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Abstract

The physicochemical properties of wild mango (Cordyla africana L) seed starch are assessed
and compared to bean, pea, and commercial maize starch. Scanning electron microscopy
(SEM) and polarized optical microscopy (POM) show that wild mango starch granules are
truncated (cap-shaped) have smooth surfaces, and are much smaller (5.7 um) than bean
(28.2 um), pea (23.0 um), and maize (11.1 um) starch granules. Wild mango starch had a
higher (p < 0.05) gelatinization temperature (differential scanning calorimetry-DSC,

Tp =77 °C), but a lower enthalpy (AH = 10.7 J g™1) than pea, bean, and maize starches. X-ray
diffraction (XRD) reveals a C-type crystalline pattern, while Fourier transform infrared
spectroscopy (FTIR) indicates that the starch has a higher degree of short-range order
compared to bean, pea, and maize starches. Rapid visco analysis (RVA) shows that its peak
paste viscosity (2811 cP) is significantly (p < 0.05) higher than that of bean, pea, and maize
starch. Wild mango starch is similar (p > 0.05) to maize starch in terms of RVA granule-
breakdown and gelation-related parameters, and gel texture (firmness =114.7 N and
strength =339.4 + 16.5 J), differed significantly (p < 0.05) from bean and pea starch.
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1 Introduction

Wild mango (Cordyla africana L.) is an underutilized leguminous fruit tree species native to
southern Africa.l 2 The fruits have a high vitamin C content and are consumed fresh or
cooked,! while the seeds that make up close to 40% w/w of the whole fruit weight are
discarded. These seeds could be assessed and commercially exploited as a source of
valuable ingredients.

There is a growing interest for researchers to find non-conventional sources of starch for the
food processing and other industries.> 4 Starch is the main source of carbohydrates in the
human diet, being the main component in flour and is often used as an additive ingredient
in food products such as soups, custard, and sauces.® The demand for starch is increasing
rapidly as a wide-range of applications are developed. Finding alternative sources to maize,
wheat, and potato may offer additional alternatives for meeting the rising demand in the
starch industry.

The selection of starch for specific uses is based on its physico-chemical properties. This is
affected by, among other factors: the botanical source of the starch, its
amylose/amylopectin ratio, granule structure or size, amylopectin molecular
structure/architecture, and the protein and lipid contents.>” These properties regulate the
degree of interaction with water and the changes that occur during heat-moisture
treatment. The pasting and gelatinization properties of starch are two of its most important
functional properties. These processes involve the disruption of the crystalline structure in
amylopectin, promoting the degree of interaction with water and granule swelling.?

Legume starch tends to have better gel properties, and resistant starch contents than cereal
and tuber starches.’'2 The present research aims to characterize the physico-chemical
properties of starch from wild mango seeds. This is the first report on the characteristics of
wild mango seed starch. The information on the physico-chemical characteristics of wild
mango starch will facilitate utilization of the starch.

2 Experimental Section
2.1 Wild Mango Seed Starch Extraction

Freshly dropped ripe wild mango fruits were collected from a population of trees at the
Agricultural Research Council, in Mpumalanga, South Africa (25.4518° S, 30.9697° E). The
fruits were pulped to obtain the seeds, which were dried at 45-50 °C in a forced convection
dryer (AD3000 Agri-Dryer, Dryers for Africa, SA) for 5 days and then stored in heat-sealed
plastic bags at 4—-10 °C. The seed hulls were removed and the seeds were milled in a
laboratory scale rotor beater mill (SR 300, Retsch, Germany) fitted with a 500 um mesh. In
order to extract the starch, the flour was mixed with deionised water (volume ratio 1:5) for
2 h, with vigorous stirring, and then sieved through a 360 um mesh sieve. The filtrate was
then centrifuged at 5000xg for 5 min at 4 °C. The resultant pellet was re-suspended in
deionised water, filtered through a 106 um sieve and washed several times until the



supernatant was clear. The starch was then collected and dried in a forced convection oven
at 40 °C for 12 h to obtain starch powder. Starch was also extracted from red speckled
kidney beans (Phaseolus vulgaris L.) (Pride, South Africa, product code: 6001001394925)
and yellow smooth peas (Pisum sativum) (Shoprite Brand, South Africa, product code:
6002310006486) using the same method, for comparison. The starch yield was estimated as
the percent weight of the extracted starch to initial flour weight on a dry weight basis (dwb).
Commercial maize starch (Tongaat Hulett, South Africa, product code: 100032) was also
obtained for utilization as a reference material for the other sample determinations.

2.2 Starch Purity and Amylose/Amylopectin Ratio

The protein, lipid, and phosphorus contents were assessed to gauge the purity of the
extracted starch. Briefly, the protein content was determined using an automated Dumas
dry combustion method (LECO CNS 2000 Elemental Analyzer [LECO Corporation, USA]) with
a conversion factor of 6.25 (AOAC Method 992.23%3). Lipid content was determined using
the Soxhlet method (AOAC Method 920.39%4) through a Soxhlet extraction unit (SER 148
Series, Velp Scientifica, Italy) with petroleum ether. The amylose/amylopectin ratio was
determined colorimetrically according to Ngobese et al.> A standard curve was prepared
using high amylose starch (70% amylose; Megazyme, Ireland) and waxy maize (0.05%
amylose; Tongaat Hulett, South Africa). Data were expressed as a percentage on dry weight
basis.

2.3 Starch Granule Morphology and Size Distribution

Scanning electron and polarized optical microscopy were utilized to determine the granule
morphology and size distribution. The starch powder samples (wild mango, bean, pea, and
maize) were mounted on scanning electron microscope (SEM) stubs with double-sided
adhesive tape and carbon-coated. Micrographs were taken at 1000x and 5000x
magnification with a with Zeiss Ultra-55 field emission SEM at an acceleration voltage of

5 kV. The size (Feret's diameter) of 1255 randomly selected granules (from 15 to 30
micrographs) was measured using ImagelJ software (US National Institutes of Health;
Bethesda, Maryland, USA). A polarized optical microscope (Zeiss Axio Imager M2, Germany)
was used to check for starch damage (maltese test'®) at 40X magnification on slides
prepared with the starch powder in distilled water.

2.4 Pasting Properties

The pasting properties of starch were determined according to Kongolo et al.?” using a Rapid
Visco Analyzer (4500) (Perten Instruments, Sweden). The starch was defatted using hexane
prior to the experiments (starch/hexane ratio of 1:10 for 6 h with slow stirring at room
temperature (25 °C). The starch was then mixed with distilled water (6% w/w dwb). The
mixture was equilibrated at 50 °C for 1 min and stirred at 960 rpm for 30 s. The stirring
speed was reduced to 160 rpm and the temperature was increased to 95 °C at a rate of
11.08 °C min~t. The sample was then held at 95 °C for 150 s. The temperature was reduced
(11.08 °C min!) to 50 °C and held for 60 s. For each sample, 3 replicate experiments were
done. The peak time and viscosity, final viscosity, setback viscosity, and pasting temperature
were determined.



2.5 Gel Texture

The starch cold gel texture was assessed according to Kongolo et al.'” using a TA.XT Plus
Texture Analyzer (Stable Micro Systems, UK) fitted with a 2 mm diameter cylinder probe.
The pastes obtained from the RVA were transferred to a plastic container (3.5 cm diameter,
1.1 cm height) and allowed to stand for 2 h at room temperature (25 °C). The gel texture
was then analyzed using the following parameters: pre-test and test speed (1 mm s™2), post-
test speed (10 mm s71), and penetration distance (5 mm). For each sample, six replicate tests
were done. Gel firmness (maximum penetration force) and gel strength (positive area under
the force-time curve) were obtained with the TA.XT Exponent®© software.

2.6 Thermal Properties

Thermal properties of the starch were analyzed using a differential scanning calorimeter
(DSC) (HPDSC-827, Mettler Toledo, Switzerland]) equipped with STARe® 127 software
according to Kongolo et al.}” A suspension of starch and distilled water (1:3 w/w) was placed
in a DSC aluminum pan and hermetically sealed with a lid. The mixture was left to
equilibrate for at least 2 h at room temperature (25 °C). The mixture was then heated from
35 to 100 °C, at a scanning rate of 10 °C min~t. An empty DSC pan was used as a reference
and indium was used for calibration. The experiments were done under nitrogen with a flow
rate of 40 mL min~! at atmospheric pressure. The experiments were done in duplicate. The
gelatinization onset temperature (T,), peak temperature (7,), end temperature (7¢), and
enthalpy (AH) were recorded.

2.7 X-Ray Diffraction

The crystalline structure of the wild mango, pea, bean, and maize starches was determined
using an Advanced D8 Bruker powder X-ray diffractometer (Brucker, Kalsruhe, Germany).
The experiments were run at voltage 40 kV and with current of 40 mA. The X-ray diffraction
was recorded from 2 to 40° 20 at a scanning speed of 2° min~! and a step interval of 0.05.

2.8 Fourier Transform Infrared (FTIR) Spectrometry

FTIR of the starches was performed using a Perkin ElImer 2000 FTIR spectrometer with
Spectra 10™ software (Perkin-Elmer, Norwalk, USA) at room temperature (25 °C). The
absorbance spectra were recorded in the wavenumber range of 4000-700 cm™2. Thirty-two
scans were accumulated for each spectrum/run at a resolution of 4 cm™ and the starch
samples were analyzed in triplicate. The spectra obtained were baseline corrected,
normalized, and deconvoluted to enable comparison of samples. The short-range
crystallinity was determined as the peak height ratio 1045/1022 cm™.%8

2.9 Statistical Analysis

Statistical analyses were done using Genstat version 18 (VSN International, United
Kingdom). Statistical significance was determined using a one-way analysis of variance
(ANOVA) and data were reported as mean * standard deviation, where applicable. Mean



comparison and separation was done using the Bonferroni's multiple comparison test with a
95% confidence interval (p < 0.05).

3 Results and Discussion
3.1 Starch Purity and Amylose/Amylopectin Ratio

The purity of the starch was evaluated by assessing the protein, and free lipids contents and
through bright field microscopy to check for visible impurities. The free lipids and protein
contents of the wild mango starch were within the range of values of the bean, pea and
maize starches used as controls in the present study (Table 1). The values were considered
negligible because they were relatively low. The starch yield from the wild mango, bean, and
pea flours was 18.9, 22.0, and 35.0% w/w dwb of flour. These values were within the range
of values typically reported for legumes.*?

Table 1. Protein, free lipids, and amylose contents of wild mango starch compared to bean, pea, and maize
starch

Starch source Protein [% w/w] Lipids [% w/w] Amylose [% w/w]
Wild mango 0.64 +0.07° 0.21 +0.06° 25.5+0.32
Bean 0.46 +0.02° 1.14 +0.08¢ 309 £1.3°
Pea 0.85+ 0.01° 0.05+0.07° 31.7+0.5°
Maize 0.44 £ 0.04° 0.91 +0.08° 244 +1.1°

Values indicate mean of triplicate analyses + standard deviation.
Values with the same letters in a column are not significantly different.
Values are reported on dry mass basis (dwb) of extracted starch.

The amylose content of wild mango starch (25.5 + 0.2% w/w dwb of starch) was not
significantly different from that of maize starch (24.4 + 1.0% w/w dwb), but was significantly
(p £0.05) lower than that of bean (30.9 + 1.3% w/w dwb) and pea (31.7 + 0.5% w/w dwb)
starches. The amylose content of the wild mango seed starch was within the range (19.5—
34.0%) reported for acorn starch.?° The amylose contents of bean, pea, and maize starches
reported in the present study were consistent with those reported in the literature for
maize, pea, and bean starches.’® 2! The lower amylose content in wild mango starch
compared to the bean and pea starches was unexpected given legumes usually have high
amylose contents.®% 22 The similarity in amylose content of the wild mango starch to
conventional starches (maize, pea, bean), implies that its digestibility may not be
particularly different given digestibility is related to the amylose content.

3.2 Starch Granule Morphology and Size Distribution

Figure 1 shows the SEM micrographs of wild mango starch compared to bean, pea, and
maize starches. Wild mango starch consisted of truncated/cap-shaped, smooth-surfaced
granules (Figure 1a). These granules were clearly different from those of bean and pea



(round to oval-shaped), and maize (polygonal). Wild mango granules resembled those of
cassava,?® 24 jackfruit,?>?’ tannia,?® and sago,?® which are cap-shaped/truncated. Polarized
optical microscopy revealed a strong birefringence pattern in wild mango starch granules
(Figure 1a, bottom right), which indicated structural integrity of the amylopectin helices and
suggests that the truncation of the granules is not a result of starch damage.°

Figure 1 Scanning electron microscopy (SEM) images of wild mango a), bean b), pea c), and maize d) starches. Images in the
bottom-right corner of each diagram are from polarized light microscopy (POM). The image in the top-left corner of (a), is a
5000x magnification image of wild mango granules.

Wild mango granules had a mean size (Feret's diameter) of 5.7 um and were clearly smaller
than those of bean (28.2 um), pea (23.0 um), and maize starch (11.1 pum) (Figure 1). The wild
mango starch granules were also smaller than similarly shaped granules reported in
literature, such as cassava (15 um),?> 2# jackfruit (7.6 um),?>%’ tannia (14.7 um),%® and sago
(30 um)?? starch granules. The wild mango seed starch granules were also smaller than
those reported for acorn starch (10.2-43.3 um).?° The wild mango starch granule size
showed a normal/unimodal distribution with a narrower distribution than bean, pea, and
maize starches (Figure 2). Most wild mango starch granules were between 3 and 10 um in
diameter (Figure 2). The homogeneity and size of these granules indicates potential for
producing a creamy mouth feel in food products. Small-sized starch granules are considered
favorable fat replacers for the reduction of the fat content in desserts.3°
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Figure 2 Granule size distribution of wild mango starch compared to bean, pea, and maize starches. Plotted values were
obtained from measuring the Feret's diameter of 1255 granules in from 15-30 SEM micrographs.

3.3 Pasting Properties (Rapid Visco-Analysis)

Wild mango had a significantly (p < 0.05) higher peak paste, and final viscosity than bean,
pea, and maize starch (Table 2). This implied that lower quantities of wild mango starch
could be added to food products to attain the same hot paste viscosity as pea, bean, and
maize starches. The wild mango starch trough, breakdown, and setback viscosities plus the
pasting temperature were not significantly (p > 0.05) different from maize (Table 2).
However, they were significantly (p < 0.05) different from those of bean and pea starches
(Table 2). These results indicated that the resistance to granule breakdown due to shear
during heat-moisture treatment and rate of gelling during cooling, for wild mango starch,
was identical to cereal starch (maize) rather than to legume starch (bean and pea). The
similarities to maize starch were probably associated to the similarities in amylose content
in these two starches.3! Furthermore, they could indicate a closer similarity at molecular
level, which has to be ascertained. The wild mango starch pasting properties hence suggest
that it could be a suitable substitute for maize starch rather than for legume starches (bean
and pea) in applications that involve heat-moisture treatment.



Table 2. Pasting properties of wild mango starch compared to bean, pea, and maize starch

Starch Peak Final viscosity Trough Breakdown Setback Pasting
source viscosity [cP] [cP] viscosity [cP] viscosity [cP] viscosity [cP] temperature [°C]
wild b b
mango 2811 +32¢ 333642 1609 + 812 1202+ 112 1727 £123° 80+ 0.6°
Bean 2245 +41° 4334 +7°¢ 1588 + 2052 657 + 164° 2746 +212° 76 £0.6°
Pea 2341+19° 4773 +165°¢ 1383 +27° 958 + 82° 3390 +92° 72+0.6°
Maize 2583 +58° 2799 + 82° 1685 + 28?2 899 + 30%° 1115+ 542 79 +£0.0¢

Values indicate mean of triplicate analyses + standard deviation.
Values with the same letters in a column are not significantly different.

3.4 Gel Texture

The cold gel textural properties of wild mango, bean, pea, and maize starch are shown in
Figure 3. Wild mango starch formed a less firm and weaker gel compared to the other
legume starches (bean and pea) (Figure 3). The firmness and gel strength of wild mango
starch (114.7 £ 3.3 N and 339.4 + 16.5 J, respectively) were significantly (p < 0.05) higher
than those of maize starch (82.0 £ 2.0 N and 269.0 £ 7.6 J, respectively). The wild mango gel
firmness and strength were however, significantly (p < 0.05) lower than those of bean
(296.0 £ 10.9 N and 791.9 + 33.7 J, respectively) and pea (253.8 + 24.8 N and 816.0 + 54.6 J,
respectively) starch (Figure 3). The relative closeness of the gel texture values of the wild
mango starch to maize starch (which is the most commercially used starch), rather than to
bean and pea starches, implied that the starch could be a more suitable substitute for maize
starch in food products that use native maize starch for texture enhancement. In addition,
given the significantly higher gel firmness and strength compared to maize starch, lower
guantities of the wild mango starch would be required to achieve similar functionality.
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Figure 3 Cold gel texture properties of wild mango starch compared to bean, pea, and maize starches. Plots are
representative of six replicate measurements.

Legume starches produce relatively firmer gels compared to other common starches
(wheat, maize, and potato).32 In the present study, the weaker gel firmness and strength of
wild mango starch compared to the other legume starches (bean and pea) corroborates
with the final viscosity observed during pasting (Table 2). The weaker gel firmness and
strength could be attributed to the relatively lower amylose content (Table 1). Lower
amylose contents lead to the formation of a weaker gel due to the formation of fewer
junction zone areas in the gel compared to higher amylose starches. Starch with a high
amylose content has been shown to have a firmer and more ordered gel structure.33

3.5 Thermal Properties

The thermal properties of wild mango, bean, pea, and maize starches are shown in Figure 4.
Wild mango starch showed significantly (p < 0.05) higher gelatinization temperatures (T,, Tp,
Tc) as compared to the other starches during gelatinization. The gelatinization peak
temperature of wild mango starch was 77.3 £ 0.1 °C, while that of bean, pea, and maize
starches was 69.1 £ 0.6, 68.8 £ 0.0, and 73.1 + 1.0 °C, respectively. This indicated a higher
thermal energy requirement to initiate the disruption of amylopectin crystallites in wild
mango starch compared to bean, pea, and maize starch. The enthalpy (total energy
consumed to melt all crystallites), of wild mango starch was significantly (p < 0.05) lower
than that of bean and pea starches, but was not significantly (p > 0.05) different from maize
starch. The lower gelatinization enthalpy compared to other legumes, could be an indication
of a higher degree of amylopectin branching, given the fact that the abundance of short
amylopectin chains leads to lower gelatinization enthalpies.3% 34



Figure 4 Thermal properties of wild mango starch compared to bean, pea, and maize starches. Plots are
representative of duplicate measurements.

3.6 X-Ray Diffraction

Figure 5 shows the X-ray diffractograms of wild mango, bean, pea, and maize starches. The
diffraction pattern is an indication of the crystalline amylopectin unit structure of starch.
Wild mango starch exhibited a similar diffraction pattern to that of bean and pea starches,
which were different from that of maize starch (Figure 5). Wild mango, bean, and pea starch
diffractograms had major peaks around 15.0, 17.1, and 23.1° 26, which are typical of C-type
crystalline structure.3> Maize starch exhibited an A-type diffraction pattern that is typical of
cereal starches and displays strong diffraction peaks at around 15.0, 17.2, 18.0, 20.0, and
23.1° 20 regions.2V 3> A C-type diffraction pattern is a mixture of both A- and B-types, and is
usually exhibited in native legume seed starches. Wild mango starch showed a relatively
more prominent shoulder at 18.0° compared to the other legume starches (dotted arrow in
Figure 5). The associated peak was most prominent in maize starch (Figure 5). This
suggested that structurally, wild mango starch crystallites resemble A-type crystallites
(maize). The intra-crystallite bond distances of wild mango seed starch were probably
intermediate between cereal and legume starches. In addition, this probably explains why
most of the wild mango starch properties were similar to those of maize starch rather than
bean and pea starch.
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Figure 5 X-ray diffractograms of wild mango starch compared to bean, pea, and maize starches.

3.7 FTIR Spectroscopy

Figure 6 shows the 1300—800 cm™ region of the FTIR spectra obtained from the starches
analyzed in the present study. This region has been shown to give the most characteristic
information about the structure of starches.3® Four characteristic peaks were observed in
this fingerprint region and these were attributed to CEO bond stretching, which occurs in
the pyranose form of glucose residues. These were at 1150, 1076, 1014, and 997 cm™
(Figure 6). Wild mango starch had the greater overall absorption intensity compared to the
other samples. The observed spectra intensity differences in this starch could be attributed
to the differences in granule size (Figure 2). The smaller granule size of wild mango starch,
led to more granules per unit volume, hence greater overall IR absorption compared to the
other samples. The difference in overall absorption was however minimized by the fact that
all the spectra were baseline corrected before normalization and deconvolution (Figure 6).
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Figure 6 Fourier transform infrared spectra of wild mango starch compared to bean, pea, and maize starches.
Plots are representative of three replicate measurements. All the spectra were baseline corrected, normalized,
and deconvulated.

The short-range crystallinity of wild mango seed starch (1.21 + 0.03) was significantly

(p <0.05) higher than that of the maize (1.12 + 0.01), pea (1.10 £ 0.01), and bean

(1.08 £ 0.01) starch. This trend was in accordance with the gelatinization temperatures,
which implied that the strength of the short-range intra-crystallite bonds in the amylopectin
crystallites of wild mango starch was higher than that of bean, pea, and maize starch.
Further research that explores relationships between the amylopectin structure and
crystallinity is required to clearly understand the crystalline structure of wild mango seed
starch.

4 Conclusion

Wild mango, although a legume, had a seed starch that is morphologically and physico-
chemically distinct from bean and pea starches. Its starch granules were truncated/cap-
shaped and smaller than bean, pea, and maize starch granules. The starch had a higher
crystalline order than maize and the legume starches. The pasting and cold gel properties of
wild mango seed starch were more comparable to maize starch than to legume starches
(bean and pea). Like other legumes, wild mango seed starch exhibited a C-type X-ray
diffraction pattern. These demonstrated that wild mango offers a potential source of starch
for use in product formulation as an alternative to maize, bean, and pea starch. However,
given wild mango is not intensively produced like maize, peas, and beans, research needs to
be conducted on: identification of suitable wild mango varieties/cultivars for starch
production; scaling up of appropriate propagation and agronomic management protocols;
and adoption of wild mango to new growing environments since it mainly grows in the
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eastern and southern parts of Africa. The results from such research would facilitate a more
sustainable commercial utilization of wild mango starch.

5 Novelty Statement

The present manuscript is the first report, on the characteristics of wild mango (Cordyla
africana L) seed starch. There are no known publications on the characteristics of wild
mango seed starch.
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