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ABSTRACT: Making use of neglected pulse crops is a way to promote biodiversity and combat malnutrition in emerging countries,
as well as a strategy to provide alternative and resilient sources of plant-based proteins. Pigeon pea (Cajanus cajan) is a pulse native
to tropical and subtropical regions, such as Asia, India, and South America. Despite its great nutritional potential, pigeon pea is an
underutilized crop, and its production is restricted to smallholder cultivators. Pigeon pea exploration for food application is a means
to boost the cultivation and valorization of this crop, in addition to contributing to meeting the worldwide demand for high quality
plant-based proteins obtained from sustainable crops. This review synthesizes the main research findings involving pigeon pea
exploration for food applications, from the processing of its seeds and flours to the extraction and modification of its proteins,
highlighting its potential as a food ingredient. Several initiatives have been carried out with the aim of investigating and improving
the functional qualities of pigeon pea. Aqueous fractionation has been investigated under different conditions, showing it to be a
viable process to produce protein-rich ingredients. Modifications of proteins, as in enzymatic hydrolysis processes, allow for releasing
bioactive peptides of interest for applications in functional foods. Despite the overall potential, a knowledge gap has been identified
regarding bulk rheological and interfacial properties of pigeon pea proteins, which need to be further investigated.
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1. INTRODUCTION features.” One of the key breeding targets is the development

Pigeon pea is a pulse native to emerging countries in Asia, of short-duration cultivars that can mature in about 130—145

Aftica, and South America.! The FAO’s The Global Economy of days, instead of 250—280 days for long-duration cultivars. This
A . . P .
Pulses” includes pigeon pea among the most important pulses would reduce the time of field occupancy and minimize the

. 9
in terms of global production and consumption quantities, risks of frost damage.” The development of new drought-

along with common bean, chickpea, dry pea, lentil, cowpea, tolerant cultivars of pigeon pea has been carried out by the
mung bean, and urd bean. The world production of pigeon pea International Center for Agricultural Research in the Dry Areas
is about 5.5 million tons, contributing to 5.8% of total pulse (ICARDA), in Lebanon, and the International Crops Research
production across the world. India is both the largest consumer Institute for the Semi-Arid Tropics (ICRISAT), in India.*”
and producer of pigeon pea, accounting for 90% of global Cultivars more suitable for human consumption, with shorter
production.” Myanmar, Malaw, and Nepal are some of the cooking times and better technological properties, have also
major exporters of pigeon pea, with a limited domestic been the focus of studies by the Brazilian Company of Farming
demand. Pigeon pea is also cultivated in small quantities in Research (EMBRAPA).'""!
some countries in Latin America and the Caribbean.” Beyond agronomic challenges, a better understanding and
Pigeon pea is considered one of the most drought-tolerant expansion of the possible uses of pigeon pea for food
pulses, due to a deep root system, and a germplasm with a applications are essential to reduce the gap between small-
higher osmotic adjustment in relation to other pulses.”* This scale farmers and large-scale production.” Investigations into
allows pigeon pea plants to perform better, even with low the potential of pigeon pea-derived ingredients have gained
water potential, by moderating photosynthetic func}iéons and prominence in recent literature, driven by the growing demand
stomatal conductance and delaying leaf senescence.”” Never- for alternative sources of plant-based proteins. The studies

theless, despite these convenient agronomic characteristics, its
production is almost entirely restricted to small growers. In
addition, its average yields vary significantly depending on
agronomic practices, density of planting, and seed variety,”*
since it is primarily grown as an intercrop.

A key factor in boosting large-scale production of pigeon pea
seeds is the development of new cultivars. While most pulses
are naturally only self-pollinators, pigeon pea shows a certain
degree of cross-pollination, carried out by honey bees. This
opens a route to develop hybrids with improved agronomic

cover aspects from seed pretreatments to improving nutritional
quality and evaluating the functional properties of
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concentrates and isolates.
However, to the best of our knowledge, no comprehensive
review has covered the main findings regarding the production
and properties of pigeon pea-based protein-rich ingredients in
the past decade. Highlighting such advances is important to
enhance the use of this pulse, in addition to understanding
which aspects still need more attention in the coming years.
This review summarizes the main research outcomes related to
pigeon pea, focusing on seed processing and protein extraction,
as well as on the functional properties of interest to the food
industry. This review also intends to disclose the potential of
this nutritionally valuable pulse as an approach to encourage its
further exploration as a food ingredient in future years.

to fractionation processes to produce protein
15-21

2. PIGEON PEA: A BRIEF HISTORICAL PERSPECTIVE

Pigeon pea (Cajanus cajan (L.) Millsp.), a pulse belonging to
the Fabaceae family, grows in semiarid, tropical, and
subtropical regions of the world. The English name for this
pulse derived from Barbados island, in the Caribbean Sea,
where the seeds were used to feed pigeons.”” Depending on
the region, pigeon pea can also be referred to as Congo pea and
Red gram. The origin of this pulse is somewhat contradictory.
While many believe the species is native to Africa, there is
evidence supported by modern genetic data that its origin is
from East India.” It is believed that the culture was introduced
in South American countries in the 17th century, brought by
the slave route from Africa.”

Cajanus cajan is a perennial tree (Figure 1) that can measure
up to two meters in height with a growth time of 6 to 9

Figure 1. Pigeon pea (Cajanus cajan (L.) Millsp.) tree (a), green pods
(b) and dry seeds (c).

months. The seeds are about 2-mm thick, and their color can
vary from black to cream.”**? Its cotyledons are made up of
several plant cells where the starch granules are dispersed in a
protein matrix (Figure 2). Pigeon pea is a crop that adapts well
to hot climates and low humidity, contributing to soil fertility
and to sustainable agriculture in regions that are already facing
the first consequences of global climate change.”"****°

The world production of pigeon pea reached about 5.5
million tons in 2021°° (Figure 3A). Comparatively, the world
production of dried beans is on average 24 million tons,
chickpea production is about 13 million tons, dry pea

1778

TN
TN

R

Figure 2. Histological sections of pigeon pea (Cajanus cajan) seed,
obtained from formalin-fixed seeds embedded in paraffin and
sectioned at S-um sections using rotative microtome. (A) General
view of seed stained by haematoxylin-eosin. Coat region (cr) and
endosperm region (er). (B) Detail in seed coat region that in the
mature seed is dry and usually consists of dead cells. (C) Detail in the
endosperm region occupying most of the seed volume. (D)
Endosperm cell stained by toluidine blue at pH 4.0 for identification
of anionic groups of the granular proteins in the cytoplasm (arrows);
The nucleus is indicated by (nu) and starch granules are
chromophobes and are indicated by stars. (E) Endosperm cell
stained by Xylidine Ponceau at pH 2.5 for identification of cationic
groups of total proteins. The protein granules are identified in red
(arrows) and the starch is chromophobes too by this stain (stars). (F)
The same region of the figure E visualized under polarized light for
identification of starch granules with characteristic birefringence
(stars).

production is about 11 million tons, cowpea production is
about 7 million tons, lentil production is about 5 million tons,
and faba bean production is about 4 million tons (FAO, 2019).

India is the country that mostly consumes and cultivates
pigeon pea, accounting for about 90% of its world production
(Figure 3B). Since 2010, however, pigeon pea production has
been gradually increasing in Africa, the Caribbean, and South
and Central America. In India, this pulse is used mainly in the
production of typical soups made from legume seeds, called
dhal>'® In the Caribbean and Southeast Asia, grains are
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Figure 3. Dashboard with production data, scientific publications and nutritional aspects of pigeon pea (Cajanus cajan). (a) World production and
(b) production in Asia, Africa, Caribbean, Central and South America of pigeon pea seeds compared to soybean and pea (1960—2022). Source:
FAOSTAT. (c) Evolution of scientific publications on pigeon pea in the ‘Food Science and Technology’ field over the years compared to soybean

and pea. Source: Web of Science data base.

harvested while still unripe and consumed as fresh vegetables.”
In South American countries, such as Brazil and Argentina,
pigeon pea for pulse consumption represents only small- to
medium-sized productions to serve as subsistence agricul-
ture.””*> An alternative reason that drives pigeon pea
cultivation in Brazil is its use as an intercrop for helping
nitrogen fixation in the soil, in addition to the use of leaves and
branches as green manure or as fodder for animal feed.”’

Despite the easy adaptation to different soils, pigeon pea
production has remained stagnant in the last five decades.”
Bringing knowledge about the nutritive potential of pigeon pea
to the population in general is another measure that can be
taken to make the best use of this pulse.”**” The number of
scientific articles related to pigeon pea grew about 12.5 times
in the period between 2015 and 2020, according to data from
the Web of Science platform (Figure 3C). In the same period,
all articles published in the Food Science and Technology
category grew by 50% and publications referring to peas and
soybeans increased by 65%. The number of publications
involving pigeon pea, however, is still small, but it shows
potential for further expansion in future years.

3. NUTRITIONAL AND ANTINUTRITIONAL PROFILE

Proteins represent 18 to 28 wt % (dry basis) of the
composition of pigeon pea seeds.’ A high protein content
was also reported in the leaves (19.4 wt %, dry basis).”’ The
amino acid profile of seed proteins is similar to that of soybean,
with about 43 wt % of the total amino acids being essential
amino acids. The presence of valine, leucine, isoleucine,
glutamic acid, phenylalanine, and lysine stands out. The
contents of these last three amino acids were found to be
higher in pigeon pea than in chickpeas; however, it is low in
methionine and cysteine, two sulfur-rich amino acids.*'”**?"
Carbohydrates correspond to the largest fraction of pigeon
pea seeds, constituting about 60 wt % (dry basis) of their total
composition. Miano et al.'' found that the soluble fiber
content ranged from 4.2 to 7.9 wt %, whereas the insoluble
fiber content was between 19.0 and 26.4 wt %. The largest
portion of the total carbohydrates in pigeon pea is starch:
about 50%, with 23.2% referring to the amylose fraction.”
Lipids account for a small fraction of the pigeon pea
composition (approximately 1.5—5.0 wt %, dry basis), as in
other similar pulses. The fatty acid profile is similar to that of
soybean, with the predominant fatty acids being linoleic acid
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and palmitic acid, which represent about 54.8 and 21.4 wt % of
the total lipid composition, respectively.”’

The ash content in pigeon pea is about 3.5 wt % (dry basis)
of the seed composition. Oshodi, Olaofe, and Hall*’ quantified
the composition of minerals in pigeon pea seeds and obtained
significant values of potassium (1308 mg100 g™'), magnesium
(110 mg 100 g™'), and calcium (81.4 mg 100 g™'). On the
other hand, the authors observed a low sodium content (9.9
mg 100 g™!). In a study by Yang et al,** calcium (581 mg 100
g_l), magnesium (138.8 mg 100 g_l), iron (51.5 mg 100 g_l),
sodium (32.5 mg 100 g_l), manganese (6.8 mg 100 g_l),
copper (1.4 mg 100 g™'), and zinc (0.7 mg 100 g™') were
identified. Pigeon peas are richer in calcium than common
beans and chickpeas.””**

In addition to these nutrients, pigeon pea seeds also present
phenolic compounds (23.2 mg gallic acid equivalent g™'),
flavonoids (15.1 mg quercetin equivalent g”'), tannins (0.4 g
gallic acid 100 g'), tocopherols (1.1-9.3 mg 100 g™'), and
vitamins B1 (0.4 mg 100 g™) and B2 (0.3 mg 100 g™")."****°
Some polyphenols and flavonoids have been identified in
Cajanus cajan leaves,”® but studies focusing on the identi-
fication of these compounds in the seeds are scarce in the
literature. Nix et al.’” observed the presence of phytoalexins,
cajanol, cajanin and two isoprenylated flavones in pigeon pea
soaked-seeds.

Although rich in several macro- and micronutrients, the
species also has antinutritional factors, as in most pulses.
Antinutritional factors are compounds that interfere with
nutrient absorption by the human body, and they may, for
instance, inhibit the action of digestive enzymes and impair the
bioavailability of proteins. Some polyphenols, for example, can
form insoluble complexes with proteins, making their
absorption difficult.” Other antinutritional factors found in
pigeon pea include saponins, protease inhibitors, phytic acid,
phytolectins and oligosaccharides." Ene-Obong™® determined
levels of trypsin inhibitors of up to 14.4 mg g_1 of flour,
whereas tannins had values of 0.97 mg of catechin equivalent
g~ of flour, and phytates and phytic acid had values equal to
8.48 mg g~' of flour. Some pretreatments in seeds can help
reduce their levels of antinutritional compounds. Soaking for
12 h followed by cooking for 60 min was shown to eliminate
tannins and reduce the trypsin inhibitor compounds in pigeon
pea by 77%.%” Germination, for example, was shown to be
efficient in reducing some antinutritional factors in pigeon pea
by action of activated proteolytic enzymes.'* The protein
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extraction process may also help reduce the concentration of
antinutritional factors in the produced fractions. Adenekan et
al.® reported that the protein extraction process from pigeon
pea, using different solvents (water, methanol, acetone, and
ammonium sulfate), resulted in a drastic reduction in tannin
and phytate levels. Trypsin inhibitor and cyanogenic glycoside
were not detected in the protein isolate. All isolation methods
used were shown to be effective in significantly reducing the
concentrations of the antinutritional factors evaluated.

Despite its high nutritional value, there is still a need to
better characterize the composition of pigeon pea, especially
regarding the composition of carbohydrates, lipids, and
proteins. Currently, studies only report proximal compositions,
but information about their composition profile is still scarce
and needs to be better characterized with the aid of analytical
chromatography techniques, for example. The same occurs for
its minor compounds, which, in addition to identification, also
need clarification regarding their impacts on the functionality
and digestibility of the seeds.

4. SEED PROCESSING AND FUNCTIONAL
PROPERTIES OF PIGEON PEA FLOUR

Pulse seeds are often subjected to pretreatment before
processing, in either the food industry or in-home cooking.
The main objective is to enhance their nutritional properties
by reducing the antinutritional compounds and improving
sensory aspects. Seed treatment can involve nonthermal
(soaking, germination, ultrasound, fermentation, etc.) or
thermal (cooking, roasting, microwave, etc.) processes.m’zg’40

4.1. Nonthermal Processes. A simple nonthermal process
that is employed is the soaking of the seeds. Hydration makes
the seeds softer, in addition to promoting the activation of cell
wall enzymes responsible for increasing the solubility of some
compounds in the husk and reducing cooking time."’

Kate et al." studied the dynamics of mass transfer in pigeon
pea seeds during soaking. The authors noted that the
beginning of the process is characterized by filling the empty
cotyledon cavities with water and possible leaching of solids. In
a second stage of the process, there is a loss of solids (about 5%
of the total weight). Such solids are mainly made up of seed
husks and loosely delimited solids on the surface of the
cotyledons.

Miano et al.'' evaluated different pigeon pea cultivars during
hydration kinetics in a water bath (25 °C/660 min). The seed
hydration percentage ranged from 57.2 to 99.7 wt % (amount
of hydrated seeds/total amount of seeds). The authors
observed that some seeds did not hydrate after the process,
which was attributed to heterogeneity between grains at
harvest (presence of mature and unripe seeds) and variations
of cultivars in relation to the permeability of the husks.

In a study conducted by Vasquez et al,* the influence of
ultrasound application and the use of NaHCOj solutions on
the hydration kinetics of pigeon pea was evaluated. Whereas
the application of ultrasound accelerated hydration kinetics,
the addition of NaHCO; inhibited grain hydration by
approximately 23%. The decrease in the hydration rate due
to salt addition (2 wt %) was attributed to the high pH (8.4),
since hydration in alkaline medium can cause changes in the
composition of the shell and the cotyledon of seeds, modifying
cell diffusion mechanisms.

Dehulling is a nonthermal process commonly used after
soaking. Pigeon pea is usually dehulled to improve digestibility
and reduce antinutritional compounds that may be present in
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the husks. Some compounds are responsible for binding the
bark to the cotyledon, such as the disaccharide galactomannan
and the glycol protein bonds, which makes the dehulling
process more difficult at the industrial level. It is known that
pigeon pea is difficult to peel due to the presence of gums and
mucilage between the husk and the cotyledon. Such
compounds form a network of cellulosic microfibrils
embedded in a non-starch carbohydrate matrix, and a mixture
of enzymes (xylanase, cellulase and pectinase) proved to be
efficient in dissolving the gums and mucilage present between
the husk and cotyledon of pigeon pea, facilitating dehulling.
The enzyme mix increased the dehulling efficiency, reduced
the amount of energy needed to cook the seeds, and increased
the protein content.”> Enzymatic pretreatment has also been
used for the same purpose in other species, such as basmati
rice and horse grain.44’45

In addition to this, the germination of seeds such as
soybeans, chickpeas, lentils, and beans has been investigated
and revealed to cause phytochemical changes in these seeds
that impact their technological characteristics. Increases in
ascorbic acid, phenolic compounds, antioxidant activity and
tocols are some of the changes observed in germinated seeds.
Some enzymes, such as a- and f-amylase and proteases, can be
activated during the germination process, causing the break-
down of carbohydrates and proteins into simpler forms. This
leads to better digestibility of these nutrients, in addition to
affecting their functionality, due to changes in their
structures.' '

Oloyo™ studied the effects of germination of pigeon pea.
Seeds were left to germinate for S days, and the nutritional and
functional properties of the generated flours were evaluated.
Regarding the proximate composition, the authors noticed a
decrease in protein (21.9 to 15.3 wt %) and carbohydrate (62.6
to 59.5 wt %) contents during germination. On the other hand,
the contents of lipids, fibers, and ash increased throughout
germination. The authors attributed the decrease in protein
and carbohydrate contents to the consumption of these
macronutrients during the seed germination process. Antinutri-
tional compounds such as oxalate and phytic acid decreased,
whereas the levels of tannins, phenolic compounds, and trypsin
inhibitor compounds increased.

Sharma et al.'* observed that longer seed germination times
and higher temperatures increased the levels of phenolic
compounds in pigeon pea. The flavonoid contents in pigeon
pea increased by more than 70% in seeds germinated at 35 °C
for 48 h, compared to nongerminated seeds. The increase in
the levels of phenolic compounds was also reflected in the
antioxidant activity of the flours, which was higher than that of
the nongerminated seeds.

In the study of Chinma et al,'” germination of pigeon pea
seeds for 72 h also reduced the levels of phytic acid, tannins,
and trypsin inhibitors by 62, 64, and 61%, respectively,
compared to untreated seeds. On the other hand, there was a
76% increase in the level of total phenolic compounds, which
may increase the antioxidant activity. In addition to increasing
protein content by 18%, seed germination resulted in a
decrease in lipid content by 29%, which was attributed to the
consumption of fatty acids during germination for energy
production. However, these results oppose those of Oloyo et
al.** The duration of the germination process seems to be a
critical factor modulating the levels of such macronutrients.

Acevedo et al."” investigated the effect of germination for $
days on the seeds’ microstructure and on the functional
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Table 1. Pigeon Pea Proteins Retrieved from the UniprotKB (October 2021) Database and the Corresponding Number of
Amino Acids, Molecular Weight, and Isoelectric Point (pI) Computed Using the ProtParam Feature of the Expasy Web Server

Protein type Uniprot code Protein name
Albumin AOA151QN3S Albumin-1
AOAIS1QQ22 2$ albumin
AO0A151QQZ7 Albumin-1
AOA151QRO0 Albumin-1
AOA151R635 Albumin-1
AO0A1S51R6F6 Albumin-1
Globulin AOA1S51SLE6 Basic 7S globulin
AOA151STZ0 Basic 7S globulin 2
AOA151TW66 Basic 7S globulin
AOA151U0QJ2 Basic 7S globulin
A0A151U0M6 Basic 7S globulin 2
AO0A151U0Q4 Basic 7S globulin
AOA151UO0R9 Basic 7S globulin
AO0A151U5Z8 Basic 7S globulin
AOAISIRNW3 Glycinin
AO0A151TULO Glycinin G3
AOAISITUN4 Glycinin G3
Glutelin AOA1S1RZS9 Glutelin type-A 1
AOA151SUUS Glutelin type-A 1
AO0A151T731 Glutelin type-A 1
AOA151TM61 Glutelin type-A 1
AOA1S1UBW6 Glutelin type-A 2
AO0A151UBZ3 Glutelin type-A 2
AOA151UC62 Glutelin type-A 2
Oleosin AOAI151SJ77 Oleosin 5
AOA151SLJS Oleosin 16 kDa
AO0A1S1TO X 9 Oleosin 18.5 kDa
AOA151TT63 Oleosin 5

Number of amino acids Molecular weight (g mol™) pl
101 11003 5.6
124 14459 5.0
102 11097 7.6
102 11085 6.8

92 9720 4.5
101 10980 6.7
259 27260 4.7
397 42564 9.0
192 21288 6.7
379 40412 59
414 44845 8.4
409 43794 8.7
364 38814 8.7
413 43424 8.1
473 53413 S.1
446 50177 5.8
465 52503 5.8
356 38308 5.7
356 38191 S4
356 38161 5.2
356 38509 5.6
361 39259 52
358 38974 S5
358 38764 5.8
156 16676 9.6
152 16349 9.6
135 14631 9.8
104 10712 11.7

properties of pigeon pea flour. The authors observed that seed
germination modified the cotyledon protein matrix but
preserved the starch granule shape, whereas treatments such
as soaking and boiling affected both seed microstructures.
Regarding the functional properties, germination allowed a
subtle increase in the water holding capacity of the flour.

Germination is one of the nonthermal processes that alters
the composition of pigeon pea macronutrients the most,
especially when carried out over long periods. Among the main
advantages observed, the reduction of antinutritional com-
pounds helps to improve seed digestibility. However, protein
levels can decrease and the impact of this process on the
functionality of ingredients produced with germinated seeds
still needs to be further clarified.

Finally, pigeon pea fermentation was investigated by Lee et
al.*® The authors used Bacillus subtilis strains in seed
fermentation, producing the fibrinolytic enzyme nattokinase.
The results suggest that pigeon pea fermented with Bacillus
subtilis can bring benefits to cardiovascular health, helping to
prevent hypertension, due to increased antioxidant activity and
action of the nattokinase enzyme compared to nonfermented
seeds. Fermentation also increased the contents in flavonoids
and total phenolic compounds.

4.2. Thermal Processes. Processes that involve heat can
cause changes in the conformation of proteins and
gelatinization of starch granules in the pulses, affecting their
functional properties. Starch and proteins are the macro-
nutrients that contribute to changing the functional and
textural properties of pulse flours after heating. In aqueous
suspensions and at high temperatures, starch granules swell
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and open due to breakage of the amylopectin double helix,
while amylose leaches through the swollen granules, leading to
gelatinization.”* The gelation properties of legume proteins can
be attributed to the globulin fraction present in these seeds.”®
The thermal properties of pigeon pea have been investigated
using differential scanning calorimetry (DSC) to determine the
starch gelatinization temperature and protein denaturation
temperature, in addition to rheological analyses, to determine
the pasting temperature of flours.

The gelatinization temperature of pigeon pea starch is
reported to be between 82.0 and 83.6 °C, whereas the protein
denaturation temperature is around 96 °C.”**” Fernandez Sosa
et al.'"” determined a denaturation temperature of 90.4 °C for
the globulin fraction but failed to detect the denaturation
temperature for the albumin fraction using DSC analysis, due
to the high flexibility of the tertiary conformation of the
corresponding polypeptides. The denaturation temperature of
pigeon pea protein isolates was also shown to be dependent on
pH, ranging from around 92 °C for pH 2.1 to 103 °C for pH
83.”

Another important thermal property for processing pulses is
the pasting temperature, defined as the minimum temperature
necessary to cook the flours.'” When this temperature is
reached, changes in the structure of starch granules begin,
leading to their gelatinization and increased viscosity.'* The
pasting temperature for pigeon pea is reported to be between
81.6 and 87.5 °C (10 to 20 wt % solids), and the use of
different pretreatments may affect these values.'#***%*’

Cooking is a recurrent process applied to pulses in the
industry, as well as, of course, in home cooking. Miano et al'!

https://doi.org/10.1021/acsfoodscitech.3c00268
ACS Food Sci. Technol. 2023, 3, 1777—-1799
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observed that cooking pigeon pea (previously hydrated) for 20
min at 98 °C was sufficient to make the grains soft (minimum
penetration force in a firmness test). A similar value was
determined by Tiwari et al.”> The heat treatment resulting
from cooking was shown to affect the functional properties of
pigeon pea flour. Soaking (6 h) followed by prolonged cooking
of the seeds (60 min) reduced the pasting temperature from
81.6 to 74.1 °C, in addition to increasing the water holding
capacity and delaying the creaming process of emulsions
stabilized by flour."> Steam cooking of pigeon pea was
evaluated by Tiwari et al.”> and proved to be an efficient
pretreatment for seed dehulling. Onimawo and Akpojovwo’*
submitted pigeon pea seeds to a roasting process (80—100 °C/
1 h) and evaluated the functional properties and antinutritional
compounds of the resulting flours. The flours produced after
roasting showed moisture contents of 5.2—4.5%. The authors
determined higher values of water holding capacity and oil
holding capacity for seeds that underwent roasting, and they
attribute this to the heat dissociation of proteins, swelling of
crude fiber, and gelatinization of starch. However, a decrease in
the emulsifying and foaming properties was observed. This
result may be related to the denaturation of pigeon pea
proteins at high temperatures. Regarding the antinutritional
compounds, the roasting process at 80 °C reduced the cyanide
contents in the flours by approximately 28%, whereas a further
reduction (approximately 66%) was attained by roasting at 100
°C. The phytic acid content was also reduced by roasting by
approximately 20%.

Seed treatment by microwaves led to gelatinization of starch
granules, due to high temperatures and the presence of water.!
Acevedo et al.'” applied microwaves to pigeon pea seeds
submerged in water (seed-to-distilled water ratio of 1:10 g
mL™") at different power levels (50, 70, and 100%). The
authors observed that microwave treatment decreased protein
solubility over a broad range of pH values, compared to
untreated flour. This decrease in solubility was attributed by
the authors to increased surface hydrophobicity due to changes
in the secondary structure of proteins caused by heating, in
order to expose the hydrophobic amino acids and result in the
formation of disulfide bridges. It was also observed that the
treatment helped to delay the creaming process of emulsions
stabilized by pigeon pea flour.

5. PIGEON PEA PROTEINS

The protein composition of pigeon pea has been evaluated to
some extent by different research groups, addressing aspects
such as protein quantification, identification, amino acid
profile, and protein secondary structures. The outcomes are
summarized in this section, to identify similarities with other
pulses, specificities, and aspects that still need to be clarified
regarding pigeon pea proteins.

5.1. Protein Composition Derived from Genome
Sequencing. Pigeon pea genome sequencing48 provides a
first insight into seed protein composition. The protein
sequences resulting from the sequencing are available in the
public deposit UniProt Knowledgebase (UniProtKB). A total
of 28 sequences of full-length proteins are retrieved using the
search query “C. cajan” and protein type (albumin, globulin,
glutelin, prolamin) or “C. cajan storage” (October 2021). This
includes 6 albumins, 8 7S-globulins, 3 11S-globulins, 7
glutelins, and 4 oleosin sequences, as reported in Table I.
No prolamin sequence was found. The UniProtKB Align
software was used to compare the similarity of each protein
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primary sequence within each protein group (unpublished
data). The albumin, 7S-globulin, and oleosin display very low
sequence homology, below 6%. The 11S-globulin and glutelin
display higher homology (34—40%). This suggests that a single
genotype presents a large diversity of proteins. Each protein
type is encoded by a family of genes implgring a polymorphism,
similarly to most seed storage proteins.”

From the protein sequences, several physicochemical
properties can be estimated using the protParam feature of
the Expasy Web server. The molecular weight of the albumin
fraction ranges from 9.7 to 15 kg mol™!, with the isoelectric
point (pI) comprised between 4.6 and 7.6 (Table 1). The
molecular weight of the 7S-globulin fraction ranges from 21 to
45 kg mol™'. Through SDS-PAGE and peptide mass
fingerprinting analyses, Sousa et al.’’ identified the following
groups of proteins in this range of molecular weight: vicilin,
phaseolin a-type, and phaseolin pS-type. This suggests a
homology between pigeon pea 7S-globulins and pea/kidney
bean 7S globulins. However, the average theoretical isoelectric
point (pI) of pigeon pea 7S-globulins is around 7.5, which is
much larger than that of pea/kidney bean 7S globulins (pI 4—
6).”" This may lead to specific physical chemical and functional
properties of pigeon pea 7S-globulins. The 11S-globulin
fraction identified in the pigeon pea genome is expected to
have molecular weight around S0—53 kg mol™' and plI around
6. This is similar to pea legumin A, identified by peptidomic
analysis.”’”>" Concerning the glutelin sequences, the molecular
weight is about 38—39 kg mol ™" and the pI around 5.2—5.8. In
UniProtKB, they are annotated to belong to the 11S globulin
family, similarly to rice glutelin.>> To our knowledge, no
detailed characterization of pigeon pea glutelins has been
undertaken to confirm their presence in pigeon pea seeds/flour
and their structural similarity to 11S-globulins and rice glutelin.
A last group of proteins has been identified through the
genome sequencing: oleosins. They are expected to be around
10—16 kg mol ™" and to have basic pI (9.6—11.7). Oleosins are
localized on the surface of oil bodies (oleosomes) and are
abundant in oil seeds.>” Since the lipid content of pigeon pea is
low, the amount of oleosin is expected to be small.

5.2. Protein Composition Derived from Differential
Solubility and Chromatography. The protein composi-
tions of the seed coat, embryo, cotyledons, whole seed, and
flour of pigeon pea were determined by successive solubiliza-
tion following an Osborne-like procedure.”*** Four groups of
proteins were identified: albumins, soluble in water; globulins,
soluble in 0.5 M sodium chloride solution in 0.01 M phosphate
buffer (pH 7.0); glutelins, soluble in 0.1 M sodium hydroxide;
and prolamin, soluble in a 70% ethanol/water mixture.
Globulins were the main proteins found in pigeon pea flour
(60—66%), followed by glutelins (19—25%), albumins (7—
9%), and prolamins (2—5%).>> The protein composition was
found to depend on the pigeon pea variety and on the
investigated seed compartment. The cotyledon and embryo
were found richer in globulins than the seed coat.”” Differential
solubility gives an overall picture of the flour/seed protein
composition. However, it is unreliable for a quantitative
estimation of each protein group, since a substantial level of
albumins may be found in the globulin fraction. SDS-PAGE
has been used to describe it qualitatively. Most prominent
bands of pigeon pea proteins were located at 47 and 64 kDa,
corresponding to two 7S-globulin subunits.*® Smaller bands
were observed at 21, 35, and 36 kDa, in the region of the 11S-
globulins.

https://doi.org/10.1021/acsfoodscitech.3c00268
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Table 2. Amino Acid Profile of Pigeon Pea Proteins

Amino acids Composition (g 100 g_1 of pigeon pea protein)
Essential amino acids

Histidine 3.09 4.41-4.78 3.61 2.66 3.98—6.24 1.81-1.91 3.29 341 3.60
Isoleucine 3.74 3.48—3.82 3.92 5.16 3.46—3.68 6.30—6.50 3.54 4.13 3.90
Leucine 6.97 7.61—8.88 6.79 13.79 6.88—8.37 9.27—-11.05 7.22 8.57 7.20
Lysine 5.96 7.05—7.66 7.40 6.05 7.05-7.56 5.00—6.54 6.38 5.86 6.80
Methionine 0.89 0.84—1.77 0.70 1.32 0.75—-0.97 1.98-2.17 1.09 0.32 1.00
Phenylanine 6.78 7.42—8.87 3.54 17.64 6.80—8.58 9.46—10.50 10.10 9.71 9.70
Threonine 2.87 3.27-4.01 1.36 3.02 3.27-3.93 7.16—8.40 3.45 2.64 3.80
Tryptophan 0.61 0.20—0.78 0.09 0.53 0.20—0.32 2.18—391 1.15 - -

Valine 4.01 3.46—4.18 6.71 14.32 3.46—3.87 11.00—12.01 4.02 5.73 4.40

Nonessential amino acids

Alanine 3.61 4.00—4.24 15.47 5.46 3.82—4.04 2.56—3.70 4.31 6.28 4.60
Arginine 5.59 6.91-7.24 2.79 10.06 6.91-7.57 3.18—4.40 6.05 3.23 6.30
Asparagine - - - 2.65 - 3.77—-4.23 - - -

Aspartic acid 8.44 10.77—-11.55 1.26 0.43 9.53—11.59 3.11-3.61 8.78 10.56 10.40
Cystine 0.66 0.43—-1.01 - - 0.43—0.60 4.06—5.12 1.01 - 1.20
Glutamic acid 15.03 18.04—20.45 6.48 8.10 19.90-22.50 1.67—1.95 20.34 24.71 19.00
Glycine 2.96 3.12-3.78 1.60 1.22 3.12-3.63 10.32—11.14 3.56 3.95 3.80
Proline 3.87 4.83—5.64 0.72 - 4.83—5.06 2.44-3.00 4.79 541 4.30
Serine 3.77 4.59—-6.33 2.20 2.33 5.60—6.27 4.13—-5.29 4.84 4.77 5.00
Tyrosine 2.49 2.47-2.79 1.86 4.41 2.60—-2.77 6.95-7.12 2.70 0.44 3.00
Reference 20 21 30 3 16 8 38 29 31

Liquid chromatography techniques such as size exclusion
and ion-exchange chromatography have been used to purify
and better characterize p"geon pea proteins at lab scale.
Krishna, Mitra, and Bhatia®” purified globulins by solubilizing
the proteins in phosphate buffer solution (pH 7.2) followed by
protein precipitation (pH 4.7) in a (NH,),SO, saturated
solution. Fractionation of purified globulins by size exclusion
chromatography resulted in fractions @, 3, and y, with the first
two corresponding to 11S-legumin, present in small quantities
in pigeon pea, and 7S-vicilin, the main pigeon pea protein,
respectively.

Vicilin from pigeon pea seeds was also purified from the
precipitated globulins fraction by a zonal isoelectric precip-
itation procedure in a Sephadex G-50 column followed by
further purification in a DEAE-Sephacel column.’® While
globulin proteins had subunits ranging from 72 to 20 kDa,
purified vicilin had two subunits at 72 and 57 kDa. According
to the authors, pigeon pea vicilin differs from those of Vicia and
Pisum species by the absence of low molecular weight subunits.
However, a similar pattern is found in vicilins of Phaseolus
vulgaris and Glycine max, which suggests that Cajanus cajan is
closer to common bean and soybean on this matter.

In another work, y-proteins, rich in sulfur amino acids, were
purified from pigeon pea globulins.”” The y-proteins presented
two subunits (32 and 20 kDa) linked by disulfide bonds.
Amino acid analysis showed that this protein has 3 to 4 times
more sulfur amino acids in its composition, when compared to
legumin and vicilin.

More recently, Fernandez Sosa et al.'” extracted an albumin
and a globulin fraction from pigeon pea with a sequential
extraction procedure in water and in Tris-HCIl buffer,
respectively, and subsequent purification of the fractions by
size exclusion chromatography. The authors characterized the
fractions by fluorescence spectroscopy, differential scanning
calorimetry, and surface hydrophobicity measurements and
found that the structure of the globulins was less flexible and
more compact compared to that of the albumin fraction.
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In a study by Bravo et al,,'® the main subunit of 7S-vicilin
from pigeon pea (x50 kDa) was purified and proteolyzed to
investigate the antibacterial, antihypertensive, and antioxidant
properties of the resulting bioactive peptides. Despite not
presenting antibacterial properties against the microorganisms
evaluated (Escherichia coli, Candida albicans, and Staphylococcus
aureus), pigeon pea peptides showed high antioxidant activity
and antihypertensive activity comparable to those of Captopril,
a well-known and potent angiotensin-converting enzyme
(ACE) inhibitor. The results suggest that bioactive peptides
from pigeon pea have potential for application in dietary
supplements and even in alternative medicine.

It has been established that pigeon pea seeds contain several
protein groups based on Osborne’s definition. Globulins, in
particular 7S-globulin, are the major type of storage proteins.
The protein composition was found to vary depending on the
variety and on the seed compartment. However, to the best of
our knowledge, no attempt using analytical chromatography
has been undertaken to quantify each protein group, as done
for pea proteins, for example.”” This would provide a better
description of the variability of pigeon pea protein composition
that is probably a major driver of the nutritional and the
functional quality of pigeon pea. Still, the purification and
characterization of 7S-vicilin has brought fundamental knowl-
edge on the structural properties of the major pigeon pea
protein. Furthermore, large-scale purification of pigeon pea
proteins, based on mild processes such as preparative
chromatography and achieving reasonable yield, would allow
for investigating the functional properties of pigeon pea
proteins.

5.3. Amino Acid Profile and Protein Secondary
Structure. The amino acid profile of pigeon pea reveals that
the species has a substantial amount of essential amino acids in
its composition (Table 2), and it has been reported to be very
close to that of chickpeas.’' The levels of amino acids such as
valine, isoleucine, phenylalanine, leucine, and lysine in pigeon
pea are above those recommended for infant feeding according

https://doi.org/10.1021/acsfoodscitech.3c00268
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to Oshodi et al.”” The authors point out that the same is true

for adult individuals. Mwasaru et al.°" found that the amino
acids present in pigeon pea are mostly hydrophilic (approx-
imately 60 wt %), whereas the hydrophobic residues represent
about 35% of the total amino acids, and the cyclic and sulfur
residues represent approximately S and 1.5%, respectively.

No significant difference was observed in the amino acid
profile of protein isolates obtained by the isoelectric
precipitation method when compared to pigeon pea flour
(native protein), which indicates that the extraction process
had little influence on the protein composition.” A similar
result was observed by Olagunju et al.'® in the production of
pigeon pea protein hydrolysates using different proteases.
Although some specific amino acids, such as glutamic acid,
valine, and tryptophan had higher levels in the hydrolysates
compared to the nonhydrolyzed protein isolate, the amino acid
profile of the proteins was similar for both materials.
Olangunju et al.'® observed that hydrolysis with Thermoase
increased the content of branched-chain amino acids (BCAAs)
by 7%, as well as that of most hydrophobic amino acids
(alanine, glycine, leucine, valine, proline, isoleucine, and
phenylalanine); this result was attributed to the specificity of
Thermoase to cleave proteins from peptide bonds constituted
by hydrophobic amino acids, thus increasing the content of
associated amino acids and, consequently, increasing the
hydrophobicity of the peptides, which might improve the
antioxidant activity of protein extracts in lipid-containing
foods.

Regarding the protein secondary structure, Sun et al.'
observed the predominance of f-sheet structures (47%) in
pigeon pea proteins; random coil, a-helix, curved, and p-
antiparallel structures constitute 16, 14, 13, and 10% of the
overall structure, respectively. The authors also determined a
total of sulthydryl groups and disulfide bonds of 22.6 and 7.9
umol g~! for pigeon pea proteins. The proportion of f-sheet
and p-strand can be related to protein digestibility, and a
decrease in the proportion of f-sheet and/or an increase in the
random coil contribute positively to an increase in digestibility.
There are indications that the pigeon pea globulin fraction
might be more digestible than the albumin fraction, due to the
lower proportion of f-strands found in its structure."®

6. METHODS FOR PIGEON PEA PROTEIN ISOLATION

According to Tapal et al,’ there is no commercial production of
pigeon pea protein fractions, not even in countries where it is grown
in large quantities, such as India. In parallel, pigeon pea has received
increasing attention from researchers in recent years,2 which may
indicate the beginning of the reversal of this scenario.

Several studies have focused on the production of pigeon pea
protein isolates and concentrates, in addition to protein hydro-
lysates.>'>'>®*7% Protein hydrolysates are widespread in the food
industry, as they enable the reduction of antinutritional factors, as well
as increase protein digestibility and release of bioactive pepti-
des.>**%%%7 In the next sections, the main points regarding the
extraction of pigeon pea proteins are presented.

Pulse proteins can be extracted using chemical, physical, or
biotechnological methods. The most commonly used chemical
method is the aqueous fractionation process that can be divided
into three stages: (i) flour defatting using solvents such as petroleum
ether, n-hexane, or n-pentane to remove lipids and other lipophilic
compounds that can interfere in the protein extraction; (ii) extraction
of proteins using salts, water, alcohols, or buffer solutions; and (i)
precipitation of proteins using ammonium sulfate, ethanol, methanol,
acetone, or acids (hydrochloric acid, citric acid, etc.).68
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Among the physical methods, the main processes are assisted by
technologies that improve protein recovery. Some examples are
pulsed electric field-assisted extraction, microwave-assisted extraction,
high-pressure-assisted extraction, and ultrasound-assisted extraction.

Among the biotechnological methods, the enzyme-assisted
extraction and the bacteria-assisted extraction are the most prevalent.
Enzyme-assisted extraction is an approach that allows the recovery of
high-quality plant proteins, due to the action of proteases that
promote greater release of proteins from the polysaccharide matrix
present in the seeds.

6.1. Extraction Process and Protein Recovery. Pigeon pea
proteins have mostly been extracted using the conventional chemical
process of aqueous fractionation by alkaline solubilization followed by
isoelectric precipitation (Figure 4 and Table 3).°°® This method

Pulse seeds
X == .
Pretreatments
i = = i
Milling
: =S : ,
Solubilization in water
Centrifugation % i
i = = i
Precipitation
) == i
Centrifugation
i = = i
Neutralization

'

Powdered pigeon pea
protein fraction

Drying

.

Figure 4. Conventional aqueous fractionation process to produce
protein fractions from pigeon pea seeds.

consists of solubilizing proteins at alkaline pH (pH 8.0—12.0) and
then precipitating the protein fractions at a pH close to their
isoelectric point (pH 4.0—5.0). Precipitated proteins can be separated
by centrifugation, ultracentrifugation, and filtration. Parameters such
as solubilization pH, solvent used, temperature, ionic strength,
extraction time, and solids:solvent ratio can affect protein
extractability and process yield.®' The optimization of pigeon pea
protein extraction, carried out by Mwasaru et al,®" showed that the
optimal process conditions were at pH 8.5, with a solids:solvent ratio
ranging from 1:S to 1:25, which resulted in extraction yields around
75%. In the work by Fernandez Sosa et al,'” the use of a higher
alkalinization pH (11.0) allowed greater protein recovery (67.5%)
compared to that at lower pH values (yield between 49.9 and 51.2%).
The authors also evaluated the extraction of albumin and globulin
fractions from pigeon pea and obtained extraction yields of 30.6% for
albumin and 6.6% for globulin. No extraction method could be
considered the best to meet all the criteria evaluated in the work, but
the authors emphasized that the isoelectric precipitation method with
pH variation for protein extraction is a simple, cheap, and fast method
to obtain protein ingredients. Mwasaru et al®* also evaluated the
production of pigeon pea protein isolates at different solubilization
pH values. Protein recovery ranged from 35.1 to 58.1%, whereas
protein content in the isolates ranged from 78.1 to 83.4 wt %. The

https://doi.org/10.1021/acsfoodscitech.3c00268
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Alkaline
Soluble solubilization Soluble
proteins pH8.0-12.5 proteins
Pellet Pellet
Isoeletric
precipitation
Supernatant pH 4.5 Supernatant
Precipitated Precipitated
proteins proteins
(globulin-rich fraction)

(globulin-rich fraction)

Acid Salt
solubilization Soluble extraction
pH 2.0 proteins (0.25 M NacCl)
pH 6.5
Pellet
Isoeletric Dilutive
precipitation precipitation
pH 4.5 Supernatant (1:3, protein
extract:water)
Precipitated
proteins

(globulin-rich fraction)

(A) Alkaline extraction-isoeletric
precipitation

(B) Acid extraction-isoeletric
precipitation

(C) Salt induced extraction-
dilutive precipitation
(Micellization)

Figure S. Extraction methods for isolation of pigeon pea proteins. (a) Alkaline extraction followed by isoelectric precipitation, (b) Acid extraction
followed by isoelectric precipitation, and (c) salt-induced extraction followed by dilutive precipitation (micellization). Source: methods described

by Mwasaru et al.>" and Tapal et al.®

authors also evaluated the micellization method in protein extraction,
using 0.25 M NaCl solution at pH 6.5. They achieved a higher protein
recovery (40.2%), with the extract showing 82.8 wt % protein as well
as a higher solubility as compared to that of the isoelectric
precipitation method.®* Besides, ultrasound-assisted extraction was
investigated by Sun et al' and resulted in a 26% increase in the
extractability of pigeon pea proteins compared to untreated seeds.

In addition to the process of alkaline extraction followed by
isoelectric precipitation, some works had also used acid extraction
followed by isoelectric precipitation® and salt-induced extraction
followed by isoelectric precipitation®* (Figure 5). These methods
allow the isolation of globulin-rich fractions from pigeon pea, mainly.
Albumins can also be extracted in these processes and be present in
low quantities in protein concentrates or isolates.'” Tapal et al.” used
pH 2.0 to solubilize the proteins, followed by isoelectric precipitation
at pH 4.5. The protein content determined in the isolate was 85%,
and the extraction yield was 37%.

Other solvents such as methanol, acetone, and ammonium sulfate
were shown to be good precipitants of proteins from pigeon pea,
allowing extraction of pigeon pea protein isolates containing about
91% of proteins.® On the other hand, the work by Xu et al.*° showed
that protein hydrolysis impaired the recovery of proteins. While the
protein isolate produced by isoelectric precipitation had 87 wt % of
proteins, the hydrolysates produced with the enzymes alcalase and
bromelain had 60 and 20 wt %, respectively. The authors attributed
the low protein content identified in hydrolysates to the conversion of
proteins into small peptides and free amino acids, which makes them
more difficult to quantify by the Bradford assay.

Beyond chemical extraction processes, the use of enzymes in
protein extraction processes has been investigated for peas, pinto
beans, mung beans, and soybeans to improve the protein recovery.
Furthermore, bacteria-assisted processes were evaluated by Emkani et
al% for extracting an albumin-rich fraction and a globulin-rich
fraction from pea through a process assisted by lactic fermentation.
The process increased the protein content of the albumin fraction as
compared to the traditional process of protein precipitation using HCI
or lactic acid. Nevertheless, the protein content in the globulin
fraction was reduced using the process assisted by lactic acid
fermentation. Such biotechnological routes, even though not
commonly explored yet, may deserve attempts on pigeon pea protein
fractionation.

The aqueous fractionation processes have some disadvantages, as
they are time-consuming, require high-water consumption, and
involve possible losses in protein functionality due to exposure to
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very alkaline or acidic pH values.”® A more sustainable approach that
can be employed is the dry fractionation of pulse flours. Dry
fractionation is a promising route to preserve protein functionality, as
it only involves milling and air-classification or electrostatic sorting
processes. This avoids the need for water solubilization and
subsequent drying steps to obtain protein fractions, which represents
a much more sustainable process.”® It could also be used as a
preliminary step of aqueous fractionation to enrich the raw material in
proteins.”" For pigeon pea proteins, however, only processes that used
the wet route are reported in the literature. Dry fractionation could be
an important process to be explored for pigeon pea in future years,
mainly to understand the functionality of highly concentrated protein
ingredients (70—90% proteins, using aqueous fractionation methods)
in comparison with ingredients mildly concentrated in proteins (50—
60% proteins, by dry fractionation). With a milder fractionation in
perspective, the need to better understand the profile of non-
proteinaceous compounds in pigeon pea is reinforced, as suggested in
section 3.

6.2. Possible Applications of Coproducts from the Protein
Extraction Process. The pellet produced from the aqueous
fractionation of plant proteins is rich in carbohydrates that are
eliminated by centrifugation during the process. Although less
studied, pigeon pea carbohydrates also have properties of interest to
the food industry, which implies that the coproducts of the protein
extraction process are likely to produce food ingredients.

Olagunju et al.*' isolated native starch granules from pigeon pea
seeds and modified them through acetylation. Acetylation enabled
greater water and oil holding capacities, a lower retrogradation
tendency, and a lower glycemic index compared to those of native
pigeon pea starch, highlighting the potential of pigeon pea modified
starch for applications as a thickening and stabilizing agent. Guleria
and Yadav’* evaluated the rheological properties of native, cross-
linked, oxidized, and hydroxypropylated starches from pigeon pea.
The chemical modifications resulted in changes to several properties
of starches, reducing paste clarity, gel hardness, swelling power, and
solubility. The cross-linked starch presented better thermal stability
and, consequently, a more stable structure. Finally, Singh et al.”*
evaluated cellulose nanocrystals from pigeon pea stem waste.
Cellulose was extracted from the stems using the chlorite bleaching
and NaOH treatment method, followed by production of cellulose
nanocrystals by acid hydrolysis with HCL. The cellulose nanocrystals
showed good thermal stability (>324.3 °C), being highlighted as an
interesting material for application in the food packaging sector.
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7. FUNCTIONAL PROPERTIES

The functional properties of plant-based proteins can be
affected by intrinsic and extrinsic factors. Among the intrinsic
factors are the size and shape of the proteins, net charge
distribution, amino acid sequence, structure (secondary,
tertiary, and quaternary), interaction with other components
of the food matrix, hydrophobicity/hydrophilicity ratio, and
others. The extrinsic factors include moisture, temperature,
pH, ionic strength, chemical additives, enzymes, and
mechanical processes.”* In addition, pretreatments applied to
seeds and the selected protein extraction processes can affect
the functional properties of the resulting flours and protein
extracts (Table 4). Functional properties such as solubility,
water holding capacity, oil holding capacity, surface hydro-
phobicity, emulsifying capacity, and foaming capacity, among
others, are defined as physicochemical properties that provide
information on how proteins behave in food systems, when
applied either as a processing aid or as a macro-constituent of
the product.®

This section presents several functional properties inves-
tigated for pigeon pea proteins. The functionality of pigeon pea
proteins showed similarities to other plant-based proteins such
as cowpea, dolichos bean, jack bean, and field pea.'>***7¢16*
There is still a need for studies that compare the functionality
of pigeon pea with other plant sources and that evaluate the
ability of pigeon pea proteins to be analogous to proteins
obtained from animal sources (e.g., egg protein, whey protein,
etc.).

7.1. Protein Solubility, Surface Hydrophobicity, and
Zeta Potential. A protein’s solubility can be considered a
good index to determine its potential for applications in food
systems.” As the pH of a medium is increased to more alkaline
regions, there is an increase in the solubility of proteins, a
phenomenon that is associated with the amphoteric character
of these molecules. At alkaline pH, proteins are strongly
negatively charged, showing a greater interaction with water
and, consequently, leading to greater solubility. In parallel,
modifications in the conformation of proteins by alkalinization
can cause their hydrophobic groups to become buried within
their structure.”°"

In most works on pigeon pea, as well as in studies involving
other plant-based proteins, the protein solubility is usually
determined by the preparation of a protein suspension,
followed by centrifugation, and determination of the protein
concentration in the supernatant. It is important to highlight
that these methods can also quantify proteins that are not
necessarily soluble but are in the supernatant phase in the form
of small aggregates which do not sediment under the applied
centrifugation conditions.

For a better understanding of the mechanisms that involve
protein solubility, surface hydrophobicity is a commonly
investigated property. This structural property affects the
bioavailability and nutritional quality of proteins, having a
direct relationship not only with their solubility but also with
other functional properties, as observed by Fernandez Sosa et
al.'” These authors investigated the extraction of protein
isolates and of albumin and globulin fractions from pigeon pea
and reported that the extraction pH and the nature of the
protein fraction impact the solubility of proteins in aqueous
media. While the albumin fraction and protein isolates
extracted at different alkaline pH values (8, 9, 10, and 11)
presented solubility in water ranging from 60 to 74%, the
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globulin fraction presented a lower solubility in such
conditions, around 21%. However, in buffer solution (pH 8,
u = 0.3 M) the solubility of globulin was higher than that of
albumin and other protein isolates (82%). The authors
attributed the decreased solubility of protein isolates in the
buffer solution to the presence of NaCl and Na,HPO, salts
(the “salting out” effect). Regarding the surface hydrophobicity,
higher values were determined by the authors for protein
isolates and the globulin fraction, whereas the albumin fraction
had lower hydrophobicity.

The ionic strength of the medium directly affects the
solubility of proteins, as investigated by Mwasaru et al.:" the
presence of NaCl decreased the solubility of pigeon pea
protein isolate in acidic medium, whereas at the alkaline end,
the solubility of proteins increased; protein suspensions in 0.5
and 0.2 M NaCl showed the lowest solubility for the acid and
alkaline extremes, respectively, whereas the highest solubility
was in 0.4 M NaCl solution at pH 12.0 (96.9%). According to
the authors, at low pH, carboxyl groups protonate and the
protein acquires a globally positive charge, resulting in
decreased CI™ ion repulsion and hydrophobic interactions,
leading to the formation of insoluble aggregates. On the other
hand, at high pH values there is an increase in the negative
charge on proteins, which combined with the salting in effect of
NaCl, serves to dissociate protein aggregates and thus increase
solubility. It was also observed that the presence of NaCl
affected more the solubility of pigeon pea proteins than that of
cowpea proteins.

The action of hydrolysis on protein solubility was assessed
by Xu et al.”® The study showed a lower solubility of the
hydrolysates compared to the protein isolate in the entire pH
range evaluated, which the authors attributed to alterations in
the protein profile. In fact, the action of proteases can result in
hydrolysates with peptides of more heterogeneous protein
profile (lower solubility). Regarding hydrophobicity, higher
values were observed for isolates compared to hydrolysates; the
low surface hydrophobicity of hydrolysates may be associated
with the production of peptides, decreasing the hydrophobic
structures on the surface of the hydrolysates.

The protein extraction method and the fractions obtained
affect the surface hydrophobicity values. Mwasaru et al.%*
reported that pigeon pea proteins extracted by isoelectric
precipitation showed greater hydrophobicity than those
extracted by micellization. The solvents chosen for the
extraction processes, in turn, also play an important role in
the protein solubility. Adenekan et al.® demonstrated that,
while aqueous extraction and methanol extraction led to about
97% solubility, ammonium sulfate and acetone extractions
resulted in slightly lower solubilities (90.7—92.6%).

Finally, protein denaturation at high temperatures (>90 °C),
as in microwave processing of flour, has been reported to result
in decreased water solubility of pigeon pea proteins. The
microwave treatment also resulted in a reduction in the particle
size of protein isolates (166 nm), compared to protein isolates
produced from flour without pretreatment (457 nm).
However, the polydispersity index showed no differences,
indicating a heterogeneous distribution of particle sizes (>0.3).
The zeta potential ranged from —32.7 to —35.2 mV. The
authors used protein samples dispersed in Milli-Q water (1 mg
mL™") in the assays.'

The thermolysin enzyme produced smaller particles in the
pigeon pea protein hydrolysate (264.6 nm), as compared to
papain (400 nm) and pepsin (578.2 nm) enzymes. The

https://doi.org/10.1021/acsfoodscitech.3c00268
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polydispersity of the particles ranged from 0.4 to 0.6, and the
zeta potential of the hydrolysates was around —15 mV,
indicating a low electrostatic stability and potential tendency of
the hydrolysates to aggregate.*®

7.2. Water and Oil Holding Capacity. The water and oil
holding capacities (WHC and OHC, respectively) of pulse-
based ingredients are of great importance for the incorporation
of these ingredients in meat, dairy, confectionery, and bakery
products. Whereas WHC is essential for hydration processes
and ingredient incorporation in water-continuous matrices,
OHC helps in texture and better retention of aromas and
flavors."?

The presence of -COOH, -NH,, and -OH groups in the
structure of proteins is largely responsible for the WHC of
proteins. The unfolding of the exposed quaternary structure
increases the protein’s affinity for water molecules which could
contribute to the greater WHC. OHC has been associated with
lipid—protein interactions resulting from noncovalent bonds,
electrostatic bonds, and hydrogen bonds.">*’

Both the flour and the protein extracts of pigeon pea have
good WHC and OHC properties. Flour is rich in
carbohydrates and fiber, hydrophilic compounds that can
easily interact with water and contribute to the WHC value.**
However, the WHC and OHC of pigeon pea protein isolates
have been shown to be greater than those of their
Aours, 13202324

In flours, one way to increase these capacities is the addition
of some pretreatment steps. It has been shown that soaking,
cooking, germination, and roasting of pigeon pea contribute to
the increase in WHC and/or OHC of their flours. On the
other hand, treatments based on the use of microwaves were
not able to increase these indices.””***" _

In the case of protein extracts, Mwasaru et al.® highlighted
that extraction at a more alkaline pH (pH 12.5) led to an
increase in WHC compared to extracts obtained under lower
alkalinization conditions (pH 8.5). The inverse was observed
by the authors for OHC, with higher values being obtained in
less alkaline regions.

Protein hydrolysis can also contribute to produce ingre-
dients with greater WHC and/or OHC. Xu et al.”>° showed
that the WHC of a pigeon pea protein hydrolysate produced
with bromelain almost doubled, compared to the non-
hydrolyzed protein isolate. The same behavior was observed
for OHC. The authors attributed these results to changes in
protein structures, causing greater or lesser exposure of polar
groups (e.g., -COOH, NH,-, -OH).

7.3. Foam Properties. A foam is formed when air is
injected into a liquid and trapped in the form of bubbles. What
defines a good foaming ability of a given material is the
presence of surface-active molecules, such as proteins that can
reduce surface tension at the air—water interface® and form
viscoelastic interfacial films.

Surface hydrophobicity is positively correlated with foaming
properties, as the initial anchoring of proteins at the air—water
interface is facilitated by surface hydrophobic patches. The
ability of proteins to unfold at the interface is another
important aspect of foam formation. Molecular flexibility can
expose previously buried hydrophobic portions, which can
contribute to a more rapid reduction in surface tension,
increasing foamability.”>”°

While whey and egg are proteins widely used in the
production of foams in foods, soybean, peas, chickpea, and
wheat are examples of plant-based proteins used as substitutes
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for animal proteins as foam-forming agents. Globulins are the
most explored vegetable protein fraction regarding foaming
capacity, because the conventional method of aqueous
fractionation of vegetable proteins results in a globulin rich-
fraction (more soluble in high pH conditions). However,
studies have shown that globulins have poor interfacial and
foam-stabilizing properties when compared to animal-derived
proteins, due to their highly ordered structure and limited
ability to unfold and adsorb at the interface.® Conversely, the
albumin fraction (generally present in the pellet from the
aqueous fractionation process) has a foaming activity superior
to that of globular proteins.”””®

Several studies evaluated the foaming properties of pigeon
pea flours and derived protein extracts. However, to date, no
studies have further investigated the impact of the interfacial
properties of these proteins on the foaming capacity.

Mwasaru et al,* in a study with pigeon pea protein isolates,
showed that foam volume expansion decreases with increasing
pH. The authors also highlighted that the use of saline
solutions made it possible to increase the formed foam volume,
as it improves protein solubility. On the other hand, the
presence of salts impaired the rheological properties of the
formed films, decreasing the foam stability over time. Akintayo
et al.”® observed that the foaming capacity of pigeon pea
protein concentrates increased when low concentrations
(0.25%, w v') of NaCl were added. The foaming capacity
had also a direct relationship with the increase in the
concentration of protein concentrate, with better foam
volumes being observed at concentrations equal to 10% (w
v™"). Both the foaming capacity of pigeon pea protein isolates
and the resulting foam stability were superior compared to
those obtained with pigeon pea flour.® Although it forms a
rather small volume of foam, which is characteristic of pulses’
flour, pigeon pea flour generated foams with good stability
(>80%).”*

7.4. Emulsifying Properties. Pigeon pea flours and
protein extracts were shown to have the potential to stabilize
oil-in-water (O/W) emulsions.*****¢"%> Adenekan et al®
reported that pigeon pea protein extracts showed better results
in the stabilization of emulsions than pigeon pea flours
(obtained by milling the seeds). The authors obtained
emulsion stability values that reached 90%, with this
percentage being the measure of the emulsion layer that
remained stable after heating (85 °C/1S min).

Mwasaru et al.”® observed that the pH of protein extraction
significantly affected their emulsifying properties. While the
emulsifying capacity increased slightly as the extraction pH
increased from 8.5 to 11.5, extraction conditions with higher
alkalinity (pH 12.0) decreased the emulsifying capacity of
pigeon pea protein isolates. The authors explained that the
emulsification functionality depends on the botanical source, in
addition to the protein solubility and conformational stability.

The addition of NaCl was also shown to influence the
emulsifying properties of protein isolates. In a work conducted
by Mwasaru et al,’" the addition of 0.1 and 0.4 M of NaCl
contributed positively to increasing the emulsifying capacity,
due to the better solubility conditions of the proteins.

Roasting pigeon pea seeds at temperatures of 80 and 100 °C
was shown to have a negative impact on emulsifying properties,
according to Onimawo and Akpojovwo.”® The authors
observed reductions in emulsifying capacity and emulsion
stability compared to flour that was not produced from roasted

https://doi.org/10.1021/acsfoodscitech.3c00268
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seeds. The decrease in emulsifying properties may be related to
the denaturation of proteins at high temperature.

7.5. Gel Forming Properties. Gelation is a functional
property that is linked to the formation of a percolating
network that provides a solid-like matrix with the retention of
water, lipids, sugars, and flavor in foods, in addition to affecting
their final consistency. Pigeon pea flour was able to form a self-
supporting gel,”* highlighting its potential for application in
foods that require a firm gel consistency. Part of this is due to
the presence of starch in the flour, which contributes to gel
formation.

Acidic pH conditions were shown to be more beneficial for
the formation of gels, compared to alkaline pH values, as
observed by Akintayo et al.®* and Mwasaru et al.®® These
authors also observed that gelation was improved under
conditions of moderate ionic strength, even causing a
reduction from 14 to 6% in the least concentration for gel
formation.

According to Tapal et al,’ the production of protein
hydrolysates from pigeon pea can also affect the least
concentration for gel formation. The authors determined that
too high levels of enzyme (8—10 wt %) did not result in gel
formation. Conversely, the addition of enzyme up to a
concentration of 6 wt % was ideal to obtain firm gels.

Fernandez Sosa et al.'” evaluated the gelling properties of
pigeon pea protein isolates extracted by alkaline solubilization
(pH 8.0) followed by isoelectric precipitation. The gelling
properties of pigeon pea protein isolate were dependent on pH
and ionic strength, with gels obtained at a pH close to the
isoelectric point of proteins (pH = 3.9) showing a denser
network and higher hardness, in texture profile analysis (TPA),
and greater water retention capacity, compared to the cases of
more alkaline pH values. The authors also observed pH-
dependent changes in the color of the gels, varying from light
brown at pH = 2.1 to dark brown at pH = 8.3, which is an
important aspect for consumer acceptance.

8. BIOACTIVE PROPERTIES AND DIGESTIBILITY

8.1. Bioactive Peptides. Bioactive peptides are nutraceut-
ical agents that have health benefits, acting in disease
prevention. Reactive or hydrophobic groups of proteins are
found within their structure; that is, the sequence of reactive
peptides remains inactive within their primary structure. The
release of these peptides through enzymatic protein hydrolysis
is possible and has been shown to be promising for pigeon
pea.'’

By means of bioinformatics analysis, Boachie et al.’®
evaluated 40 pigeon pea proteins and showed that almost
50% of the amino acids were associated with the inhibition of
DPP-4, an enzyme linked with the treatment of diabetes
mellitus (type 2). The evaluation using bioinformatics
projected the pepsin enzyme as the best protease to trigger
the release of bioactive peptides with DPP-4 inhibitory
functions. However, in vitro assays conducted by the authors
showed that the thermolysin enzyme released the most active
DPP-4 inhibitors. Differences between the bioinformatics
simulation and the in vitro assays were attributed by the
authors to the nature and behavior of the protein under
laboratory conditions (acid pH for pepsin catalysis and the
structural conformation of proteins) which are unincorporated
parameters to existing bioinformatics tools for enzymatic

hydrolysis.
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Olagunju et al.”' also evaluated the bioactive activity of
pigeon pea peptides in controlling postprandial blood glucose
levels. The results showed that the hydrolysate and peptide
fractions (obtained through membrane ultrafiltration) may
have potential as natural inhibitors of a-glucosidase, the
enzyme responsible for hydrolyzing starch and increasing the
level of glucose in the bloodstream.

Olagunju et al.'® evaluated the anti-hypertensive effect of
pigeon pea protein isolates and protein hydrolysates through
an assay with hypertensive rats. The hydrolysates were
instantaneous in reducing blood pressure, confirming the
effectiveness of the enzymatic hydrolysis process. Pepsin
hydrolysate had the fastest action in lowering blood pressure,
with a maximum lowering effect of —30.91 mmHg after 2 h of
oral administration. The authors found a similar blood pressure
lowering effect reported for mung bean hydrolysate prepared
with alcalase and for hemp seed and yellow pea pentapep-
tides.”” ™"

8.2. Digestibility. Food digestibility can be studied using
in vitro and in vivo methods. The in vitro strategy consists of
subjecting foods to conditions that simulate the digestion
process (e.g, treatment with mixed digestive enzymes, pH
changes, etc.). The in vivo approach allows for understanding
the real effects that nutrient digestion has on a living body,
usually using rats or pigs. Protein digestibility can provide
insights into the stability of proteins during digestion and how
they withstand the digestive process. In vitro assays have some
advantages over in vivo assays, such as greater reproducibility,
greater speed, and lower cost. However, such methods may
provide an overestimated result for the actual nutritional value,
as it disregards biologically unavailable amino acids. In recent
years, an international group of researchers developed the
INFOGEST protocol (http://www.cost-INFOGEST.eu/)
with the aim of standardizing in vitro digestion methods and
enabling a better comparison between results.*”*’

The Protein Digestibility Corrected Amino Acid Score
(PDCAAS) is an index used to assess the nutritional quality of
proteins and more reliably estimate the protein value of foods
for human consumption. The maximum value of the PDCAAS
is 1.0, which means that after the digestion process, one unit of
protein provides 100% of the essential amino acids required for
human consumption. However, studies have shown that the
PDCAAS generally underestimates the value of high-quality
proteins and overestimates the value of other proteins. In
addition, the presence of antinutritional factors may make the
PDCAAS measurement inappropriate for predicting plant-
based protein quality.*”

Another method used to assess food digestibility is the
Digestible Indispensable Amino Acid Score (DIAAS).
Measured in the small intestine (ileum) of pigs, it is shown
to be a more adequate and accurate estimate for humans,
avoiding the limitations of the PDCAAS procedure (evaluated
in rats). However, the applicability of the DIAAS for proteins
of plant sources is limited by some aspects, such as low
representation of plant-based foods within the scoring
structure; failure to translate differences in nitrogen-to-protein
conversion factors between plant-based and animal-based
foods; focus on isolated nutrients rather than the food matrix;
and inadequate recognition of increased digestibility of heat-
treated and processed plant-based foods.*

Some studies were carried out to evaluate pigeon pea
digestibility, mainly using in vitro methods or assays conducted
in rats. Although the findings of these works may have inherent

https://doi.org/10.1021/acsfoodscitech.3c00268
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limitations of the used methods, they provide an idea of how
pretreatments can affect pigeon pea digestibility. In a study
conducted by Sousa et al.”’ on the in vitro digestion of some
pulse flours and isolated proteins, quantification of the amount
of free amino acid groups after digestion showed that pigeon
pea fractions were the evaluated ingredients that released the
greatest amounts of equivalent glutamic acid, compared to
sorghum, peanuts, black beans, and wheat fractions. Sun et al!
evaluated the digestibility of pigeon pea flours submitted to
different treatments. Gastrointestinal digestion was conducted
by submitting the flour samples to simulated digestive fluids
containing electrolytes, enzymes (a-amylase, pepsin, and
pancreatin), CaCl,, and water. The flour processed by
microwaves showed greater digestibility (71.6%) when
compared to the control flour (54.4%). According to the
authors, the loss of secondary protein structures (due to
microwave treatment) may explain the improvement in
digestibility.

Tapal et al.’ determined the digestibility of pigeon pea
protein isolates using pepsin and pancreatin enzymes. The
degree of hydrolysis achieved in the in vitro digestibility assay
was about 50%. It was observed that the method used had an
impact mainly on the degradation of proteins with molecular
mass between 45 and 66 kDa. The authors highlighted that the
peptides produced by hydrolysis have bioactive potential
against oxidative stress and hypertension, according to
bioinformatics analysis using the BIOPEP database.

Sharma et al."* determined pigeon pea digestibility using a-
amylase (for starch digestion) and pepsin and pancreatin (for
protein digestion). Both starch and protein digestion were
improved by seed germination. Germination at 35 °C for 48 h
resulted in a starch digestibility of 39.1% and a protein
digestibility of about 98.3%, while nongerminated seeds had
results close to 20 and 70%, respectively.

Membrane filtration improved the digestibility of peptide
fractions extracted from pigeon pea, which ranged from 90.6 to
93.6%.>' The size uniformity of the peptides, made possible by
filtration, can contribute to better action of the proteases in
relation to the hydrolysate that did not undergo ultrafiltration
and had peptides of various sizes.

Adenekan et al.® evaluated the in vivo digestibility of pigeon
pea protein isolates using rats. The authors observed values of
nitrogen balance, biological value, net protein utilization, true
protein digestibility, and protein efficiency ratio equal to 0.66
g, 90.0%, 93.0%, 93.1, and 1.4, respectively.

8.3. Antioxidant Activity. In a study conducted by Tekale
et al,* 37 compounds including some short peptides were
identified in Cajanus cajan seeds. According to the authors,
pigeon pea is a source of important bioactives that contribute
to its antioxidant and iron chelating activity.

Yang et al.* determined IC, (antioxidant concentration to
achieve 50% inhibition) values of 2536 and 1250 ug mL™" for
aqueous extracts of pigeon pea seeds, by the DPPH (2,2-
diphenyl-1-picrylhydrazyl) and NO radical elimination meth-
ods, respectively. The authors determined a positive
correlation between the levels of phenolic and flavonoid
compounds and the values found in the antioxidant activity
assays.

Sharma et al.'* reported that germination increased the
antioxidant capacity of pigeon pea. Antioxidant activity was
determined by the DPPH, metal chelating activity, and
reducing power methods, with values of 47.9, 87.7, and
197.3% for seeds germinated at 35 °C for 48 h, while

1795

nongerminated seeds presented values of 21.6, 42.0, and
98.3%, respectively.

Xu et al.”’ evaluated the antioxidant activity of pigeon pea
protein isolate and hydrolysates. The protein isolate showed
greater antioxidant activity (evaluated by the DPPH and NO
radical scavenging methods) than the hydrolysates. Never-
theless, a different result was observed in a study conducted by
Tapal et al,,” in which the protein hydrolysate showed better
antioxidant capacity by the DPPH method than the protein
isolate. Similar behavior was observed for the reducing power
assay. According to the authors, the antioxidant activity of
hydrolysates depends on the composition of peptides
generated after hydrolysis. The antioxidant activity of protein
hydrolysates was also superior to that of protein isolates in a
study conducted by Olagunju et al,*® using the DPPH, ABTS,
FRAP, and hydroxyl radical scavenging methods.

Olagunju et al.'® evaluated the antioxidant activity of pigeon
pea hydrolysates and peptides separated by ultrafiltration
through different methods, such as DPPH, ABTS, FRAP,
superoxide radical scavenging activity, ORAC, and inhibition
of linoleic acid oxidation. In general, low-molecular-mass
peptides, especially the <1 kDa fraction, exhibited superior
antioxidant properties when compared to higher molecular
weight fractions. The hydrolysates produced from the enzyme
alcalase and pancreatin hydrolysates were better than the
hydrolysates produced by the combination of pepsin and
pancreatin.

9. APPLICATION OF PIGEON PEA IN NEW FOOD
PRODUCTS

There is a wide range of applications for plant-based proteins
in the development of food products, including use in food
supplementation, emulsifying, foaming, and gelling agents,
hydrogels for pharmaceutical applications, and use in edible
coatings.86 Some functional properties have already been
investigated for pigeon pea flours and protein extracts (as
presented in the previous section). Yet, the use of pigeon pea
seeds and their protein-rich ingredients in new formulations
with sensory acceptance assessment is still little or nonexistent
in the literature.

Torres et al.”> produced flours from germinated pigeon pea
seeds (4 days/20 °C) and investigated their application in
pasta formulations. A formulation of 100% semolina was used
as control, and formulations added with S, 8, and 10% (w/w)
of germinated pigeon pea flour were evaluated for their
nutritional composition, cooking time, and sensory acceptance.
The protein content of the germinated flour was 29%. Pigeon
pea flour supplementation resulted in shorter cooking times
(20—30% shorter than those of the formulation with 100%
semolina) and better protein, fat, dietary fiber, and mineral
content. No difference was observed by consumers in the
overall acceptance of pastas produced only with semolina and
pastas produced with pigeon pea flour supplementation.

A protein binder (protein content = 32%, w/w) from pigeon
pea was used in the formulation of beef sausages by Mongi and
Gomezuly,®” with concentrations ranging from 0 to 6%
(weight of protein binder/weight of beef meat). The
descriptive analysis showed that the 6% concentration led to
greater acceptance compared to the other concentrations
tested, showing that the increase in the amount of pigeon pea
proteins in the formulations increased the sensory profile and
consumer acceptance. However, control sausages made with
chemical phosphate binder were the most accepted by
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consumers. Studies that also use protein binders from other
plant sources as controls are encouraged to better understand
the performance of pigeon pea proteins in this type of
application.

The application of pigeon pea protein hydrolysate in a
maize-based snack was investigated by Akoja et al.’” The
hydrolysate was produced with the addition of the enzyme
papain (2%, w w™ '), but the protein content of the hydrolysate
was not reported by the authors. Maize flour was added with
pigeon pea protein hydrolysate at concentrations of S, 10, 15,
and 20% to produce snacks, with the 5% concentration being
the one that showed the best overall acceptance by consumers,
together with the control formulation (without addition of
protein hydrolysate).

A study conducted by Anchang and Okafor®® evaluated the
effect of different formulations of breakfast cereals using
mango, pigeon pea, and sorghum flour on the composition of
antinutritional factors. Twenty-eight samples were evaluated
from the combined mixture-process linear multiplication
model used in the study. The authors evaluated the levels of
some antinutritional compounds such as lectins, phytates, and
tannins. Increasing the concentration of pigeon pea flour in
breakfast cereals resulted in an increase in the lectin content.
Increasing the concentrations of pigeon pea flour and sorghum
flour was also accompanied by an increase in the tannin
content. The protein content of the formulations was not
determined by the authors.

It is noted that only flours or ingredients slightly more
concentrated in proteins were used in new product
formulations. The use of pigeon pea protein concentrates
and isolates in product development is scarce and should be
investigated, as it may allow for better performance, when a
certain amount of protein is required, in addition to the
fractionation process potentially removing compounds that
have negative effects on consumer acceptance, such as tannins,
for example. In general, pigeon pea applications appear
promising for the development of cereal-based products and
meat-like products. However, the possible advantages of using
pigeon pea ingredients over other plant sources remain to be

clarified.

10. PERSPECTIVES FOR FUTURE WORK

In recent years, there has been a growing interest in the
exploration of pigeon pea proteins, mainly to produce
concentrates, isolates, and hydrolysates. The works raised in
this review showed promising results, using mostly isoelectric
precipitation extraction methods to obtain protein extracts
from pigeon pea that can be used as food ingredients. The
studies carried out range from improvements in the processing
of pigeon pea seeds to the investigation of their technological
properties to produce functional foods. It is possible to obtain
protein extracts of pigeon pea in a sustainable way, using
simple methods that do not use organic solvents in the
extraction. The investigation of its proteins is a way of
promoting biodiversity and boosting the expansion of this
pulse cultivation in future years.

Some gaps were observed in the evaluated literature that are
relevant to guide future studies on pigeon pea:

(I) Minor compounds (phenolic compounds, flavonoids,
antinutritional compounds, etc.) must be identified and
quantified in more depth (using, e.g., chromatographic
techniques), and their implications for the nutritional
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and functional value of pigeon pea ingredients should
also be evaluated.

The protein composition of pigeon pea should be
characterized in detail. Protein purification has been
little explored in the literature, yet it is important for a
better understanding of how each protein fraction
contributes to the overall functionality of pigeon pea
protein ingredients. Such studies are still relevant to
assist in the selection of cultivars with the desired
protein profile.

(III) Alternative protein extraction methods must be
evaluated, mainly aiming at better process yield and
protein recovery. Studies that use processes assisted by
emerging technologies and dry fractionation of proteins,
in particular, are encouraged.

The rheological behavior and interfacial properties of
pigeon pea protein should be further investigated to
provide mechanical underpinning of certain functional
properties (emulsifying, gelling) and support for the
development of new products.

The digestibility of pigeon pea proteins has been little
evaluated and needs to be further clarified. Some studies
have investigated the digestibility of protein isolates,
concentrates, or hydrolysates, but there is no knowledge
of the digestibility of these proteins in more complex
food systems. The way in which pigeon pea proteins
associate with other components, such as carbohydrates
and lipids, must also be clarified.

Sensory analyses must be conducted to evaluate the
acceptance of seeds and products based on pigeon pea
flour and protein extracts. Comparison with foods based
on animal proteins or vegetable proteins most used
currently (soy, peas, etc.) is of potential interest.

Clarifying these points should be the focus of future studies
on pigeon pea proteins to better understand their functional
properties, improve extraction yield, assess nutritional value,
and enhance consumer acceptance. These efforts aim to
harness pigeon pea proteins as sustainable and nutritious
alternatives to address global protein demand.
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