9 to obtain an mgf le and
a quantication table needed for feature-based molecular
networking. MS2 fragment ions within ±17 Da of the
precursor m/z were ltered during uploading. The spectra
were further rened by selecting the top four fragment ions in
a ±50 Da window, with mass tolerances for both the
precursor and fragment ions set at 0.02 Da. Visualisation of
the molecular network was performed using Cytoscape.
Accurate mass and MS2 fragmentation data were used to
deduce empirical formulas, facilitating the annotation of
Sustainable Food Technol.
matched and selected unmatched metabolite nodes. These
identications were cross-checked against dereplication
databases such as KNApSAck.
2.9. Statistical analysis and experimental design

All the experiments were replicated three times unless other-
wise stated and results were reported as mean values. The data
obtained were analysed using SPSS soware (version 27.0; SPSS
Inc., Chicago, Illinois, USA). Analyses were performed through
analysis of variance (ANOVA) at 95% condence and accepted at
the level of signicance of p < 0.05, using Duncan's multiple
range test to determine signicant differences among means.
3 Results and discussion
3.1. Polyphenols and antioxidant activity of dehulled and
malted Bambara groundnut ours

Table 1 presents the polyphenol content and antioxidant activity
of processed (dehulling and malting) BGN varieties (cream,
brown, and red). Dehulling decreased the TPC and TFC of BGN
ours (all varieties), with data ranging from 0.23 (control cream)
to 0.15mgGAE/g (dehulled cream) and from 0.26 (control brown)
to 0.23 mg QE/g (dehulled brown) and 0.32 (control red) to
0.26 mg GAE/g (dehulled red variety). The seed coat or outer
layers of legumes contain higher levels of polyphenols, with
higher amounts in dark varieties.32 Shitta et al.33 reported that
roughly 80–90% of the total phenolic compounds in legume
grains are present in the seed coats, making dehulling an effec-
tive method of removing these compounds. Furthermore, the
hulls (seed coats) of BGN are rich sources of avonoids and
tannins, with red and brown varieties having higher values.34

Previous studies reported that dehulling of legumes decreases
TPC by 45%, TFC by 48.6%, and tannin by 64%, respectively.35,36

Flavonoids are the standard components of legumes that can
promote health. Inevitably, dehulling legumes removes notable
levels of polyphenols. Therefore, the decreased TPC and TFC of
dehulled BGN ours could be interrelated to the disintegration of
polyphenol compounds due to seed coat removal.37 Similarly,
Guajardo-Flores et al.38 observed reduced TPC of dehulled black
beans, whereas Lakshmipathy et al.39 reported decreased TFC of
dehulled grass peas. Nonetheless, dehulling did not affect the
TPC of faba beans.40

Nonetheless, other processing steps, such as soaking and
drying (aer dehulling), might also have contributed to the
decrease in TPC and TFC of the dehulled BGN ours. These
phenolic compounds might have migrated into the soaked
water, and the drying treatment might also have degraded
them.41 The soaking step usually allows phenolic compounds to
leach from the grains into the water, creating another route for
their loss.42 Higher drying temperature leads to reduced TPC,
demonstrating that heat-sensitive phenolic compounds were
degraded or compounds like tannins were polymerised, thereby
decreasing their extractability and solubility.43 These thermal
effects work alongside the mechanical hull's removal to create
compound losses that extend beyond dehulling alone. The
mechanisms of dehulling, soaking, and drying help explain that
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Antioxidant properties of Bambara groundnut floursa

Samples TPC (mg GAE/g) TFC (mg QE/g) FRAP (mg GAE/g) DPPH (%)

Cream
Control 0.23 � 0.04b 0.21 � 0.02b 0.26 � 0.03b 17.79 � 1.89b

Dehulled 0.15 � 0.01c 0.15 � 0.01c 0.21 � 0.01c 13.85 � 2.13c

Malted 0.30 � 0.01a 0.27 � 0.02a 0.43 � 0.02a 24.04 � 1.85a

Brown
Control 0.26 � 0.02b 0.26 � 0.05b 0.26 � 0.04b 21.26 � 3.29b

Dehulled 0.23 � 0.02c 0.23 � 0.02c 0.22 � 0.04c 14.87 � 0.41c

Malted 0.43 � 0.03a 0.38 � 0.02a 0.31 � 0.02a 30.08 � 6.24a

Red
Control 0.32 � 0.01b 0.35 � 0.05b 0.23 � 0.03b 25.71 � 2.71b

Dehulled 0.26 � 0.04c 0.26 � 0.04c 0.15 � 0.00c 17.46 � 0.82c

Malted 0.43 � 0.02a 0.49 � 0.02a 0.33 � 0.02a 34.92 � 0.74a

a Values represent the mean ± SD from three replicates; values (n = 3) within a column for the same variety with different superscripts are
signicantly different (p < 0.05).
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the low levels of phenolic acids in BGN our could be associated
with dehulling before milling.44

The TPC of the malted BGN our increased, with the malted
brown and red varieties having the same values (0.43 mg GAE/g).
Compared to controls 0.23 (cream), 0.26 (brown), and 0.32 mg
GAE/g (red), the malted BGN TPC results were higher, with
malted cream having 0.30 mg GAE/g, malted brown and red
having 0.43mg GAE/g. The enhanced TPC of BGN ours could be
ascribed to malting, which hydrolysed the cell wall with the help
of enzymes and released bound phenolic compounds.45 The
increased TPC might also be related to the hydrolysis of
condensed procyanidins during malting.46 Moreover, the
enhanced TPC of malted BGN ours could be ascribed to the
integration of polyphenols by enzymes during malting and non-
enzymatic reactions during kilning, which induces endogenous
antioxidants.47 Enzyme synthesis occurs during malting via the
phenylpropanoid pathway, shikimic acid, and degradation of the
cell wall of polysaccharides, thereby releasing polyphenols that
were bound earlier inside the cell wall.48 This is important
because phenolic acids like p-coumaric and ferulic acids are
bound to non-starch polysaccharides in the cell wall of the grain
via relationships, including ester and ether bonds. Furthermore,
the action of enzymes, such as esterases, that degrade these
bonds releases bound phenolic acids.45 Similarly, increased TPC
of the germinated brown BGN variety was reported by Chinma
et al.49 Soaking of BGN grains might have also played a role in
decreasing the TPC since condensed tannins were solubilised
during water penetration and disruption of cellular structures.23

This structural disintegration may have allowed the liberation of
polyphenols from the cell walls of the BGN grain tissue.50

The TFC of malted BGN ours was greater than that of
dehulled, and data varied from 0.27 (malted cream variety) to
0.49 mg QE/g (malted red variety). This rise in TFC during
malting could be ascribed to the synthesis of avonoid
compounds by chalcone isomerase. The metabolic modica-
tions that occur in the BGN grain during malting and produce
avonoids might also be related to the rise in TFC. Moreover,
the increased TFC of malted BGN ours may be ascribed to the
© 2026 The Author(s). Published by the Royal Society of Chemistry
release of glycones from conjugated glycosides that are acti-
vated by the induction of enzymes or by the modication or
production of avonoids.51 Similarly, Mudau and Adebo23 re-
ported an increased TFC in malted mixed BGN our.

Dehulling signicantly decreased the antioxidant activity of
BGN ours, with data for FRAP varying from 0.26 and 0.23 mg
GAE/g (control cream, brown, and red varieties) to 0.21, 0.22,
and 0.15 mg GAE/g (dehulled cream, brown, and red varieties).
The same trend was noted for DPPH, with values varying from
17.79, 21.26, and 25.71% for control cream, brown, and red
varieties to 13.85, 14.87, and 17.46% for dehulled cream, brown,
and red varieties, respectively. The decreased antioxidant
activity might be linked to the removal of the BGN hull. High
levels of polyphenols in the hulls of BGN are associated with
antioxidant activity. The phenolic compounds available in seed
coats are closely related to their antioxidant capacities.
Guajardo-Flores et al.38 indicated that removing the hull (seed
coat) with high polyphenol content reduces antioxidant
capacity. Similarly, Amanipour et al.52 reported lower values of
FRAP (53.6 mg/TE100g) and DPPH (110.8 mg/TE100g) of
dehulled grey pea our when compared to the whole (control)
grey pea our (151.5 and 194.9 mg/TE100g).

Malting enhanced the DPPH and FRAP of BGN ours, and
the data varied from 0.26 (control cream variety) to 0.43 mg
GAE/g (malted cream) and from 17.79 (control cream variety) to
34.92% (malted red variety), respectively (Table 1). Enzyme
activity during malting enhances the production of polyphenols
from hulls to cotyledons,52 which might be the cause of the
increase in the antioxidant activity of the BGN varieties.
Furthermore, enzyme activity might have resulted in an array of
natural processes, such as enzymatic hydrolysis, breakdown of
cell walls, and depolymerisation into phenolic monomers,
thereby increasing the antioxidant capacity of the malted BGN
our.53 The higher antioxidant activity of malted BGN ours
demonstrates the capacity of polyphenols to modulate reactive
radicals.54 The availability of antioxidants in malted BGN ours
is ideal because they might reduce oxidative stress and diseases
like cardiovascular disease, cancer, and diabetes mellitus.
Sustainable Food Technol.
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Nonetheless, the antioxidant activity differs depending on the
response system. This could be associated with the production
of intramolecular hydrogen bonds between functional groups,
and thus, might vary in other systems.55 Similarly, Mao et al.56

reported an increased antioxidant activity in germinated
chickpea our.

3.2. Phenolic acids in processed Bambara groundnut ours

Table 2 lists the phenolic proles in the processed BGN our.
The proled phenolic compounds included vanillic, proto-
catechuic,m-coumaric, syringic, p-coumaric, ferulic, and caffeic
acids. The control samples demonstrated varietal differences in
phenolic content. The cream BGN our had the highest proto-
catechuic acid content (839.85 mg g−1), followed by brown
(821.94 mg g−1) and, red (450.09 mg g−1). Brown BGN our is rich
in ferulic acid: 96.98 mg g−1 and caffeic acid: 14.53 mg g−1. Most
phenolics were lower in the red BGN our than in the brown
BGN our, except for p-coumaric acid. These differences are
probably due to genetic differences in the varieties and envi-
ronmental inuences on seed coat composition.57 The high
content of protocatechuic acid gives cream and brown BGN
varieties the potential to act as functional ingredients because
of their claimed benets, including anti-inammatory and anti-
carcinogenic properties.58

Across all BGN our varieties, dehulling consistently reduced
the levels of most of the phenolic acids. Signicant variations
(p < 0.05) were noted in vanillic, protocatechuic, m-coumaric,
and p-coumaric acids in cream and brown BGN our and in
vanillic and p-coumaric acids in the red BGN variety. For cream
BGN our, vanillic acid dropped from 31.81 (control) to 7.82 mg
g−1 (dehulled), and protocatechuic acid decreased from 839.85
to 697 mg g−1. Ferulic acid decreased from 96.98 to 38.93 mg g−1

in brown BGN our, and p-coumaric acid decreased from 18.85
to 9.40 mg g−1 in red BGN our. This decrease was likely related
to the amount of phenolic acids in the hilum (seed coat), so
dehulling removes signicant amounts of these compounds.
Wang et al.59 demonstrated that the seed coat contains the
highest level of individual-bound phenolic acids, followed by
Table 2 Phenolic acids of raw and processed Bambara groundnut flour

Samples Vanillic acid Protocatechuic acid M-Coumaric

Cream
Control 31.81 � 0.30a 839.85 � 18.67a 4.10 � 0.17a

Dehulled 7.82 � 0.47c 697.88 � 16.56c 3.89 � 0.14b

Malted 21.80 � 2.43b 823.64 � 18.86b 3.92 � 0.10b

Brown
Control 37.11 � 0.91a 821.94 � 15.98a 4.23 � 0.40a

Dehulled 19.26 � 3.03a 709.85 � 16.33b 3.88 � 0.01b

Malted 16.26 � 0.37a 814.85 � 16.03a 3.91 � 0.01b

Red
Control 13.71 � 0.08a 450.09 � 21.29b 4.06 � 0.17a

Dehulled 12.05 � 0.22c 748.84 � 22.47a 3.90 � 0.01b

Malted 12.51 � 1.40b 746.29 � 24.47a 3.92 � 0.02b

a Values represent the mean ± SD from three replicates; values within a co
(p < 0.05). ND = Not detected.

Sustainable Food Technol.
the bran and the cotyledon. This irregular distribution means
that removing the seed coat via dehulling resulted in distinctive
losses of phenolic acids compared to the other components of
the grains. Phenolic compounds are commonly present in the
outer portions of seeds as they act as protective antioxidants
against environmental stressors.60 Similar data were reported
on other legumes, such as cowpeas and soybeans, which
showed a TPC loss of almost 50% due to dehulling.61,62

Remarkably, in the red variety, protocatechuic acid increased
post-dehulling (from 450.0 to 748.84 mg g−1). This was likely due
to varietal differences in the distribution of phenolics or the
unmasking of bound phenolics within the endosperm during
processing.63 Furthermore, milling and other processes
involved in dehulling might have broken down cell walls that
bind protocatechuic acid and disrupted protein-phenolic
complexes, releasing it in unbound form that is more easily
extracted and measured. Protocatechuic acid appears to be
available in the whole red BGN seed, meaning it is retained in
the nal dehulled our, unlike those polyphenols that are
concentrated in the hull. The structural and biochemical
properties should be examined more closely to understand
these phenomena. Caffeic acid was not detected (ND) in
dehulled samples of all varieties, indicating that this compound
was either conned to the seed coat or was extremely vulnerable
to processing conditions. These ndings agree with those of
previous studies that have documented the absence of some
hydroxycinnamic acids in dehulled grains.64

Malting showed mixed results for phenolic compounds
(where the impacts differed by phenolic compounds and
variety). In cream BGN our, vanillic acid dropped from
a concentration of 31.8 (control) to 21.80 mg g−1 (malted), while
protocatechuic acid remained almost unchanged (823.64 to
839.85 mg g−1). In brown BGN our, ferulic acid was reduced
from 96.98 (control) to 67.93 mg g−1 (malted), although it still
exceeded the values in the dehulled samples (38.93 mg g−1).

The decreased ferulic and vanillic acids during malting might
be related to phenolic acid esterases that disintegrated these
compounds.65 In red BGN our, considerable increases in ferulic
s (mg g−1)a

Syringic acid P-coumaric Ferulic acid Caffeic acid

70.28 � 5.79a 31.64 � 2.60a 55.31 � 2.29a 7.34 � 5.92a

13.76 � 2.26c 8.29 � 2.55b 52.45 � 9.01a ND
48.20 � 3.02b 10.52 � 0.42b 53.38 � 1.90a ND

49.33 � 12.40a 22.39 � 1.98a 96.98 � 2.68a 14.53 � 0.24b

43.86 � 13.31 ab 10.78 � 3.03b 38.93 � 2.86c ND
33.73 � 11.94c 8.40 � 1.29b 67.93 � 2.44b 0.15 � 0.21a

8.17 � 0.83c 18.85 � 1.25a 44.64 � 2.62b ND
42.70 � 0.30a 9.40 � 1.13b 46.70 � 1.22b ND
25.42 � 0.39b 8.90 � 0.61b 76.38 � 3.80a ND

lumn for the same variety with different letters are signicantly different

© 2026 The Author(s). Published by the Royal Society of Chemistry
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acid to 76.38 (malted) from 44.64 mg g−1 (control) were observed,
and syringic acid also increased from 8.17 to 25.42 mg g−1. The
rise in some phenolics, such as ferulic and syringic acids, in red
BGN our might be related to the activation of some natural
enzymes like phenylalanine ammonia-lyase, which is associated
with the biosynthesis of phenolic acid during germination.66

Other researchers have suggested that malting processes also
increase the bound phenolics released from cell wall structures,
thereby increasing their extractability.67,68 The loss of some
phenolics, such as vanillic acid, in cream and brown varieties of
BGN might arise from leaching during soaking or oxidative
decomposition during germination, as was noted in malted
sorghum and barley.69 Furthermore, malting might have acti-
vated different cell wall-degrading enzymes, such as cellulases,
hemicellulases, and esterases, which completely disintegrated
the structural components that bind phenolic acids. In malted
samples, caffeic acid levels were either reduced to undetectable
levels, with trace amounts of 0.15 mg g−1 in brown BGN our.
This nding indicates that malted caffeic acid is extremely
vulnerable to breakdown during malting, which could be due to
the activity of polyphenol oxidases or even thermal drying.51
Table 3 Putative identification of secondary metabolites of BGN flours (r
molecular networkinga

BGN
variety

tR
(min) Compound name

M
ion

1 Red 9.06 Quercetin-3-O-glucoside 46
2 8.80 Quercetin-3-O-rutinoside 60
3 8.40 Myricetin-3-O-glucoside 47
4 5.47 Procyanidin B2 57
5 5.83 Procyanidin C1 86

6 3.83 Catechin-7-O-glucoside 45
7 8.50 Myricetin-3-O-arabinoside 44
8 9.24 Quercetin-3-O-(6-O-malonylglucoside) 54
9 8.12 Daidzin 41
10 8.54 Myricetin-3-O-(6-O-malonylglucoside) 56
11 24.62 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphate 67

12 24.85 1-Hexadecanoyl-2-(9Z,12Z-octadecadienoyl)-sn-
glycero-3-phosphoethanolamine

71

13 25.59 1-(9Z-octadecenoyl)-2-(9Z,12Z-octadecadienoyl)-
glycero-3-phospho-(10-sn-glycerol)

77

14 25.91 PE 18 : 1_18 : 2 74
7 14.00 9,12,13-Trihydroxy-10-octadecenoic acid 32
8 17.27 9,10-Dihydroxy-12-octadecenoic acid 31

9 18.14 9,10-Dihydroxystearic acid 31

10 Cream 17.69 Glyinanin A 40
11 14.29 Licoavanone 33
12 14.78 Kievitone 35
13 18.01 Lespedezaavanone D 42
15 8.46 Naringenin 27
16 18.65 Licoavone C 33
10 Brown 9.80 Sternbin 30
11 11.10 Genisten 26

a + = present; – = absent, BGN = Bambara groundnut.

© 2026 The Author(s). Published by the Royal Society of Chemistry
3.3. Metabolic proling of Bambara groundnut our extracts
and molecular networking

The compounds that can serve as markers associated with the
effect of dehulling and malting in the present study are listed in
Table 3. The results revealed that while the red BGN variety
exhibited noticeable differences in its chemical composition
between dehulled and malted samples (Fig. 1), the cream
(Fig. 2) and brown (Fig. 3) varieties displayed relatively similar
metabolite proles under both treatments compared to the
control BGN ours. Among the observed metabolic differences,
dehulled red BGN our (Fig. 1B) exhibited a high abundance of
oxylipins at m/z 313.237, 315.252, and 329.232 [M–H]−, tenta-
tively identied as 9,10-dihydroxy-12-octadecenoic acid, 9,10-
dihydroxystearic acid, and 9,12,13-trihydroxy-10-octadecenoic
acid. Although these compounds were also detected in whole
and malted samples, their levels were lower based on peak area.
All oxylipins showed a fragment ion at m/z 171, which is
assumed to be characteristic of (–OOC(CH2)7CH–OH), resulting
from fragmentation of the C–C bond between carbons 9 and 10
of these oxylipins.70–72 The presence of oxylipins in dehulled red
BGN our might be associated with the removal of the seed
coat, which exposed the cotyledons to atmospheric oxygen.73

This exposure might have initiated the oxidation of
ed and cream varieties) using the UHPLC-qTOF-MS and feature-based

olecular
mass

Molecular ion
formula Fragment ions Control Dehulled Malted

3.087 C21H20O12 301, 300, 151 + – +
9.144 C27H30O16 463, 301, 300, 151 + – +
9.081 C21H20O13 317, 316 + – +
7.133 C30H26O12 407, 289, 125 + – +
5.196 C45H38O18 695, 577, 451, 407,

289
+ – +

1.123 C21H24O11 289 + – +
9.070 C20H18O12 316, 271 + – +
9.087 C24H22O15 301, 300 + – +
5.101 C20H20O9 253, 252 + – +
5.081 C24H22O16 317, 316 + – +
3.479 C37H71O8P 409, 391, 281, 255,

152
– + +

4.506 C39H74O8P 458, 402, 279, 255 – + +

1.515 C42H77O10P 509, 507, 491, 281,
279, 152

– + +
– + +

0.521 C41H76NO8P 478, 476, 281, 279 – + +
9.232 C18H34O11 311, 189, 171, 139 + + +
3.237 C18H34O4 295, 277, 201, 171,

127
+ + +

5.252 C18H36O4 313, 297, 171, 141,
127

+ + +

7.185 C25H28O5 229, 177 – + +
9.122 C20H20O5 151, 132, 107 + + +
5.117 C20H20O6 193, 161 + + +
3.179 C25H28O6 193, 151, 149 – + +
1.060 C15H12O5 119 – + +
7.107 C15H12O5 268, 265, 240 – + +
1.071 C16H14O6 163, 137,109 – + +
9.044 C15H10O5 133 – + +

Sustainable Food Technol.
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Fig. 1 Visualisation of the effect of dehulling andmalting of red BGN variety usingmolecular networking generated from the UHPLC-q-TOF-MS
data (A) molecular network showing the metabolic profile of red BGN variety (B) a molecular family of oxylipins, (C) flavonols and an isoflavone,
(D) flavan-3-ols and (E) a cluster of glycerophospholipids. Diamonds in different colours inside the enlarged nodes and next to compound
structures were used to map the node to the compound name, in the case where the structure is not close to the node.
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polyunsaturated fatty acids, especially linolelaidic and elaidic
acids that are abundant in BGN our.74 Furthermore, dehulling
physically disrupted cellular structures, and milling processes
might have released natural enzymes that interact with their
Fig. 2 Visualisation of the effect of dehulling andmalting of cream BGN v
MS data (A) molecular network showing the metabolic profile of cream
families of mostly prenylated flavonoids.

Sustainable Food Technol.
fatty acid substrates, thereby increasing oxylipin production.
Thus, dehulled and milled legume ours tend to have higher
amounts of aldehydes and other oxylipin compounds than the
whole our.73 The removal of the seed coat is particularly
ariety usingmolecular networking generated from the UHPLC-q-TOF-
BGN variety under different processing methods (B and C) molecular

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Full classical molecular network of brown BGN variety comparing dehulled andmalted to the control, generated from the UHPLC-qTOF-
MS and molecular networking. The molecular families (B) flavan-3-ols (C–E) other flavonoids were observed mostly in dehulled and malted
samples.
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important because it provides some protection against oxidative
processes, and its removal makes the cotyledon more vulner-
able to enzymatic and non-enzymatic oxidation.44

The presence of oxylipins in malted red BGN our might be
related to enzymes such as lipases and lipooxygenases (LOX)
that become activated, which are signicant for the synthesis of
oxylipins. The oxidation of polyunsaturated fatty acids occurs in
the presence of these enzymes, resulting in the synthesis of
aldehydes and other volatile compounds through complex
reactions.75 Furthermore, malting involves breaking down the
physical structure of seeds such that lipids become vulnerable
to oxidation, producing oxylipins. The degradation of endo-
sperm during malting exposes fat globules (oleosins) to hydro-
lysis and subsequent oxidation.76 Although there has been little
research conducted on the oxylipin content in legume malting,
research conducted on lentils has provided direct evidence of
the effect of malting on oxylipins in legume ours. Malting has
been found to increase the level of trans-2-nonenal, a product of
free fatty acid oxidation, in all the varieties of lentils studied.77

Trans-2-nonenal is a type of oxylipin that plays a role in food
avour and aroma. An increase in this oxylipin in all the vari-
eties of lentils studied indicates that the enzymatic processes
activated in controlled germination do inuence the oxylipins
in the malted legume our. Different legumes, such as
soybeans, chickpeas, black beans, and lupin, have been found
to contain oxylipins, both in the seeds and sprouts.78,79

Dehulled and malted our samples from red BGN also
showed the presence of glycerophospholipids at m/z 673.479,
714.506, 740.521 and 771.515 [M–H]− (Table 3) which could be
the source of oxylipins observed in these samples. A compound
© 2026 The Author(s). Published by the Royal Society of Chemistry
at m/z 673.479 tentatively identied as 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphate was characterized by the presence of peaks
at m/z 281 and 255 showing the presence of oleic and palmitic
acid moieties, respectively.1 A 1-hexadecanoyl-2-(9Z,12Z-octa-
decadienoyl)-sn-glycero-3-phosphoethanolamine (m/z 714.506)
and 1-(9Z-octadecenoyl)-2-(9Z,12Z-octadecadienoyl)-glycero-3-
phospho-(10-sn-glycerol) (m/z 771.515) as depicted in Fig. 1,
showed similar fragmentation patterns where peaks respon-
sible for fatty acid residues were observed.

The presence of glycerophospholipids in malted BGN our
might be associated with the activities of phospholipases and
cell-wall degrading enzymes that disintegrate cellular structures
and the membrane system, where these metabolites are typi-
cally bound. During germination, phospholipases are actively
expressed and catalyse the hydrolysis of membrane glycer-
ophospholipids, leading to membrane restructuring and lipid
mobilisation.80,81 Additionally, hydrolytic enzyme activity, such
as that of lipases and other enzymes responsible for the
degradation of the cell wall, assists in the release of lipids,
including glycerophospholipids.82 Dehulling removes the seed
coat (hull), which acts as a protective barrier and may physically
restrict access to intracellular components, thereby enhancing
the extractability of lipids and associated compounds.20

Consequently, the removal of outer layers reduced structural
barriers and facilitated the release and detection of membrane-
bound phospholipids.

The red BGN our (control and malted) also exhibited the
presence of two different avonoid classes, avonols and avan-
3-ols, which were not observed in dehulled samples, suggesting
that these avonoids were concentrated on the seed coat. The
Sustainable Food Technol.
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presence of avonols in malted red BGN our might be asso-
ciated with the activation of enzymes that hydrolyse quercetin
glycosides, yielding free quercetin as the nal product. This
process might have been promoted by glycosyl hydrolases,
which break down glycosides such as glycosylated avonoids.83

For avan-3-ols, the mechanisms are equally specic, but
various pathways are involved. Enzyme synthesis during malt-
ing might have increased catechin content since free catechin is
directly released from catechin glucosides, which are naturally
available in the grain. The level of these catechin glucosides
substantially rises during the malting process, contributing to
substrate-releasing enzymes.84

Under the avonol cluster, quercetin glycosides at m/z
463.086 [M–H]−, as shown in Fig. 1C and 609.144 [M–H]−

(Fig. S1), were characterised by the presence of intense peaks at
m/z 301 and 300 (Table 3), corresponding to the quercetin
aglycone and its radical, respectively.57 Myricetin-3-O-arabino-
side (m/z 449.070) and myricetin-3-O-glucoside (m/z 479.081)
were also observed in samples of whole and malted red BGN
our (Fig. 1C), mainly identied by fragment ions at m/z 317
and 316, indicating the loss of a hexose sugar. Myricetin and
quercetin glucosides acylated to malonic acid were also tenta-
tively identied with the diagnostic peaks showing the presence
of the aglycones in whole and malted red BGN at m/z 549.087
and 565.081, respectively. An isoavone, daidzin (m/z 415.101
[M–H]−), was also detected in whole and malted BGN samples,
and it was characterized by an intense peak at m/z 253, repre-
sentative of the daidzin aglycone.85 A previous study demon-
strated that a specic pre-treatment condition can achieve the
highest quercetin-3-O-glucoside content, showing signicant
differences compared to other processing methods while
maintaining levels similar to the control sample.41 Inmalted red
BGN our, glycosidase enzymes became active and might have
converted quercetin and kaempferol glycosides into their agly-
cone forms, increasing the levels of free avonoids.86 Catechin-
7-O-glucoside (m/z 451.123), procyanidin B2 (m/z 577.133)
(Fig. 1D), and C1 (m/z 865.196) (Fig. S1) under the subclass of
avan-3-ols revealed an intense fragment ion at m/z 289, which
is characteristic of a catechin moiety.87 Fragment ions atm/z 407
for the procyanidin dimer and trimer have been reported to be
a product of the retro-Diels-Alder (RDA) reaction.88

Nevertheless, procyanidin was not available in dehulled and
malted BGN our, as shown in Table 3. The absence of pro-
cyanidin in dehulled red BGN our might be ascribed to the
removal of the seed coat, which serves as a protective layer for
the cotyledons and contains high amounts of phenolic
compounds.52 Previous research on lentils demonstrated that
catechins, procyanidins, avanols, and avones were abundant
in the seed coat, while cotyledons only provided a small amount
of phenolic compounds, such as cinnamic and benzoic acid.89

The absence of procyanidin in malted red BGN (Table 3) might
be linked to polyphenol oxidase, which condensed procyanidins
to form other molecules with a higher degree of polymerisa-
tion.90 Furthermore, the enzymes' activity during malting might
have hydrolysed numerous components, such as phenolic
compounds,52 which can degrade procyanidins, making them
less available in their natural form. Another important
Sustainable Food Technol.
mechanism is the loss of procyanidins due to leaching during
soaking of BGN grains. Although procyanidins possess
remarkable antioxidant activity, these polyphenols may
decrease the bioavailability of certain nutrients and inhibit the
activity of trypsin and amylase, thereby interfering with diges-
tion.91,92 Highly pigmented legumes have been reported to
contain higher phenolic content due to the presence of avo-
noids, anthocyanins, and condensed tannins in their seed
coat.93 Therefore, dehulling may help to reduce the levels of
antinutrients, including procyanidins (condensed tannins).
However, other benecial phytochemicals might also be lost.

Several prenylavonoids (Fig. 2 and 3C) were detected in
dehulled and malted cream and brown BGN samples, all char-
acterized by their RDA cleavage products. Licoavanone (m/z
339.122), kievitone (m/z 355.117), lespedezaavanone D (m/z
423.179), and licoavone C (m/z 337.107) were putatively identi-
ed based on diagnostic RDA ions according to previous
reports.94–96 While other phenolic compounds are mainly
concentrated in the hull, prenylavonoids are distributed
differently within the structure of the legume seed, enabling
some of them to be retained in the cotyledon part of the legume
seed during the our production process. Therefore, the presence
of prenylavonoids in dehulled legume our means that there is
retention of certain bioactive compounds during the dehulling
process. The malting process seems to enhance the bioavail-
ability and amounts of these compounds, which might be
mediated by cell wall degradation and activation of dormant
biosynthetic enzymes present in native BGN our.77 This change
also makes malted legume ours richer in prenylavonoids
compared to their control counterparts. Prenylavonoids are
widely distributed in legumes, as they have been reported in
fermented mung bean95 and wild soybean.97

Naringenin and genistein, detected in malted and dehulled
brown BGN samples, were similarly conrmed via RDA cleavage.
Glyinanin A (m/z 407.185 [M–H]−), a benzenoid, was also
characterized by its RDA-derived ions (m/z 229, 177).98 The key to
understanding why these compounds exist in dehulled legume
our lies in the fact that the legume plant, such as BGN, contains
three unique enzymes that are exclusive to the legume plant. The
enzymes include chalcone reductase, type II chalcone isomerase,
and isoavone synthase. The enzymes work in a series of steps,
converting the compound chalcone and the intermediate nar-
ingenin into a series of isoavones. This enables the legume
plant to produce isoavones, which are unique to the legume
plant. Therefore, dehulled legume our is a natural source of
naringenin and its derived compound genistein.

The hydrolysis carried out by enzymes during the malting
process might have effectively converted the accumulated and
dormant forms of these avonoids to their active free forms,
thereby justifying the presence of these active forms of avo-
noids, such as naringenin and genistein, in malted brown BGN
our compared to raw BGN our.77 This enzymatic activity
during malting increases the availability and concentration of
these compounds in the nal our product. Flavan-3-ols were
abundant in whole andmalted brown BGN (Fig. 3B), conrming
their concentration in the coloured seed coat, consistent with
the red variety.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Although several compounds were identied as potential
markers of the treatments applied in this study, additional
compounds that may serve the same role remained unidenti-
ed, showing the effects of malting and dehulling on the
secondary metabolite prole of BGN our. This observation
highlights the challenges associated with deconvoluting MS/
MS data based solely on spectral information in meta-
bolomic studies. Based on the above results, it can be said that
the processing methods used in this study have positive effects
on the metabolites of our from BGN varieties. Oxylipins that
were detected in abundance in dehulled red BGN our and not
in other samples showed the effects of dehulling on the
metabolites. This implies that the seed coat might be chelating
these metabolites, making them less detectable in whole and
malted BGN.
4 Conclusions

This study examined the effect of processing methods (dehul-
ling and malting) on polyphenol content, antioxidant activity,
and phenolic and metabolomic proles of three BGN varieties.
Dehulling reduced the polyphenol content, antioxidant activity,
and phenolic proles of all varieties of BGN. Malting increased
the antioxidant properties of all the BGN varieties. In terms of
BGN variety, red BGN our had higher TPC and TFC than cream
and brown varieties. Dehulling and malting increased the pro-
tocatechuic and syringic acid contents of the red BGN variety.
Several prenylavonoids were markers associated with dehulled
and malted cream and brown BGN ours. On the other hand,
avonoids (avonols and avan-3-ols) were seen to be abundant
in whole and malted red BGN samples. Also, new compounds
(oxylipins) were abundant in the dehulled red BGN variety in the
analysed BGN our. The presence of secondary metabolites
such as avonoids in processed BGN ours shows that they can
be utilised as functional components in food systems. None-
theless, the results of this study show that the red BGN variety is
the most benecial for further cultivation compared to the
cream and brown varieties. Future studies should focus on
determining the metabolomic proles and volatile compounds
of other BGN varieties, such as black, purple, and red.
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J. Kawa-Rygielska, Nutritional quality rye bread with the
addition of selected malts from beans, Molecules, 2025, 30,
1006.
Sustainable Food Technol.
75 E. Opiela, A. Czubaszek, A. Gasiński, J. Miedzianka and
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