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A B S T R A C T

African yam beans (Sphenostylis stenocarpa), Bambara groundnut (Vigna subterranean) and Pigeon pea (Cajanus
cajan) flours were extruded in a single screw extruder at two extrusion temperatures; 100 �C and 140 �C, and the
effect of extrusion cooking temperature on the chemical composition; crude protein, crude fibre, ether extract and
nitrogen-free extracts, protein digestibility, enzyme inhibitor activity and amino acid profiles was investigated.
The crude protein, amino acid profile and ether extract of the grain legumes were negatively affected (p < 0.05)
by the extrusion cooking process, with a significant increase in nitrogen-free extracts for all grain legumes, and
increased crude fibre of Bambara groundnut and Pigeon pea extrudates. Extrusion cooking of African yam beans
and Pigeon pea produced extrudates with significantly lower trypsin, chymotrypsin and amylase inhibitor activity
as well as improved protein digestibility. However, extrusion cooking did not modify the chymotrypsin and
amylase inhibitor activity of Bambara groundnut extrudates. Extrusion cooking at 140 �C compared to 100 �C
significantly reduced the protein quality of extrudates resulting in 22.94–51.27%, 5.11–25.18%, and
7.78–38.42% reduction in amino acid concentration of African yam beans, Bambara groundnut and Pigeon pea,
respectively.
1. Introduction

Legume grains (pulses) are the dried fruits or seeds of plants
belonging to the family Fabaceae examples of which are lentils, chick-
peas, adzuki, black, kidney, lima, navy and pinto beans, and are relied on
as staples for subsistence in combination with cereals. Legume grains are
high energy-protein ingredients, containing about twice the protein
(17%–40%) and an equivalent or higher energy content of cereal grains
with total complex carbohydrates ranging from 65-72% in dried legume
grains (Iqbal et al., 2006; USDA, 2018). Legume grains also furnish a
significant proportion of dietary micronutrients such as iron, zinc, cal-
cium, potassium, magnesium, niacin and folate in diets (De Jager et al.,
2019; Messina, 2014). However, grain legumes also contain naturally
occurring bioactive compounds such as phytic acid, lectins and enzyme
inhibitors, that protect plants from biological stressors whilst conferring
antinutritional attributes when used as food/feed (Campos-Vega et al.,
2010; Food and Agriculture Organization of the United Nations, 1995;
Lajolo and Genovese, 2002). These bioactive compounds impair nutrient
digestion and bioavailability especially of protein, starch and trace
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minerals (Proietti et al., 2015), lowering the feeding value of legume
grains for both humans and livestock.

Enzyme inhibitors are ubiquitous proteins which have evolved as
defense strategies in plants. Enzyme inhibitors impede the actions of
insect and mammalian gastrointestinal digestive enzymes such as serine
proteases (chymotrypsin and trypsin), amylase, lipase, glycosidase and
phosphatases (Belitz and Weder, 1990; Payan, 2004).

α-amylase (EC 3.2.1.1) inhibitors impede the hydrolysis of α- 1,4
glycosidic linkages in starch and oligosaccharides, which is essential
for carbohydrate assimilation. In the event of ingestion of α-amylase
inhibitors, a decreased rate of starch hydrolysis is expected, mani-
festing in reduced postprandial glucose peaks (Payan, 2004; Rahim-
zadeh et al., 2014) as well as reduction in serum glucose and insulin
concentrations as observed in normal and diabetic rats administered a
black bean (Phaseolus vulgaris) α-amylase inhibitor in a starch meal
(Menezes and Lajolo, 1987). In other studies where broiler chicks and
pigs were fed transgenic peas containing the α-amylase inhibitor gene,
depressed growth and starch digestibility were reported (Collins et al.,
2006).
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Trypsin (EC 3.4.21.4) and chymotrypsin (EC 3.4.21.1) inhibitors are
the most important known serine protease inhibitors. Ingestion of serine
protease inhibitors significantly depresses protein hydrolysis and ab-
sorption in mammals (Belitz and Weder, 1990), and elicits physiological
responses which include hypertrophy and hyperplasia (increase in size
and number of acinar cells) of the pancreas (Ge and Morgan, 1993;
Morgan et al., 1986), depressed growth (Grant et al., 2000; Palacios et al.,
2004), depression in nutrient retention, especially energy, protein and
sulphur-containing amino acids (Li et al., 1998) as well as hypersecretion
of serine proteases (Corring et al., 1986; Grant et al., 2000), in pigs, birds,
mice and rats.

Due to their proteic nature, enzyme inhibitors are often inactivated
under conditions that permit irreversible protein denaturation such as
acid, alkali and heat treatment. Heat treatment has proved the most
effective processing technique to limit antinutritional factors and
improve nutrient digestibility and bioavailability in legume grains
(Alonso et al., 2000; Sun et al., 2006). Extrusion cooking; a
high-temperature, short-time (HTST) process in which finely particulate
forms of a starchy and/or proteinaceous raw material is moistened and
conveyed through a heated barrel fitted with a rotating screw which
effects compression, exerting shear energy under high pressure - is
becoming widely accepted and adopted in the food/feed industry owing
to its practicality, high productivity and efficiency, and nutrient retention
during the cooking process as a result of limited exposure to high pro-
cessing temperatures. Products of HTST extrusion possess physical and
chemical properties which differ from those of the raw material used.
Chemical changes are largely observed in the starch and protein con-
stituents of food/feed ingredients subjected to high-temperature short--
time extrusion cooking. These changes arise from thermal degradation of
sugars and amino acids and depolymerization of starch, dietary fibre and
proteins of these ingredients during extrusion (Camire, 1998). The
combination of high temperature, mechanical shear and high pressure
employed in extrusion cooking, modify the secondary and tertiary
structure of proteins, impacting on full protein functionality. Whilst this
process is favorable to the deactivation of thermally labile antinutritional
factors such as protease (trypsin and chymotrypsin) inhibitors, it dam-
ages amino acids by breaking intermolecular bonds and destroying
disulphide bonds/bridges of sulphur amino acids (Avil�es-Gaxiola et al.,
2018).

Little is known about the effect of HTST extrusion cooking on the
chemical properties, protein quality and enzyme inhibitor activity of
seemingly “under-utilized” legume grains such as African yam beans
(Sphenostylis stenocarpa), Pigeon pea (Cajanus cajan), and Bambara
groundnut (Vigna subterranean) , limiting expanded use of these legume
grains in the preparation of extruded foods and feeds. Therefore, this
work focuses on studying the effect of HTST extrusion cooking at
different extrusion temperatures in a single-screw extruder, on enzyme
susceptibility of protein, serine protease and amylase inhibitory activity
and amino acid profile of Bambara groundnut (Vigna subterranean), Pi-
geon pea (Cajanus cajan) and African yam beans (Sphenostylis stenocarpa)
flours.

2. Materials and methods

2.1. Materials, extruder and processing conditions

Bambara groundnut (Vigna subterranean), Pigeon pea (Cajanus cajan)
and African yam beans (Sphenostylis stenocarpa) were sourced locally,
cleaned and finely milled to pass a 1mm sieve mesh. Moisture content of
the flours (approximately 2kg each) was adjusted to 25% and handmixed
before extrusion in a single screw laboratory-scale extruder. Extruder
characteristics were: screw diameter – 18.5mm, screw length – 304mm,
screw speed - 60 rpm, diameter of the hole in the die plate -12.5mm, feed
rate – 1.5 kg/h, and extrusion temperature (measured at the outlet die)
-100 �C (low temperature treatment) and 140 �C (high temperature
treatment), respectively. After extrusion, extrudates were dried in a
2

forced air oven at 50 �C overnight (Al-Rabadi et al., 2011), milled and
stored in plastic bags at 4 �C.

2.2. Experimental design

The effect of HTST extrusion cooking and extrusion cooking tem-
peratures on protein quality, digestibility and amino acid profile of
legume grains was investigated in Bambara groundnut (Vigna subterra-
nean), Pigeon pea (Cajanus cajan) and African yam beans (Sphenostylis
stenocarpa). The independent variable considered was extrusion tem-
perature (100 �C and 140 �C), while unextruded (raw) flours served as
controls.

2.3. Analytical methods

2.3.1. Chemical analyses
The chemical composition; ether extract, crude protein, crude fibre

and nitrogen-free extract of the unextruded and extruded legume grains
were determined in triplicates. Dry matter was determined by drying in a
forced air oven at 105 �C to constant weight, and ether extract deter-
mined by the Soxhlet extraction method with petroleum ether as solvent
(AOAC, 2000). Crude fibre was determined gravimetrically after deter-
gent digestion and solubilization of non-fibre fractions and subsequently
corrected for ash content (AOAC, 2000). Nitrogen content was deter-
mined by the Kjeldahl method (AACC, 2008) and converted to crude
protein using 6.25 as the conversion factor, while nitrogen-free extract
was calculated as the balance when the sum of percentage values of ether
extract, crude protein, ash and crude fibre were deducted from 100%, on
dry matter basis.

2.3.2. In vitro protein digestibility
Raw and extruded flours were digested in a multienzyme simulation

(Sopade and Gidley, 2009) of gastric and intestinal digestion in mono-
gastrics. Briefly, 125mg of each sample was digested in quadruplicate,
with 250μL of artificial saliva containing α-amylase (Megazyme,
E-BLAAM (α-amylase from Bacillus licheniformis), 250U of α-amylase per
mL carbonate buffer) for 15–20 s. Then 1.25 mL of pepsin (Sigma-Al-
drich, P7000 (pepsin from hog stomach) 250U/mL of 0.02M aq. HCl) was
added and incubated at 37 �C for 30min in a water bath with intermittent
shaking. The digesta was subsequently neutralized with1.25mL of 0.02M
aq. NaOH, then adjusted to pH 6 by the addition of 6.25mL of 0.2M so-
dium acetate buffer. Thereafter, 1.25mL of pancreatin solution (Sig-
ma-Aldrich, P1750 from porcine pancreas, 2mg pancreatin per ml of
acetate buffer (consisting of ~ 8U lipase/mg solid þ100U protease/mg
solid) per ml of acetate buffer) and 1 mL amyloglucosidase (Megazyme,
E-AMGDF (amyloglucosidase from Apergillus sp, 28U per ml of acetate
buffer) were added and incubated at 37 oC for 4 h. Blanks were similarly
setup as described above, but free of the flours to enable estimation of the
nitrogen contribution of enzymes and buffers. Each tube was transferred
onto ice and subsequently centrifuged at 14,000 � g for 5 min and the
supernatant stored at -20 �C till further analysis. Nitrogen in the super-
natant was estimated by the Kjeldahl method (Frias et al., 2011; Singh
and Jambunathan, 1981) and nitrogen due to the enzymes and buffer
was discounted. Protein digestibility calculated as:

Protein digestibility¼ nitrogen content of supernatant
nitrogen content of the sample

� 100� 6:25

2.3.3. Trypsin, chymotrypsin and amylase inhibitory activity
The ability of crude extracts of the legume grain flours to impede

activity of enzyme standards in vitrowas determined and residual enzyme
activity calculated at the end of incubations.

Legume grain flours were first extracted in 100mM Tris-Cl buffer, pH
8, and enzyme - trypsin, chymotrypsin and amylase - inhibitory activ-
ities of each extract were determined (Palavalli et al., 2012; Tremacoldi
and Pascholati, 2002). Briefly, 50 μL crude extracts were incubated at
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37 �C for 10 min with 10mL of trypsin (Sigma-Aldrich T-4799, from
porcine pancreas) in 1mM HCl and 0.1M Tris-HCl buffer, pH 8 con-
taining 0.01M CaCl2 to make a final volume of 500 μL. Thereafter 1mM
of chromogenic substrates: N-Benzoyl-DL-arginine-4-nitroanilide hy-
drochloride (BAPNA, B-4875, Sigma-Aldrich) or N-Benzoyl-L-tyr-
osine-p-nitroanilide (BTPNA, B-6760, Sigma-Aldrich), for trypsin and
chymotrypsin determinations respectively, were added to the mix and
incubated at 37 �C for 10 min. The reaction was stopped by the addition
of 500 μL acetic acid to each tube and read at 405 nm. Controls were
obtained by adding acetic acid to each tube before incubation with the
corresponding chromogenic substrate, while 100% enzyme activity was
obtained by replacing the crude extracts in the reaction mix with water.
Absorbance values for the control was deducted from the sample con-
taining the crude extract, and further deducted from the absorbance
value for 100% activity, allowing for calculation of the residual activity
of trypsin and chymotrypsin per unit of crude extract (Tremacoldi and
Pascholati, 2002).

Amylase inhibitory activity was determined by incubating crude ex-
tracts with the chromogenic substrate 4,6- bendylidene (G7)-ρ-nitro-
phenol (G1)- α,D-maltoheptaoside (Amylase BPS, Quimica Clinica
Aplicada, S.A), and residual amylase activity was calculated. De-
terminations for enzyme inhibitory activity were conducted in
quadruplicates.

2.3.4. Protein quality test: amino acid profiling
Amino acid concentrations of the unextruded and extruded legume

grain flours was assayed by a method described by Benitez (1989).
Briefly, 600mg of defatted sample was weighed into a sealable glass
ampoule, into which 7mls of 6M HCl was added, passed under a ni-
trogen flow, sealed and digested in an oven at 105 �C for 22 h. After
cooling, the hydrolysate was filtered, lyophilized and reconstituted in
5ml acetate buffer (pH 2.0). A parallel alkaline digestion was conducted
using 10ml of 4.2M NaOH at 105 �C for 4 h. The filtrate was neutralized
to pH 7.0, lyophilized and reconstituted in 5ml borate buffer (pH 9.0)
for the determination of trypthophan. Samples (60μl) were then intro-
duced into the amino acid analyzer (Applied Biosystems Inc, Califonia,
USA), with norleucine as the internal standard. The amino acids
determined are essential amino acids; arginine, histidine, isoleucine,
leucine, lysine, methionine, phenylalanine, threonine, tryptophan and
valine, and non-essential amino acids; alanine, aspartate, cystine,
glutamate, glycine, proline, serine, and tyrosine. Subsequently, total
amino acids, total essential amino acids and total non-essential amino
acids were tallied. Amino acid determinations were conducted in
triplicates.
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2.4. Statistics

Data were subjected to one way analysis of variance (ANOVA) using
JASP (Version 0.13.1) computer software. Three orthogonal contrasts
were included to study the effect of HTST extrusion cooking; unextruded
vs 100 �C and unextruded vs140 �C, and effect of cooking temperatures;
100 �C vs 140 �C, on all legume grains studied and considered to be
significant at p < 0.05.

3. Results

3.1. Effect of HTST extrusion cooking and temperatures on the chemical
composition of African yam beans (Sphenostylis stenocarpa), Bambara
groundnut (Vigna subterranean) and Pigeon pea (Cajanus cajan) flours

Figures 1, 2, and 3 show the crude protein, crude fibre, ether extract
and nitrogen-free extract composition of African yam beans (Sphenostylis
stenocarpa), Bambara groundnut (Vigna subterranean) and Pigeon pea
(Cajanus cajan) flours subjected to HTST extrusion cooking at 100 and
140 �C. Reduction (p < 0.05) in the crude protein and ether extract
content as well as increase (p < 0.05) in nitrogen-free extract of flours
were recorded in African yam beans, Bambara groundnut and Pigeon pea
extruded at 100 �C and 140 �C. A significant increase in crude fibre of
extrudates due to extrusion at either 100 �C or 140 �C was also recorded
for African yam beans, Bambara groundnut and Pigeon pea. However,
extrusion at 140 �C compared to 100 �C resulted in a marginal reduction
in crude fibre observed for African yam beans (4.38%–4.28%). Increasing
extrusion temperature from 100 �C to 140 �C significantly reduced the
crude protein of African yam beans, Bambara groundnut and Pigeon pea
extrudates by 9.84, 1.77 and 7.02%, respectively. Nitrogen-free extract of
African yam beans (Sphenostylis stenocarpa), Bambara groundnut (Vigna
subterranean) extrudates was also increased (p< 0.01) by 8.24 and 8.04%
respectively, when extrusion temperature was increased from 100 �C to
140 �C. Extrusion of grain legume flours at 140 �C also significantly
lowered the ether extract content of Bambara groundnut by 38.78%
compared to 100 �C extrudates, while increasing crude fibre in pigeon
pea by 16.52% over corresponding 100 �C extrudates.

3.2. Effect of HTST extrusion cooking and temperatures on in vitro protein
digestibility of flours

The effect of HTST extrusion cooking and extrusion cooking tem-
peratures on in vitro enzyme digestibility of proteins of African yam beans
(Sphenostylis stenocarpa), Bambara groundnut (Vigna subterranean) and
Pigeon pea (Cajanus cajan) flours in a buffered multienzyme media is
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Figure 1. Crude protein, crude fibre, crude fat, and ni-
trogen free extract of unextruded and extruded African
yam beans (Sphenostylis stenocarpa) flours (on dry weight
basis) and variations due to extrusion and extrusion tem-
perature treatments. AYR - unextruded African yam beans
flour; AY100 - African yam beans flour extruded at 100 �C;
AY140 - African yam beans flour extruded at 140 �C.
Values are means of results obtained in triplicate *** p <

0.001 **p < 0.01. % variation: AY100-AYR ¼ variation
due to extrusion at 100 �C, i.e. AY100�AYR

AYR � 100. % varia-
tion: AY140-AYR ¼ variation due to extrusion at 140 �C,
i.e. AY140�AYR

AYR � 100. % variation: AY140-AY100 ¼ varia-
tion due to extrusion temperature, i.e. AY140�AY100

AY100 � 100
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Figure 2. Crude protein, crude fibre, crude fat, and ni-
trogen free extract of unextruded and extruded Bambara
groundnut (Vigna subterranean) flours (on dry weight basis)
and variations due to extrusion and extrusion temperature
treatments. BBR - unextruded Bambara groundnut flour;
BB100 - Bambara groundnut extruded at 100 �C; BB140 -
Bambara groundnut extruded at 140 �C. Values are means
of results obtained in triplicate ***p < 0.001 **p < 0.01. %
variation: BB100-BBR ¼ variation due to extrusion at 100
�C, i.e. BB100�BBR

BBR � 100. % variation: BB140-BBR ¼ varia-
tion due to extrusion at 140 �C, i.e. BB140�BBR

BBR � 100. %
variation: BB140-BBR ¼ variation due to extrusion tem-
perature, i.e. BB140�BB100

BB100 � 100
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Figure 3. Crude protein, crude fibre, crude fat, and ni-
trogen free extract of unextruded and extruded Pigeon pea
(Cajanus cajan) flours (on dry weight basis) and variations
due to extrusion and extrusion temperature treatments.
PPR - unextruded Pigeon pea flour; PP100 - Pigeon pea
extruded at 100 �C; PP140 - Pigeon pea extruded at 140 �C.
y Values are means of results obtained in triplicate ***p <

0.001 **p < 0.01 *p < 0.05. % variation: PP100-PPR ¼
variation due to extrusion at 100 �C, i.e. PP100�PPR

PPR � 100. %
variation: PP140-PPR ¼ variation due to extrusion at 140
�C, i.e. PP140�PPR

PPR � 100. % variation: PP140-PP100 ¼
variation due to extrusion temperature, i.e. PP140�PP100

PP100 �
100
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summarized in Figures 4, 5, and 6. In vitro digestion of protein was
increased by extrusion of African yam beans at 100 �C and 140 �C by
151% and 228%, respectively, with a variation of 30.8% in protein
digestion, when flours extruded at 100 �C were compared with flours
extruded at 140 �C. Protein digestion was also increased by extrusion of
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Pigeon pea at 100 �C and 140 �C by 64.95% and 27.66%, respectively,
with a variation of 22.61% when flours extruded at 100 �C were
compared to flours extruded at 140 �C. However, no significant effect (p
< 0.05) of extrusion cooking and/or extrusion cooking temperatures was
observed in Bambara groundnut flours.
AYR
AY100
AY140
AY100-AYR
AY140-AYR
AY140-AY100

Figure 4. In vitro protein digestibility (IVPD) of unex-
truded and extruded African yam beans (Sphenostylis sten-
ocarpa), flours (on dry weight basis) and variations in in
vitro protein digestibility between temperature treatments.
AYR - unextruded African yam beans flour; AY100 - Afri-
can yam beans flour extruded at 100 �C; AY140 - African
yam beans flour extruded at 140 �C. y Values are means of
results obtained in quadruplicate ***p < 0.001 *p < 0.05.
% variation: AY100-AYR ¼ variation due to extrusion at
100 �C, i.e. AY100�AYR

AYR � 100. % variation: AY140-AYR ¼
variation due to extrusion at 140 �C, i.e. AY140�AYR

AYR � 100.
% variation: AY140-AY100 ¼ variation due to extrusion
temperature, i.e. AY140�AY100

AY100 � 100
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Figure 5. In vitro protein digestibility (IVPD) of unex-
truded and extruded Bambara groundnut (Vigna subterra-
nean) flours (on dry weight basis) and variations in in vitro
protein digestibility between temperature treatments. BBR
- unextruded Bambara groundnut flour; BB100 - Bambara
groundnut extruded at 100 �C; BB140 - Bambara
groundnut extruded at 140 �C. y Values are means of re-
sults obtained in quadruplicate ***p < 0.001. % variation:
BB100-BBR ¼ variation due to extrusion at 100 �C, i.e.
BB100�BBR

BBR � 100. % variation: BB140-BBR ¼ variation due
to extrusion at 140 �C, i.e. BB140�BBR

BBR � 100. % variation:
BB140-BBR ¼ variation due to extrusion temperature, i.e.
BB140�BB100

BB100 � 100
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Figure 6. In vitro protein digestibility (IVPD) of unex-
truded and extruded Pigeon pea (Cajanus cajan) flours (on
dry weight basis) and variations in in vitro protein di-
gestibility between temperature treatments. PPR - unex-
truded Pigeon pea flour; PP100 - Pigeon pea extruded at
100 �C; PP140 - Pigeon pea extruded at 140 �C. y Values
are means of results obtained in quadruplicate ***p <

0.001. % variation: PP100-PPR ¼ variation due to extru-
sion at 100 �C, i.e. PP100�PPR

PPR � 100. % variation: PP140-PPR
¼ variation due to extrusion at 140 �C, i.e. PP140�PPR

PPR � 100.
% variation: PP140-PP100 ¼ variation due to extrusion
temperature, i.e. PP140�PP100

PP100 � 100
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3.3. Effect of HTST extrusion cooking and temperatures on enzyme
inhibitor activity of flours

Amylase, trypsin and chymotrypsin inhibitor activities were readily
detected in crude extracts of the selected legumes to varying degrees;
chymotrypsin inhibitor activity > trypsin inhibitor activity > amylase
inhibitor activity. Residual enzyme - amylase, trypsin and chymotrypsin
activities in the presence of crude extracts of Bambara groundnut, Pigeon
pea and African yam beans flours are shown in Figures 7, 8, and 9.
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Residual amylase activity in the presence of African yam beans flours was
significantly (p � 0.001) increased by 14.64% and 15.58% when
extruded at 100 �C and 140 �C, respectively. Extrusion of African yam
beans at 140 �C significantly (p < 0.05) influenced residual trypsin and
chymotrypsin activities by 10.96% and 144.78% respectively, although
extrusion at 100 �C did not improve residual trypsin and chymotrypsin
activities when compared with the raw flours. Extrusion of Bambara
groundnut had not significant effect on residual amylase and chymo-
trypsin activities, but significantly increased residual trypsin activity by
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Figure 7. Effect of extrusion temperatures on residual
enzyme - amylase, trypsin and chymotrypsin - activity in
the presence of African yam beans (Sphenostylis stenocarpa)
flours (on dry weight basis) and variations in residual
enzyme activity between temperature treatments. AYR -
unextruded African yam beans flour; AY100 - African yam
beans flour extruded at 100 �C; AY140 - African yam beans
flour extruded at 140 �C. y Values are means of results
obtained in quadruplicate ***p � 0.001 **p � 0.01 *p <

0.05. % variation: AY100-AYR ¼ variation due to extrusion
at 100 �C, i.e. AY100�AYR

AYR � 100. % variation: AY140-AYR ¼
variation due to extrusion at 140 �C, i.e. AY140�AYR

AYR � 100.
% variation: AY140-AY100 ¼ variation due to extrusion
temperature, i.e. AY140�AY100
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Figure 8. Effect of extrusion temperatures on residual
enzyme - amylase, trypsin and chymotrypsin - activity in
the presence of Bambara groundnut (Vigna subterranean)
flours (on dry weight basis) and variations in residual
enzyme activity between temperature treatments. BBR -
unextruded Bambara groundnut flour; BB100 - Bambara
groundnut flour extruded at 100 �C; BB140 - Bambara
groundnut flour extruded at 140 �C. y Values are means of
results obtained in quadruplicate ***p � 0.001. % varia-
tion: BB100-BBR ¼ variation due to extrusion at 100 �C,
i.e. BB100�BBR

BBR � 100. % variation: BB140-BBR ¼ variation
due to extrusion at 140 �C, i.e. BB140�BBR

BBR � 100. % varia-
tion: BB140-BBR ¼ variation due to extrusion temperature,
i.e. BB140�BB100

BB100 � 100

O.O. Adeleye et al. Heliyon 6 (2020) e05419
97.64 and 96.09% respectively. Assessment of unextruded and extruded
pigeon pea flours showed significant increases in residual amylase ac-
tivity by 15.32% (p � 0.001) and 15.08% (p � 0.01) when extruded at
100 �C and 140 �C respectively, with a significant (p� 0.001) increase of
139.6% in residual trypsin activity observed when flours were extruded
at 140 �C. Extrusion of pigeon pea flours at 100 �C and 140 �C also
significantly (p < 0.05) increased residual chymotrypsin activity by
72.38% and 73.23% respectively, with no effect of extrusion cooking
temperatures (100 �C vs 140 �C) observed on residual amylase, trypsin
and chymotrypsin activities in all the grain legumes assessed except in
pigeon pea, where extrusion at 140 �C increased residual trypsin activity
by 147.3% over flours extruded at 100 �C.
3.4. Effect of HTST extrusion cooking temperatures on amino acid profiles
of flours

Tables 1, 2, and 3 summarize the effects of extrusion cooking and
extrusion cooking temperatures on the amino acid profile of African yam
beans (Sphenostylis stenocarpa), Bambara groundnut (Vigna subterranean)
and Pigeon pea (Cajanus cajan) flours. A significant reduction in con-
centration of all amino acids due to extrusion cooking at 100 �C (i.e. raw
vs 100 �C extrudates), and 140 �C (raw vs 140 �C extrudates) and
extrusion coking temperature (i.e. 100 �C extrudates vs 140 �C extru-
dates) were observed in African yam beans and Pigeon pea flours. Vari-
ations in amino acid concentration of African yam beans due to extrusion
at 100 �C and 140 �C were least for tyrosine (3.05%) and glutamate
(25.95%) and highest for threonine (17.25%) and methionine (57.86%),
respectively, while increasing extrusion temperature from 100 �C to 140
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�C resulted in variations in amino acid concentration ranging from
22.94% for alanine to 52.63% for methionine. Similarly, variations in
amino acid concentration of Pigeon pea due to extrusion at 100 �C and
140 �C were least for alanine (4.85%) and tyrosine (21.52%) and highest
for threonine (24.41%) and cystine (51.35%), respectively, while
increasing extrusion temperature from 100 �C to 140 �C resulted in
variations in amino acid concentration ranging from 15.26% for threo-
nine to 32.08% for cystine. Extrusion of Bambara groundnut flour at 100
�C significantly reduced the concentration of all amino acids except
methioinine, cystine, glutatmate, proline, serine and tyrosine, while
extrusion at 140 �C significantly reduced the concentration of all amino
acids except tyrosine. Extruding Bambara groundnut flours at 140 �C
rather than 100 �C resulted in significant decline in the concentration of
all amino acids except tryptophan, alanine and tyrosine. Variations in
amino acid concentrations of Bambara grondnut extruded at 100 �C
ranged from 2.17% for arginine to 9.09% for threonine and ranged from
3.93% for tryptophan to 28.03% for cystine in Bambara groundnut
extruded at 140 �C, while increasing extrusion temperature from 100 �C
to 140 �C resulted in variations in amino acid concentration ranging from
6.21% for serine to 25.18% for cystine. Reduction in TAA, TEAA and
TNEAA of African yam bean flours due to extrusion cooking (i.e raw vs
100 �C extrudates and, raw vs 140 �C extrudates) range from 7.07-
35.37%, 9.15–39.45% and 5.17–31.36%, respectively. For pigeon pea
flours, reduction in TAA, TEAA and TNEAA due to extrusion cooking
ranged from 16.49-34.14%, 18.80–38.67% and 14.14–30.30%, respec-
tively. While no significant effect of extrusion cooking was observed on
TAA of Bambara groundnut flours, TEAA and TNEAA were reduced by
3.88–9.29% and 1.98–10.74% respectively. In similar fashion, extrusion
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Figure 9. Effect of extrusion temperatures on residual
enzyme - amylase, trypsin and chymotrypsin - activity in
the presence of Pigeon pea (Cajanus cajan) flours (on dry
weight basis) and variations in residual enzyme activity
between temperature treatments. PPR - unextruded Pigeon
pea flour; PP100 - Pigeon pea flour extruded at 100 �C;
PP140 - Pigeon pea flour extruded at 140 �C. Contrasts:
PP100 vs PPR, PP140 vs PPR and PP140 vs PP100. y Values
are means of results obtained in quadruplicate ***p �
0.001 **p � 0.01 *p < 0.05. % variation: PP100-PPR ¼
variation due to extrusion at 100 �C, i.e. PP100�PPR

PPR � 100. %
variation: PP140-PPR ¼ variation due to extrusion at 140
�C, i.e. PP140�PPR

PPR � 100. % variation: PP140-PP100 ¼
variation due to extrusion temperature, i.e. PP140�PP100

PP100 �
100



Table 1. Effect of high-temperature, short-time extrusion cooking temperatures on amino acid profile and nitrogen content, N% of African yam beans (Spenostylis
stenocarpa) flours.

African yam beans % Variation Contrast P- value

AYR AY100 AY140 [1] [2] [3] AYR vs AY100 AYR vs AY140 AY100 vs AY140

Essential amino acids (mg/100mg protein)

Arginine 1.33 � 0.01 1.25 � 0.01 0.84 � 0.00 -5.90 -36.66 -32.68 *** *** ***

Histidine 0.76 � 0.00 0.69 � 0.01 0.42 � 0.02 -8.31 -44.40 -39.37 *** *** ***

Isoleucine 0.85 � 0.00 0.79 � 0.01 0.55 � 0.00 -6.77 -35.07 -30.36 *** *** ***

Leucine 1.60 � 0.00 1.44 � 0.01 1.03 � 0.05 -9.92 -35.83 -28.76 *** *** ***

Lysine 1.31 � 0.01 1.20 � 0.01 0.77 � 0.04 -8.23 -41.07 -35.79 ** *** ***

Methionine 0.24 � 0.01 0.22 � 0.01 0.10 � 0.01 -11.20 -57.86 -52.63 ** *** ***

Phenylalanine 0.77 � 0.01 0.70 � 0.01 0.51 � 0.02 -9.61 -33.58 -26.52 *** *** ***

Threonine 0.67 � 0.01 0.56 � 0.01 0.43 � 0.03 -17.25 -36.48 -23.29 *** *** ***

Tryptophan 0.20 � 0.00 0.18 � 0.00 0.13 � 0.00 -11.52 -37.17 -28.97 *** *** ***

Valine 0.87 � 0.01 0.79 � 0.01 0.43 � 0.01 -9.28 -50.79 -45.77 *** *** ***

Non-essential amino acids

Alanine 0.76 � 0.00 0.70 � 0.01 0.54 � 0.01 -7.75 -28.94 -22.94 *** *** ***

Aspartate 2.18 � 0.01 2.09 � 0.01 1.58 � 0.02 -3.82 -27.61 -24.72 *** *** ***

Cysteine 0.24 � 0.01 0.21 � 0.00 0.10 � 0.01 -10.93 -56.62 -51.27 *** *** ***

Glutamate 2.75 � 0.02 2.65 � 0.01 2.03 � 0.01 -3.62 -25.95 -23.16 *** *** ***

Glycine 0.79 � 0.01 0.71 � 0.00 0.51 � 0.01 -10.24 -35.64 -28.28 *** *** ***

Proline 0.62 � 0.01 0.58 � 0.01 0.42 � 0.01 -6.99 -31.81 -26.65 *** *** ***

Serine 0.73 � 0.01 0.70 � 0.00 0.35 � 0.00 -3.30 -52.22 -50.58 ** *** ***

Tyrosine 0.65 � 0.01 0.63 � 0.00 0.45 � 0.01 -3.05 -30.92 -28.74 * *** ***

Total amino acids 17.30 � 0.00 16.08 � 0.05 11.18 � 0.18 -7.07 -35.37 -30.45 *** *** ***

Total essential amino acids 8.60 � 0.01 7.81 � 0.04 5.21 � 0.12 -9.15 -39.45 -33.36 *** *** ***

Total non-essential amino acids 8.70 � 0.01 8.27 � 0.01 5.98 � 0.06 -5.17 -31.36 -27.62 *** *** ***

Values are mean results obtained in triplicates �standard deviation, and expressed as g/100g sample.
***p < 0.001 **p < 0.01 *p < 0.05.
AYR - unextruded African yam beans flour; AY100 - African yam bean extruded at 100 �C; AY140 - African yam beans extruded at 140 �C.

% variation: [1] ¼ variation due to extrusion at 100 �C, i.e.
AY100� AYR

AYR
� 100

% variation: [2] ¼ variation due to extrusion at 140 �C, i.e.
AY140� AYR

AYR
� 100

% variation: [3] ¼ variation due to extrusion temperature, i.e.
AY140� AY100

AY100
� 100
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of African yam beans and pigeon pea flours at 140 �C rather than 100 �C
reduced TAA, TEAA and TNEAA by 30.45 and 21.13%, 33.36 and
24.47%, and 27.62 and 18.82% respectively. On the other hand, extru-
sion of Bambara groundnut flours at 140 �C rather than 100 �C did not
significantly influence TAA and TEAA concentrations, whilst reducing
TNEAA concentrations by 8.94%.

4. Discussion and conclusion

Few studies exploring the effect of HTST extrusion cooking and
extrusion cooking temperatures on chemical composition of sole African
yam beans (Sphenostylis stenocarpa), Bambara groundnut (Vigna subter-
ranean) and Pigeon pea (Cajanus cajan) flours exist (Okafor et al., 2014;
Okpala et al., 2016; Omeire, 2012). The choice of extrusion conditions
i.e. moisture and temperature, was based on earlier studies (Adeleye
et al., 2020; Al-Rabadi et al., 2011). The chemical composition of raw
African yam beans, Bambara groundnut and Pigeon pea flours observed
in this study are similar to those published in earlier literature and da-
tabases (Heuz�e et al., 2016, 2017; Heuz�e and Tran, 2016; Nwokolo,
1987; Solomon et al., 2017). Increased dietary fibre content of extrudates
as observed in this study, was also observed in wheat and barley flours
extruded at temperatures between 150 �C and 200 �C. Conversely, no
significant effect of extrusion at 140 �C to 180 �C was observed on total
dietary fibre of two cultivars of Phaseolus vulgaris, although a significant
redistribution of insoluble to more water soluble fibre fractions was
7

reported (Martin-Cabrejas et al., 1999). A varietal influence on fibre
profile of barley was also reported in response to increased extrusion
temperature and moisture, with a decline in insoluble fibre reported for
CDC-Candle barley and a significant increase in insoluble fibre and
resistant starch for Phoenix barley (Vasanthan et al., 2002). Modification
in fibre profile of extruded products in response to increasing tempera-
ture is explained as due to a combination of: (a) reorganization of dietary
fibre fractions with a shift from insoluble to soluble dietary fibre (Mar-
tin-Cabrejas et al., 1999; Vasanthan et al., 2002), (b) the formation of
retrograded amylose (RS3) which are fermentable and insoluble (Warren
et al., 2018), andmimic dietary fibre (Slavin, 2013), and, (c) formation of
“enzyme resistant indigestible glucans” by the process of trans-
glycosidation (Vasanthan and Temelli, 2008). The extrusion of blends
(50:50) of navy bean-corn and pinto bean-corn in a twin extruder (110
�C, 310rpm) similarly lowered lipid content of extrudates by 47.16% and
75.45% respectively (Vadukapuram et al., 2014) like in this study. The
decrease in ether extractable lipids in extrudates could be attributed to
lipid binding that occurs under extrusion cooking conditions. The lipid
binding abilities of amylose molecules enable the assembly of
amylose-lipid complexes (ALCs) and amylose-lipid-protein complexes
(ALPCs) under thermomechanical conditions similar to HTST extrusion
conditions (Camire, 2000). Lipid molecules bound within these com-
plexes are not extractable by ether extraction. Lipid binding within these
complexes also increases with increasing extrusion temperature and feed
moisture, evidenced in significant fat loss of extrudates (Gui et al., 2012;



Table 2. Effect of high-temperature, short-time extrusion cooking temperatures on amino acid profile and nitrogen content, N% of Bambara groundnut (Vigna sub-
terranean) flours.

Bambara groundnut % Variation Contrast P- value

BBR BB100 BB 140 [1] [2] [3] BBR vs BB100 BBR vs BB140 BB100 vs BB140

Essential amino acids (mg/100mg protein)

Arginine 1.30 � 0.00 1.28 � 0.00 1.16 � 0.00 -2.17 -11.31 -9.34 *** *** ***

Histidine 0.73 � 0.01 0.71 � 0.01 0.63 � 0.00 -3.23 -13.92 -11.04 ** *** ***

Isoleucine 0.83 � 0.01 0.80 � 0.00 0.73 � 0.01 -3.24 -12.30 -9.36 *** *** ***

Leucine 1.56 � 0.00 1.49 � 0.01 1.39 � 0.01 -4.47 -10.76 -6.58 *** *** ***

Lysine 1.27 � 0.01 1.23 � 0.01 1.05 � 0.01 -2.84 -17.22 -14.80 *** *** ***

Methionine 0.23 � 0.01 0.22 � 0.01 0.18 � 0.01 - -23.63 -20.35 NS *** ***

Phenylalanine 0.74 � 0.01 0.71 � 0.01 0.65 � 0.01 -3.08 -11.42 -8.60 *** ** ***

Threonine 0.65 � 0.01 0.59 � 0.00 0.54 � 0.00 -9.09 -16.82 -8.50 *** *** ***

Tryptophan 0.20 � 0.00 0.18 � 0.00 0.19 � 0.00 -6.88 -3.93 - *** * NS

Valine 0.84 � 0.00 0.81 � 0.00 0.76 � 0.01 -4.06 -8.96 -5.11 *** *** ***

Non-essential amino acids

Alanine 0.75 � 0.00 0.72 � 0.00 0.73 � 0.01 -2.92 -1.98 - *** ** NS

Aspartate 2.15 � 0.00 2.06 � 0.01 1.91 � 0.02 -4.27 -11.24 -7.28 *** *** ***

Cysteine 0.23 � 0.00 0.22 � 0.00 0.17 � 0.01 - -28.03 -25.18 NS *** ***

Glutamate 2.72 � 0.02 2.70 � 0.00 2.42 � 0.01 - -11.17 -10.30 NS *** ***

Glycine 0.77 � 0.01 0.74 � 0.01 0.65 � 0.01 -4.57 -16.33 -12.33 *** *** ***

Proline 0.60 � 0.01 0.62 � 0.01 0.54 � 0.01 - -10.39 -13.29 NS *** ***

Serine 0.69 � 0.01 0.69 � 0.01 0.65 � 0.00 - -5.23 -6.21 NS *** ***

Tyrosine 0.63 � 0.00 0.63 � 0.01 0.63 � 0.01 - - - NS NS NS

Total amino acids 15.86 � 1.08 16.39 � 0.01 14.96 � 0.03 - - - NS NS NS

Total essential amino acids 8.34 � 0.01 8.02 � 0.01 7.27 � 0.01 -3.88 -9.29 - *** ** NS

Total non-essential amino acids 7.30 � 0.04 7.13 � 0.01 6.47 � 0.00 -1.98 -10.74 -8.94 *** *** ***

Values are mean results obtained in triplicates �standard deviation, and expressed as g/100g sample.
***p < 0.001 **p < 0.01 *p < 0.05.
BBR - unextruded Bambara groundnut flour; BB100 - Bambara groundnut extruded at 100 �C; BB140 - Bambara groundnut extruded at 140 �C.

% variation: [1] ¼ variation due to extrusion at 100 �C, i.e.
BB100� BBR

BBR
� 100

% variation: [2] ¼ variation due to extrusion at 140 �C, i.e.
BB140� BBR

BBR
� 100

% variation: [3] ¼ variation due to extrusion temperature, i.e.
BB140� BB100

BB100
� 100
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Gunzman et al., 1992; Nosworthy et al., 2018; De Pilli et al., 2008) and
increased bound lipid fractions (Zadernowski et al., 1997). Due to the
resistance of amylose-lipid complexes to amylolytic enzyme hydrolysis
(Hasjim et al., 2013) and acid resistant characteristics which increase
with increasing amylose degree of polymerization, lipid chain length and
complexation temperature (Gelders et al., 2005), amylose-lipid com-
plexes also mimic dietary fibre, hence their probable contribution to
crude fibre fractions in grain legume extrudates. Similar to observations
in our assessment of crude protein in extrudates, increasing the extrusion
temperature for sorghum malt-bambara groundnut based extrudates
from 100-130 �C (Jiddere and Filli, 2016) and red ginseng from 115-130
�C (Gui et al., 2012) decreased their protein content. However, extrusion
of differently processed pigeon pea flours reflected no influence of
extrusion cooking temperatures on the protein content of the extrudates
(Okpala et al., 2016). On the other hand, significant improvement in in
vitro protein digestibility observed with African yam beans and pigeon
pea extrudates in this study have been reported in similar studies with
Phaseolus vulgaris (Alonso et al., 2000; Batista et al.,2010) and Vacia faba
(Alonso et al., 2000). While improved digestibility of proteins of legume
extrudates can be attributed to an increase in surface area of proteins
resulting from the unfolding of their secondary and tertiary structures,
exposing cleavage sites for proteolysis which would have otherwise been
inaccessible to protease enzymes (Day and Swanson, 2013), a reduction
in the concentration of heat-labile bioactives such as enzyme inhibitors,
lectins and cyanogenic glycosides, which are known to interact with
proteins, forming complexes that are resistant to proteolytic digestion
8

(Van der Poel et al., 1992) may also be responsible for improved protein
digestibility. However, reasons for the significantly higher protein di-
gestibility in 100 �C extrudates of pigeon pea compared to 140 �C
extrudates require further investigations. The application of heat during
extrusion in the presence of sugars and amino acids triggers theMaillard's
reaction, also termed non-enzymatic browning reaction, which is a
complex reaction involving degradation and fragmentation of sugars and
amino acid degradation, leading to the formation of Maillard's reaction
compounds which could impair protein digestibility (Seiquer et al.,
2006). In the current study, these compounds may be responsible for the
reduced crude protein of the extrudates, although insufficient to signif-
icantly impair their protein digestibility in vitro.

Investigations into enzyme inhibitory activities determined in pigeon
pea and other legumes corroborate the observations from the current
study, with extrusion of pigeon pea at 22% moisture and 120–150 �C
significantly reducing trypsin inhibitors by 95% (Okpala et al., 2016),
while extrusion of Phaseolus vulgaris at 140, 160 and 180 �C amounted to
a 45, 89 and 100% reduction in α-amylase inhibitory activity and 55.6,
65.1 and 85.7% reduction in trypsin inhibitory activity (Martin-Cabrejas
et al., 1999), confirming that increased extrusion temperatures resulted
in further reduction in enzyme inhibitor activity. A total reduction in
α-amylase, 52.5 and 100% reduction in chymotrypsin, and 98.9% and
86.1% reduction in chymotrypsin inhibitory activity was also reported
for extrudates of Vicia faba and Phaseolus vulgaris where extrusion was
conducted at 152-156 �C (Alonso et al., 2000). Similarly, extrusion
cooking in a twin screw extruder (56-184 �C) greatly reduced the activity



Table 3. Effect of high-temperature, short-time extrusion cooking temperatures on amino acid profile and nitrogen content, N% of Pigeon pea (Cajanus cajan) flours.

Pigeon pea % Variation Contrast P- value

PPR PP100 PP 140 [1] [2] [3] PPR vs PP100 PPR vs PP140 PP100 vs PP140

Essential amino acids (mg/100mg protein)

Arginine 1.50 � 0.01 1.20 � 0.02 0.93 � 0.01 -19.81 -38.23 -22.95 *** *** ***

Histidine 0.79 � 0.01 0.67 � 0.01 0.47 � 0.02 -15.07 -40.50 -30.32 ** *** ***

Isoleucine 0.93 � 0.01 0.76 � 0.00 0.60 � 0.00 -17.47 -34.95 -20.95 *** *** ***

Leucine 1.68 � 0.00 1.39 � 0.00 1.09 � 0.01 -17.18 -34.91 21.40 *** *** ***

Lysine 1.41 � 0.00 1.17 � 0.01 0.85 � 0.04 -17.16 -39.73 -27.26 *** *** ***

Methionine 0.28 � 0.00 0.21 � 0.00 0.14 � 0.01 -25.57 -48.64 -30.99 *** *** ***

Phenylalanine 0.87 � 0.02 0.69 � 0.01 0.57 � 0.01 -20.37 -34.39 -17.57 *** ** ***

Threonine 0.74 � 0.02 0.56 � 0.02 0.47 � 0.00 -24.41 -36.09 -15.26 *** *** **

Tryptophan 0.23 � 0.00 0.18 � 0.00 0.15 � 0.00 -19.48 -35.80 -20.28 *** *** ***

Valine 0.96 � 0.01 0.78 � 0.00 0.48 � 0.00 -18.92 -50.07 -38.42 *** *** ***

Non-essential amino acids

Alanine 0.83 � 0.01 0.79 � 0.01 0.58 � 0.01 -4.85 -30.54 -27.01 ** *** ***

Aspartate 2.32 � 0.01 2.02 � 0.01 1.65 � 0.01 *** *** ***

Cysteine 0.27 � 0.01 0.19 � 0.01 0.13 � 0.00 -28.43 -51.38 -32.08 *** *** ***

Glutamate 2.92 � 0.01 2.55 � 0.00 2.16 � 0.01 -12.56 -25.92 -15.29 *** *** ***

Glycine 0.89 � 0.01 0.69 � 0.01 0.57 � 0.00 -22.69 -36.40 -17.73 *** *** ***

Proline 0.71 � 0.00 0.57 � 0.00 0.47 � 0.00 -18.94 -33.72 -18.24 *** *** ***

Serine 0.80 � 0.01 0.68 � 0.01 0.53 � 0.01 -15.37 -33.81 -21.77 *** *** ***

Tyrosine 0.71 � 0.00 0.61 � 0.01 0.56 � 0.00 -14.89 -21.52 -7.78 *** *** ***

Total amino acids 18.82 � 0.08 15.71 � 0.06 12.39 � 0.02 -16.49 -34.14 -21.13 *** *** ***

Total essential amino acids 9.37 � 0.07 7.61 � 0.06 5.75 � 0.02 -18.80 -38.67 -24.47 *** *** ***

Total non-essential amino acids 9.45 � 0.01 8.11 � 0.00 6.65 � 0.00 -14.14 -30.30 -18.82 *** *** ***

Values are mean results obtained in triplicates �standard deviation, and expressed as g/100g sample.
***p < 0.001 **p < 0.01.
PPR - unextruded Pigeon pea flour; PP100 - Pigeon pea extruded at 100 �C; PP140 - Pigeon pea extruded at 140 �C.

% variation: [1] ¼ variation due to extrusion at 100 �C, i.e.
PP100� PPR

PPR
� 100

% variation: [2] ¼ variation due to extrusion at 140 �C, i.e.
PP140� PPR

PPR
� 100

% variation: [3] ¼ variation due to extrusion temperature, i.e.
PP140� PP100

PP100
� 100
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of trypsin inhibitors by > 90%, in small white beans (Phaseolus vulgaris
var. Aurora) with the highest residual inhibitor value reported as 15.3%
of trypsin inhibitor in the control (Edwards et al., 1994). The combina-
tion of high temperature and pressure plus mechanical shear involved in
HTST extrusion have the capacity to physically deform proteins by
changing their secondary and tertiary structure (Avil�es-Gaxiola et al.,
2018), thus deactivating enzyme inhibitors.

Extrusion of African yam beans at 120 �C significantly reduced the
concentration of all amino acids with highest and least losses recorded
for lysine (62.40%) and leucine (14.4%), respectively (Omeire, 2012).
Similarly, significant reduction in essential amino acids for soy flour,
sweet potato flour, sweet potato-soy flour blends (80:20) and bambara
groundnut-sorghum at extrusion temperature ranging from 100 �C to
130 �C have also been documented (Iwe et al., 2001; Jiddere and Filli,
2015). The role of amino acids and temperature in Maillard's reaction
is considered the primary reason for the reduction in amino acid
concentration observed in the grain legume extrudates. Worthy of note
is the difference between total amino acids (Tables 1, 2, and 3) and
crude protein content of the grain legume extrudates determined by
the kjeldahl method (Figures 1, 2, and 3), which is deduced to be due
to non-nitrogen proteins (NPN) - a group of nitrogenous substances
that do not originate from proteins which include urea, small peptides,
free amino acids, creatine, creatinine, uric acid, orotic acid, ammonia
etc. The proportion of NPN compounds in foods increase under
extrusion conditions, especially with barrel temperatures >70 �C
(Chaiyakul et al., 2009; P�erez-Conesa et al., 2005).
9

In conclusion, high-temperature short-time extrusion cooking of
African yam beans (Sphenostylis stenocarpa), Bambara groundnut
(Vigna subterranean) and Pigeon pea (Cajanus cajan) at 100 �C and
140 �C varied in their impact on chemical properties, protein di-
gestibility, enzyme inhibitory activity, and amino acid profile.
Research should be conducted with the aim of obtaining the best
extrusion process conditions to optimize African yam beans (Sphe-
nostylis stenocarpa), Bambara groundnut (Vigna subterranean) and Pi-
geon pea (Cajanus cajan) extrudate quality. Also, the authors propose
further research into characterizing and quantifying products such as
Millard's reaction compounds, amylose-lipid complexes and indi-
gestible glucans that may have been synthesized during extrusion
cooking, exploring their possible impact on nutrient bioavailability in
bioassays.

Declarations

Author contribution statement

Oluwafunmilayo O. Adeleye: Conceived and designed the experi-
ments; Analyzed and interpreted the data; Contributed reagents, mate-
rials, analysis tools or data; Wrote the paper.

Seun T. Awodiran, Atinuke O. Ajayi, Toluwalope F. Ogunmoyela:
Performed the experiments; Contributed reagents, materials, analysis
tools or data.



O.O. Adeleye et al. Heliyon 6 (2020) e05419
Funding statement

This research did not receive any specific grant from funding agencies
in the public, commercial, or not-for-profit sectors.

Competing interest statement

The authors declare no conflict of interest.

Additional information

No additional information is available for this paper.

References

Adeleye, O.O., Awodiran, S.T., Ajayi, A.O., Ogunmoyela, T.F., 2020. Influence of
Extrusion Cooking on Physichochemical Properties and Starch Digestion Kinetics of
Sphenostylis stenocarpa, Cajanus Cajan and Vigna subterranean Grains submitted for
publication.

AACC approved methods of analysis. method 46-10.01. crude protein—improved
kjeldahl method, 11th ed., 2008. Cereals & Grains Association, St. Paul, MN, U.S.A.

Association of Official Analytical Chemists (AOAC), 2000. Official methods of analysis of
AOAC international, 17th ed. AOAC International, Gaithersburg, MD, USA.

Al-Rabadi, G.J., Torley, P.J., Williams, B.A., Bryden, W.L., Gidley, M.J., 2011. Effect of
extrusion temperature and pre-extrusion particle size on starch digestion kinetics in
barley and sorghum grain extrudates. Anim. Feed Sci. Technol. 168 (3–4), 267–279.

Alonso, R., Aguirre, A., Marzo, F., 2000. Effects of extrusion and traditional processing
methods on antinutrients and in vitro digestibility of protein and starch in faba and
kidney beans. Food Chem. 68 (2), 159–165.

Avil�es-Gaxiola, S., Chuck-Hern�andez, C., Serna Saldívar, S.O., 2018. Inactivation methods
of trypsin inhibitor in legumes: a review. J. Food Sci. 83 (1), 17–29.

Belitz, H.D., Weder, J.K.P., 1990. Protein inhibitors of hydrolases in plant foodstuffs. Food
Rev. Int. 6 (2), 151–211.

Benitez, L.V., 1989. Amino acid and fatty acid profiles in aquaculture nutrition studies. In:
De Silva, S. (Ed.), Fish Nutrition Research in Asia: Proceedings of the Third Asian Fish
Nutrition Network Meeting. Asian Fisheries Society, Manila, Philippines, pp. 23–35.

Batista, Karla A., Prudencio, Sandra H., Fernandes, Katia F., 2010. Changes in the
functional properties and antinutritional factors of extruded hard-to-cook common
beans (Phaseolus vulgaris, L.). J. Food Sci. 75 (3), C286–C290.

Camire, M.E., 1998. Chemical changes during extrusion cooking. In: Shahidi, F., Ho, C.,
van Chuyen, N. (Eds.), Process-Induced Chemical Changes in Food. Advances in
Experimental Medicine and Biology, 434. Springer, Boston; MA, pp. 109–121.

Camire, M.E., 2000. Chemical and nutritional changes in food during extrusion. In:
Riaz, M.N. (Ed.), Extruders in Food Aplications. CRC Press, Boca Raton, FL,
pp. 127–147.

Campos-Vega, R., Loarca-Pi~na, G., Oomah, B.D., 2010. Minor components of pulses and
their potential impact on human health. Food Res. Int. 43 (2), 461–482. Elsevier Ltd.

Chaiyakul, S., Jangchud, K., Jangchud, A., Wuttijumnong, P., Winger, R., 2009. Effect of
extrusion conditions on physical and chemical properties of high protein glutinous
rice-based snack. LWT-Food Sci. Technol. 42, 781–787.

Collins, C.L., Eason, P.J., Dunshea, F.R., Higgins, T.J., King, R.H., 2006. Starch but not
protein digestibility is altered in pigs fed transgenic peas containing α-amylase
inhibitor. J. Sci. Food Agric. 86 (12), 1894–1899.

Corring, T., Gueugneau, A.-M., Chayvialle, J.A., Brachet, G., Bernard, C., Cointepas, F.,
1986. Short-term (8-day) effects of a raw soybean diet on exocrine pancreatic
secretion and plasma gastrointestinal hormone levels in the pig. Reprod. Nutr. Dev.
26 (2A), 503–514.

Day, Li, Swanson, Barry G., 2013. Functionality of protein-fortified extrudates. Compr.
Rev. Food Sci. Food Saf. 12, 546–564.

Edwards, R.H., Becker, R., Mossman, A.P., Gray, G.M., Whitehand, L.C., 1994. Twin-screw
extrusion cooking of small white beans. Leb. Und-Technologie. 27, 472–481.

Food and Agriculture Organization of the United Nations, 1995. Sorghum and Millets in
Human Nutrition. Rome. Retrieved from. http://www.fao.org/docrep/T0818E/T08
18E00.htm.

Frias, J., Giacomino, S., Pe~nas, E., Pellegrino, N., Ferreyra, V., Apro, N., Carri�on, O.O.,
et al., 2011. Assessment of the nutritional quality of raw and extruded Pisum sativum
L. var. laguna seeds. LWT - Food Sci. Technol. 44 (5), 1303–1308. Elsevier Ltd.

Ge, Y.C., Morgan, R.G.H., 1993. The effect of trypsin inhibitor on the pancreas and small
intestine of mice. Br. J. Nutr. 70 (1), 333.

Gelders, G.G., Duyck, J.P., Goesaert, H., Delcour, J.A., 2005. Enzyme and acid resistance
of amylose-lipid complexes differing in amylose chain length, lipid and complexation
temperature. Carbohydr. Polym. 60 (3), 379–389.

Grant, G., Alonso, R., Edwards, J.E., Murray, S., 2000. Dietary soya beans and kidney
beans stimulate secretion of cholecystokinin and pancreatic digestive enzymes in
400-day-old hooded-lister rats but only soya beans induce growth of the pancreas.
Pancreas 20 (3), 305–312.

Gui, Y., Gil, S.K., Ryu, G.H., 2012. Effects of extrusion conditions on the physicochemical
properties of extruded red ginseng. Prev. Nutr. Food Sci. 17, 203–209.

Gunzman, L.B., Lee, T.C., Chichester, C.O., 1992. Lipid binding during extrusion cooking.
In: Kokini, J.L., Ho, C., V Karwe, M. (Eds.), Food Extrusion Science and Technology.
Marcel Dekker Inc, New York, pp. 427–436.
10
Hasjim, J., Ai, Y., Jane, J., 2013. Novel applications of amylose-lipid complex as resistant
starch type 5. Resist. Starch. Wiley Online Books.

Heuz�e, V., Thiollet, H., Tran, G., Delagarde, R., Bastianelli, D., Lebas, F., 2017. Pigeon pea
(Cajanus cajan) seeds. In: Feedipedia, a Programme by INRA, CIRAD, AFZ and FAO,
18, p. 22. Retrieved from. www.feedipedia.org/node/329. Last updated on April 26,
2017.

Heuz�e, V., Tran, G., 2016. African yam bean (Sphenostylis stenocarpa). In: Feedipedia, a
Programme by INRA, CIRAD, AFZ and FAO.

Heuz�e, V., Tran, G., Lebas, F., 2016. Bambara groundnut (Vigna subterranea) seeds. In:
Feedipedia, a Programme by INRA, CIRAD, AFZ and FAO, 10, p. 7. Retrieved from.
https://feedipedia.org/node/530. Last updated on July 29, 2016.

Iqbal, A., Khalil, I.A., Ateeq, N., Sayyar Khan, M., 2006. Nutritional quality of important
food legumes. Food Chem. 97 (2), 331–335.

Iwe, M., van Zulichem, D., Ngoddy, P., Lammers, Wim, 2001. Amino acid and protein
dispersibility index (PDI) of mixtures of extruded soy and sweet potato flours. LWT
34, 71–75.

De Jager, I., Borgonjen-Van Den Berg, K.J., Giller, K.E., Brouwer, I.D., 2019. Current and
potential role of grain legumes on protein and micronutrient adequacy of the diet of
rural Ghanaian infants and young children: using linear programming. Nutr. J. 18 (1),
1–16. Nutrition Journal.

Jiddere, G., Filli, Kalep Bulus, 2015. The effect of feed moisture and barrel temperature
on the essential amino acids profile of sorghum malt and bambara groundnut based
extrudates. J. Food Process. Technol. 6 (5), 1–6.

Jiddere, G., Filli, K.B., 2016. Physicochemical properties of sorghum malt and Bambara
groundnut based extrudates. J. Food Sci. Technol. Nepal 9, 55–65.

Lajolo, F.M., Genovese, M.I., 2002. Nutritional significance of lectins and enzyme
inhibitors from legumes. J. Agric. Food Chem. 50 (22), 6592–6598.

Li, S., Sauer, W.C., Caine, W.R., 1998. Response of nutrient digestibilities to feeding diets
with low and high levels of soybean trypsin inhibitors in growing pigs. J. Sci. Food
Agric. 76 (3), 347–356.

Martin-Cabrejas, M.A., Jaime, L., Karanja, C., Downie, A.J., Parker, M.L., Lopez-
andreu, F.J., Maina, G., et al., 1999. Modifications to physicochemical and nutritional
properties of hard-to-cook beans ( Phaseolus vulgaris L .) by extrusion cooking.
J. Agric. Food Chem. 47 (3), 1174–1182.

Menezes, E.W., Lajolo, F.M., 1987. Inhibition of starch digestion by a black bean R-
amylase inhibitor, in normal and diabetic rats. Nutr. Rep. Int. 36, 1185–1189.

Messina, V., 2014. Nutritional and health benefits of dried beans.: discovery service for
endeavour college of natural health library. Am. J. Clin. Nutr. 100 (1), 437.

Morgan, R.G.H., Crass, R.A., Oates, P.S., 1986. Dose effect of raw soyabean flour on
pancreatic growth. In: Friedman, M. (Ed.), Nutritional and Toxicological Significance
of Enzyme Inhibitors in Foods. Advances in Experimental Medicien and Biology.
Springer, Boston; MA, pp. 81–89.

Nosworthy, M.G., Medina, G., Franczyk, A.J., Neufeld, J., Appah, P., Utioh, A.,
Frohlich, P., et al., 2018. Effect of processing on the in vitro and in vivo protein
quality of beans (Phaseolus vulgaris and Vicia Faba). Nutrients 10 (6).

Nwokolo, E., 1987. A nutritional assessment of African yam bean Sphenostylis stenocarpa
(hochst ex A. Rich) harms. And Bambara groundnut Voandzeia subterranea L. J. Sci.
Food Agric. 123–129.

Okafor, J.N.C., Ani, J.C., Okafor, G.I., 2014. Effect of processing methods on qualities of
Bambara groundnut (Voandzeia subterranea (L.) Thouars) flour and their
acceptability in extruded snacks. Am. J. Food Technol. 9 (7), 350–359. Science
Publications.

Okpala, M.O., Wolf, B., Macnaughtan, B., 2016. Characteristics of Extrusion Processed
Foods from Whole Pigeon Pea. Retrieved from. http://gl2016conf.iita.org/wp-c
ontent/uploads/2016/03/Characteristics-of-Extrusion-Processed-Foods-from-Whole-
Pigeon-pea-M-Okpala-et-al.pdf.

Omeire, G., 2012. Amino acid profile of raw and extruded blends of African yam bean
(Sphenostylis stenocarpa) and cassava flour. Am. J. Food Nutr. 2 (3), 65–68. Science
Hub.

Palacios, M.F., Easter, R.A., Soltwedel, K.T., Parsons, C.M., Douglas, M.W., Hymowitz, T.,
Pettigrew, J.E., 2004. Effect of soybean variety and processing on growth
performance of young chicks and pigs. J. Anim. Sci. 82 (4), 1108–1114.

Palavalli, M.H., Natarajan, S.S., Wang, T.T.Y., Krishnan, H.B., 2012. Imbibition of soybean
seeds in warm water results in the release of copious amounts of Bowman-Birk
protease inhibitor, a putative anticarcinogenic agent. J. Agric. Food Chem. 60 (12),
3135–3143.

Payan, F., 2004. Structural basis for the inhibition of mammalian and insect α-amylases
by plant protein inhibitors. Biochim. Biophys. Acta Protein Proteonomics 1696 (2),
171–180.

P�erez-Conesa, D., Periago, M.J., Ros, G., L�opez, G., 2005. Non-protein nitrogen in infant
cereals affected by industrial processing. Food Chem. 90 (4), 513–521.

De Pilli, T., Jouppila, K., Ikonen, J., Kansikas, J., Derossi, A., Severini, C., 2008. Study on
formation of starch-lipid complexes during extrusion-cooking of almond flour.
J. Food Eng. 87 (4), 495–504.

Proietti, I., Frazzoli, C., Mantovani, A., 2015. Exploiting nutritional value of staple foods
in the world’s semi-arid areas: risks, benefits, challenges and opportunities of
sorghum. Healthcare 3 (2), 172–193.

Rahimzadeh, M., Jahanshahi, S., Moein, S., Moein, M.R., 2014. Evaluation of alpha-
amylase inhibition by Urtica dioica and Juglans regia extracts. Iran. J. Basic Med. Sci.
17 (6), 466–470.

Seiquer, I., Díaz-Alguacil, J., Delgado-Andrade, C., L�opez-Frías, M., Hoyos, A.M.,
Gald�o, G., Navarro, M.P., 2006. Diets rich in Maillard reaction products affect protein
digestibility in adolescent males aged 11-14 y. Am. J. Clin. Nutr.

Singh, U., Jambunathan, R., 1981. Studies on desi and kabull chickpea (Cicer arietinum
L.) cultivars: levels of protease inhibitors, levels of polyphenolic compounds and in
vitro protein digestibility. J. Food Sci. 46 (5), 1364–1367.

http://refhub.elsevier.com/S2405-8440(20)32262-3/sref1
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref1
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref1
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref1
http://refhub.elsevier.com/S2405-8440(20)32262-3/optCse44W8Oeq
http://refhub.elsevier.com/S2405-8440(20)32262-3/optCse44W8Oeq
http://refhub.elsevier.com/S2405-8440(20)32262-3/optCse44W8Oeq
http://refhub.elsevier.com/S2405-8440(20)32262-3/optCse44W8Oeq
http://refhub.elsevier.com/S2405-8440(20)32262-3/optyUOXJV0oTn
http://refhub.elsevier.com/S2405-8440(20)32262-3/optyUOXJV0oTn
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref2
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref2
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref2
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref2
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref2
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref3
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref3
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref3
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref3
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref4
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref4
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref4
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref4
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref4
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref5
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref5
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref5
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref6
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref6
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref6
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref6
http://refhub.elsevier.com/S2405-8440(20)32262-3/opt9FEe8UJnuN
http://refhub.elsevier.com/S2405-8440(20)32262-3/opt9FEe8UJnuN
http://refhub.elsevier.com/S2405-8440(20)32262-3/opt9FEe8UJnuN
http://refhub.elsevier.com/S2405-8440(20)32262-3/opt9FEe8UJnuN
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref7
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref7
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref7
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref7
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref8
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref8
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref8
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref8
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref9
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref9
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref9
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref9
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref10
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref10
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref10
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref10
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref11
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref11
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref11
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref11
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref11
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref12
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref12
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref12
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref12
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref12
http://refhub.elsevier.com/S2405-8440(20)32262-3/optQSyBEatKl5
http://refhub.elsevier.com/S2405-8440(20)32262-3/optQSyBEatKl5
http://refhub.elsevier.com/S2405-8440(20)32262-3/optQSyBEatKl5
http://refhub.elsevier.com/S2405-8440(20)32262-3/optXMoZHXrDXV
http://refhub.elsevier.com/S2405-8440(20)32262-3/optXMoZHXrDXV
http://refhub.elsevier.com/S2405-8440(20)32262-3/optXMoZHXrDXV
http://www.fao.org/docrep/T0818E/T0818E00.htm
http://www.fao.org/docrep/T0818E/T0818E00.htm
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref14
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref14
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref14
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref14
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref14
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref14
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref15
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref15
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref16
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref16
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref16
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref16
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref17
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref17
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref17
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref17
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref17
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref18
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref18
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref18
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref19
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref19
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref19
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref19
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref20
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref20
http://www.feedipedia.org/node/329
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref22
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref22
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref22
https://feedipedia.org/node/530
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref24
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref24
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref24
http://refhub.elsevier.com/S2405-8440(20)32262-3/optQYMNwu1Mb5
http://refhub.elsevier.com/S2405-8440(20)32262-3/optQYMNwu1Mb5
http://refhub.elsevier.com/S2405-8440(20)32262-3/optQYMNwu1Mb5
http://refhub.elsevier.com/S2405-8440(20)32262-3/optQYMNwu1Mb5
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref25
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref25
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref25
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref25
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref25
http://refhub.elsevier.com/S2405-8440(20)32262-3/opt1g3TNwi69R
http://refhub.elsevier.com/S2405-8440(20)32262-3/opt1g3TNwi69R
http://refhub.elsevier.com/S2405-8440(20)32262-3/opt1g3TNwi69R
http://refhub.elsevier.com/S2405-8440(20)32262-3/opt1g3TNwi69R
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref26
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref26
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref26
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref27
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref27
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref27
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref28
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref28
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref28
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref28
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref29
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref29
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref29
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref29
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref29
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref30
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref30
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref30
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref31
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref31
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref32
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref32
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref32
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref32
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref32
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref33
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref33
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref33
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref34
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref34
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref34
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref34
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref35
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref35
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref35
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref35
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref35
http://gl2016conf.iita.org/wp-content/uploads/2016/03/Characteristics-of-Extrusion-Processed-Foods-from-Whole-Pigeon-pea-M-Okpala-et-al.pdf
http://gl2016conf.iita.org/wp-content/uploads/2016/03/Characteristics-of-Extrusion-Processed-Foods-from-Whole-Pigeon-pea-M-Okpala-et-al.pdf
http://gl2016conf.iita.org/wp-content/uploads/2016/03/Characteristics-of-Extrusion-Processed-Foods-from-Whole-Pigeon-pea-M-Okpala-et-al.pdf
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref37
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref37
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref37
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref37
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref38
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref38
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref38
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref38
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref39
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref39
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref39
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref39
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref39
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref40
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref40
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref40
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref40
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref40
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref41
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref41
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref41
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref41
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref41
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref42
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref42
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref42
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref42
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref43
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref43
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref43
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref43
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref44
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref44
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref44
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref44
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref45
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref45
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref45
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref45
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref45
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref46
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref46
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref46
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref46


O.O. Adeleye et al. Heliyon 6 (2020) e05419
Slavin, J.L., 2013. Carbohydrates, dietary fiber, and resistant starch in white Vegetables:
links to health outcomes. Adv. Nutr. 4, 351S–355S.

Solomon, S.G., Okomoda, V.T., Oda, S.O., 2017. Nutritional value of toasted pigeon pea,
Cajanus cajan seed and its utilization in the diet of Clarias gariepinus (Burchell,
1822) fingerlings. Aquaculture Rep. 7 (May), 34–39. Elsevier.

Sopade, P.A., Gidley, M.J., 2009. A rapid in-vitro digestibility assay based on glucometry
for investigating kinetics of starch digestion. Starch Staerke 61, 245–255.

Sun, T., Lærke, H.N., Jørgensen, H., Knudsen, K.E.B., Laerke, H.N., Jogensen, H.,
Knudsen, K.E.B., 2006. The effect of extrusion cooking of different starch sources on
the in vitro and in vivo digestibility in growing pigs. Anim. Feed Sci. Technol. 131
(1–2), 67–86. Elsevier.

Tremacoldi, C.R., Pascholati, S.F., 2002. Detection of trypsin inhibitor in seeds of
Eucalyptus urophylla and its influence on the in vitro growth of the fungi Pisolithus
tinctorius and Rhizoctonia solani. Braz. J. Microbiol. 33, 281–286.

USDA, 2018. National Nutrent Database for Standard Reference.
11
Vadukapuram, N., Hall, C., Tulbek, M., Niehaus, M., 2014. Physicochemical properties of
flaxseed fortified extruded bean snack. Int. J. Food Sci. 2014.

Vasanthan, T., Gaosong, J., Yeung, J., Li, J., 2002. Dietary fiber profile of barley flour as
affected by extrusion cooking. Food Chem. 77, 35–40. Retrieved from.

Vasanthan, T., Temelli, F., 2008. Grain fractionation technologies for cereal beta-glucan
concentration. Food Res. Int. 41 (9), 876–881.

van der Poel, A.F.B., Dellaert, L.M.W., van Norel, A., Helsper, J.P.F.G., 1992. The
digestibility in piglets of faba bean ( Vicia faba L.) as affected by breeding towards the
absence of condensed tannins. Br. J. Nutr. 68, 793–800.

Warren, F.J., Fukuma, N.M., Mikkelsen, D., Flanagan, B.M., Williams, B.A., Lisle, A.T., �O
Cuív, P., et al., 2018. Food starch structure impacts gut microbiome composition. In:
Suen, G. (Ed.), mSphere, 3 (3), e00086-18.

Zadernowski, R., Nowak-Polakowska, H., Wicklund, T., Fornal, 1997. Changes in oat
lipids affected by extrusion. Nahrung-Food 41 (4), 224–227.

http://refhub.elsevier.com/S2405-8440(20)32262-3/sref47
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref47
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref47
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref48
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref48
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref48
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref48
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref49
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref49
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref49
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref50
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref50
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref50
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref50
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref50
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref50
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref51
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref51
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref51
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref51
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref52
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref53
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref53
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref54
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref54
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref54
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref55
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref55
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref55
http://refhub.elsevier.com/S2405-8440(20)32262-3/optZwvsYcUrwq
http://refhub.elsevier.com/S2405-8440(20)32262-3/optZwvsYcUrwq
http://refhub.elsevier.com/S2405-8440(20)32262-3/optZwvsYcUrwq
http://refhub.elsevier.com/S2405-8440(20)32262-3/optZwvsYcUrwq
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref56
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref56
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref56
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref57
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref57
http://refhub.elsevier.com/S2405-8440(20)32262-3/sref57

	Effect of high-temperature, short-time cooking conditions on in vitro protein digestibility, enzyme inhibitor activity and  ...
	1. Introduction
	2. Materials and methods
	2.1. Materials, extruder and processing conditions
	2.2. Experimental design
	2.3. Analytical methods
	2.3.1. Chemical analyses
	2.3.2. In vitro protein digestibility
	2.3.3. Trypsin, chymotrypsin and amylase inhibitory activity
	2.3.4. Protein quality test: amino acid profiling

	2.4. Statistics

	3. Results
	3.1. Effect of HTST extrusion cooking and temperatures on the chemical composition of African yam beans (Sphenostylis stenocarpa ...
	3.2. Effect of HTST extrusion cooking and temperatures on in vitro protein digestibility of flours
	3.3. Effect of HTST extrusion cooking and temperatures on enzyme inhibitor activity of flours
	3.4. Effect of HTST extrusion cooking temperatures on amino acid profiles of flours

	4. Discussion and conclusion
	Declarations
	Author contribution statement
	Funding statement
	Competing interest statement
	Additional information

	References


