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A B S T R A C T

Pigeon pea, a protein-rich legume with low protein digestibility (PD) due to its high polyphenol content and
other antinutritional factors (ANFs). Consequently, processing methods are crucial to improve PD. We investi-
gated the effects of thermal treatments (cooking, hydrothermal, autoclaving, infrared rays) treatments and
germination on modulation of PD, its properties and association with ANFs in two distinct genotypes based on
polyphenol content: high (Pusa Arhar 2018–4) and low (ICP-1452). Treatments improved in vitro PD and
essential amino acid content, with autoclaving showing significantly higher PD (ICP-1452: 90.4%, Pusa-Arhar
2018–4: 84.32%) ascribed to disruption of tight protein matrices. Significant increase in β-turn, reduction in
protein: starch, protein: polyphenol interactions as well as breakdown of storage proteins revealed by the
analysis of protein structural properties. This study suggests thermal treatments, particularly autoclaving, can
enhance pigeon pea protein’s nutritional quality for its utilization as a new ingredient in development of healthy
foods.

1. Introduction

Pigeon pea (Cajanus cajan) is the second most consumed (15–20%)
pulse in India, next only to chickpea, owing to its high protein content,
simple cooking and preference by Indian consumers (Sarkar et al.,
2020). Pigeon pea contains protein in the range of 18–25%, carbohy-
drate (57.6%), fat (0.993%–1.75%) and minerals (mg/kg DW) such as
potassium (105.17 to 144.07), magnesium (8.95 to 12.67), calcium
(7.74 to 12.27), iron (0.247 to 0.543), zinc (0.122 to 0.313), manganese
(0.061 to 0.432) and copper (0.087 to 0.134) (Gerrano et al., 2022;
Kuraz Abebe, 2022; Sharma et al., 2011). Pigeon peas not only have

balanced sources of carbohydrates, protein, minerals, and essential
amino acids (EAAs) especially lysine which is a limiting amino acid in
cereals (Duranti, 2006), but also contains vitamins, fibre, and as well
bioactive compounds (Wood & Grusak, 2007). The pulses including
pigeon pea are deficient in sulfur amino acids such as cysteine and
methionine (Venkidasamy et al., 2019). Nevertheless, unlike soybean,
chickpea, garden peas and mung bean, the nutritional quality of dietary
proteins of pigeon pea is limited by protein digestibility due to the
presence of polyphenols (0.3–1.83%) and other antinutritional factors
like phytic acid (0.2–0.9%), enzyme inhibitors and negligible content of
lectins below toxicity level (400 unit/g) (Kachare et al., 2019, Sun et al.,
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2020, Singh & Eggum, 1984, Godbole et al., 1994, Duhan et al., 1999,
Singh, 1988, Grant et al., 1983, Igbedioh et al., 1994). Hence
enhancement of plant protein digestibility by employing food processing
techniques is a critical aspect of the development of high-quality food
products. Several processing techniques, such as heat treatments,
soaking, dehulling, enzymatic hydrolysis, fermentation, and germina-
tion have demonstrated their effectiveness in diminishing the presence
of antinutritional components and as well as polyphenols in legumes and
plant-based proteins, which can otherwise hinder digestibility
(Kalpanadevi & Mohan, 2013; Samtiya et al., 2020). Reduction of these
detrimental factors through application of food processing techniques
offers an opportunity to elevate the nutritional quality of plant proteins
thereby enhancing better absorption by the human body (Gu et al.,
2022; Sá et al., 2020). Dietary protein quality is determined by the
digestion of proteins and absorption of their constituent amino acids
(digestibility) and utilization of absorbed amino acids to support the
whole-body protein synthesis (availability) (WHO, 2007). Considering
the requirements for EAAs and the fact that protein is the only dietary
source of EAAs, a recommended dietary allowance (RDA) for protein
thus does not only entail a quantitative aspect but also has a qualitative
dimension. To the best of our knowledge, till date no studies on the
effect of thermal treatments on protein digestibility of pigeon pea are
available except for microwave treatment (Sun et al., 2020). Therefore,
investigation of the effect of processing methods in modulating protein
digestibility, properties and its association with antinutritional factors is
of paramount importance for the benefit of consumers and plant protein
industries.

Polyphenols in particular is reported to interfere with protein di-
gestibility either by forming complex with protein digestive enzymes or
protein substrates which can have diverse outcomes, including inhibi-
tion, activation, or no observable effect at all (Velickovic & Stanic-
Vucinic, 2018). Interestingly many studies have reported a negative
correlation of polyphenol content with in vitro protein digestibility
(IVPD) (Singh, 1993; Świeca et al., 2013; Lamothe et al., 2014).

Although pigeon pea is largely produced and consumed in India, due
to its low protein digestibility which not only least preferred by protein-
food industries but also compromises the consumer’s health benefits,
hence the objective of the present study is to assess the effect of various
thermal treatments, including pressure cooking, autoclaving, hydro-
thermal and infrared heating, as well as non-thermal treatment such as
germination on improvement of the IVPD. This objective was achieved
by examining how these treatments modulate digestibility of proteins
that co-exist with antinutritional factors, especially polyphenols which
are abundantly present in the seed matrix. To understand how poly-
phenols affect the digestion of proteins, two different pigeon pea ge-
notypes with the contrasting polyphenol compositions were chosen in
this study. All the structural, molecular analysis and studies related to
IVPD; in vitro protein-polyphenol interactions were carried out in these
two genotypes.

2. Materials and method

2.1. Materials

Seeds of pigeon pea genotypes (30) were obtained from the Division
of Genetics, ICAR-IARI. These seeds were cleaned and analyzed for their
polyphenol content. Among these, two genotypes for high and low
polyphenol content were selected. The seeds of these two selected ge-
notypes were divided into two parts. One part was cleaned and dehulled
to obtain split dal, which was then subjected to four different thermal
treatments. The other part, consisting of whole grains, was used for
germination. Gallic acid pure (98%), SDS-PAGE sample loading buffer
(6×) was purchased from G-Biosciences (USA), 3 colour pre-stained
Protein Ladder (10-250 kDa) was obtained from Genetix (India).
Pepsin from porcine gastric mucosa, pancreatin, 5,5′-dithiobis- [2-
nitrobenzoic acid] (DTNB), 2,4,6-Trinitrobenzenesulfonic acid (TNBS),

Folin & Ciocalteu’s phenol reagent, N-α-Benzoyl-L-arginine 4-nitroani-
lide hydrochloride (BAPNA), L-Glutathione reduced were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Phytic acid assay kit was
obtained from Megazymes® (Ireland).

2.2. Processing treatment

2.2.1. Thermal treatments
The split dal from the two genotypes (Pusa Arhar 2018-4 and ICP

1452) were subjected to different thermal treatments. For pressure
cooking (C): previously soaked (12h) dals cooked in a temperature-
controlled container at 100 ◦C while maintaining a static pressure of
15 psi for 30 min. For hydrothermal treatment (HT): coarsely ground to
particle size of 2.5 μm and steamed for 15 min at 100 ◦C and pressure
cooked. For autoclaving (AC): previously soaked (12 h) dal autoclaved
at 15 psi and 121 ◦C for one hour. For infrared heating (IRH): previously
soaked (12 h) dals spread in a uniform 0.5 cm thick layer and placed 11
cm below an NIR lamp with a power of 150 watts having a wavelength
(0.7–1.0 μm); density of 480 watts m− 2 and temperature 40 ◦C was
maintained in the chamber for 15 min followed by pressure cooking
(Vinutha et al., 2022). The processed samples were subsequently sub-
jected to drying at 55 ◦C in a hot air oven, followed by pulverization to
create a fine powder. The resulting powder was stored and utilized for
subsequent analyses.

2.2.2. Germination (G)
The whole grains of were soaked in distilled water overnight (12 h)

at room temperature. Soaked seeds were allowed to germinate for 72 h
and sprouts that had grown to a length of 1.5 cm were collected, dried
and then pulverized to fine powder and stored for further analysis.

2.3. Profiling of total, free and bound polyphenol content

Total polyphenol (TP), free fraction (FF) and bound fraction (BF)
content was determined following the method enumerated by Carbo-
naro et al. (2000) with minor modifications. Sample was treated in 0.1M
NaOH (0.1 g of the samples/mL) and centrifuged at 20,000g for 20 min
to obtain the supernatant which was assessed for TP content by
measuring the absorption at 328 nm and comparing it to a standard
gallic acid. The protein present in the supernatant was precipitated by
5% trichloroacetic acid and subsequently centrifuged at 20,000g for 20
min and absorbance of the supernatant was measured at 328 nm for FF
content. To account for the contribution of proteins to the overall ab-
sorption bovine serum albumin solution was used as control. The BF
content was then calculated from the difference between TP and FF.

2.4. Total protein content and amino acid profiling

To estimate the total protein content in the sample, the nitrogen
content of the samples was determined by Kjeldhal method (AOAC,
2006). The resulting nitrogen value was then multiplied by 6.25 to
obtain the total protein content. Amino acid profiling and quantification
of amino acid were done following the method described by Sarika et al.
(2017) using the Shimadzu LC-30 UPLC system of the Nexera X2 series
with minor modifications. The standard amino acid solution, comprising
17 high-purity amino acids at 0.1 mol/L, was used, and L-norleucine
served as the internal standard. The standard amino acids were eluted
through the C18 column using mobile phase consists of acetic acid
(0.5%): acetonitrile (80:20, v/v), with flow rate of 1.75 mL/min. The
samples were derivatized with fluorenyl methoxy carbonyl chloride
(FMOC) and eluted using mobile phase comprised a buffer phase (tetra-
methylammonium chloride and sodium acetate trihydrate, pH 3.5) and
an organic phase (acetonitrile and methanol in a 49:1 ratio). Samples
were run isocratically with a 90:10 ratio of Solvent A (buffer phase) to
Solvent B (organic phase), where Solvent A and B had a ratio of 9:1 and
1:9, respectively.
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Amino acid scores of the EAAs were determined using the reference
pattern of FAO (1991).

EAAS =
Grams of EAA in 100g of test protein
EAA in 100g FAO reference protein

×100

2.5. In vitro simulated gastrointestinal digestion

In vitro protein digestibility (IVPD) was measured following the
method given by Vitali et al. (2009) with few modifications. Briefly,
flour sample of 0.5 g was mixed with 12.5 mL of trypsin solution (0.5
mg/mL pepsin in dissolved in distilled water; pH 2) and incubated at
37 ◦C in an incubator shaker (Orbitek, Scigenics Biotech) for 2 h. Then
the solution was neutralized to pH 7 with (with 6 M NaOH) and 2 mL of
pancreatin (5 mg/mL pancreatin dissolved in phosphate buffer, pH 8.2)
and incubated for 24 h at 37 ◦C with continuous shaking. To stop the
enzymatic reaction 7 mL of 10% TCA was added and centrifuged at
4100g for 20 min. The residue was collected, washed and the protein
content was determined by Kjeldahl method (AOAC, 2006). The protein
content in the supernatant was calculated by subtracting the protein in
the pellet from the protein content of the sample.

The IVPD was determined using the formula:

IVPD =
Protein content in the supernatant
Protein content in the sample

×100

2.6. Degree of hydrolysis (DH)•

The DH was carried out by method given by Adler-Nissen (1979). To
determine DH 50 μL of digested, undigested and the amino acid mixture
was taken. Digested sample was taken from the supernatant produced in
Section 2.7 and amino acid mixture was taken from the syringe filtered
sample from Section 2.6. The percentage of hydrolysis was calculated
using the following formula:

DH(%) =
At − Ao

Amax − Ao

At = Absorbance of digested sample
A0 = Absorbance of undigested sample
Amax = Absorbance of total amino acid content

2.7. Free sulfhydryl group (SH) content

The determination of free SH content was done by the method pre-
viously reported by Pan et al. (2020) with slight modification. Briefly, 5
mg of samples was suspended in 1 mL of Tris-glycine buffer (86 mM Tris,
90 mM glycine, 4 mM EDTA) containing 8 M urea at pH 8.0. This
mixture was then incubated overnight at 23 ◦C with continuous shaking
at 400 rpm and centrifuged at 3000g for 10min at 23 ◦C, the supernatant
was collected and then diluted to a final concentration of 0.1 mg/mL
using Tris-glycine buffer (pH 8.0). The resulting solution was subjected
to a reaction with Ellman’s reagent in 100:1, v/v ratio for 10min at room
temperature. Absorbance of the mixture was measured at 412 nm. The
free SH group was calculated using the following formula:

SH(μmol/g) = 73.53*(Asample − Ablank)*D
C

Here, D = dilution factor and C = protein concentration (1 mg/mL).

2.8. In vitro studies on interaction of protein isolate/polyphenol complex
(PPC)

2.8.1. Preparation of protein isolate (PI)
Protein isolates (PIs) were prepared by the method given by Papal-

amprou et al. (2010) with few modifications. In brief, 100 g of defatted

flour was mixed with distilled water at a ratio of 1:10 (w/v). The mixture
was then adjusted to pH 8.5 using 1 M NaOH and stirred at 500 rpm for
45 min at room temperature, followed by centrifugation at 4500g for 20
min at 4 ◦C. The resulting supernatant was collected, and the pellet was
used for additional round of extraction (1:5 w/v ratio with distilled
water, pH 8.5). The pH of the combined supernatants was then adjusted
to 4.5 using 0.1 M HCl and the solution was then centrifuged at 4500g
for 20 min at 4 ◦C. The resulting precipitate was washed twice with
distilled water (4 ◦C), re-dispersed in distilled water with pH adjusted to
7 using 1 M NaOH, and finally, subjected to freeze-drying. The protein
content of the resultant protein isolate was determined by Kjeldahl
method (AOAC, 2006).

2.8.2. Preparation of total polyphenol extract
The total polyphenol was extracted by the method given by Putra

et al., 2022. using Soxhlet apparatus. Flour sample (5 g) was mixed with
70% methanol at a temperature of 60 ◦C for 2 h. After extraction the
solvent was evaporated using a rotary evaporator and the residue was
collected. The polyphenol content was determined by Folin-Ciocalteu’s
colorimetric approach as previously described by Carbonaro et al.
(2000).

2.8.3. Preparation of protein isolate/polyphenol complex (PPC) under in
vitro conditions

The PI and polyphenol conjugate were prepared following the
method given by Hao et al., 2022. In brief, PI solutions were prepared
fresh in phosphoric acid buffer (5 mM, pH 7.0) (10 mg/mL) and stirred
overnight at 4 ◦C for complete hydration, and polyphenol stock was
prepared in 50% ethanol solution. The polyphenol extract was then
added to the PI solution based on the inherent polyphenol content of the
sample per g of protein. The solution is mixed thoroughly and incubated
at 25 ◦C for 2 h in the dark. Centrifuged for 20 min at 3434g. The su-
pernatant was decanted and the pellet was freeze-dried to yield the PPC
and the IVPD of the PPC was determined by a method given in Section
2.5.

2.9. Profiling of storage protein fractions (albumin and globulin) by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

Albumin and globulin fractions of the seed protein were extracted
using a method described by Jakubczyk et al. (2019) with a few modi-
fications. Briefly 1 g of defatted sample was combined with 4 mL of
distilled water and subsequently centrifuged at 8000g at 4 ◦C for 20
mins. The resulting supernatant, which contained the soluble albumin,
was collected and kept. The pellet was resuspended in Tris–HCl buffer
(100 mM Tris–HCl, 0.5 M NaCl, pH 8.1) followed by centrifugation at
10,000 rpm at 4 ◦C for 20 min. The supernatant containing globulin was
collected. The protein fractions (albumin and globulin) were analyzed in
SDS-PAGE (Laemmli 1970). The SDS-PAGE was performed using 3%
stacking gel (w/v, pH 6.8) and 12% separating gel (w/v, pH 8.8).

2.10. Secondary structure determination by FTIR

The protein secondary structure of flour samples obtained from
native and treated flour was examined using FTIR spectroscopy (Bruker,
Germany). Finely ground flour samples with a uniform particle size were
mixed with KBr at a ratio of 1:90 (w/w). Subsequently, the resulting
pellets were scanned in the range of 4000–400 cm− 1 at a resolution of 4
cm− 1 using a total of sixty-four scans to capture both background and
sample spectra. Baseline calibration and deconvolution were performed
in the range of 1500–1800 cm− 1 using ORIGIN pro 8 SR0 (v.8.0724,
origin lab corporation, USA) and the relative amounts of different sec-
ondary structure of the samples were determined.
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2.11. Confocal laser scanning microscopy (CLSM)

The protein and polyphenol in the treated and native flour sample
were visualized by using CLSM (Leica TCS-SP2, Germany). Sample was
prepared using method described by (Vinutha et al., 2022) with a few
modifications, briefly flour sample of 100 mg was soaked in 1 mL
deionized water, vortexed for 1 min followed by heating for 10 min
(100 ◦C) and samples were mixed properly. Protein molecules are
stained using Rhodamine B (0.0025%) and polyphenols were stained
using 0.01% toluidine blue O. All samples were preserved in the dark
condition immediately to avoid fluorescent quenching. Then the sample
was visualized under CLSM with the fluorescence excitation and emis-
sion wavelength at 543 nm and 545–660 nm respectively for Rhodamine
B; 488 nm and 530 nm respectively for Toluidine blue O.

2.12. Microstructure imaging by scanning electron microscope (SEM)

Microstructure of the flour matrix of treated and native samples was
visualized using SEM (Jeol JSM 6610LV, Japan). The flour samples were
uniformly spread over the SEM stub having double sided adhesive tape
using a rubber suction bulb and coated with gold‑palladium (JEOL, JEC-
3000FC). The images for all the samples were taken at x400
magnification.

2.13. Trypsin inhibitor (TI) assay

TI activity was determined indirectly following the method
described by Kakade (1969) with few modifications. 0.5 g of sample was
taken for extraction in 25 mL of water by stirring for 3 h followed by
centrifugation at 12,000 rpm for 20 min at 4–6 ◦C. The resultant su-
pernatant was diluted 10 times to obtain TI source. Two sets of extract
(0-1 mL) were pipetted, endogenous (E) and test (T). Trypsin enzyme
was added to the test set followed by adding substrate BAPNA

(α-Benzoyl-D, L-arginine 4-nitroanilide hydrochloride) to all the tubes.
One tube with only enzyme and substrate without adding sample served
as standard (S). Then the absorbance of the resultant solution was
recorded at 410 nm. The protein content was determined using Lowry
method.

A graph of ΔA (Atest -Aendogenous) was plotted against volume of ab-
stract and the extract required to inhibit 50% (S/2) of trypsin activity.
The aliquot size is considered to be one unit of TI activity which cor-
responds to that amount of TI in μg of protein present in the aliquot. The
TI activity is expressed in trypsin inhibitor unit (TIU) per gram of
sample.

2.14. Phytic acid (PA)

For PA determination Megazyme® kit was used. Sample (1 g) was
extracted with 20 mL of hydrochloric acid (0.66 M) overnight at room
temperature. 1 mL of the extract taken and centrifuged at 13,000 rpm for
10 min. Immediately 0.5 mL of the resulting supernatant was taken and
neutralized by addition of 0.5 mL of sodium hydroxide solution (0.75
M). Extract was pipetted into two different tubes for determining free
and total phosphorus in the sample respectively. Total inorganic phos-
phorus (Pi) was released by using enzymes phytase and alkaline phos-
phatase. Then the phosphorus present in the solution is determined by
the absorbance at wavelength 655 nm. Phosphorus calibration curve
was prepared using standard phosphorus solutions and PA content was
calculated using Mega-Calc.

2.15. Statistical analysis

All assays and experiments were performed in three technical rep-
licates and the results were expressed as mean ± standard deviation
(SD). Statistical analysis was carried out by one-way ANOVA (Analysis
of variance) using IBM SPSS Statistics 19 (SPSS Inc., USA). Significant

Table 1
Total protein content (%) and Essential amino acid content (g/100 g protein) of native, germinated and thermal treated pigeon pea varieties.

Pusa Arhar 2018–14 ICP 1452

Dal Cooking HT AC IRH WG G Dal Cooking HT AC IRH WG G

Total protein
content%

22.79
± 0.04

21.21 ±

0.05
21.65
± 0.07

20.56
± 0.21

21.65
± 0.16

22.96
± 0.05

23.31
± 0.04

21.31
± 0.09

20.03 ±

0.04
20.34
± 0.12

19.9 ±

0.08
20.08
± 0.02

21.87
± 0.16

22.83
± 0.04

Lysine
6.37
±

0.009

5.42 ±

0.007
5.9 ±

0.007
5.85 ±

0.007
5.83 ±

0.005
6.25 ±

0.007
6.29 ±

0.007

6.98
±

0.04a
5.74 ±

0.05b
5.06 ±

0.05a
5.70 ±

0.03b
5.17 ±

0.04a
6.29
±

0.08c
6.32 ±

0.06c

Histidine
3.33
±

0.004f
2.96 ±

0.004c
2.89 ±

0.007b
2.94 ±

0.004c
2.82 ±

0.004a
3.1 ±

0.004e
3.04 ±

0.009d
3.28
±

0.03c
2.92 ±

0.02a
2.92 ±

0.04a
3.12 ±

0.04b
2.82 ±

0.05a
3.56
±

0.02d
3.74 ±

0.01e

Leucine
8.66
±

0.02d
8.93 ±

0.03a,b,c
9.2 ±

0.009b,
c,d

9.09 ±

0.01c,d
9.19 ±

0.01a
8.17 ±

0.01b,c,
d

9.57 ±

0.02a,b
6.49
±

0.11a
7.51 ±

0.2b
7.96 ±

0.14b
8.26 ±

0.25c
8.33 ±

0.16d
6.31
±

0.15a
7.52 ±

0.2b

Isoleucine
4.5 ±

0.04e
3.98 ±

0.01b,c
3.7 ±

0.01a
3.97 ±

0.01b
3.94 ±

0.01b
4.13 ±

0.02d
4.07 ±

0.01c,d
4.91
±

0.13d
4.14 ±

0.26a
4.31 ±

0.21b
4.58 ±

0.21c
4.21 ±

0.27a,b
4.73
±

0.16c
4.32 ±

0.45b

SAAA
2.33
±

0.05b
2.21 ±

0.02c
2.27 ±

0.007e
2.31 ±

0.01d
2.15 ±

0.008e
2.28 ±

0.01a
2.22 ±

0.02f
2.24
±

0.11b
2.16 ±

0.08a,b
2.14 ±

0.44a
2.23 ±

0.27b
2.12 ±

0.34a
2.23
± 0.1b

2.13 ±

0.35a

Phenylalanine
+Tyrosine

10.28
±

0.004

11.95 ±

0.01
11.3 ±

0.01
11.62
± 0.01

11.29
± 0.02

10.26
±

0.004

10.88
±

0.007

10.99
±

0.19a
11.89 ±

0.25b,c
11.51
±

0.33a,b

11.73
±

0.29b,c

11.25
±

0.39a

11.16
±

0.07a

12.09
±

0.34c

Valine
4.33
±

0.03a
4.61 ±

0.03c
4.6 ±

0.01c
4.52 ±

0.01b
4.69 ±

0.01c
4.79 ±

0.009d
5.13 ±

0.01e
4.11
±

0.33a
4.38 ±

0.45b
4.66 ±

0.05c
3.99 ±

0.3a
4.77 ±

0.09c
3.81
± 0.1a

3.76 ±

0.12a

Threonine
3.3 ±

0.004
3.57 ±

0.01
3.41 ±

0.01
3.72 ±

0.007
3.38 ±

0.02
3.53 ±

0.01
4.3 ±

0.007

3.25
±

0.05b
3.76 ±

0.07c,d
3.71 ±

0.03c
3.89 ±

0.21d
3.70 ±

0.37c
2.59
±

0.08a
3.22 ±

0.46b

Total EAA (g/
100 g protein)

43.03
±

0.03c
43.63 ±

0.03e
43.36
± 0.03d

44.07
± 0.01f

43.35
±

0.02b
42.54
± 0.02a

45.5 ±

0.02g
41.81
±

0.18b
42.52 ±

0.29b,c
42.29
±

0.009b
43.6 ±

0.21d
42.54
±

0.17d,e

40.76
±

0.11a

43.12
±

0.28c,d

Sulfur Amino Acid (SAA)- Methionine + Cysteine.
Values are means ± standard error (n = 3).
For both the variety, means with the same letters were not significantly different (p < 0.05).
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differences were assessed using t-test and defined at a 5% level (p <

0.05).

3. Results

3.1. Profiling of polyphenol composition in pigeon pea genotypes

The TP, FF and BF in the whole grains and dals of 30 different pigeon
pea genotypes are presented in Supplementary Table 1 and Supple-
mentary Fig. 1. Whole grains exhibited TP content in the range of 215.33
± 0.98–1250.22 ± 1.69 mg GAE/100 g, FF of 51.90 ± 1.01–571.95 ±

0.63 mg GAE/100 g and BF of 110.03 ± 0.51–678.27 ± 3.2 mg GAE/
100 g, whereas dals showed TP content in the range of 173.03 ±

1.09–652.21 ± 1.65 mg GAE/100 g, FF of 39.75 ± 0.39–275.37 ± 0.98
mg GAE/100 g and BF of 98.06 ± 0.81–376.84 ± 1.2 mg GAE/100 g.
Among all the genotypes whole grain and dal of genotype Pusa Arhar
2018–4 characterized with darker seed coat colour showed high content
of TP, FF and BF. Whereas whole grain and dal of genotype ICP 1452
showed lowest content of TP and BF and Bahar genotype showed lowest
FF, and these two genotypes are characterized with light seed coat
colour. Thus, whole grains of pigeon pea genotypes showed large vari-
ation in polyphenol content. Additionally, whole grains showed higher
polyphenol content (5.9–82.6%) compared to dehulled cotyledons,
suggesting polyphenol content is majorly associated with the seed coat
colour and pertinently present in the seed husks, and also a significant
amount of polyphenol is present in bound form in whole grain and dal of

Fig. 1. Graphical representation of changes in protein properties after thermal treatment and germination. Values are means of three replicates with standard error.
IVPD (%), degree of hydrolysis (%) and free sulfhydryl group content (μmol/L) after thermal treatment in left panel (A, C, E) and after germination in right panel (B,
D, F) respectively.
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pigeon pea seeds (Supplementary Fig. 1). These results presented herein
confirm the earlier findings in various legume species such as faba bean,
kidney bean, cow pea etc. (Carbonaro et al., 2000; Gao, Ma, Wang, &
Feng, 2017; Sashikala et al., 2015; Segev et al., 2010; Singh, 1993).
Based on these results, Pusa Arhar 2018–4 (P+), having high polyphenol
content, and ICP 1452 (P− ), having low polyphenol content, were
selected for further biochemical and protein quality analysis.

3.2. Effect of thermal and germination treatments on total protein content
and amino acid composition

Total protein content from native and treated seed flours of both
pigeon pea genotypes showed a decline after thermal treatments but
exhibited significant increase following germination (Table 1 and Sup-
plementary Fig. 2 A and B). The protein content in the native dal was
found to be 22.79 g/100 g and 21.32 g/100 g for P+ and P− respectively,
which declined significantly during treatment by 4.79–10.2% and

Table 2
Percent content of β-sheet, β-turn, α-helix, and Random coils in control and treated Pusa Arhar 2018–4 (high polyphenol containing) and ICP1452 (low polyphenol
containing) pigeon pea variety.

Pusa Arhar 2018–4 ICP-1452

β-sheet α-helix β-turn β-sheet α-helix β-turn

Dal Whole
grain

Dal Whole
grain

Dal Whole
grain

Dal Whole
grain

Dal Whole
grain

Dal Whole
grain

Control 26.8 ±

0.19d
26.42 ±

0.31c,d
16.98 ±

0.023d
18.92 ±

0.11e
12.41 ±

0.16a
13.85 ±

0.11b
27.16 ±

0.11d
28 ±

0.15d
18.98 ±

0.06a
17.83 ±

0.03b
25.51 ±

0.64a
25.96 ±

0.07a

Cooking 25.63 ±

0.25b,c
– 10.96 ±

0.39b
– 15.6 ±

0.18c,d
– 25.98 ±

0.16b,c
– 11 ±

0.08a
– 26.78 ±

0.092d
–

Hydrothermal 25.35 ±

0.37b
– 10.59 ±

0.12a.b
– 15.21 ±

0.07c
– 25.17 ±

0.28a
– 11.23 ±

0.08a
– 26.61 ±

0.092c
–

Germination – 24.02 ±

0.31a
12.8 ±

0.09c
– 15.22 ±

0.09c
– 27.85 ±

0.32d,e
12.27 ±

0.1b
– 26.71 ±

0.026b

Autoclaving 25.96 ±

0.08b,c,d
– 9.97 ±

0.23a
– 15.9 ±

0.09d
– 25.41 ±

0.11a,b
– 10.71 ±

0.05b
– 22.76 ±

0.059e
–

Infrared 25.35 ±

0.11b
– 11.23 ±

0.29b
– 15.83 ±

0.0d
– 26.41 ±

0.13c
– 10.22 ±

0.2b
– 26.78 ±

0.028e
–

• Values are means ± standard error (n = 3).
• For both the variety, means with the same letters were not significantly different (p < 0.05).

Fig. 2. SEM images of native, thermal treated and germinated pigeon pea flour of Pusa Arhar 2018–4 (A), ICP-145 (B). Marked area showing the protein and starch
interaction (S- Starch, P-Protein). (A) Pusa Arhar 2018–4, (B) ICP-145.
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4.51–6.61% respectively. AC treatment showed the highest reduction in
protein content in both the genotypes. However, germination treatment
significantly increased the protein content. The protein content in whole
grain was found to be 22.96 g/100 g and 21.87 g/100 g for P+ and P−

respectively, which showed an increment of 1.29% (P+) and 4.39% (P− ),
respectively during germination. The increase in the protein content
during germination may be attributed to the biosynthesis of new protein
during the process of germination. On the other hand, the decline in
protein content during thermal treatment can be explained due to the
loss of water-soluble proteins and also due to the process of protein
denaturation. Alterations of protein content following the thermal
treatment and germination have been reported in pearl millet and
various legumes such as mung beans, chickpeas, cowpeas, peas, African
yam beans, field beans, and lupins (Vinutha et al., 2022; Uppal & Bains,
2012; Habiba, 2002; Onyeike & Omubo-Dede, 2002; Vaga et al., 2017).

Table 1 presents the EAA composition in native and treated flour.
The EAAs content was found to be increased (0.68–6.95%) in both the
genotypes due to thermal treatments and germination. Thermal treat-
ments and germination showed a decline in sulfur amino acid
(0.14–7.72%) and lysine (7.27–24.2%) contents, whereas increased
leucine (3.15–28.35%) and aromatic amino acid content (3.3–16.27%)
was observed. The decreased sulfur amino acid during thermal treat-
ment could be due to the decomposition of these amino acids following
an exposure to high temperature. Whereas decreased sulfur amino acid
in germinated seed could be attributed to utilization of sulfur amino acid
from storage protein to the growing seedling by metabolizing into sul-
fate ions (Anderson& Fitzgerald, 2003). Likewise, the decrease in lysine
concentration that has been noticed may be the result of the Maillard
reaction, which is the condensation of amino acid groups in proteins (or
in peptide linkage or even free amino acids) with glycosidic sugars
(Candela et al., 1997). Similar alterations the contents of amino acids
were reported in chickpeas, kidney bean, chickpea, lentil and faba beans
after thermal processing and germination (Mubarak, 2005; Ziena, 1989;
Candela et al., 1997; El-Adawy, 2002).

3.3. Influence of thermal treatments and germination on protein
properties

3.3.1. In vitro protein digestibility and degree of hydrolysis
The native whole grain of P+ and P− showed IVPD values of 60.95%

& 65.54%, and native dal of P+ and P− showed 62.73% & 66.2%
respectively. Both the genotypes showed a substantial increase in IVPD,
ranging from 76.8 ± 0.65% to 84.32 ± 0.23% in P+ and from 79.64 ±

0.1% to 90.4 ± 0.24% in P− . Notably, AC showed the highest
enhancement of IVPD in both the genotypes (Fig. 1. A and B) was due to
the prevalence of higher temperature for longer duration of time (121 ◦C
for 60 min) than cooking (100 ◦C for 30 min), hydrothermal treatment
(steaming for 15 min followed by additional cooking for 30 min at
100 ◦C) and infrared heating (40 ◦C for 15 min followed by additional
cooking for 30 min at 100 ◦C) which enabled higher rate of penetration
of steam into seed matrices might possibly allowed higher denaturation
and stimulated folding process of proteins was evident by higher β-turn
content (Table 2) and disruption of tight protein matrices visualized by
SEM image analysis (Fig. 2). Loosening of protein matrices and protein
structural changes into high β-turn content was sufficient enough for
higher accessibility to protease enzymes that contributed to significantly
increased IVPD after AC treatment (Fig. 5). Similar to the present study,
previous findings by Arise et al. (2022), Zhang et al. (2019), Bressani
and Elias (1977) and Jood et al. (1989) on jack bean, sweet potato
protein, chick pea, blackgram, common bean, have reported that auto-
claving resulted in the highest increase in IVPD compared to other
thermal processing methods. Increased IVPD in peanut, sesame seeds,
pea, black grams, chickpeas, lentils, red and white kidney beans after
thermal treatments (boiling, autoclaving, microwave cooking, roasting
etc.) was also reported by Embaby, 2010; Park et al., 2010; Rehman &
Shah, 2005. Thermal treatment and germination showed a trend of

increasing DH in dal and wholegrains of both the genotypes which
indicated the increase of proteolysis after thermal treatment and
germination. The DH was found to be significantly increased (p < 0.05)
by 22.92–31.37% in P+ and 23.43–37.67% in P− after thermal treat-
ments and germination. The highest increase in DH was observed after
AC in both the genotypes (Fig. 1. C and D). The increase in DH was
positively correlated with the increase in IVPD after thermal treatments
and germination in both the genotypes (Supplementary Fig. 4).
Improvement of DH after thermal treatment was reported in soybean,
lentil, black turtle bean and increase in protein digestibility along with
DH was found in germinated pigeon pea seeds (Zahir, Fogliano, &
Capuano, 2018; Zhang et al., 2019; Ohanenye, Sun, Sarteshnizi, &
Udenigwe, 2021). However, thermal treatment and germination
enabled better IVPD and DH in the genotype having low polyphenol (P− )
compared to the genotype having high polyphenol (P+). Thus, these
results clearly demonstrate that inherent polyphenol content in pigeon
pea can hinder proteolysis by complexing with protein thus form tight
protein matrices that consequently lead to low accessibility to digestive
enzymes and hence reduced IVPD was observed in genotype having high
polyphenol (P+) compared to the genotype having low polyphenol (P− ).

3.3.2. Free sulfhydryl (FSH) group
The FSH group from native and treated flour of pigeon pea are shown

in Fig. 1. E and F and it was observed that thermal treatments and
germination significantly (p < 0.05) improved the FSH by
14.09–29.93% in P+ and 19.51–33.7% in P− . AC showed the highest
increase in FSH group in both the genotypes. Previously the increase in
FSH group was reported in quinoa albumin, sesame protein after heat
treatment and germination (Yang et al., 2022; Di et al., 2022). The in-
crease in the FSH group in thermal treated and germinated seeds suggest
the loosening of the compact structure of protein matrices due to protein
denaturation and breakdown of storage proteins, which was further
vindicated by SEM images, FTIR analysis (observed change in the
absorbance in the amide I range) and a decrease in the band intensity in
SDS-PAGE (Fig. 4). Higher FSH content was due to a conversion of in
native protein structure into a denatured protein form which showed a
positive correlation with the increase in IVPD of treated seeds, indi-
cating a better access to the digestive enzymes (Supplementary Fig. 4).

3.4. Secondary structure analysis by FTIR

The FTIR spectra displayed distinct peaks in the amide I region
(Supplementary Fig. 3), specifically at 1700 cm− 1 and 1600 cm− 1,
changes in this amide I region underlie the changes in the secondary
structure of the protein molecule. These peaks are characteristic of
various secondary structures in proteins: 1623–1641 cm− 1 and
1674–1694 cm− 1 for β-sheets, 1648–1657 cm− 1 for α-helices, and
1660–1684 cm− 1 for β-turns. In this study, the β-turn content in native
flour of whole grain and dal was 12.41% and 13.85% respectively in P+

and 15.97% and 16.4% respectively in P− . This was found to increase
significantly (P < 0.05) after thermal treatments and germination by
9.89–28.1% in P+ and 6.59–24.26% in P− (Table 2). However, after
thermal treatment and germination there was a significant decrease in
α-helix content (32.36–41.25% in P+ and 31.14–46.14% in P− ) and a
small and non-significant decrease in β-sheets content (3.15–9.08% in
P+ and 0.51–7.3% in P− ). The significant increase in β-turn was
observed after thermal treatment and germination which might enable
increased IVPD. Thus, this result clearly indicated that improvement of
IVPD after thermal treatment and germination was primarily due to
higher β-turn content which in turn enabled higher accessibility to
protein digestive enzymes. The higher content of β-turn in low poly-
phenol containing variety suggests that thermal treatment might
exposed β-turn on the protein surface because of low hindrance by
polyphenols for accessibility of proteases, hence increased IVPD in low
polyphenol containing variety (P− ).
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3.5. Microstructure images of pigeon pea flours by SEM

The microstructure of flour samples from native and treated flour of
both the genotypes (P+ and P− ) was analyzed through SEM (Fig. 2. A and
B). The distinct structures of starch granules and protein molecules are
observed. In native flours, starch molecules appear as oval-shaped,
smooth-surfaced granular structure, while the protein molecules pre-
sent as irregularly clustered entities with rough surfaces and were
observed to be tightly adhering to the surface of the starch granules
(Möller et al., 2021). Following a thermal treatment, the starch

molecules underwent gelatinization, losing its granular structure to
present a larger and rougher appearance causing the release of adhered
protein molecules into the flour matrix. Additionally, the disrupted
interaction between the proteins and starch molecules offered an
enhanced protease accessibility. Additionally in the treated flours,
smaller fractions of denatured proteins were also observed, making
them more accessible to digestive enzymes and thus contributing to the
improved digestibility of the protein (Sun et al., 2020). However, the
changes in starch granule were not prominent in the germinated seed
flour derived from both the genotypes. A small fraction of protein was

Fig. 3. Confocal laser scanning micrographs of polyphenol and protein pigeon pea flour of Pusa Arhar 2018–4 (A) and ICP1452 (B) depicting protein (red),
polyphenol (blue) and protein-polyphenol overlay images. IVPD % of protein isolates (PI) and protein-polyphenol complex (PPC) of Pusa Arhar 2018–4 (C) and
ICP1452 (D). Values are means of three replicates with standard error. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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observed implying the degradation of protein molecules during the
germination process that in turn could have contributed to the increased
IVPD.

3.6. Confocal laser scanning microscopy

The native and treated flours of both the genotypes (P+ and P− ) were
examined using CLSM (Fig. 3. A and B). The microstructure of flour
highlighted the presence of protein (red) and polyphenol (blue). In
native flour the polyphenol molecules were more prominent than in
treated and germinated seeds, and showed a close interaction with
protein which can be seen as purple colour due to fusion of protein (red)
and polyphenol (blue) molecules. This interaction appeared less prom-
inent in thermal treatment and germination, as indicated by a faint
purple colour. Hence germination and thermal processing reduce the
interactions between protein and polyphenol which in turn facilitates
the high accessibility for protein degrading enzymes thereby improving
IVPD. Furthermore, compared to the protein molecules in native flour,
molecules in thermally treated and germinated flour show a disorga-
nized and non-compact arrangement due to protein denaturation and
degradation.

3.7. Effect of polyphenol on the in vitro protein digestibility

To determine the effect of polyphenol on the IVPD, protein poly-
phenol complex (PPC) was allowed to form under in vitro conditions and
IVPD was evaluated. This approach serves as an indirect measure to
understand how polyphenols influence digestibility. The result of IVPD
of PPC showed a positive effect of thermal treatment and germination on
IVPD (Fig. 3. C and D). In P+, native whole grain PI showed IVPD of
81.48%, and dal PI exhibited 82.42%. After subjecting the samples to
thermal treatments and germination, the IVPD of PI ranged from 87.45%
to 89.03% indicating an improvement in IVPD of PI after thermal
treatment and germination. However, when these isolates formed
complexes with polyphenol extract, a significant decrease in IVPD was
observed. The reduction was 25.57% in whole grain and 24.73% in dal.
Interestingly, PPC derived from thermally treated and germinated seeds
showed a significant (p < 0.05) increase in IVPD compared to PPC from
native flour (9.29% to 17.27%) in P+. A similar trend was observed in
P− , where native whole grain PI had an IVPD of 83.16%, and for dal, it
was 84.94%. After thermal treatment and germination, the IVPD of PI
increased to a range of 90.76% to 93.37%. However, upon complex
formation of native PI with polyphenol extract, there was a significant
decrease in IVPD. The reduction was 21.97% in whole grain PPC and
15.05% in dal PPC. PPC derived from thermally treated and germinated
samples displayed a significant increase (8.7%–11.97%) in IVPD

compared to ones derived from native flours. It was also observed that
the inhibitory effect of the polyphenol extract is more pronounced in the
genotype with higher polyphenol content (P+) compared to the geno-
type with lower polyphenol content (P− ). Following thermal treatment
and germination, denaturation of PI and degradation respectively, could
have caused a decreased interaction with polyphenols, [as evident from
CLSM images (Fig. 3)] and hence facilitated increased IVPD. Decreased
IVPD of protein complexed with polyphenol has been reported in the
instances of soy protein isolate (SPI)/black soybean seed coat extract
(BE) complexes, whey protein/fruit phenolics complex (chlorogenic
acid and catechin) and whey protein isolates (WPI)/caffeic acid complex
(He et al., 2015; de Morais et al., 2020; Ren et al., 2018).

3.8. Changes in the pattern of storage protein fractions profiling

Major fraction of pigeon pea storage protein is globulin fraction
(54–60%) (Olagunju & Omoba, 2021). SDS-PAGE was performed to
profile the changes in the globulin and albumin fragments of pigeon pea
seeds and their effect on IVPD after thermal treatments and germination.
The globulin fraction profile of native pigeon pea flour showed two
prominent bands of molecular weight near 65 and 47 kDa (Fig. 4. A)
which represent the two subunits of 7 s vicilin which is the most
abundant globulin in pigeon pea (Olagunju & Omoba, 2021). These
subunits displayed significant reductions in band intensities, ranging
from 18.11% to 72.55% in P+ and from 49.36% to 98.12% in P− ,
following both thermal treatments and germination (Supplementary
Table 2). The albumin fraction profile showed four major fractions of
size 94, 63, 43 and 21 kDa which were found to be prominent in native
flour as compared to treated and germinated seeds. The albumin fraction
in legumes contains other undesirable proteins, including lipoxygenases,
TIs, lectins, as well as antigenic and allergenic compounds. The band
near 94 kDa and 21 kDa represents lipoxygenases and TI respectively
which were conspicuously missing after thermal treatments and
germination (Fig. 4 B). The rise in IVPD observed in seeds subjected to
thermal treatment and germination could be attributed to the break-
down of both globulin and albumin fractions, as observed in SDS-PAGE,
which was further supported by the SEM imaging as denatured fractions
of protein was evident in the thermal treated and germinated sample.
Similar studies of significant reduction of storage proteins in various
legumes like green gram, quinoa and other legumes after thermal
treatments and its positive correlation with protein digestibility has
already been reported (Sánchez-Velázquez et al., 2021; Sashikala et al.,
2015; Yang et al., 2022).

Fig. 4. SDS-PAGE image of globulin (A) and albumin (B) fractions in untreated and treated seeds of Pusa Arhar 2018–4 and ICP-1452. 1. Lipoxygenase 2. Trypsin
inhibitor WG-Whole grain, HT-Hydrothermal, AC- Autoclaved, IRH- Infrared heating G- Germination.
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3.9. Effect of thermal treatments and germination on antinutritional
factors (ANFs)

Table 3. summarizes ANFs (polyphenol, TI, PA) content in native and
treated flour of the two genotypes (P+ and P− ). Reduction in these ANFs
were observed in thermal treated and germinated flours. Among the
treatments AC showed significantly higher reduction of TP content up to
36.49% followed by HT (34.54%), C (32.43%), IRH (30.03%) and G
(21.59%) in P+. In P− , AC showed 31.7% reduction, followed by HT
(28.52%), IRH (27.61%), C (24.69%) and G (9.2%). Major fraction of
polyphenol in pigeon pea was present in BF form which was also found
to be significantly lower after AC (64.53% in P+ and 66.63% in P− ) as
compared to C, HT, IRH and G. A small yet significant increase in FF

content was observed in both P+ (1.8–9.8%) and P− (6.5–18.37%)
following thermal treatments and germination. The TI content in native
whole grain and dal was found to be 1805.65 ± 26.01 and 1617.91 ±

26.70 TIU/g respectively in P+, 1497.71 ± 8.62 and 1258.21 ± 20.96
TIU/g respectively in P− . The TI content in treated flour was found to be
508.24 ± 43.55–731.71 ± 3.09 TIU/g in P+ and 440.68 ±

16.81–468.70 ± 26.84 TIU/g in P− . AC showed highest reduction of TI
by 68.58% in P+ and 64.97% in P− . PA in the native whole grain and dal
showed highest amount of PA of 1.67 g/100 g and 1.75 g/100 g
respectively in P+ and 0.78 g/100 g and 0.86 g/100 g respectively in P− .
Following thermal treatment and germination, a significant reduction in
PA content was observed, where IRH showed highest reduction in both
the genotypes of P+ and P− (77.2 and 53.71% respectively).

Fig. 5. Thermal treatments like cooking (C), hydrothermal (HT), autoclaving (AC), infrared heating (IRH) and germination (G) increased β-turn and random coil
content, thereby increasing protein digestibility (90.49% in AC). Increased free sulfhydryl (SH) group enhanced the hydrophilicity causing an exposure of hydrophilic
amino acid on the surface of protein. In addition, breakdown of storage protein, disintegration protein-polyphenol and protein-starch interactions in flour matrix
attributed to loosening of the protein matrices that facilitated greater accessibility of protein hydrolysing enzymes leading to an improved protein digestibility.
Inherently, higher content of polyphenols in pigeon pea has negatively impacted the protein digestibility. Protein isolated after heat treatment, when subjected to
complexation with polyphenol lowered interaction due to heat induced changes in protein structure and hence increased protein digestibility.
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Decreased polyphenol content during thermal treatment and
germination could be due to breakdown of polyphenols as observed in
CLSM studies (Fig. 3) and the loss of water-soluble polyphenol during
soaking prior to thermal treatments or the activation of polyphenol
oxidase might have contributed to the breakdown of polyphenolic
compounds in germinated seeds. Additionally, the application of heat
during processing disrupts the bound polyphenol complexes, releasing
previously bound phenolics into a free form. This accounts for the sub-
stantial decrease in BF content and a slight increase in FF content in the
thermal treated seeds. The TIs are small proteins of low molecular
weight and the significant reduction in their content could be attributed
to the heat induced denaturation during thermal, whereas germination
caused a mobilization of breakdown of these proteins which was visu-
alized in SDS-PAGE image (Fig. 4). The susceptibility of PA to high
temperature caused degradation and the likely cause for its reduction
(Sharma et al., 2018). This reduction in ANFs after processing treat-
ments was previously reported in cowpea, kidney beans, peas, and
chickpea following different treatments like autoclaving, microwave
cooking, and roasting. Reduction of TI after pressure cooking, soaking
and germination in pigeon pea and other legumes and reduction of
polyphenol content after thermal treatment and germination in common
bean, faba bean, pigeon pea and rice were also reported (Sharma et al.,
2018; Khattab et al., 2009; Singh, 1993; Carbonaro et al., 2000, Alonso
et al., 2000; Duhan et al., 2001; Trugo et al., 2000).

The study’s findings reveal a remarkable connection between the
reduction of ANFs and the observed improvements in IVPD and DH
value in the treated pigeon pea seeds. It appears that the thermal
treatment and germination processes applied in this study have effec-
tively reduced these antinutritional factors, leading to an enhanced
IVPD and a more extensive DH. This suggests that the decrease in
polyphenols, TIs, and PA has a positive impact on the nutritional quality
of pigeon pea seeds, making them more accessible and beneficial for
human consumption.

4. Conclusion

This study explores the enhancement of pigeon pea protein quality
after thermal treatments and germination. The investigation includes an
analysis of in vitro protein digestibility (IVPD), essential amino acids
(EAAs) content, and factors influencing IVPD. The findings revealed that
among the four thermal treatments—cooking, hydrothermal treatment,
autoclaving, infrared heating—and the non-thermal treatment of

germination, autoclaving exerts the most significant impact on
improving IVPD. Autoclaving demonstrates the highest influence on
altering protein secondary structure and reducing anti-nutritional fac-
tors (ANFs). The study further indicates that polyphenols play an
inhibitory role in IVPD, and their reduction following thermal treatment
and germination contributes to the overall improvement in protein
quality and digestibility. The impact of polyphenols on IVPD is also
evident from the two contrasting varieties used in this study, as thermal
treatment had a better effect on the low polyphenol-containing variety
compared to the high polyphenol-containing variety. In conclusion,
autoclaving can be an effective method to improve protein digestibility
of pigeon peas.
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Table 3
ANFs content in native, germinated and thermal treated pigeon pea varieties.

Polyphenol (mg GAE/100 g) TI (TIU/g) Phytic acid (g/100 g)

Total polyphenol Free Fraction (FF) Bound fraction (BF)

Pusa Arhar 2018-4

Control
Dal 652.21 ± 1.65c 275.33 ± 0.98c(21%) 376.84 ± 1.20c 1617.91 ± 26.70f 1.67 ± 0.15d

WG 1250.02 ± 1.69d 571.95 ± 0.63d 678.27 ± 3.20e 1805.65 ± 26.01g 1.76 ± 0.03d

Cooking 456.29 ± 4.68b(30.03%) 294.18 ± 1.85b(6.83%) 167.71 ± 3.62a,b(55.49%) 540.61 ± 11.98(66.5%) 0.64 ± 0.05b(61.2%)
HT 426.88 ± 0.82a(34.54%) 288.57 ± 0.61a(4.79%) 136.99 ± 0.64a(63.64%) 528.47 ± 19.75c(67.3%) 0.47 ± 0.005a,b(71.6%)
AC 414.19 ± 0.76b(36.49%) 289.89 ± 1.37a(5.27%) 120.0 ± 0.74b(68.15%) 508.24 ± 43.55a(68.58%) 0.32 ± 0.06a(32.3%)
IRH 440.68 ± 7.44b(32.43%) 301.11 ± 2.34b(9.34%) 139.56 ± 4.79b(62.96%) 583.26 ± 7.86b(63.94%) 0.38 ± 0.02a(77.2%)
G 980.06 ± 5.09d(21.6%) 593.31 ± 1.20e(3.73%) 386.75 ± 6.15d(42.97%) 731.71 ± 3.09e(59.4%) 0.99 ± 0.01c(43.3%)

ICP1452

Control Dal 173.03 ± 1.09b 74.96 ± 0.55a 98.06 ± 0.81b 1258.21 ± 20.96c,d 0.810 ± 0.02b

WG 215.33 ± 0.98d 105.3 ± 0.65e 110.03 ± 0.51d 1497.71 ± 8.62d 1.004 ± 0.05c

Cooking 130.15 ± 3.84a(24.78%) 88.74 ± 1.45b(18.37%) 41.41 ± 2.4a, b(57.76%) 468.25 ± 19.01b,c(62.78%) 0.4 ± 0.009a(50.41%)
HT 123.53 ± 0.67a(28.6%) 84.35 ± 1.18b(12.51%) 39.17 ± 1.05a(60.04%) 440.68 ± 16.81a(64.97%) 0.46 ± 0.01a(42.9%)
AC 117.94 ± 1.13a(31.83%) 85.29 ± 1.97c(13.77%) 32.64 ± 3.05a(66.7%) 468.70 ± 26.84a(62.74%) 0.37 ± 0.005a(53.7%)
IRH 125.10 ± 2.25a(27.7%) 86.03 ± 1.42b(14.76%) 39.06 ± 1.06a(60.16%) 441.94 ± 34.91a(64.87%) 0.53 ± 0.005a(33.88%)
G 194.75 ± 2.95c(9.55%) 112.21 ± 0.72d(6.56%) 88.75 ± 3.66c(15.82%) 680.66 ± 5.68b(54.55%) 0.81 ± 0.10b(18.6%)

• Values are means ± standard error (n = 3).
• For both the variety, means with the same letters were not significantly different (p < 0.05).
Values in parenthesis are percent change in comparison to control. (WG as control for G, and dal as control for Cooking, HT, AC, IRH)
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Jakubczyk, A., Szymanowska, U., Karaś, M., Złotek, U., & Kowalczyk, D. (2019).
Potential anti-inflammatory and lipase inhibitory peptides generated by in vitro
gastrointestinal hydrolysis of heat-treated millet grains. CyTA Journal of Food, 17(1),
324–333.

Jood, S., Chauhan, B. M., & Kapoor, A. C. (1989). Protein digestibility (in vitro) of
chickpea and blackgram seeds as affected by domestic processing and cooking. Plant
Foods for Human Nutrition, 39, 149–154.

Kachare, D. P., Satbhai, R. D., Rathod, D. B., & Naik, R. M. (2019). Evaluation of pigeon
pea (Cajanus cajan L.) genotypes for nutritional quality. Legume Research-An
International Journal, 42(4), 485–489. https://doi.org/10.18805/LR-3899

Kakade, M. L. (1969). An evaluation of natural vs. synthetic substrates for measuring the
antitryptic activity of soybean samples. Cereal Chemistry, 46, 518–526.

Kalpanadevi, V., & Mohan, V. R. (2013). Effect of processing on antinutrients and in vitro
protein digestibility of the underutilized legume, Vigna unguiculata (L.) Walp subsp.
unguiculata. LWT- Food Science and Technology, 51(2), 455–461.

Khattab, R. Y., Arntfield, S. D., & Nyachoti, C. M. (2009). Nutritional quality of legume
seeds as affected by some physical treatments, part 1: Protein quality evaluation.
LWT- Food Science and Technology, 42(6), 1107–1112. https://doi.org/10.1016/j.
lwt.2009.02.008

Kuraz Abebe, B. (2022). The dietary use of pigeon pea for human and animal diets. The
Scientific World Journal, 2022. https://doi.org/10.1155/2022/4873008

Lamothe, S., Azimy, N., Bazinet, L., Couillard, C., & Britten, M. (2014). Interaction of
green tea polyphenols with dairy matrices in a simulated gastrointestinal
environment. Food & Function, 5(10), 2621–2631. https://doi.org/10.1039/
C4FO00203B
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Sánchez-Velázquez, O. A., Ribéreau, S., Mondor, M., Cuevas-Rodríguez, E. O., Arcand, Y.,
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