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Abstract: Bambara groundnut (BGN) is a widely cultivated legume with a rich nutritional profile, yet despite its 
many benefits it still remains underutilized. To highlight its potential value, 4 BGN varieties brown, red, black eye, 
and brown eye were subjected to sequential enzymatic treatments followed by centrifugation to obtain the insoluble 
dietary fiber (IDF) fraction. The IDFs were vacuum-dried and evaluated for color, hydration properties, fat absorption, 
polyphenolic compounds, neutral sugars, and uronic acids. An optimized white bread formulation was also determined 
using brown BGN-IDF in an optimal (IV) mixture design. Three mixture components constrained at lower and upper 
limits (water: 57% to 60%, yeast: 2.3% to 5.3%, and BGN-IDF: 7% to 10%) were evaluated for their effects on 
responses of specific loaf volume, gumminess, chewiness, and resilience of the loaves. All BGN-IDFs differed significantly 
(P 0.05) across all color parameters. Polyphenols were significantly (P 0.05) highest in red and brown BGN-IDFs. 
Arabinose/galactose (31.04% to 37.12%), xylose (16.53% to 27.30%), and mannose (14.48% to 22.24%) were the major 

sugars identified. Swelling capacity was significantly (P 0.05) highest for brown eye BGN-IDF (7.72 ± 0.49 mL/g). 
Water retention capacity ranged from 1.63 to 2.01 g water/g dry weight. Fat absorption for red BGN-IDF differed 
significantly (P 0.05). Furthermore, the best optimal white bread formulation enriched with brown BGN-IDF was 
established with numerical optimization at 59.5% water, 4.3% yeast, and 8.5% BGN-IDF. Overall positive physicochemical 
and functional properties were observed for BGN-IDFs, and it was shown that an optimal white bread enriched with 
BGN-IDF could be produced. 
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Practical Application: Bambara groundnut is considered a complete food based on its nutritional profile, but despite its 
value remains underutilized. To highlight the value of bambara groundnut, several studies are focused on investigating its 
protein and starch fractions. However, no information is available on its dietary fiber fractions. Dietary fibers are beneficial 
to health and impart important functional properties in foods; as a result there is a growing need for new dietary fiber 
sources in the food industry. This paper reports the physicochemical and functional properties of insoluble dietary fiber 
extracted from Bambara groundnut, thus providing new knowledge and contributing to the value of this legume. 

 

 

Introduction 
Bambara groundnut (Vigna subterranea [L.] Verdc.; BGN) is 
an easy-to-cultivate yet underutilized legume widely grown 
throughout Africa, some parts of Asia, Northern Australia, and 
Central and South America (Goli 1997; Eltayeb and others 2011; 
De Kock 2013). The main characteristics of BGN are its toler- 
ance of drought and poor soils, and its ability to produce yields 
in conditions in which groundnuts would fail. BGN is primarily 
grown for its edible seeds which are lower in oil content (6.5%) 
compared to groundnuts, but higher in protein (19%) and carbo- 
hydrates (63%; Brough and others 1993; Bamishaiye and others 
2011). The rich nutritional profile of BGN indicates its potential 
of sustaining the dietary needs of many people in both urban and 
rural communities (Jideani and Diedericks 2014). Recently, the 
functional properties of BGN flour, protein, and starch fractions 
have been investigated, as a means to better utilization of this un- 
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derutilized crop in food applications (Adebowale and others 2002; 
Adebowale and Lawal 2004; Lawal and others 2007; Sirivongpaisal 

2008; Yusuf and others 2008; Eltayeb and others 2011). Compared 
to other legumes, the seeds from BGN are a relatively good source 
of dietary fiber (Tanya and others 1997); however, no chemical or 
utilization evidence could be found on its dietary fiber fractions. 

The term dietary fiber  1st appeared in 1953 and gained wide 
interest in the mid-1970s due to its role in health and nutrition 
(De Vries 2003). Dietary fiber is classified amongst the impor- 
tant ingredients to be included in the diet (Schaafsma 2004). The 
increased intake of dietary fiber has many health benefits such as 
increased bile acid fecal loss, laxation, blood cholesterol, and glu- 
cose attenuation; and led to the reduced risk of the development 
of several diseases such as diabetes, coronary heart disease, obe- 
sity, and some forms of cancer (Campos-Vega and others 2009; 
Mann and Cummings 2009). The conventional classification of 
dietary fiber is done on the basis of water solubility and includes 

   2  categories; soluble dietary fiber (SDF) and insoluble dietary 
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fiber (IDF; Chawla and Patil 2010). SDF forms a solution when 
mixed with water and includes mucilage, gums, and pectic sub- 
stances. IDF does not form a solution when mixed with water and 

   includes  cellulose, some hemicelluloses and lignin (Chawla and 
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Patil 2010; Elleuch and others 2011). Both fractions show differ- 
ences in their physiological and technological properties (Roehrig 
1988; Jiménez-Escrig and Sánchez-Muniz 2000). Therefore, 
when characterizing a dietary fiber, as with any other polysac- 
charide, several functional and physicochemical properties are in- 
vestigated as is described elsewhere (Adebowale and others 2002; 
Tosh and Yada 2010; Elleuch and others 2011). 
The recommended daily dietary fiber intake ranges from 30 to 
40 g/d (Chawla and Patil 2010; Elleuch and others 2011). Pulses 
which are the edible seeds of leguminous crops are considered 
important in world food and nutrition, and as such are classified 
amongst the most important food sources of dietary fibers (Tosh 
and Yada 2010; Katoch 2013). By expanding the utilization of 
pulse derived fibers, human health can be enhanced as well as an in- 
crease in the market value of the crops (Tosh and Yada 2010; Wang 
and Toews 2011). Wang and Toews (2011) reported that pulse 
fibers have superior functional properties and this leads to a great 
potential for their use in various food applications. Commercially, 
cotyledon and hull fibers from peas are available for use in food 
applications; however, fibers from other pulse sources are scarce. 
Considering the increased need for new dietary fiber food 
sources and the need to explore more legumes as sustainable di- 
etary fiber sources; investigating the potential of BGN could ad- 
dress the need and fill the gap in the market for better utilization 
of this and other undervalued crops. The objectives of this study 
were therefore to isolate and characterize the physicochemical and 
functional properties of IDF fractions from BGN with a view to 
establish their potential for use in food applications. 

 

Materials and Methods 

Source of materials 

BGN seeds were purchased from Thusano Products (Louis 
Trichardt, Limpopo, South Africa). Enzymes including amyloglu- 

cosidase (A9913), α-amylase (A3176), and pancreatin (P7545) 
were obtained from Sigma Aldrich Co. (St. Louis, Miss., U.S.A.); 
pepsin (1.07190) was obtained from Merck KGaA (Darmstadt, 
Germany). All reagents were of analytical grade. A commercial 
white bread flour (Sasko, South Africa), commercial compressed 
yeast (Anchor Yeast, South Africa), salt (Cape Town, South Africa), 
sugar (Cape Town, South Africa), and vegetable shortening (Cape 
Town, South Africa) were used to make fiber-enriched bread. 

 

Production of BGN flour and total dietary fiber (TDF) 

determination 

The BGN seeds were screened to eliminate defective seeds and 
foreign materials such as dirt, dust, and immature seeds, followed 
by sorting into 4 varieties on the basis of seed coat color black 
eye, brown, red, and brown eye. The sorted (whole) seeds were 
washed, dried, and milled to powder (0.50-mm mesh) by using 
a hammer mill (TRF 400; Trapp, Brazil). The powdered seeds 
(flour) were stored in airtight polyethylene bags at 4 °C prior to 
analyses. All BGN flours were analyzed for TDF content by the 
Official Method 991.43 (AOAC 2005). 

 

IDF extraction 

The updated methodology for extraction of dietary fiber as de- 
scribed by Goñ i and others (2009) was adopted in this study with 
modification. BGN flour (18 g) was weighed into 2 L Schott 
bottles and 600 mL phosphate buffer (pH 7.5) was added to each 
bottle. The pH was measured and adjusted to pH 7.5. Pepsin solu- 
tion (12 mL) was added to each bottle and the solutions incubated 

Table 1–Formulation sets as determined by 3-component IV- 
optimal mixture design.a,b 
 

 

Proportion of components 
 

Formulation Water (%) Yeast (%) BGN-IDF (%) 

1 60.0 2.3 10.0 
2 60.0 2.3 10.0 
3 60.0 5.3 7.0 
4 57.0 5.3 10.0 
5 59.5 4.8 8.0 
6 57.0 5.3 10.0 
7 58.5 5.3 8.5 
8 59.0 4.3 9.0 
9 58.5 3.8 10.0 
10 60.0 3.8 8.5 

a Component values indicated in actual scale. 
b BGN-IDF, Bambara groundnut insoluble dietary fiber. 

 

in a water bath at 40 °C for 1 h. The pH was adjusted to pH 7.5 by 
the addition of about 30 mL NaOH solution. Pancreatin solution 
(60 mL) was added to each bottle and the solutions incubated at 
37 °C for 6 h. After incubation, 600 mL trizma-maleate buffer 
(pH 6.9) was added to each bottle, the pH of the solutions mea- 
sured and adjusted to pH 6.9 followed by the addition of 60 mL 

α-amylase solution and incubation at 37 °C for 16 h with contin- 
uous agitation. After incubation, the solutions were transferred to 
250 mL centrifuge tubes and samples centrifuged at 3000 x g for 
15 min and the supernatants removed. The residues were washed 
twice with 5 mL distilled water and all supernatants combined. 
The residues were vacuum-dried for 2 h at 105 °C, cooled in 
a desiccator, and the weight recorded to determine the residue 
weight, which indicated the IDF fraction. The dried IDF were 
ground to a fine uniform powder (0.355-mm mesh) and stored at 
4 °C prior to analyses. 

Color determination 

The color of the BGN-IDF was measured with a spectropho- 
tometer (Model CM-5; Konica Minolta Sensing, Japan) using the 
CIE L∗a∗b∗ and L∗C∗h color space systems. The instrument was 
calibrated by using the white calibration plate followed by zero 
calibration. Powdered samples were placed evenly in the provided 
petri-dish (diameter 30 mm) covering the bottom of the dish, to 
allow for reflectance measurement. Measurements for each sample 
were performed in triplicate at 3 different positions in the sam- 

ples (one reading = average of 3 readings per rotated position), 
with the results recorded in L∗ (lightness), a∗ (chromaticity coor- 

dinate +a∗ 
= red and a∗ 

= green), b∗ (chromaticity coordinate 
+b∗ 

= yellow and b∗ 
= blue), C∗ (chroma), and h (hue angle 

0° = +a∗, 90° = +b∗, 180° = a∗ and 270° = b∗; Spectra Magic 
NX, version CM-S100w 2.03.0006; Konica Minolta, 2010). 
 

Determination of polyphenolic compounds in BGN-IDFs 

The condensed tannins (proanthocyanidins) and the hy- 
drolysable polyphenols were determined in the BGN-IDF residues 
as described by Goñ i and others (2009). For determination of 
the condensed tannins, the BGN-IDF residues were treated with 
5 mL/L HCl-Butanol at 100 °C for 1 h and the condensed tannins 
calculated from the anthocyanidin solutions absorbance at 555 nm. 

A standard curve of concentration (ppm) = 0.0072 and absorbance 
+0.0072 was used for quantification of condensed tannins. For de- 
termination of the hydrolysable polyphenols, 20 mL of methanol 
and 2 mL of sulfuric acid were added to the BGN-IDF residues 
followed by incubation at 85 °C for 20 h. The Folin-Ciocalteu 
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assay was used for analysis of polyphenols, by mixing 0.5 mL of 
hydrolysate with 0.5 mL of Folin-Ciocalteu reagent and adding 
10 mL of Na2CO3 solution (75 g/L) after 3 min with thor- 
ough mixing. Additional distilled water was added and thoroughly 
mixed by inverting the tubes a few times. Absorbance was mea- 
sured at 750 nm using a standard curve prepared with gallic acid, 
and results expressed as milligrams per gram (mg/g) of sample 
gallic acid equivalents (GAE; Hung and Yen 2002). 

 

Determination of uronic acids and neutral sugars 

in BGN-IDFs 

BGN-IDF residues were subjected to hydrolyses before uronic 
acid and neutral sugars determination. BGN-IDF residues were 
hydrolyzed with 12 M H2SO4 (30 °C, 1 h) and then diluted to 
1  M H2SO4 (100 °C, 1.5 h) with shaking to yield monomers 

constituents. Samples were centrifuged (3000 x g, 15 min) after 
acid hydrolysis, the residues washed twice with distilled water and 
the supernatants combined for analyses. Uronic acids and neutral 
sugars were measured in the hydrolysates by spectrophotometry 
at 340 nm, using the K-Uronic, K-Fucose, K-Arga, K-Mangl, 
K-Rham, and K-Xylose assay kits as supplied by Megazyme Intl. 
(Wicklow, Ireland). 

 

Hydration properties 

Swelling capacity. The method as described by Wang and 
Toews (2011) was adopted for measurement of the swelling ca- 
pacity of the fiber fractions. A sample weight of 200 mg was 
weighed in triplicate into 10 mL graduated volumetric cylinders 
(10.5 mm dia). The samples were hydrated for 18 h with 10 mL of 
distilled water, added at 2 mL increments while gently stirring to 

 

 

Figure 1–Insoluble dietary fibers extracted from 

Bambara groundnut seeds. 
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Table 2–Physical characteristics of Bambara groundnut insoluble dietary fibers (BGN-IDFs).a,b 
 

 

 
 

BGN-IDFs 

Black eye 
Red 
Brown 
Brown eye 

a Values are mean ± standard deviation. Means within a column followed by the same letter are not significantly (P > 0.05) different. 
b L∗, lightness; a∗, red (+a∗) to green (−a∗) range; b∗, yellow (+b∗) to blue (−b∗ ) range; C∗, chroma; h, hue angle. 

h (angle) 

74.56 ± 0.03a 

70.79 ± 0.10b 

69.80 ± 0.03c 

78.17 ± 0.05d 

 

disperse the sample without lump formation. The bed volume was 
recorded after equilibrium, and the swelling capacity expressed as 
the volume occupied by the hydrated sample per gram of the 
original dry sample (mL/g). 

Water retention capacity. As described by Wang and Toews 
(2011), water retention capacity of the fiber fractions was mea- 
sured by hydrating 1 g of sample with 30 mL distilled water in a 
50 mL centrifuge tube. After equilibrium (18 h), the samples were 
centrifuged (3000 x g, 20 min) and the supernatant decanted. The 
pellet was then allowed to drain by carefully inverting the tubes 
for 10 min and the final weight recorded. Water retention capac- 
ity was expressed as the amount of water retained per gram dry 
sample (g water/g dry weight). 

Fat absorption 

Fat absorption was measured according to the method of Wang 
and Toews (2011). Fiber (1 g) was added to 5 mL canola oil in a 
50 mL centrifuge tube. The content was vortexed for 15 s every 
5 min, and after 20 min the tubes were centrifuged (1600 x g, 
25 min) at room temperature. Excess oil was decanted and the 
tubes weighed. Fat absorption was expressed as the amount of 
absorbed oil per gram of sample (g oil/g dry weight). 

 

Incorporation of BGN-IDF in bread—optimization of bread 

formulation 

To determine the optimum BGN-IDF enriched bread formu- 
lation, an IV-optimal mixture design was chosen as the desirable 
design type based on the number and constraints of the selected 
mixture components. The 3 mixture components were: (A) wa- 
ter, (B) yeast, and (C) brown BGN-IDF. Each component was 
constrained with lower and upper limits; the 3 components in real 
scale amounted to 72.3% (57% to 60% for water, 2.3% to 5.3% for 
yeast, and 7% to 10% for BGN-IDF) per 100% flour basis. The 
design consisted of 10 formulations (Table 1) with 3 vertex points, 
2 replicated vertices, 3 interior points, and 2 edge points. The 
10 loaves were baked in randomized order following the proce- 
dure as specified under the section ”read-making procedure.  
The resulting bread loaves were measured for specific loaf volume 
and textural (gumminess, resilience, and chewiness) parameters as 
detailed under the section ”read quality evaluation.  The re- 
sponse variables were fitted to a linear mixture model (Eq. (1)). 

 

Y = b 1 X1 + b 2 X2 + b 3 X3 (1) 

where Y is the dependent variable to be predicted (specific loaf 
volume and texture parameters of the loaf), b is the equation 
coefficients (b1, b2, and b3 referring to coefficients of water, yeast, 
and BGN-IDF, respectively) and X is the component proportions 
or independent variables (X1, X2, and X3 referring to water, yeast, 
and BGN-IDF, respectively). 

Analysis of variance (ANOVA) was used to determine the sta- 
tistical significance for each response at 5% level. Goodness of 
the model fit was determined by the lack of fit F-value and ad- 
equate precision, and normality of the data was checked with 
residual plots. The Design-Expert (Stat-Ease Inc., Minneapolis, 
Minnesota, U.S.A., version 8.0.7, 2010) statistical software was 
used to determine the mixture experimental design, all data anal- 
ysis, optimization based on desirability (mathematical method to 
find the optimum) and all graphical plots. In Scheffé polynomial 
mixture models it is recommended that response surfaces are used 
to interpret the effects of mixture components, as opposed to 
the interpretation of linear coefficients which is dependent on 
the difference between the coefficients and not on their absolute 
magnitude (Stat-Ease 2011). Two plots, Trace (Piepel), and three- 
dimensional (3D) surface plots were therefore used to interpret 
the effects of the mixture components on the measured responses. 
The trace plot was used to compare the component effects on 
the design space, whereas the 3D plot clearly shows the response 
surface. 

 

Bread making procedure 

The optimized straight-dough bread making method, Approved 
Method 10-10.03 (AACC 2000) was used to prepare the 10 bread 
formulations. The bread formula based on a 100% flour basis con- 
tained 6% sugar, 1.5% salt, 3% vegetable shortening, 2% to 5.3% 
yeast, 57% to 60% water, and 7% to 10% BGN-IDF. The actual 
amount yeast, water, and BGN-IDF were used at concentrations 
as determined by the mixture design for each formulation. Briefly, 
the shortening was blended with the dry ingredients and placed 
in the dough mixer (Magimix Cuisine 5200, Burgundy, France), 
the liquids were added in the center of the dry ingredients and 
the yeast (dissolved in water) added along the sides of the mixing 
bowl. Mixing was optimally performed for a total mixing time of 
3 min. After mixing, the dough was transferred to a fermentation 
bowl and fermented at 30 °C for 90 min (punched twice) in a 
fermentation cabinet. Dough was then divided into 58 g pieces, 
hand-molded and placed into baking pans, followed by proofing 
for 33 min. After proofing, the dough pieces were baked in a mul- 
tideck oven at 215 °C for 15 min. After cooling for 1 h at room 
temperature, all loaves were evaluated for weight and loaf volume, 
followed by storage for 24 h in airtight polypropylene bags for 
evaluation of bread quality attributes. 

 

Bread quality evaluation 

Specific loaf volume. Breads were weighed 1 h after cooling, 
followed by determination of loaf volume by the seed displacement 
method (Cauvain and Young 2006). Quinoa seeds were used as 
displacement medium. The volume of the container (500 mL) 
was determined by filling the container with seeds and noting 
the volume of seeds required to fill the container. The bread was 

 

 Color parameters  

L∗ a∗ b∗ C∗ 

84.22 ± 0.02a 2.38 ± 0.01a 8.62 ± 0.02a 8.95 ± 0.02a 

68.88 ± 0.03b 

68.77 ± 0.01c 

5.63 ± 0.01b 

5.40 ± 0.01c 

16.16 ± 0.07b 

14.67 ± 0.02c 

17.11 ± 0.07b 

15.63 ± 0.02c 

73.56 ± 0.01d 3.30 ± 0.01d 15.75 ± 0.02d 16.09 ± 0.02d 
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placed inside the container and the seeds poured over the bread. 
The volume of seeds displaced represented the volume of the loaf 
(mL). Specific loaf volume was calculated by dividing loaf volume 
by weight (mL/g). 

   Textural characteristics. Texture profile analyses (TPA) was 
performed on the loaves after cooling for 24 h by using an In- 
stron Universal Testing Machine (mod. 3344, Instron Corpora- 
tion, Massachusetts, U.S.A.). Two slices of each loaf (cut from 
the central portions of the bread) with diameters of 25 mm were 
used as test pieces. Test pieces were compressed to 80% for 2 
successive times to obtain 2 curves, and various properties of the 
bread crumb including chewiness, gumminess and resilience were 
generated with the Bluehill 2 software (version 2.17). TPA was 
performed in triplicate per formulation. 

 

Statistical analysis 

Statistical analysis was performed by testing significant differ- 
ences (P 0.05) between treatments using multivariate analysis 
of variance and Duncan’s multiple range test was used to separate 
means where differences existed (IBM SPSS Statistics, version 22, 
2013). 

Results and Discussion 

TDF content of BGN flour and yield of BGN-IDFs 

The 4 BGN flour varieties were characterized by high TDF 
content. Red (24.3 ± 1.4% dry matter) and black eye (23.9 ± 

Table 3–Total phenolic content of bambara groundnut insoluble 
dietary fibers (BGN-IDF).a,b 

 

 
BGN-IDFs 

Condensed  tannins 
(mg/g) 

Polyphenols 
(mg/g GAE) 

Black eye 
Red 
Brown 
Brown eye 

0.014 ± 0.002a 

0.100 ± 0.005b 

0.160 ± 0.007c 

0.020 ± 0.000a 

6.17 ± 1.00a 

13.81 ± 4.20b 

15.56 ± 2.24b 

6.14 ± 0.17a 

a Values are mean ± standard deviation. Means within a column followed by the same 
letter are not significantly (P > 0.05) different. 
b GAE, gallic acid equivalents. 

 

 

was the lowest and differed significantly (P 0.05) from the brown 
eye variant (h = 78.17 ± 0.05°) with the highest hue angle. Hue 
angles for all BGN-IDFs were closest to the yellow chromatic- 

ity coordinate (+b∗ 
= 90°). Compared to commercial pea fibers 

with redness ranging from −0.98 to 0.53 and yellowness ranging 
from 6.9 to 14.0 (Wang and Toews 2011), and with high hue 
angles between 69.80° and 78.17°, BGN-IDF varieties are more 
yellowish-red in color. 
Wang and Toews (2011) noted that color differences observed 
between different fiber fractions could be attributed to the different 
colored pigments found in legumes. This explains the difference 
across all color parameters for the BGN fibers, as all seeds are char- 
acterized by different colors. With a significantly higher lightness ∗ 

0.3%) BGN were significantly (P  0.05) higher in TDF compared value (L = 84.22 ± 0.02) and a hue angle of 74.56 ± 0.03, 

to brown eye BGN (17.7 ± 0.7%) with lowest TDF. TDF for 
brown BGN was 21.0 ± 1.1%. These values confirm the potential 
of the different BGN varieties as good fiber sources. 
Furthermore, IDF was successfully extracted from the 4 BGN 
varieties (Figure 1). Brown eye (37.4 ± 1.6%) and black eye (39.4 
± 1.6%) BGN-IDF had the lowest significant (P 0.05) yield, 
whereas red (48.3 ± 1.0%) BGN-IDF had the highest significant 
(P  0.05) yield. Dalgetty and Baik (2003) reported yields of 50.5% 
to 60.7% for pea IDF, 39.0% to 55.9% for lentil IDF, and 32.3% 
to 58.9% for chickpea IDF; whereas Redondo-Cuenca and others 
(2008) reported a yield of 27.1% for soybean IDF. Comparably, 
the yield of BGN-IDFs (37.4% to 48.3%) is fairly high, indicating 
a considerable amount of IDF associated with BGN seeds. 

 

Color characteristics of BGN-IDFs 

The color parameters of BGN-IDFs are shown in Table 2. 
Significant (P 0.05) differences were observed across all color 
parameters ranging from 68.77 to 84.22 for lightness, 2.38 to 5.63 
for redness, 8.62 to 16.16 for yellowness, 8.95 to 17.11 for chroma, 
and 69.80 to 78.17° for hue angle. Black eye (L∗ 

= 84.22 ± 0.02) 
BGN-IDF was significantly (P 0.05) lighter in color compared 
to the other varieties. L∗ values of food ingredients are impor- 
tant in especially bakery products as a result of consumer prefer- 
ences (Rosell and others 2009), where a lighter color is generally 

preferred. Red (a∗ 
= 5.63 ± 0.01) BGN-IDF had significantly 

(P 0.05) highest redness (a∗), which highlights the contributing 
role of the color pigments of the seeds on the color of the fibers. 
The yellowness (b∗) differed significantly (P 0.05) between the 
different BGN-IDFs, with brown (b∗ 

= 14.67 ± 0.02) BGN-IDF 
exhibiting yellowness similar to that of a commercial pea fiber 

(b∗ 
= 14.00; Wang and Toews 2009). Chroma (C∗) ranged from 

the lowest 8.95 ± 0.02 for black eye BGN-IDF to the highest 
17.11 ± 0.07 for red BGN-IDF, thus indicating a more vivid 
color for the red BGN-IDF in comparison to the other 3 vari- 

eties. The hue angle for brown BGN-IDF (h = 69.80 ± 0.03°) 

black eye BGN-IDF could possibly be incorporated into bakery 
products without causing adverse color effects. Red BGN-IDF 

with the higher red (a∗ 
= 5.63 ± 0.01) and more vivid color 

(C∗ 
= 17.11 ± 0.07), could possibly find applications in meat (for 

example, beef burgers, sausages) and fruit products (e.g., straw- 
berry jam), where a red/saturated color is inherent to the prod- 
uct. Colored BGN-IDFs could also be applied in some food ap- 
plications, where besides providing nutritional and technological 
benefits it could be used as a natural colorant. 

 
Polyphenolic composition of BGN-IDFs 

Table 3 details the polyphenolic content of the BGN-IDFs. 
Condensed tannins were detected in all BGN-IDFs ranging from 

0.014 to 0.160 mg/g. Brown (0.160 ± 0.007 mg/g) BGN-IDF 
with the highest condensed tannin content corresponding to the 
amount detected in cherry, plum, and strawberry IDF (ranging 
from 0.11 to 0.12 mg/g; Goñ i and others 2009), differed signifi- 
cantly (P 0.05) from the other varieties. The polyphenol con- 

tent ranged from 6.14 to 15.56 mg/g GAE. Brown eye (6.14 ± 

0.17 mg/g GAE) and black eye (6.17 ± 1.00 mg/g GAE) BGN- 
IDF were significantly (P 0.05) lower in polyphenols compared 
to higher levels found in the red (13.81 ± 4.20 mg/g GAE) and 
brown (15.56 ± 2.24 mg/g GAE) varieties. 
Polyphenols are ubiquitous in the plant kingdom and conse- 
quently forms an important part of the diets of both animals and 
humans. Condensed tannins are insoluble polyphenols with high 
molecular weights, and are associated with the IDF fractions. Also 
known as proanthocyanidins, these high molecular weight poly- 
mers are considered as antinutritional compounds due to the for- 
mation of complexes with cell wall polysaccharides or proteins, 
which hinders the digestibility of these nutrients in the intestinal 
tract (Saura-Calixto and Bravo 2001). The role of polyphenols 
in dietary fiber includes that of profoundly affecting the physico- 
chemical characteristics of fibers and determining their physiolog- 
ical properties in the human body. As bioactive compounds some 
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Table 4–Sugar composition (% dry matter) of Bambara groundnut insoluble dietary fibers (BGN-IDFs).a,b 
 

BGN-IDFs Rhamnose Fucose Ara/ Gal Xylose Mannose Glucose Fructose Uronic acids 

BLE nd 2.6 ± 1.0a 37.1 ± 9.3a 16.5 ± 1.2a 14.5 ± 3.1a 2.9 ± 0.3ac 2.4 ± 0.6a 24.0 ± 4.2a 

RED nd 2.9 ± 1.1a 30.4 ± 8.5a 25.5 ± 2.8b 20.4 ± 5.1ab 5.5 ± 0.8b 1.8 ± 0.1a 13.5 ± 1.4b 

BRN nd 1.9 ± 0.4a 33.1 ± 7.5a 22.9 ± 4.9b 22.2 ± 3.1b 2.5 ± 0.4a 2.7 ± 0.4a 14.8 ± 1.2b 

BRE nd 2.0 ± 1.3a 31.0 ± 3.9a 27.3 ± 2.4b 17.4 ± 2.5ab 3.5 ± 0.3c 2.5 ± 0.5a 16.3 ± 1.2b 

a Results expressed as percentage of total sugars. Values are mean ± standard deviation. Means within a column followed by the same letter are not significantly (P > 0.05) different. 
b BLE, black eye; RED, red; BRN, brown; BRE, brown eye; Ara, arabinose; Gal, galactose; nd, not detected. 

 

Table  5–Functional  properties  of  bambara  groundnut  insoluble 
dietary fibers (BGN-IDFs).a,b 

 

 

 

 

 

a Values are mean ± standard deviation. Means within a column followed by the same 
letter are not significantly (P > 0.05) different. 
b SC, swelling capacity; WRC, water retention capacity; FA, fat absorption; dw, dry 
weight; nd, not determined. 

 

 

polyphenols provide high antioxidant activity to dietary fibers, 
which would allow the use of fibers as ingredients in the stabi- 
lization of fatty foods, contributing to oxidative stability and an 
increase in shelf life (Elleuch and others 2011). The condensed tan- 
nins content of all BGN-IDF varieties were fairly low, with black 
eye and brown eye BGN-IDF containing the lowest amount. This 
indicates that condensed tannins form a minor part of the polyphe- 
nols present in the BGN fibers, thus positively highlighting the 
potential of BGN-IDF as ingredients with antioxidant potential. 
Little information is available on the polyphenolic content of com- 
mercial legume fibers. Agboola and others (2010) found the total 
phenolic content in 3 commercial pea fibers ranging from 0.006 
to 0.024 mmol/g GAE, where it was noted that the pea fiber 
with the highest phenolic content (0.024 mmol/g GAE) is a com- 
bination of pea fiber and starch fractions. The 2 high-fiber pea 
fractions were characterized with a lower total phenolic content. 
BGN fiber fractions could thus potentially offer more beneficial 
antioxidant properties compared to commercial pea fibers. 

 
Sugar composition of BGN-IDFs 

The sugar composition of BGN-IDFs is presented in Table 4. 
The major neutral sugars were the coeluted arabinose and galac- 
tose (31.0% to 37.1%), xylose (16.5% to 27.3%), and mannose 

(14.5% to 22.2%). No significant (P > 0.05) difference was found 
for the arabinose/galactose content between the different varieties. 
Dalgetty and Baik (2003) found consistent co-elution of arabinose 
and rhamnose as the major proportion in insoluble pea, lentil, and 
chickpea cotyledon fibers. The authors ascribed this association to 
the findings by Pfoertner and Fischer (2001) in which it was noted 
that fibers from lupine cotyledons contained a rhamnogalacturo- 
nan backbone with side chains of arabinose and galactose. Ajila and 
Prasada Rao (2013) reported that high proportions of arabinose 
and galactose could be attributed to neutral arabinogalactan type 
polysaccharides linked to galacturonic acid residues. As moderate 
amounts of uronic acids (13.5% to 24.0%) were also associated 
with the BGN-IDFs, the arabinogalactan polysaccharides could 
be indicative of the type of polysaccharides present in these fibers. 
The xylose content was significantly (P  0.05) higher in red (25.5 

± 2.8%), brown (22.9 ± 4.9%), and brown eye (27.3 ± 2.4%) va- 

rieties. Dalgetty and Baik (2003) reported a significant amount of 
xylose (19.8% to 20.9%) associated with insoluble legume fibers, 
and Redondo-Cuenca and others (2006) also reported the pres- 
ence of xylose in yellow and green soybeans in proportions of 
12% to 14% (yellow soybeans) and 19% to 21% (green soybeans). 
The presence of xylose and arabinose is indicative of arabinoxy- 
lans, which forms part of hemicellulosic constituents (Dalgetty 
and Baik 2003). Mannose content in BGN-IDFs were fairly high 
compared to findings by Redondo-Cuenca and others (2006), 
where mannose content ranged from 2% to 4% (yellow soybeans) 
and 1% to 2% (green soybeans), and findings by Dalgetty and Baik 
(2003), which indicated the absence of mannose from pea, lentil, 
and chickpea cotyledon fibers. Minor neutral sugar constituents 
in all BGN-IDFs were fucose (1.9% to 2.9%), fructose (1.8% to 
2.7%), and glucose (2.5% to 5.5%), whereas rhamnose was not 
detected. The glucose proportions were quite low compared to 
findings for other legume fibers, where glucose constitutes the ma- 
jor portion indicative of cellulose as predominant polysaccharide 
(Redondo-Cuenca and others 2006). The sugar composition of 
BGN-IDFs is thus indicative of hemicelluloses as a major polysac- 
charide. The overall monomeric composition of the BGN-IDFs 
was in agreement to the monomers primarily found in legumes 
(Mongeau and Brooks 2003). 

 

Functional properties of BGN-IDFs 

The functional properties of the BGN-IDFs are presented in 
Table 5; and include hydration and fat absorption capacity of the 
fibers. Swelling capacity ranged from 6.37 to 7.72 mL/g. The 

swelling capacity of brown eye (7.72 ± 0.49 mL/g) BGN-IDF 
was the highest and differed significantly (P 0.05) from the 
other 3 varieties. These results compared favorably to those re- 
ported by Dalgetty and Baik (2003) with the lowest swelling ca- 
pacity for chickpea insoluble cotyledon fiber (4.28 mL/g) and the 
highest for lentil insoluble cotyledon fiber (8.04 mL/g). Swelling 
capacity of oat and bamboo fibers were reported as 4.98 and 
5.69 mL/g, respectively (Rosell and others 2009), and that of com- 
mercial pea fibers ranged from 6.4 to 8.3 mL/g (Wang and Toews 
2011). Compared to the swelling capacity of commercial fibers, 
the BGN-IDFs exhibited fairly high swelling capacity. Fibers with 
a high swelling capacity contribute to a controlled energy balance 
in the diet, which are of importance in weight management as it 
influences satiety levels (Buttriss and Stokes 2008). Swelling ca- 

pacity of black eye (6.83 ± 0.29 mL/g) BGN-IDF was similar to 

that of apple fiber (6.89 ± 0.11 mL/g; Rosell and others 2009). 
Water retention capacity ranged from 1.63 to 2.01 g water/g 

dry weight. There were no significant (P > 0.05) difference be- 
tween the water retention capacities of the 4 BGN-IDFs. The 
water retention capacity of BGN-IDFs are fairly low when com- 
pared to that of commercial pea fibers (3.7 to 4.5 g water/g dry 
weight) as reported by Wang and Toews (2011). However, a fiber 
with reduced water retention capacity could be of benefit in foods 

 

BGN-IDFs SC (mL/g) WRC (g water/g dw) FA (g oil/g dw) 

Black eye 6.83 ± 0.29a 

Red 6.50 ± 0.50a 

Brown 6.37 ± 0.23a 

2.01 ± 0.05a 

1.63 ± 0.43a 

1.69 ± 0.06a 

1.49 ± 0.04a 

1.38 ± 0.01b 

1.52 ± 0.04a 

Brown eye 7.72 ± 0.49b 1.65 ± 0.07a 1.49 ± 0.08a 
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Table 6–Specific loaf volume and textural properties for bread optimization formulations. 
 

 

Response  variables 
 

Formulation Specific loaf volume (mL/g) Gumminess (N) Chewiness (N) Resilience 

1 2.83 ± 0.18 1.96 ± 0.43 18.35 ± 3.92 0.036 ± 0.003 
2 3.18 ± 0.12 1.70 ± 0.16 15.96 ± 1.39 0.040 ± 0.004 
3 3.36 ± 0.06 2.89 ± 0.19 25.88 ± 1.47 0.068 ± 0.008 
4 3.54 ± 0.24 2.01 ± 0.24 18.63 ± 2.03 0.051 ± 0.007 
5 3.68 ± 0.19 2.36 ± 0.17 22.39 ± 1.93 0.040 ± 0.006 
6 3.27 ± 0.23 1.56 ± 0.20 14.66 ± 1.87 0.157 ± 0.210 
7 3.66 ± 0.24 2.07 ± 0.12 19.21 ± 1.01 0.057 ± 0.006 
8 3.66 ± 0.16 2.17 ± 0.57 20.42 ± 5.10 0.046 ± 0.016 
9 3.31 ± 0.14 2.28 ± 0.19 21.78 ± 1.79 0.041 ± 0.010 
10 3.33 ± 0.06 2.24 ± 0.65 21.47 ± 6.69 0.043 ± 0.006 

 
 

Table 7–Regression coefficients and model summary statistics of the linear model for specific loaf volume, gumminess, chewiness, 
and resilience of optimization loaves. 

 

Response  variables Regression, R2
 Adjusted regression, R2

 Adequate precision Lack of fit P-value 

Specific loaf volume (mL/g) 0.734 0.646 6.709 0.823 
Gumminess (N) 0.671 0.577 6.696 0.641 
Chewiness (N) 0.660 0.563 6.702 0.520 
Resilience 0.770 0.655 6.501 0.602 

 

which are traditionally used for fiber enrichment (that is, bread 
products), as it provides easy incorporation of the fiber into the 
food product (Tosh and Yada 2010). It is thus shown that hydration 
properties of dietary fibers are not only responsible for determin- 
ing the outcome of dietary fibers in the digestive tract, but they 
also play a role in the physiological effects of dietary fiber and 
influence product yield, ingredients functionality, and shelf stabil- 
ity of many food products (Guillon and Champ 2000; Rosell and 
others 2009). 
The fat absorption capacity of BGN-IDFs ranged from 1.38 
to 1.52 g oil/g dry weight. Fat absorption was the lowest for 

red (1.38 ± 0.01 g oil/g dry weight) BGN-IDF, which differed 
significantly (P 0.05) from the other varieties. Dalgetty and 
Baik (2003) reported fat absorption for insoluble cotyledon pea, 
lentil and chickpea fibers ranging from 4.01 to 6.93 g oil/g dry 
weight, amounts which are considerably higher to those obtained 
for the BGN fibers. These differences could be attributed to the 
differences in methodology used (i.e., longer vortex times over a 
longer time period and weighing of excess oil after centrifugation 
as opposed to the residue) and also the fat absorption capability of 
the cotyledon IDF fraction might not behave in a similar manner to 
IDF obtained from the whole seed. Fat absorption for commercial 
pea fibers (1.23 to 1.33 g oil/g dry weight) as reported by Wang 
and Toews (2011) was lower than those obtained from BGN- 
IDFs. This is indicative that fat absorption values for BGN-IDFs 
are comparable to that of commercial pea fibers. Fat absorption 
of fibers are important in food applications where dietary fibers 
with the ability to retain oil are important in the prevention of fat 
losses upon cooking (Anderson and Berry 2001), and in providing 
stability in high-fat products and emulsions (Tiwari and Cummins 
2011). 

Optimal BGN-IDF bread 

Model fitting. The specific loaf volume and textural param- 
eters obtained from the mixture design for determining the op- 
timum loaf formulation is presented in Table 6. The summary of 
the model statistics and regression coefficients is shown in Table 7. 

The linear mixture model was significant (F [0.23, 0.049] = 

8.29; P = 0.0188) in describing the component effects (water, 

yeast, and BGN-IDF) on specific loaf volume. There was only a 
1.88% chance that a model F-value this large could occur due to 
noise. The model lack of fit (F [0.018, 0.049] = 0.36; P = 0.8232) 
was not significant, indicating a model with adequate goodness- 
of-fit. This was also confirmed by the adequate precision (6.709) 
with a value >4 indicating adequate precision and a model, which 
can be used to navigate the design space. 
The component effects on gumminess was adequately described 

by the linear mixture model (F[0.41, 0.068] = 7.15; P = 0.0204). 
There was only a 2.04% chance that a model F-value this large 
could occur due to noise. The model had adequate goodness- 
of-fit as judged by the nonsignificant model lack of fit (F[0.053, 
0.068] = 0.79; P = 0.6406) and adequate precision (6.696), thus 
this model could be used to navigate the design space. 
Resilience and chewiness were also adequately described by 
the linear mixture model (F[<0.00001, <0.00001] = 6.69; 
P = 0.0530) and (F[32.22, 4.22] = 6.80; P = 0.0229), respec- 
tively. The chance that a model F-value this large could occur 
due to noise was 5.30% for resilience and 2.29% for chewiness. 
The model goodness-of-fit was adequate for resilience as indi- 
cated by the model lack of fit (F[<0.00001, <0.00001] = 1.04; 
P = 0.6015) and adequate precision (6.501); similarly model lack 
of fit (F[4.95, 4.22] = 1.17; P = 0.5197), which was not signifi- 
cant and the adequate precision (6.702) for chewiness also showed 
a model with adequate goodness-of-fit. 
All variables were fitted to a linear model, and the residual errors 
calculated to determine the goodness of model fit. Based on these 
values, the linear mixture model was found to be suited to deter- 
mine the effects of the 3 ingredients (water, yeast, and BGN-IDF) 
on the specific loaf volume, gumminess, resilience, and chewiness 
of the breads. Normality of data was confirmed with 2 diagnostic 
tools Normality Plot of Residuals and the Box-Cox Plot (not 
shown). The straight line of the plots, which indicates a normal 
distribution of residuals (Jeirani and others 2012), showed that a 
change in transformation would not improve the analysis. The 
Box-Cox plot, which is the natural log of the sum of the squares 
of the residuals against lambda,  indicates whether lambda should 
be transformed (Jeirani and others 2012); and no transformation 
was recommended for the response variables. 
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Effects of mixture components on bread quality 
parameters. The specific loaf volume of formulation one was 

the lowest (2.83 ± 0.18 mL/g), which highlights the reduction 
in specific loaf volume when the highest amount of BGN-IDF 
and the lowest amount of yeast were used. This observation was 
confirmed by the trace (Piepel) plot (Figure 2A), indicating that 
the specific loaf volume was more sensitive to changes in yeast 
(component B) and BGN-IDF (component C). The 3D response 
surface plot (Figure 2B) clearly shows that highest specific loaf 

volume was found in the BGN-IDF vertex (representing low- 
est amount of fiber) and to some extent in the yeast-BGN-IDF 
edge. Lowest specific loaf volume was found in the yeast vertex 
(representing lowest amount of yeast) and the water yeast edge. 

Bread gumminess was the highest in formulation 3 (2.89 ± 

0.19 N) where BGN-IDF was present at the lowest amount (7%), 
and subsequently decreased when more BGN-IDF was used. The 
trace (Piepel) plot and response surface plot for bread gumminess 
is shown in Figure 3A and B, respectively. These plots show that 

 

 

Figure 2–(A) Trace (Piepel) plot and (B) 

response surface plot for the effect of 3 

components (A: water, B: yeast and C: 

Bambara groundnut insoluble dietary 

fiber) on specific loaf volume. 
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BGN-IDF had the greatest effect on gumminess, with an increase 
in BGN-IDF leading to lower bread gumminess. The maximum 
gumminess was located at the BGN-IDF vertex, which represents 
the lowest level of BGN-IDF (7%). 
The response surface for bread chewiness was similar to that 
of bread gumminess. BGN-IDF (component C) had the greatest 
effect on chewiness as seen on the trace (Piepel) plot in Figure 4A. 
Increase in BGN-IDF led to lower bread chewiness. On the re- 
sponse surface (Figure 4B), the maximum chewiness was observed 

at the BGN-IDF vertex; and as the BGN-IDF content increased 
the chewiness decreased toward the water yeast edge. 
The lowest resilience was observed in formulation one (0.036 

± 0.003) where water was at the highest level (60%) and yeast 
at the lowest level (2.3%); in contrast, the highest resilience was 
observed at the lower water level (57%) and highest yeast level 

(5.3%) as seen in formulation 6 (0.157 ± 0.210). The effects 
of these 2 components are clearly shown in the trace (Piepel) 
plot (Figure 5A) and further confirmed by the response surface 

 

 

 
Figure 3–(A) Trace (Piepel) plot and (B) 

response surface plot for the effect of 

3components (A: water, B: yeast and C: 

Bambara groundnut insoluble dietary 

fiber) on bread gumminess. 
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(Figure 5B), where the maximum resilience is seen in the water 
vertex and the water BGN-IDF edge. 
Good quality bread is generally characterized by lower gummi- 
ness and chewiness, and high-specific loaf volume. Higher BGN- 
IDF concentrations led to reduced gumminess and chewiness. 
Specific loaf volume was also slightly reduced with increasing 
BGN-IDF concentrations, although still remaining comparable 
to breads with lower BGN-IDF content. The incorporation of 
BGN-IDF into white bread formulation thus leads to improved 

quality characteristics, thereby highlighting the great potential of 
these fiber fractions. 
Optimal bread formulation and model validation. Based on 
their high regression (R2), specific loaf volume and bread gum- 
miness were taken as the 2 responses to be jointly optimized by 
the components. The goal for optimization of each component 
was specified as follow: component A (water) in range, compo- 

nent B (yeast) target = 4.3 and component C (BGN-IDF) target 
= 8.5, while maximizing specific loaf volume, and minimizing 
 

 
 

Figure 4–(A) Trace (Piepel) plot and (B) 

response surface plot for the effect of 

3components (A: water, B: yeast and 

C: Bambara groundnut insoluble dietary fiber) 

on bread chewiness. 
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gumminess. The best optimal solution with a desirability of 0.778 
was found at 59.5% for component A (water), 4.3% for component 
B (yeast), and 8.5% for component C (BGN-IDF). The predicted 
responses under these conditions were 3.53 mL/g for specific loaf 
volume and 2.3 N for gumminess. 

The accuracy of the model was evaluated by conducting ex- 
periments with the optimum compositions (59.5% water, 4.3% 

yeast, and 8.5% BGN-IDF). The results obtained were 3.80 ± 

0.06 mL/g for specific loaf volume and 2.2 ± 0.3 N for gummi- 
ness. These results were comparable to the predicted values and 

 

 

 
Figure 5–(A) Trace (Piepel) plot and (B) response surface plot for the effect of 3components (A: water, B: yeast and C: Bambara groundnut insoluble 

dietary fiber) on bread resilience. 
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thus indicate that the linear model was accurate in determining 
an optimum formulation for BGN-IDF enriched bread. This is a 
valuable result as the consumer demand for bread enriched with 
dietary fiber may be high (Sivam and others 2011). 

 

Conclusion 
IDFs were successfully extracted from 4 BGN varieties (black 
eye, red, brown, and brown eye). BGN-IDFs showed positive 
physicochemical and functional properties. All fibers were 
characterized by a yellowish-red color, with black-eye BGN-IDF 
having the highest lightness, which could prove beneficial for 
incorporation into bakery products. Yellowness for brown BGN- 
IDF was comparable to that of commercial pea fibers. Red and 
brown BGN-IDFs had the highest polyphenol content, which 
indicates the possible antioxidant activity of these fibers. The 
major neutral sugars in BGN-IDF varieties were the co-eluted 
arabinose/galactose, xylose, and mannose. The proportion of 
these sugars is indicative of hemicellulosic polysaccharides. All 
BGN-IDF varieties had a higher swelling capacity compared to 
commercial fibers, with black eye BGN-IDF having a swelling ca- 
pacity comparable to apple fiber. Fat absorption for all BGN-IDFs 
was higher compared to commercial pea fibers. The objectives 
of extraction and characterization of IDF from BGN were thus 
achieved. Furthermore, an optimum white bread formulation 
was obtained with the brown BGN-IDF, which highlights the 
potential of these fibers to be used for supplementation of 
white bread. It can be concluded that the 4 BGN-IDF varieties 
have the potential to be used as sources of IDF, proven to be 
comparable or more superior to commercial fibers in many 
properties. 
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