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ABSTRACT

Genetic resources with desired seed compo-
sition are needed to improve nutritional quality
of chickpea (Cicer arietinum L.) seeds. A germ-
plasm collection of 171 chickpea genotypes
(desi and kabuli types) was characterized for
selected seed quality traits (thousand-seed
weight [TSW], starch, protein, and amylose) in
one greenhouse and two field trials. Kabuli-type
chickpea genotypes (115.7 to 537.4 g and 36.2 to
49.0%) had higher TSW and starch concentra-
tions than desi types (114.6 to 332.4 g and 32.4
to 42.9%), respectively. Desi type chickpea gen-
otypes (16.7 to 27.5%) showed a higher range for
protein concentration than kabuli types (17.1 to
24.8%). However, amylose concentration did not
vary significantly between desi (29.7 to 34.4%)
and kabuli (29.2 to 35.0%) type chickpea geno-
types. Genotype, environment, and their inter-
action showed a significant impact on selected
seed-quality traits. Among the chickpea seed-
quality traits studied, seed weight was the most
heritable trait, and it showed significant positive
correlation with starch concentration. Protein,
amylose, and total raffinose family oligosaccha-
rides (RFO) had significant negative correlation
with TSW. However, total RFO concentration
showed significant positive correlation to both
starch and protein concentrations. The identi-
fied desi and kabuli genotypes can be used as
new genetic resources in chickpea improve-
ment programs to develop chickpea varieties
with enhanced nutritional composition.
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HICKPEA (Cicer arietinum L.) is an annual self-pollinating

member of the Fabaceae family. It is a diploid species (2n =
2x = 16) with a genome size of about 740 mbp (Varshney et al.,
2013). In 2014 chickpea was cultivated over 14.8 million hect-
ares that produced 14.2 million tons, making chickpea the second
most important pulse crop globally (FAOSTAT, 2014). Of the
total world chickpea production during 2014, 84.3% was pro-
duced in Asia, followed by 5.7% in Oceania, 5.4% in Africa, 3.4%
in America, and 1.2% in Europe. Among the Asian countries,
India (82.3% of total Asian production) is the largest producer
of chickpea, followed by Pakistan (6.3%), Myanmar (4.1%), and
Turkey (3.8%). Chickpea is classified into two botanical groups:
desi (purple flower and small, dark, angular seeds) and kabuli
(white flower and large, cream-colored seeds) types that are
mainly grown in semiarid tropical and temperate regions of the
world, respectively (Gangola et al., 2013; Gangola et al., 2016).
The global annual production of desi chickpea is about four times
that of kabuli type (Thudi et al., 2014).
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Chickpea seed is mainly composed of carbohydrates
and proteins that contribute about 80% to total seed dry
mass (Jukanti etal., 2012; Zia-Ul-Hagq et al., 2007). Starch,
a major storage carbon reserve, contributes two-thirds of
chickpea seed weight (Gangola et al., 2014). Starch gran-
ules in chickpea seeds are composed of higher concentra-
tion of amylose (30 to 40%) than starch in cereal grains
(25% in wheat), which reduces the bioavailability of the
starch and the calorie value of chickpea seeds (Jukanti et
al., 2012). Chickpea seeds contain up to 28% protein on a
dry weight basis, and the protein is rich in lysine but defi-
cient in methionine amino acids. Therefore, chickpea seeds
make an excellent dietary complement to cereals that are
low in lysine but rich in methionine (Wood and Grusak,
2007). Protein concentration in chickpea seeds does not
differ significantly from other pulse crops, including black
gram, lentils, and red and white kidney bean (Jukanti et
al., 2012), but shows higher in vitro digestibility (Chitra
et al., 1995). Therefore, chickpea is an important compo-
nent of food and feed in developing countries. However,
higher concentration of raffinose family oligosaccharides
(RFO) in chickpea seeds limits the adoption of chickpea as
food or feed in developed countries (Gangola et al., 2013).
Raffinose family oligosaccharides are sucrosyl-galacto-
sides characterized by the presence of a(l—6) linkage.
Raffinose is the first member of the family, followed by
stachyose and verbascose (Kannan et al., 2016). Raffinose
family oligosaccharides play important physiological roles
in plants, and in human diet at lower concentrations are
considered as prebiotics. Raffinose family oligosaccharides
escape digestion in the small intestine, but the microbes in
the large intestine ferment RFO, producing short-chain
fatty acids and small concentrations of deleterious gases
(carbon dioxide, hydrogen, and methane) (Gangola et
al., 2016). Consumption of chickpea seeds rich in RFO
(2.0 to 7.6%) increases the production of deleterious gases
causing stomach discomfort, bloating, flatulence, and in
extreme cases, diarrhea in humans (Gangola et al., 2013).
Therefore, nutritional quality of chickpea seeds can be
improved by increasing the concentrations of nutrients or
reducing RFO concentration.

Chickpea breeding programs have mainly focused on
increasing the yield by improving either valuable agro-
nomic traits (Cho et al., 2002; Cobos et al., 2009) or resis-
tance or tolerance to biotic and abiotic stresses (Patil et
al., 2014; Sabbavarapu et al., 2013). Consequently, global
chickpea yield has increased from 649 kg ha™! in 1965
to 967.6 kg ha~! in 2013 (FAOSTAT, 2013). However,
breeding for nutritional quality improvement has rarely
been attempted in chickpea (Gaur et al., 2007). The only
seed-quality trait that has been extensively studied in
chickpea is seed weight, as it is directly associated with
yield. A major limitation to improving chickpea nutri-
tional quality is the lack of extensive studies that analyzed

Table 1. Geographical origins and botanical types of chick-
pea genotypes used in the study.

Region Desi Kabuli Total
South Asia 68 18 86
Southwest Asia 13 11 24
North Africa 9 10 19
Europe 10 8 18
Sub-Saharan Africa 11 5 16
Meso-America 4 1 5
South America 2 2
North America 1 0 1
Total 116 55 171

seed-quality trait diversity in chickpea genotypes. There-
fore, chickpea genetic resources that vary for seed-quality
traits, which can be used in breeding programs to enhance
chickpea nutritional quality, need to be identified. In a
previous study (Gangola et al., 2013), natural variation for
RFO concentrations was studied in a germplasm collec-
tion of 171 chickpea genotypes. A significant effect of gen-
otype (G), environment (E), and their interaction (G X E)
on RFO concentrations in chickpea seeds was observed.
In the present study, the same germplasm collection was
evaluated for variation in the selected seed-quality traits
and their correlation to the seed RFO concentrations.

MATERIALS AND METHODS
Plant Material

A collection of 171 chickpea genotypes was procured from
International Crops Research Institute for the Semi-Arid Trop-
ics (ICRISAT, Patancheru, India). The collection includes both
desi and kabuli chickpea types collected from eight regions of
the world (Table 1). All the chickpea accessions were grown in
three different trials (Table 2): (i) field trial during 20082009
(F 2009), (i) field trial during 2009-2010 (F 2010), and (iii)
greenhouse trial during 2010 (G 2010). The seeds were har-
vested at maturity and used for analyses.

Evaluation of Selected Seed-Quality Traits

To calculate the thousand-seed weight (TSW), seeds were counted
in three replications using an electronic seed counter (Seedburo
Equipment Co.) and weighed using an electronic balance.

To determine the concentration of protein, total starch,
and amylose, chickpea seeds were ground into a fine meal using
a UDY cyclone mill (Udy Corporation) with a 0.5-mm sieve.
The seed meal was collected and stored at room temperature
and used for analyses within 4 wk.

Total nitrogen was estimated in 250 mg of seed meal by
combustion method (FP-528 Crude protein/Nitrogen Analy-
ser, Leco Corporation). The total nitrogen was multiplied by
the nitrogen to protein conversion factor (6.25 for chickpea
seeds) to obtain protein concentration (Karaca et al., 2011).

Total starch concentration in chickpea seed meal (100 £1
mg) was determined by stepwise enzymatic hydrolysis of starch
into D-glucose molecules by a thermostable a-amylase and amy-
loglucosidase enzymes using a commercial assay kit (Megazyme
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Average daily
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Table 2. Description of experimental trials performed in the present study.

Solar
radiation)

Total
rainfall

temp.
min./max.

Experimental

Soil
type

hours

Fertilizer

Spacingt Irrigation

design

Locationt Duration

Trial

mM m=2 s’

°C

15/31.1

cm
RxR25
PxP15

Vertisol Randomized Once at No 26.6 8.9 3521
complete block

October 2008 to

ICRISAT
(Patancheru, India)

Field 2009
(F 2009)

sowing

March 2009

design
Randomized
complete block

8.1 333.4

Once at No 16.2/30.0 93.6

RxR25
PxP15

Vertisol

October 2009 to

ICRISAT
(Patancheru, India)

Field 2010
(F 2010)

sowing

March 2010

design

(photoperiod) 385.0

18

18.0/23.0

When

March 2010 to July  Sunshine

University of
Saskatchewan
(Saskatoon, Canada)

Greenhouse 2010

(20:20:20)

needed

mix 4§

2010

(G 2010)

T Coordinates of the locations are: (1) ICRISAT (International Crops Research Institute for the Semi-Arid Tropics) 17°53’ N latitude, 78°27’ E longitude and 545 m altitude, and (2) University of Saskatchewan 52°07’ N latitude, 106°38’ W

longitude and 481.5 m altitude.

¥ R x Rand P x P represent spacing between two rows and plants, respectively.

§ Sunshine mix 4 was obtained from Sun Gro Horticulture.

International Ireland Ltd.). The D-glucose molecules were
incubated with glucose oxidase-peroxidase reagent that pro-
duced a red quinoneimine, whose absorbance was determined at
A, nm using a spectrophotometer (DU 800, Beckman Coulter
Inc.). Total starch concentration was calculated as a percentage
of chickpea seed meal on a fresh weight basis.

A modified method (Peng et al.,, 1999) including cesium
chloride density gradient centrifugation (Asare et al., 2011) was
followed to extract starch, which was used to determine amy-
lose concentration using an iodine based method (Mahmood
et al., 2007) with some modifications. In brief, purified starch
(5 mg) was sequentially suspended in 95% (v/v) ethanol (75
pL), 1M NaOH (450 pL), and deionized (18.2 M{2-cm) water
(Nanopure-Diamond, Barnstead Thermolyne) with vigorous
mixing using a vortex mixer (Mini Vortex, VWR Interna-
tional) and incubated at room temperature for 1 h. An aliquot
(200 pL) was taken out and neutralized with 0.05M citric acid
(I mL), followed by addition of 800 pL of I,+KI solution (0.8
g iodine [I,] and 8 g potassium iodide [KI] in 1 L of deion-
ized water). The solution was vigorously shaken using a vortex
mixer, followed by adding deionized water to a final volume of
12 mL. The absorbance was observed at dual wavelengths (535
and 620 nm) and used to calculate amylose concentration (%) in
starch (Mahmood et al., 2007).

Statistical Analysis

The Shannon—Weaver diversity index (SDI), for pooled data of
three environments, was calculated to determine diversity in
each geographical region using the following formula (Gangola
et al., 2013):

—Zﬂ R XIOgeI):
SDI=—~="
log,n

where n represents the total number of phenotypic classes (fre-
quency distribution classes of a particular phenotype) and P, is
the proportion of total number of entries in the i class. Phe-
notypic classes were prepared by using MINITAB 14 statistical
software (Minitab Inc.). Box plot analysis was performed to rep-
resent the variation present in each growing environment. The
assumptions of analysis of variance (ANOVA) were tested and
met the requirements. Therefore, a general linear model was
employed to calculate ANOVA in MINITAB 14, and the result-
ing mean sum of squares from ANOVA were used to calculate
broad sense heritability (H?) as described (Singh et al., 1993).
Correlation analysis was also performed using Minitab 14.

RESULTS

Diversity among Geographical Regions

Desi and kabuli genotypes were classified into six groups
each on the basis of their geographical origin. These groups
also represented the major growing areas of chickpea
production across the globe. The SDI was affected pre-
dominantly by variation in phenotype, followed by number
of genotypes in each frequency distribution class. In desi
types, the maximum SDI for all the selected seed-quality
traits was observed in the South Asian genotypes (0.95,

—_
(&)}
(o]
(0]
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Table 3. Shannon-Weaver diversity index estimates for the
germplasm collection.

Thousand-
Geographical seed Total
regions weight Protein starch Amylose

Desi genotypes

Europe 0.76 0.45 0.59 0.64

Meso-America 0.63 0.41 0.56 0.24

North Africa 0.45 0.45 0.61 0.59

South Asia 0.95 0.77 0.85 0.85

Southwest Asia 0.47 0.52 0.68 0.66

Sub-Saharan Africa 0.58 0.49 0.67 0.61
Kabuli genotypes

Europe 0.8 0.89 0.38 0.41

North Africa 0.77 0.76 0.6 0.39

South America 0.36 0.36 0.36 0.19

South Asia 0.87 0.82 0.82 0.45

Southwest Asia 0.68 0.7 0.69 0.35

Sub-Saharan Africa 0.29 0.29 0.53 0.15

0.77, 0.85, and 0.85 for TSW, protein, total starch, and
amylose, respectively). The Southwest Asian and European
desi chickpea genotypes showed the second maximum
SDI for protein, total starch, amylose (0.52, 0.68, 0.66),
and TSW (0.76), respectively. Similarly, in kabuli types,
the South Asian genotypes had maximum SDI for TSW
(0.87), total starch (0.82), and amylose (0.44); however,
maximum SDI (0.89) for protein was observed in Euro-
pean genotypes. The European kabuli genotypes (0.80 and
0.41) showed second maximum SDI for TSW and amy-
lose, whereas the South Asian and Southwest Asian kabuli
genotypes showed the second maximum SDI for protein
(0.82) and total starch (0.69), respectively (Table 3).

Variation for Selected Seed-Quality Traits
among Desi and Kabuli Genotypes

Desi and kabuli genotypes grown in the greenhouse
showed significantly (P < 0.05) higher average seed weight
(220.5 and 276.5 g) than those grown in field environ-
ments (186.8 and 255.5 g). Kabuli genotypes (85.3 to 528.0
g), on average, showed significantly (P < 0.05) higher TSW
than desi types (89.0 to 380.0 g) (Fig. 1a). In desi geno-
types, TSW ranged from 89.0 to 312.0, 110.0 to 380.0, and
113.0 to 362.6 g, with a mean of 161.5, 184.7, and 220.5
g; whereas in kabuli genotypes, TSW varied between 97.0
and 528.0, 107.0 and 579.0, and 85.3 and 505.2 g, with a
mean of 245.0, 266.0, and 276.5 g during F 2009, F 2010,
and G 2010, respectively. South Asian genotypes showed
the maximum variation, 114.6 to 332.4 and 115.7 to 412.9
g, for TSW among geographical regions followed by the
European genotypes (128.8 to 278.2 and 191.1 to 394.9 g)
in both desi and kabuli genotypes, respectively.

Desi genotypes contained 15.1 to 27.8, 17.1 to 30.1,
and 15.3 to 25.3% of protein, with an average of 19.1,

23.8, and 19.5%, while it ranged from 6.2 to 23.2, 18.2
to 31.6, and 14.8 to 24.7% among kabuli genotypes, with
means of 19.3, 25.1, and 19.4% during F 2009, F 2010,
and G 2010, respectively (Fig. 1b). Protein concentra-
tion showed maximum variation (16.7 to 27.5 and 18.8 to
24.8%) among the South Asian genotypes in both the desi
and kabuli genotypes.

Total starch concentration ranged from 33.7 to 47.4,
31.3 to 43.3, and 28.7 to 47.1% among desi genotypes, with
average values of 39.6, 36.1, and 40.4%, whereas it varied
from 36.5 to 53.8, 33.0 to 48.2, and 34.0 to 50.5% in kabuli
types, with mean values of 44.6, 40.8, and 43.3% during
F 2009, F 2010, and G 2010, respectively (Fig. 1c). The
South Asian genotypes (34.1 to 42.9 and 37.0 to 49.0%)
varied most widely for total starch concentration, followed
by the Southwest Asian genotypes (35.3 to 40.6 and 37.2
to 46.3%) in desi and kabuli types, respectively. In desi
genotypes, amylose constituted 26.8 to 38.3, 30.0 to 38.1,
and 29.1 to 35.4% of total starch, with mean values of 31.6,
34.3, and 31.2%, whereas in kabuli genotypes, total starch
comprised 28.0 to 35.1, 29.7 to 37.8, and 28.7 to 33.9%
of amylose, with average values of 31.3, 34.2, and 31.5%
during F 2009, F 2010, and G 2010, respectively (Fig. 1d).

Impact of Genotype and Environment
on Selected Seed-Quality Traits
and Their Heritability

Analysis of variance (Table 4), using a general linear model,
established a significant (P < 0.001) effect of G and E on
TSW and concentrations of protein, total starch, and amy-
lose in both desi and kabuli chickpea types. The interaction
between genotype and environment also influenced these
traits significantly (P < 0.001). However, no significant
difference was observed among biological replications.

In the chickpea germplasm collection, the highest
broad sense heritability of 0.86 and 0.72 was observed
for TSW, followed by total starch (0.32 and 0.51), protein
(0.37 and 0.17), and amylose (0.11 and 0.14) in desi and
kabuli genotypes respectively (Table 4).

Correlation Analysis among Selected
Seed-Quality Traits and to Raffinose Family
Oligosaccharides

In desi genotypes, TSW was positively correlated with
total starch (r = 0.67) but negatively with amylose (r =
—0.30) and protein (r = —0.57), significant at P < 0.01.
Total starch showed a significant (P < 0.01) negative cor-
relation with amylose (r = —0.26) and protein (r = —0.54);
however, in desi genotypes amylose and protein were pos-
itively correlated (r = 0.31), significant at P < 0.01 (Table
5). Kabuli genotypes showed a similar correlation among
selected seed-quality traits as observed in desi types, except
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Fig. 1. Box plot analysis for: (a) one thousand seed weight (g), (b) protein (%), (c) total starch (%), and (d) amylose (% of total starch) in
desi and kabuli chickpea genotypes grown in different environments. F 2009 and F 2010 represent the field trials of 2008-2009 and
2009-2010, respectively, whereas G 2010 represents the greenhouse trial in 2010. The upper and lower error bars show the nonoutlier
range of the data set. The box symbolizes the interquartile range (IQR), whereas the middle line is the median value of the data set. The
dark circles represent the outliers, calculated as the data points out of the 1.5 times the IQR.

Table 4. Analysis of variance (ANOVA) and broad-sense heritability (H?) for selected seed-quality traits in desi and kabuli chick-

pea genotypes. TSW, thousand-seed weight.

Mean sum of squares

Botanical

type Seed trait Genotype (G) Environment (E) GxE Replication H?
Desi TSW 1.9 x 10%** 2.2 x 105+ 6.7 x 102*** 8.7 x 10°nst 0.86
Protein 15,77 2.7 x 10%*** 5.5%* 0.4ns 0.37
Starch 22.4%** 5.7 x 102*** 8.7 2.4ns 0.32
Amylose 16.7* 1.3 x 10%*** 9.2 3.0ns 0.11
Kabuli TSW 4.3 x 10%4** 2.7 x 104+ 3.3 x 10%** 3.6 x 10°ns 0.72
Protein 15,47 1.7 x 109 9.1 0.2ns 017
Starch 40.6™** 2.9 x 102*** 9.0 0.2ns 0.51
Amylose 240" 1.0 x 10%*** 13.77* 6.9ns 0.14
Overall TSW 3.4 x 10%4** 2.2 x 109** 1.6 x 103 2.3 x 10°ns 0.81
Protein 15,47 4.6 x 10%** 6.8 0.5ns 0.29
Starch 35.4** 8.8 x 10%*** 8.8 4.7ns 0.38
Amylose 16.87* 3.3 x 10%** 10.07* 32.2ns 0.12

***Significant at P < 0.001.

T ns, not significant.

for amylose, showing similar but insignificant correlation
to TSW (r = —0.04), total starch (r = —0.03), and pro-
tein (r = 0.1) (Table 5). Correlation analysis with pooled
data from desi and kabuli also exhibited similar correla-
tions among selected seed-quality traits (Table 5). Total

RFO (r = —0.24, —0.16; P < 0.001, 0.05), raffinose (r =
—0.2, —0.18; P < 0.001, 0.05), and stachyose (r = —0.3,
—0.14; P < 0.001, 0.05) showed a significant negative cor-
relation to TSW in desi and kabuli types, respectively,
whereas verbascose (r = 0.17; P < 0.05) had a significant
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Table 5. Correlations among the selected seed-quality traits in chickpea. TSW, thousand-seed weight.

Botanical Seed Total
type  Genotype trait Starch Amylose Protein Raffinoset Stachyoset Verbascoset RFOt
Desi 121 TSW 0.672** —0.304* —0.568** —0.196*** —0.296"** —0.082ns —0.243*
Starch —0.259** —0.5643** 0.049ns 0.055ns 0.7 0.053ns
Amylose 0.310* 0.018ns 0.018ns 0.088ns 0.026ns
Protein —0.015ns 0.017ns 0.119* —0.011ns
Kabuli 56 TSW 0.678** —0.038nst —0.302* —0.184* —0.136* 0.169* —0.161*
Starch —0.029ns —0.362* 0.011ns —0.013ns 0.179ns —0.03ns
Amylose 0.095ns 0.044ns 0.087ns 0.102ns 0.077ns
Protein 0.156* 0.14* 0.118ns 0.195*
Overalll 17 TSW 0.538** —0.076ns —0.133** —0.09* —0.114* 0.123* —0.078*
Starch —0.271** —0.403** 0.131* 0.133* 0.143* 0.153*
Amylose 0.480* 0.013ns 0.028ns 0.073ns 0.024ns
Protein 0.06ns 0.104 —0.021ns 0.081*
*Significant at P < 0.05.
**Significant at P <0.01.

***Significant at the P <0.001.

1 Data for raffinose, stachyose, verbascose, and total RFO (raffinose family oligosaccharides) concentrations were obtained from Gangola et al. (2013).

1 ns, not significant.

positive correlation to TSW in kabuli types but no cor-
relation in desi types. Among RFO, only verbascose was
positively correlated to starch in desi types, significant at
P < 0.05, but no correlation of RFO to starch was found
in kabuli types. However, pooled data of desi and kabuli
types showed a significant (P < 0.05) positive correlation
of starch to raffinose (r = 0.131), stachyose (r = 0.13), ver-
bascose (r = 0.24), and total RFO (r = 0.15). Protein was
positively correlated to verbascose (r = 0.12) only in desi
types, but to raffinose (r = 0.16), stachyose (r = 0.21), and
total RFO (r = 0.2) in kabuli types, significant at P < 0.05.
No significant correlation was found among RFO and
amylose in desi and kabuli types.

DISCUSSION

To improve selected seed-quality traits in chickpea and
initiate breeding programs, identification of suitable
plant genetic resources is essential (Cardi, 2016). A very
few studies are available that analyze seed-quality traits
other than seed weight in a large collection of chickpea
genotypes. The germplasm collection used in the pres-
ent study included genotypes from different geographical
regions of the world corresponding to chickpea produc-
tion areas (FAOSTAT, 2014). Thousand seed weight, total
starch, protein, and amylose varied significantly among
171 chickpea genotypes grown in the three environ-
ments (Fig. 1), which makes the chickpea germplasm
collection valuable for future studies to identify and char-
acterize genomic regions associated with seed-quality
traits using association or linkage mapping approaches.
The higher TSW (grams) and total starch concentration
(percentage) in kabuli genotypes (229.2 +46.8 g and 42.9
11.9%) compared with desi types (198.0 £19.6 g and 38.0
+1.8%) concurred with the conclusions of Kujur et al.
(2014) and Frimpong et al. (2009), respectively. However,

average values for protein (20.8 £2.6 and 21.3 £3.3%) and
amylose (32.4 +1.7 and 32.2 +1.7% of total starch) con-
centrations did not show significant difference between
desi and kabuli genotypes, respectively, which was also in
agreement with previous results (Frimpong et al., 2009).
Phenotypic variation also coincided with SDI values for
different geographical regions. The SDI for some regions
was not shown, as they included very few genotypes that
were not adequate to calculate SDI. South Asian geno-
types had the maximum representation in the collection
(>50% genotypes of the collection), therefore showing
the maximum variation or SDI for selected seed-quality
traits. The eight kabuli genotypes of European origin had
maximum variation for seed protein content (17 to 24%),
therefore showing the highest SDI for the trait.

The conclusions of the present study were based on the
trials in three different environments. Therefore, distinct
environments may not follow the same effect or correla-
tions among seed-quality traits studied. Significant effect of
G, E, and their interaction on seed composition suggested a
multienvironment-based approach for chickpea seed-qual-
ity improvement programs. These results were in agree-
ment with the conclusions of previous studies on chickpea
(Frimpong et al., 2009; Gangola et al., 2012; Gangola et al.,
2013), lentil (Lens culinaris, Tahir et al., 2011), soybean (Gly-
cine max, Kumar et al., 2010), and barley (Hordeum vulgare
L., Cory et al., 2017). Biosynthesis of starch, amylose, and
protein is complex in plants and includes a number of genes
or enzymes that have been shown to be aftected by environ-
ment, thus affecting the accumulation of the final product
(Dupont and Altenbach, 2003; Thitisaksakul et al., 2012).
Chickpea seed weight is one of the extensively studied traits,
as it 1s directly associated with yield. In earlier studies, seed
weight has been shown to be influenced by G, E, and G X E
in chickpea and other legumes (Frimpong et al., 2009; Tahir

CROP SCIENCE, VOL. 57, MAY—JUNE 2017

WWW.CROPS.ORG

1599


https://www.crops.org

et al., 2011). The low to medium broad sense heritability
(H?) of intrinsic seed-quality traits (total starch, protein, and
amylose) and high H? of extrinsic trait TSW suggested the
higher environmental sensitivity of the former. Seed weight
is also a quantitative trait, and it was significantly affected
by G, E, and G X E but showed very high H?. This could
be explained by noncrossover G X E interaction for TSW
trait (Kang, 2002), that is, no significant change in geno-
type ranking in diverse environments resulting in high H>.
However, other selected seed-quality traits showed a cross-
over G X E interaction (Supplemental Fig. S1). High heri-
tability for seed weight concurred with the conclusions of
Tuba Bicer and Sakar (2008) and Pushpavalli et al. (2015).
Optimum growth conditions support higher seed weight
and enhanced accumulation of starch in seed (Faméra et al.,
2015). Consequently, higher average TSW and total starch
concentration was observed in G 2010 than in F 2009 and
F 2010. However, a rainy environment has been shown to
increase ai-amylase activity, reducing starch accumulation
(Faméra et al., 2015). Therefore, chickpea genotypes grown
in F 2010 (93.6 mm precipitation) showed reduced starch
accumulation in seeds compared with those grown in F
2009 (26.6 mm precipitation). Being negatively correlated
to starch, protein, and amylose showed higher concen-
trations in F 2010—grown genotypes compared with the
genotypes grown during F 2009 and G 2010.

Starch and protein are main constituents of chick-
pea seeds, whereas amylose, together with amylopectin,
constitutes the starch granule. Starch and protein biosyn-
thesis depend on the carbon to nitrogen ratio (C:N) and
have shown positive and negative correlations with C:N,
respectively (Truong et al., 2013). Therefore, a negative
correlation between starch and protein concentrations was
observed in the present study. The positive correlation
between starch concentration and seed weight was similar
to that reported in lentil (Tahir et al., 2011). Starch bio-
synthesis favors amylopectin accumulation, as it is essen-
tial for the starch granule structure (Zeeman et al., 2010);
thus it showed a negative correlation with amylose in the
present study. Being negatively correlated to starch, pro-
tein, and amylose showed a positive correlation in chick-
pea genotypes. Raffinose family oligosaccharides biosyn-
thesis can be triggered by different abiotic stresses; there-
fore, higher RFO accumulation was observed in chickpea
seeds grown in field conditions than those grown in opti-
mal greenhouse conditions (Gangola et al., 2013). Stress
conditions reduce the seed development process, thus
allowing less accumulation of metabolites and resulting in
reduced seed weight. Consequently, a significant negative
correlation was found among RFO and TSW, which was
the most consistent correlation of RFO to seed-quality
traits analyzed in the present study (Table 5). Although
R FO showed significant positive correlation to starch and
protein, it was not consistent in desi and kabuli genotypes.

Table 6. Desi and kabuli chickpea genotypes with higher val-
ues for selected seed quality traits.

Botanical Value for
Trait Genotype type phenotype
Thousand-seed ICC 4958 Desi 342.6 +34.5
weight ICCV 07108 Desi 330.8 +34.5
@ ICCV 94916-4 Desi 305.4 +24.5
ICCV 94916-8 Desi 316.1 +24.4
ICCV 98902 Desi 332.4 +31.3
ICC 16774 Kabuli 394.9 +30.2
ICC 17109 Kabuli 537.4 +37.8
ICCV 07313 Kabuli 412.9 +19.4
Protein ICC 5912 Desi 271 £1.9
concentration ICC 8397 Desi 27.5+2.4
(%) ICC 4861 Kabuli 231 235
ICC 5116 Kabuli 24.3 +6.3
ICC 5270 Kabuli 24.8 +4.1
Total starch ICCV 93954 Desi 43.5 0.4
concentration ICCV 98901 Desi 41,6 £1.0
(%) ICCV 98904 Desi 416 414
ICCV 06302 Kabuli 470 £1.5
ICCV 07313 Kabuli 46.4 +0.5
ICCV 91302 Kabuli 49.0 +1.3
Amylose ICC 14456 Desi 34.4 0.8
concentration ICC 14497 Desi 34.4 +1.4
(% of total starch) ICC 14592 Desi 34.2 0.2
ICC 7292 Kabuli 34.9 +17
ICC 8273 Kabuli 34.6 +2.4

Desi and kabuli chickpea genotypes with consistent
performance in different environments were identified for
selected seed-quality traits separately (Table 6). The other
contrasting genotypes have also been highlighted in Sup-
plementary Table S1. The two genotypes ICC 4958 (desi
type) and ICC 17109 (kabuli type) exhibited a balanced
proportion of protein (18.7 *1.5 and 20.7 £0.3%), total
starch (42.4 £7.3 and 46.1 £4.1%), and amylose (32.8 £3.0
and 31.4 £1.4% of total starch), with TSW (317.3 £16.6 and
537.4 £37.8 g) toward the higher end, respectively. Total
RFO concentrations were 3.8 £0.5 and 4.3 £0.7 mmol 100
g~ of chickpea seed meal for ICC 4958 and ICC 17109,
respectively, which are approximately equivalent to medi-
ans of total RFO variation in the germplasm collection.

To identify new genetic resources for chickpea seed-
quality traits, the present study evaluated a germplasm col-
lection of 171 chickpea genotypes for phenotypic varia-
tion in multienvironment trials. A significant effect of G,
E, and their interaction on selected seed-quality traits was
established. Thousand seed weight influences the yield, an
important consideration in all crop improvement programs.
The information on correlation among the selected seed-
quality traits with TSW can be used to make direct and
indirect selections during chickpea breeding programs.
The selected chickpea genotypes (Table 6) can be used to
develop new chickpea varieties with improved seed-quality
traits, enhancing its nutritional and economical value.
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