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Abstract

Worldwide, different abiotic stresses, such as drought, salinity, and heavy metals, harm crop productivity. Legumes, compared
to cereals, are more susceptible to these stresses. The current work aimed to provide more insights into the effects of Cd and
Pb on various seed protein characteristics of two cultivars of chickpea (Cicer arietinum), HC1 and HC5. At the highest concen-
trations of Cd, the total seed proteins decreased from 25.2% (control) to 7.1% (30 mg/kg soil), while in the case of the maximum
concentration of Pb, 300 mg/kg soil, the protein content decreased to 16.1% from 25.2%. The content of each of the four seed
protein fractions viz. albumins, globulins, glutelins and prolamins decreased with an increase in the concentration levels of both
heavy metals. The dominating protein fraction, globulins, was reduced by 21.7% in HC1 under Cd stress, while it was reduced
by 11.9% in Pb-treated genotype HC5. Electrophoretic analysis of four seed protein fractions on SDS-gels showed only quanti-
tative changes in the polypeptide patterns under varying concentrations of Pb with few qualitative alterations under Cd treat-
ment. The contents of the amino acids tryptophan, cysteine and methionine also decreased with increasing concentrations of
heavy metals. Compared to Pb, Cd was found to be more detrimental concerning its influence on seed protein quality. Thus, our
analysis revealed how heavy metals impact the quality of chickpea seed proteins by decreasing the content of essential amino

acids.
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INTRODUCTION

The world's population will be approximately 9.6 billion
by 2050 and poses enormous challenges, one of which
is achieving food security (Stagnari et al., 2017). Food
and Agriculture Organization (FAO, 2020) estimated
that 135 million individuals worldwide had been suffer-
ing from acute malnutrition before COVID-19, and the
current situation is a "crisis within a crisis." To achieve
the Sustainable Development Goal (SDG) of ending
hunger, access to food for everyone is also a top priori-
ty (United Nations, 2019). According to the Worldwide
Global Nutrition Report (2020), most countries and In-
dia have a high percentage of underweight children due
to dietary deficits. Therefore, including food legumes in
the diet can improve their health status (Stagnari et al.,
2017). With nearly 20,000 species, legumes are the

world's third most crucial crop family after oilseeds and
cereals and the second most advantageous crop family
(Sita et al., 2017). Therefore, the world's growing popu-
lation can be secured by ensuring food security through
leguminous crops (Foyer et al., 2016; Considine et al.,
2017; Liu et al., 2019). With the world's population ex-
pected to rise to 11 billion from 7.5 billion by the end of
the twenty-first century, 70% more food would be re-
quired (United Nations, 2017; Alexandratos, 2009).

Chickpeas (Cicer arietinum L.) are the principal source
of dietary protein for vegetarians among grain legumes
(Kudapa et al., 2013). With 20-30% total seed protein,
~41% carbohydrates and 3-6% oll, it is also a good
source of minerals such as calcium, phosphorus, iron,
zinc, potassium, magnesium and manganese. Food
legumes, with high seed protein content, soluble and
insoluble fibre, oligosaccharides, phenolics, and essen-
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tial nutrients such as vitamins, antioxidants, and biologi-
cally active compounds, can provide multiple health
benefits to humans and livestock (Meena et al., 2015).
However, the seed protein content in food legumes var-
ies considerably, ranging from 16% to 28% in chick-
peas (Igbal et al., 2006). Furthermore, legumes contain
a high concentration of globulins and albumins, 70%
and 20%, respectively, with prolamins and glutelins
serving as minor protein fractions (Duranti, 2006).
Climate change and accompanying biotic and abiotic
factors impact crop productivity and yield, as evidenced
by the diminishing grain productivity of major crops
across the world (Yadav et al., 2015). Drought, heat
stress, salinity, and heavy metal (HM) contamination
affect legume growth, yield, and quality (Varma and
Meena, 2016). The rapid industrial growth, urban devel-
opment, intensified agricultural practices, and mining
have resulted in the significant accumulation of heavy
metals in soil and groundwater reserves (Rai et al.,
2019). Cd and Pb are released into the environment
through mining, improper agricultural practices, and
other industrial processes. (Bakirdere et al., 2016). Ag-
ricultural soil contaminated with Pb and Cd is a signifi-
cant concern because it affects consumer health
through the food supply (Naveedullah et al., 2013, Hadi
et al, 2013). In recent decades, Pb- and Cd-
contaminated soils have become major concerns about
the potential harm to human health through direct in-
take and bioaccumulation by the food chain and their
effects on the entire ecosystem.

The effects of various heavy metals have been studied
on multiple growth parameters in legumes, such as
grain quality in groundnut, chickpea and green gram
(Farooq et al., 2018), grain oil and vegetative growth in
soybean (Farooq et al, 2015; Lebrazi and Fikri-
Benbrahim, 2018), chromosomal abnormalities in grass
pea (Wei and Cen, 2020), accumulation of seed re-
serves such as proteins, starch, sugars and minerals,
seed quality in chickpea (Valentine et al., 2018), and
mineral nutrient balance in peas (Bae et al., 2016).
However, studies on the effects of heavy metals on
seed protein fractions in chickpea are lacking. There-
fore, considering the importance of chickpea in human
nutrition and the increasing concentration of heavy met-
als in soil, the present work was proposed to under-
stand how the rising concentration of heavy metals (Cd
and Pb) can impact protein quantity/quality in Cicer ari-
etinum.

MATERIALS AND METHODS

The seeds of two cultivars of C. arietinum HC1 and
HC5 were procured from Chaudhary Charan Singh Har-
yana Agricultural University (CCS HAU) Hisar, Harya-
na. A pot experiment was conducted in the experi-
mental plot of the Botany Department, Kurukshetra Uni-

versity, Kurukshetra, Haryana, India, in the last week of
October to study the effects of the heavy metals cadmi-
um (Cd) and lead (Pb) on the seed protein fractions of
chickpea. For each variety, the pots filled with soil were
divided into four sets (i.e., three sets for heavy metal
treatments and one set as control) with five replicates
in each. Crop thinning was performed to keep five
plants per pot. During their vegetative growth, the
plants were watered as needed. Seeds were harvested
at maturity, dried and ground to seed meal.

Considering the permissible limits of Cd and Pb in the
soil and the tolerance range of legumes to these heavy
metals, three different concentration levels of each
heavy metal, i.e., Cd (as CdCl,. H,O): 10, 20 and 30
mg/kg soil; Pb (as Pb(NO3),): 100, 200 and 300 mg/kg
soil, were supplied to plants. The seed meal was defat-
ted using hexane (10 ml/g seed meal) for protein esti-
mation, fractionation of total seed protein into four frac-
tions, estimation of the content of tryptophan, cysteine
and methionine in each fraction and electrophoretic
separation of fractions on SDS-gels.

Fractionation of seed proteins

For fractionation studies, the Croy et al. (1984) method
with slight modifications was used. Albumins and glob-
ulins were extracted together in 50 mM borate buffer
(pH 8) followed by dialysis to separate each one; glute-
lins and prolamins were extracted in 0.1 N NaOH and
70% ethanol, respectively.

SDS-polyacrylamide gel electrophoresis

The polypeptide patterns of four seed protein fractions
were analysed electrophoretically on SDS-gels under
reducing conditions following the discontinuous system
as given by Davis (1964) and Ornstein (1964) and as
per the formulation by Laemmli (1970).

Protein Estimation

For protein estimation, the seed meal's total nitrogen
was determined using the semimicro Kjeldahl method
as described by Peach and Tracey (1956). Then, the
total nitrogen determined was multiplied by 6.25, the
standard multiplication factor, to obtain the percentage
of total protein in the seed sample.

Proportion of four protein fractions

Bradford's method (1976) was used to determine the
proportion of four protein fractions. Using the bovine
serum albumin (BSA) standard curve, the final soluble
protein concentration in each fraction was calculated.

Tryptophan Estimation

Tryptophan content was determined by following the
method given by Spies and Chambers (1948). It is
based on the reaction of tryptophan with p-dimethyl
amino benzaldehyde and the subsequent development
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of blue colour by oxidation with sodium nitrite. For this,
5 ml of dimethyl amino benzaldehyde (0.3% DAB in
19N H,SO,) was added to 0.5 ml of a given protein
fraction followed by thorough mixing of the contents
and incubation at 25 + 2°C for 18 h in the dark. Then,
0.1 ml of 0.045% sodium nitrite solution was added.
The contents were shaken vigorously, and the intensity
of colour development was measured by determining
the absorbance at 590 nm. Absorbance values were
plotted against their respective standard tryptophan
concentrations (10-100 mg/ml).

Methionine estimation

The McCarthy and Sullivan (1941) method was used
for the estimation of methionine. To 0.5 ml of a given
protein fraction, 1.5 ml of Tris-HCI buffer (pH 7.2) con-
taining 0.002 M ethylenediaminetetraacetic acid
(EDTA), 0.5% 2-mercaptoethanol and 50 mg of papain
enzyme was added. The tubes were incubated for hy-
drolysis at 50°C for 4 h after vigorous shaking. Subse-
quently, the tubes were allowed to cool to room temper-
ature, and 50 ml of m-phosphoric acid was added to
each tube to stop the reaction. Then, distilled water
was added, the volume was raised to 5 ml, the contents
were filtered, and aliquots of the filirate were used for
analysis. To 2 ml of the enzyme hydrolysate, 3 ml of
distilled water, 1 ml of 5 N NaOH and 2 ml of 3% gly-
cine were added; contents were mixed, and 0.1 ml of
10% freshly prepared sodium nitroprusside solution
was added to each. This was followed by incubation of
the contents at 40°C for 10 min in a water bath and
then cooling to room temperature. For colour develop-
ment, 2 ml of 85% m-phosphoric acid was added slowly
with constant shaking, and the colour intensity was
read at 520 nm. The calibration curve prepared using
known concentrations (100-1000 mg/ml) of methionine
was used to estimate the methionine concentration.

Cysteine estimation
For cysteine estimation, the method given by Goa
(1961) was used. It is based on reducing cysteine by

hydrazine hydrate to hydrogen sulfide concentration,
which can be determined colorimetrically. To 0.5 ml of
protein fraction, 1.0 ml of distilled water and 3 ml of
hydrazine hydrate (99-100%) were added. The con-
tents were heated at 120°C for 18 h and then cooled to
room temperature. One milliliter of distilled water was
added, and the content was shaken. Then, 5 ml of 8N
H,SO, was added, and the H,S produced was collect-
ed in 10 ml of bismuth nitrate, which changed to yellow
upon reduction with H,S. The yellow concentration due
to bismuth sulfide thus formed was determined spec-
trophotometrically at 400 nm.

To prepare bismuth nitrate solution, 2.2 g of bismuth
nitrate pentahydrate was dissolved in 250 ml of 3.2%
mannitol solution in distilled water. To this solution, 80
ml glycerol and 360 ml of 2.5% solution of gum arabic
in water were added. This solution was made 1 litre
with 0.2 N acetate buffer, pH 4.4 and filtered.

RESULTS

Total seed protein content and four protein fractions
The seed protein content in the analysed chickpea
genotypes under varying concentrations of Cd and Pb
are shown in Fig. 1. In mature seeds of cultivar HC1,
the protein content showed a considerable decrease
from 24.5% in the control to 7.1% at the highest con-
centration (30 mg) of Cd. In the case of Pb treatment,
the protein content in cultivar HC5 decreased from
25.2% (control) to 16.1% at the maximum concentra-
tion (300 mg/kg).

The effects of different concentrations of Cd and Pb on
the four protein fractions are shown in Fig. 2. With the
increase in Cd supply from zero in the control to 30 mg/
kg, albumins decreased from 30.1 to 17.1 mg/g seed
meal; the globulins decreased from 125.2 to 98.1 mg/g
seed meal. Glutelins and prolamins also followed a
decreasing trend with an increase in concentrations of
Cd. An increase in Pb supply also diminished all four
protein fractions. Albumins decreased from 31.5 to
19.1 mg/g seed meal, globulins from 130.2 to 114.7

Table 1. Proportion of four seed protein fractions under varying concentrations of Pb and Cd

Heavy metals and

Proportion of four fractions (%)

Genotype their concentrations

Cd Albumins Globulins Glutelins Prolamins

Control 14.8 65.6 14.7 49

10 mg/kg 14.4 67.4 13.8 44

HC1 20 mg/kg 16.2 66.9 12.8 4.1

30 mg/kg 17.6 66.0 13.2 3.2

Pb

Control 14.6 66.7 13.2 5.5

100 mg/kg 14.1 66.1 14.8 5.0

HCS 200 mg/kg 13.6 65.9 15.3 5.2

300 mg/kg 12.7 66.4 15.5 54
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Fig. 1. The seed protein content (%) under different con-
centrations of Cd and Pb

mg/g seed meal, glutelins from 26.8 to 18.1 mg/g seed
meal and prolamins from 5.6 to 4.2 mg/g seed meal.
The status of the four protein fractions concerning their
relative proportions under varying concentrations of Cd
and Pb is given in Table 1. Thus, the relative proportion
of albumins and globulins in Cd-treated plants in-
creased from 14.8% to 17.6% and 65.6% to 66.0%,
respectively. At the same time, the relative proportion
of glutelins and prolamins decreased from 14.7% to
13.2% and 4.9% to 3.2%, respectively. In the case of
Pb treatment, the relative proportion of albumins and
globulins decreased from 14.6% to 12.7% and 66.7%
to 66.4%, respectively. Glutelins increased from 13.2%
to 15.5%, while a slight 5.5% to 5.4% reduction was
observed in the prolamin fraction.

Amino acids

The four protein fractions analysed for tryptophan, me-
thionine and cysteine content and the relative contribu-
tion of each fraction to the total content of each amino
acid under increasing levels of both heavy metals are
shown in Table 2. Treatment of HC1 with higher levels
of Cd resulted in a decrease in total tryptophan content
and its contribution due to albumins and glutelins. In
contrast, the tryptophan contribution due to globulins
and prolamins increased. In HC5, increased Pb con-
centrations led to a rise in the total tryptophan content
as well as its relative contribution due to albumins
(15.2% to 18.8%) and glutelins (14.6% to 17.5%). The
contribution to tryptophan by globulins and prolamins
decreased.

The total methionine and its relative contribution due to
albumins, globulins, and prolamins decreased as the
Cd concentration increased. After treatment with differ-
ent Pb levels, total methionine and its relative contribu-
tion increased from 21.6% to 23.4% and 6.8% to 11.9%
due to glutelins and prolamins, respectively. In contrast,
methionine and its relative contribution due to albumins
and globulins followed a decreasing trend (25.4% to
22.1% and 46.2% to 42.6%, respectively, as shown in
Table 2).

The total cysteine and its relative contribution due to

Globulin = Glutelin M Prolamin = Albumin

120 17 &

Protein fraction in mg/g

mg/kg | ma/kg | mg/kg
HC1 (for Cd)

mg/kg | mg/kg | mg/kg
HCS5 (for Pb)

Heavy metals and their concentrations

Fig. 2. Effect of heavy metals on four seed protein fractions

glutelins and prolamins followed a decreasing trend as
the Cd concentration increased, while albumins and
globulins followed an increasing pattern (Table 2). After
treatment with different Pb levels, total cysteine and its
relative contribution increased from 19.1% to 24.5%
and 6.9% to 11.1% for glutelins and prolamins, respec-
tively. In contrast, the albumins and globulins contribu-
tion towards the total followed a decreasing trend from
21.5% to 18.5% and 52.5% to 45.9%, respectively.

Polypeptide patterns on SDS-gels

The polypeptide patterns of different seed protein frac-
tions of the genotype HC5 and standard protein molec-
ular weight markers are shown in Fig. 3. Both qualita-
tive and quantitative differences were observed in the
polypeptide patterns of protein fractions under the influ-
ence of varying levels of Cd (Fig. 4). Globulins are com-
posed of many polypeptides with molecular weights
ranging between Mr 13 kDa and 75 kDa. The polypep-
tides of Mr 33 kDa and 13 kDa were intense and dark,
followed by those of Mr 53 kDa and 41 kDa, which were
prominent but relatively low intensity. A few polypep-

S 3
§ §
-
= S
< 3

Mol. Wt. x 102

116.0 kDa

66.2 kDa

45.0 kDa

35.0kDa

25.0 kDa

18.4 kDa
14.4 kDa

Fig. 3. SDS-PAGE of four seed protein fractions
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Table 2. Effect of heavy metals on the proportion of amino acid contributions of four protein fractions

Heavy metals Contribution of fractions (g/100gm seed meal)

Geno- and their con- Tryptophan Methionine Cysteine
type centrations al glo glu pro al glo glu pro al glo glu pro
Cd
Control 232 544 160 64 248 452 19.0 11.0 204 46.1 232 103
10 mg/kg 21.0 558 146 86 232 443 221 104 232 467 215 86
HCA1 20 mg/kg 182 582 14.0 96 225 434 244 97 238 487 203 7.2
30 mg/kg 16.1 592 136 111 220 399 286 95 269 490 185 56
Pb
Control 152 577 146 125 254 462 216 68 215 525 191 6.9
100 mg/kg 16.8 55.6 154 122 249 457 222 72 221 478 218 83
HC5 200 mg/kg 175 552 164 109 241 454 230 75 218 465 227 9.0
300 mg/kg 18.8 53.7 175 10.0 221 426 234 119 185 459 245 111

(al= albumins, glo= globulins, glu= glutelins, pro= prolamins)

tides of Mr79 kDa, 31 kDa, 19 kDa and 17 kDa are
represented by lightly stained bands. Bands with Mr 79
kDa, 53 kDa and 19 kDa were absent in the control
sample of globulins and appeared as new by different
Cd treatments. As shown in Fig. 4, albumins were rep-
resented by polypeptides of Mr 29 kDa, 19 kDa and 32
kDa. The polypeptides in glutelins were lightly stained,
while the polypeptides of prolamins were not visible on
the gel.

The globulins in Pb-treated genotype HC5 were repre-
sented by polypeptides of Mr 13 kDa to 68 kDa (Fig. 5).
Major polypeptides of Mr 36 kDa, 31 kDa and 29 kDa
were intense and dark, but those of Mr 68 kDa, 55 kDa,
19 kDa, 18 kDa and 17 kDa were prominent but of rela-
tively low intensity. Polypeptides of Mr 65 kDa, 50 kDa,
49 kDa and 13 kDa were represented by very lightly
stained bands. No change in polypeptides was ob-
served in globulins with different treatments. Albumins
are represented by a polypeptide of Mr20 kDa with
varying intensity at different supply levels of Pb. Glute-

Albumins Globulins Glutelins Prolamins
| \ | |

L LI L2 13 Lo Ll L2

3 H L L L3 H oLl 213 TP
Mol. Wt. x 10°

————

{ s

Fig. 4. SDS-PAGE of four fractions from seeds of plants
(HC1) grown under different concentrations of Cd (TP=
Total proteins, LO= Control, L1= 10 mg/kg, L2= 20 mg/kg,
L3= 30 mg/kg)

lins are comprised of polypeptides of Mr20 kDa, 25
kDa and 38 kDa. Prolamins were not visible on the gel
under treatment with lead (Fig. 5).

DISCUSSION

The present investigation suggests that heavy metal
(Pb and Cd) inputs in soil affect the seed protein char-
acteristics of both genotypes (HC1 and HC5) of chick-
pea. The decreasing effects of higher doses of heavy
metals on total seed protein content, as in the present
study, have also been reported earlier (Farooq et al.,
2018; Haider et al., 2021). A decreasing trend of seed
protein content under Pb has also been observed in
cereals, other pulses and oilseeds (Zulfigar et al.,
2019). The relative proportion of albumins and globu-
lins decreased under Cd supply. In contrast, in the case
of Pb, these protein fractions increased, so Cd was
more toxic to the major fractions. These results confirm
the findings of Chaoui and El Ferjani (2013) in lentils

Albumins Globulins Glutelins Prolamins

| | | |

Lo LI L2 L3 | Lo LI L2 L3 H Lo LI L2 L3 ” Lo LI L2 L3

5

Mol. Wt. x 10

3
%

66.2kDa —>

50.0kDa —>

35.0kDa —5
v . . W
S .

o Theagige
14.4kDa —2 m

Fig. 5. SDS- PAGE of four fractions from seeds of plants
(HC5) grown under different concentrations of Pb  (TP=
Total proteins, LO= Control, L1= 100 mg/kg, L2= 200 mg/
kg, L3= 300 mg/kg)
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and Jaouani et al., 2018 in Pisum sativum.

Changes in the structure, composition and accumula-
tion patterns of seed proteins under the influence of
changing mineral supply levels, salinity, drought, heavy
metals, phytohormones, etc., have been studied in dif-
ferent crops, such as wheat, rice, chickpea, and
Phaseolus vulgaris. (Murumkar and Chavan, 1986;
Jacobsen and Shaw, 1989; Soliman et al., 1994; Gold-
berg, 2003; Bhardwaj et al., 2009; Baxter et al., 2011;
Kumar et al., 2017). In contrast to earlier investigations,
the present study extended to seed protein fractions
and the content of some essential amino acids, such as
tryptophan, cysteine and methionine, in chickpea under
the influence of Cd and Pb. Protein accumulation dur-
ing seed formation is the combined outcome of various
genetic and environmental factors. The decrease in
protein content may be ascribed to a decline in the rate
of protein synthesis or an enhanced rate of protein deg-
radation (Balestrasse et al., 2003; Feiet al., 2018).
Heavy metals are well recognized to enhance protein
degradation (Gadd and Griffith, 1978) and hydrolytic
activities of proteases, DNase, and RNase enzymes
(Lee et al., 1976a). Heavy metals also induce anatomi-
cal changes that affect physiological activities and ulti-
mately seed protein quality (Ali and Malik, 2021).
Heavy metal (HM) stress generates hindrances in the
folding of nascent proteins; therefore, misfolded/
damaged proteins that fail to obtain their native confor-
mation are targeted for degradation by the ubiquitin—
proteasome process (UPS) or via autophagy to mini-
mize their accumulation (Liu and Howell 2016; Ha-
san et al., 2017). Additionally, soil contamination with HMs
greatly reduces the symbiotic nitrogen fixation that leads
to reduced accumulation of seed storage proteins.

In the present study, the accumulation of amino acids,
tryptophan, cysteine and methionine in chickpea seeds
was also substantially affected by heavy metals. Com-
pared to Pb, Cd proved more detrimental in terms of its
influence on the content of amino acids, as noted by
Gianazza et al. (2007) in Lepidium sativum. This must
be because of the HM-induced reactive oxygen species
(ROS) that promote DNA damage, weaken DNA repair
mechanisms and disturb the functional membrane in-
tegrity, nutrient uptake, and tertiary structure/activity of
proteins/enzymes (Tamas et al., 2014). All such chang-
es eventually lead to reduced accumulation/synthesis
of amino acids and seed protein fractions (Garcia et al.,
2006, Mishra et al., 2006).

Pb and Cd are also known to interact with carboxyl,
sulfhydryl, and amine functional groups of proteins,
affecting their functions (Tan et al., 2010; Sarkar et al.,
2021). As a result of their structural modifications, mod-
ified proteins/enzymes cannot function correctly, result-
ing in cellular malfunctioning. Electrophoretic analysis
of seed protein fractions (Fig. 4) in the present study on
chickpea under the influence of Cd revealed qualitative

and quantitative changes in polypeptide patterns of
protein fractions. However, in the case of Pb (Fig. 5),
only quantitative differences were observed. The newly
seen polypeptides in protein fractions and polypeptides
that exhibited an increase/decrease in their intensity
may be considered stress-responsive proteins. The
alterations observed reflect the upregulation and down-
regulation of genes for different polypeptides and the
expression of certain newly induced genes by Cd and
Pb. Several proteases have been reported to increase
under heavy metal stress (Lee et al., 1976b). There-
fore, increasing the activity of these proteases might
also account for the decrease in the intensity of certain
polypeptides. Accordingly, planning further studies to-
wards understanding the molecular mechanisms that
regulate such alterations in protein fractions will be of
great interest and significance. The use of forward-
looking techniques such as MALDI-TOF-MS should
provide novel insight into the precise nature of changes
in polypeptides and their role in metabolic changes un-
der Cd and Pb stress.

Conclusion

The present study outlines the impact of Cd and Pb on
the accumulation of total proteins, the proportion of four
protein fractions and the content of some essential ami-
no acids in chickpea. This study illustrates that the
quality of chickpea seed proteins is negatively affected
by HMs by decreasing the accumulation of albumin and
globulin fractions (rich in essential amino acids). There-
fore, to conserve the nutritional quality of chickpea/
legume proteins, some novel strategies should be de-
veloped to reduce the uptake of HMs and their translo-
cation in the plant system either by chelating HMs in
soil or manipulating the plant proteins to restrict the
uptake of HMs from the soil.
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