
Variation for seed physical and hydration
properties of chickpea (Cicer arietinum
L.) mini core collection and their
relevance to conservation and utilization
D. V. S. S. R. Sastry1, H. D. Upadhyaya1,2* and T. R. Srinivas1
1International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Genebank, Patancheru,
Telangana, 502 324, India and 2King Abdulaziz University, Jeddah, Saudi Arabia

Received 3 August 2018; Accepted 11 January 2019

Abstract
Chickpea (Cicer arietinum L.) is an important grain legume nutritionally balanced for human con-
sumption. The physical properties of chickpea seeds are important for processing and storage as
well as for assessing seed quality and the hydration properties related to cooking quality. The chick-
pea mini core collection (211 accessions) and four control cultivars were evaluated for seed mor-
phological (seed colour, shape, dots on seed coat and surface texture); physical (seed moisture
content, 100-seed weight, seed coat content, length, width, thickness, geometric mean diameter
(GMD), surface area, sphericity, shape aspect, volume, bulk density, true density and porosity);
and hydration traits (hydration capacity, hydration index, swelling capacity and swelling index).
Highly significant differences were observed for all the seed traits in the mini core collection.
Correlation coefficients indicated that accessions with high or more seed weight, GMD, sphericity,
seed shape aspect, swelling capacity and swelling index would be useful for utilization in research.
The results of this study have refined the seed traits of chickpea and resulted in identifying several
desirable accessions in the mini core. Some of these accessions were previously identified as prom-
ising sources for important agronomic and nutritional traits and for resistance to biotic and abiotic
stresses and will be useful sources to develop high-yielding cultivars with desirable seed physical
and hydration quality.
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Introduction

Chickpea (Cicer arietinum L.) is an annual grain legume
cultivated in over 50 countries across all continents.
During 2016, the global chickpea area was about 12.65 mil-
lion ha, with a production of 12.09 million metric tons
(FAOSTAT, 2016). Two main types of chickpea are well re-
cognized – small seeded, with coloured seed coat, angular-
shaped desi type; and the beige coloured, large seeded,
Owl’s head shape kabuli type. Another type with pea
shape, medium-to-small seed size and cream colour

recognized as intermediate type. Chickpea seeds are rich
in protein, starch, fibre, minerals and vitamins, making it
one of the best nutritionally balanced pulses for human
consumption (Jukanti et al., 2012) with strong consumer
and culinary preferences for utilization. Agbola et al.
(2002) described seed quality traits (colour, size and
‘dhal’ recovery rate) and common uses of chickpea var-
ieties in India. Mehla et al. (2001) reported volume of
seed, swelling capacity and hydration capacity as important
quality traits. The physical and hydration properties of
seeds are important for seed conservation and some traits
are important attributes of seed quality, consumer demands
and market premiums. In chickpea, seed coat colour has
over-riding importance in determining market quality.*Corresponding author. E-mail: h.upadhyaya@cgiar.org
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The physical properties of seeds are important in design-
ing equipment and structures for handling, transporting,
processing and storage (Nikobin et al., 2009; Wood et al.,
2014), for assessing seed quality (Eissa et al., 2010) and for
milling and marketing (Ramasamy and Harte, 2009).
Mechanical resistance of seeds is a physical property and
seeds having greater weight and thickness were less sus-
ceptible to mechanical damage. Sastry et al. (2014) have re-
ported relevance of seed physical properties of chickpea
germplasm. However, the detailed measurements of the
principal dimensions of chickpea seeds and variations in
physical and hydration properties have not been investi-
gated in diverse cultivars or germplasm of chickpea.
Besides dietary value, the importance of chickpea is also
judged by physiochemical and cooking quality traits
(Patanè, 2006). Williams et al. (1983) reported a fourfold
variation in the time required to cook chickpeas (55 to
over 200 min), and even among kabuli types, a wide
variation for cooking time (33–72 min) was observed by
Ozer et al. (2010). A large number of chickpea seed
samples could be screened using an automated Mattson
cooker method, an easy, objective-oriented and more
resource-efficient way (Wang and Daun, 2005).

Germplasm collections offer the much needed diversity
for important morphoagronomic traits including seed traits
(Genebank Database, 2018). The ICRISAT Genebank,
Patancheru, India, conserves 20,764 accessions of chick-
pea from 61 countries. Upadhyaya and Ortiz (2001) devel-
oped the chickpea mini core collection (211 accessions) to
overcome size-related problems for extensive and eco-
nomical evaluation and utilization of germplasm. The
mini core collection represents both geographical and bio-
logical diversity present in cultivated chickpea germplasm.
The objective of this study was to investigate the physical
and hydration properties of the chickpea mini core collec-
tion along with four control cultivars to identify the useful
sources of variation for utilization in research to develop
cultivars with desirable qualities.

Materials and methods

The materials for this study consisted of 211 accessions of
chickpea mini core collection (Upadhyaya and Ortiz, 2001)
and four control cultivars, viz., G 130, L 550, ICCV 2, and
ICCV 10. G 130 (ICC 4948) is a desi type, late-maturing cul-
tivar adapted to northern India, L 550 (ICC 4973) is a high-
yielding, medium-duration kabuli cultivar, tolerant to root
knot nematode, but susceptible to Fusarium wilt and
Ascochyta blight, and adapted to irrigation conditions in
India (Dua et al., 2001). ICCV 2 (ICC 12968) is an early-
maturing and Fusarium wilt-resistant kabuli type, adapted
in peninsular India (Kumar et al., 1985). ICCV 10 (ICC
15996) is a short-to-medium duration, high-yielding desi

type, resistant to Fusarium wilt and tolerant to dry root
rot, drought-tolerant and adapted in the southern and cen-
tral zones of India (ICRISAT, 1994). The mini core and con-
trol cultivars were grown in Vertisols (Kasireddipally
series-isohypothermic Type Pellustert) (El-Swaify et al.,
1985) during 2016–2017 post rainy season (October–
April) at ICRISAT, Patancheru, India. Each accession was
planted in a plot of two rows of 4 m length, with a
row-to-row spacing of 60 cm and plant-to-plant spacing
of 10 cm. Freshly harvested seed samples were hand-
threshed and cleaned samples were stored (two replicates)
under short-term storage conditions (20°C and 40% RH) for
2 weeks to attain equilibrium moisture content (emc).
Observations were recorded on 22 important seed traits in-
cluding morphological traits – seed colour, shape, dots on
seed coat and surface texture; seed moisture content,
100-seed weight, seed coat content; and principal dimen-
sions of seed size such as length, width and thickness,
geometric mean diameter (GMD), surface area, spher-
icity/roundness index, shape aspect, volume, bulk density,
true density, porosity, hydration capacity, hydration index,
swelling capacity and swelling index as described below:

Seed colour, shape, dots on seed coat and
surface texture

Visual observations on seed colour, shape, dots on seed
coat and surface texture were recorded on clean bulk sam-
ple of 200 g under natural light as naked eye observation
using Royal Horticultural Society colour chart (codes) fol-
lowing the Descriptors for Chickpea (IBPGR, ICRISAT,
and ICARDA, 1993).

Seed moisture content

The moisture content of equilibrated seed samples under
controlled environment (emc) was estimated on wet
weight basis (w. b.) following oven-dry method (ISTA,
1993).

Hundred-seed weight

The 100-seed weight of the chickpea samples was deter-
mined on randomly selected 100 seeds and weighing
them using a sensitive balance and weight was recorded
in grams.

Seed coat content

An accurately weighed sample of 10 seeds in each acces-
sion was soaked in distilled water for 16 h at room tempera-
ture (25°C). After the water was drained, the soaked seeds
were dried on blotting paper and the seed coat was

D. V. S. S. R. Sastry et al.2

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S1479262119000030
Downloaded from https://www.cambridge.org/core. Queen Mary, University of London, on 04 Apr 2019 at 05:29:26, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/S1479262119000030
https://www.cambridge.org/core


completely removed with tweezers. The seed coats col-
lected were dried in an oven at 60°C for 24 h, followed
by cooling in a desiccator (Tizazu and Emire, 2010). The
seed coats were weighed and the per cent seed coat con-
tent to seed weight was calculated.

Seed size

Seed size was measured in millimetres on principal dimen-
sions such as length, width and thickness. Ten randomly
selected seeds from each accession were used to measure
length, width and thickness in millimetres, using digital
caliper and mean values were determined.

Seed GMD

The three mutually perpendicular diametrical dimensions
of length, width and thicknesses of seed of chickpea
were determined and used for calculating the GMD inmilli-
metres following Sreenarayanaa et al. (1988).

Seed surface area, sphericity and shape aspect

Sphericity is the state or form of being spherical. It is the
ratio of the surface area of a given object to the surface
area of a sphere with the same volume. The sphericity
and shape aspect of chickpea seeds were determined as
percentages using the procedures suggested by Mohsenin
(1986) and Omobuwajo et al. (1999), respectively.

Seed volume, bulk density, true density
and porosity

Seed physical parameters such as volume, bulk density,
true density and porosity are dependent on morphological
seed traits and the moisture content of seeds. Hence these
parameters were estimated on seed samples at equilibrium
moisture contents. For determining the bulk density, true
density and the porosity of a seed sample size of 100 g
was used. Bulk density of the seed was calculated by div-
iding the weight of each sample on its volume (cc), mea-
sured by using a graduated cylinder (Eissa et al., 2010).
True density and volume were determined by toluene so-
lution displacement method (Mohsenin, 1986). Bulk dens-
ity and true density were expressed as g/cc at given seed
moisture conditions. The porosity was determined as the
percentage of densities of bulk seeds (Jha, 1999).

Seed hydration and swelling

The seed hydration capacity (g/seed), hydration index,
swelling capacity (ml/seed) and swelling index of the

chickpea mini core accessions were estimated following
the procedure adopted by Khattak et al. (2006). Two ran-
dom samples of 100 seeds from each accession were
weighed, number of seeds counted and the values con-
verted to gram per seed. Seed volume was determined by
transferring 100 seeds into a 100 ml measuring cylinder,
and 50 ml of distilled water were added. The gain in vol-
ume divided by 100 was recorded as the seed volume.
Hydration capacity was recorded as gain in weight after
overnight soaking in distilled water. Hydration index was
calculated as hydration capacity divided by original seed
weight. The swelling capacity was determined as gain in
volume after overnight soaking in water, and swelling
index was calculated as swelling capacity divided by
original seed volume.

The Principal Component Analysis (PCA)was performed
to determine the relative importance of different traits in
capturing the variation, and hierarchical clustering was
done using scores of the first three PCs to categorize acces-
sions, using the software Genstat 17 Edition.

Data were analysed following completely randomized
design using Genstat 14th Edition. Correlation coefficients
between different traits were calculated using mean va-
lues to determine association between different traits.

Results

Based on the visual seed colour observations, the 211 mini
core accessions were classified into 16 seed colours.
Yellow brown (48), beige (45), brown (36), black (21)
and yellow (16) were the major seed colours followed by
brownish beige (12), light brown (10) and dark brown
(9). Dots on seed coat were present in 119 and absent in
92 accessions. Seed shapes were represented by angular
(158), Owl’s head (44) and pea (9) accessions. Seed surface
texture was rough for 159, smooth for 48 and tuberculate
for four accessions. On the basis of seed morphological
traits, the mini core represented 158 desi type, 44 kabuli
type and nine intermediate type (online Supplementary
Fig. S1).

Performance of mini core accessions and four control
cultivars for seed physical and hydration parameters is
presented in Tables 1–3 and online Supplementary
Table S1. Considering the range of variation for seed
traits, the mini core accessions were grouped in to four
or five classes (Table 1). Highly significant differences
(P < 0.01) among the accessions were observed for the
18 traits related to seed physical, hydration and quality
(Table 2). Means and other statistical parameters are pre-
sented in Table 2 and online Supplementary Table S1.
Correlation coefficients between different traits are
given in Table 3.
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Table 1. Frequency distribution for seed physical and hydra-
tion properties of chickpea mini core accessions

Seed moisture content (%)
≤11.0 12
11.1–11.5 51
11.6–12.0 95
12.1–12.5 51
>12.5 2

Hundred-seed weight (g)
≤10.0 27
10.1–15.0 104
15.1–20.0 35
20.1–25.0 26
>25.0 19

Seed coat content (%)
≤5.0 21
5.1–10.0 28
10.1–15.0 71
>15.0 91

Length (mm)
≤7.0 32
7.1–8.0 117
8.1–9.0 51
>9.0 11

Width (mm)
≤5.0 45
5.1–6.0 118
6.1–7.0 32
>7.0 16

Thickness (mm)
≤5.0 62
5.1–6.0 90
6.1–7.0 40
>7.0 19

Volume (mm3)
≤200 81
201–300 78
301–400 31
>400 21

GMD (mm)
≤6.0 106
6.1–7.0 68
7.1–8.0 32
>8.0 5

Surface area (mm2)
≤100 46
101–150 124
151–200 35
>200 6

Table 1. (Cont.)

Sphericity (%)
≤75.0 1
75.1–80.0 104
80.1–85.0 74
85.1–90.0 31
>90.0 1

Seed shape aspect (%)
≤70.0 55
70.1–75.0 108
75.1–80.0 32
>80.0 16

Bulk density (g/cc)
≤0.65 13
0.66–0.70 97
0.71–0.75 98
>0.75 3

True density (g/cc)
≤1.20 6
1.21–1.25 25
1.26–1.30 115
1.31–1.35 64
>1.35 1

Porosity (%)
≤50.0 6
50.1–55.0 122
55.1–60.0 80
>60.0 3

Hydration capacity (g/seed)
≤0.10 6
0.11–0.20 151
0.21–0.30 35
>0.30 19

Hydration index
≤1.10 31
1.11–1.20 140
1.21–1.30 38
>1.30 2

Swelling capacity (ml/seed)
≤0.10 20
0.11–0.20 146
0.21–0.30 33
>0.30 12

Swelling index
≤1.00 62
1.01–1.05 63
1.06–1.20 82
>1.20 4
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Table 2. Range, means and statistical parameters of seed physical and hydration properties of chickpea mini core accessions along with control cultivars

Observation
F test CV Overall Desi Kabuli Intermediate

Controls

Range <0.01 (%) Mean Mean Mean Mean G 130 L 550 ICCV 2 ICCV 10

Moisture content (%) 10.1–12.8 ** 0.51 11.7 11.7 11.8 12.0 12.1 12.2 12.1 12.2
Hundred-seed weight (g) 8.1–36.7 ** 5.54 15.6 13.2 24.1 16.4 10.0 19.3 22.6 17.1
Seed coat content (%) 4.1–19.6 ** 6.46 13.1 15.4 5.2 11.4 15.8 4.9 7.2 12.2
Length (mm) 6.4–9.6 ** 1.96 7.7 7.5 8.4 7.8 7.2 8.0 8.3 7.4
Width (mm) 4.5–7.6 ** 3.21 5.6 5.4 6.6 5.8 5.0 6.4 6.8 5.8
Thickness (mm) 4.5–7.9 ** 3.09 5.6 5.3 6.8 6.0 4.8 6.4 6.8 5.8
Volume (mm3) 131–548 ** 7.00 256 220 384 270 172 328 390 255
Geometric mean diameter (mm) 5.1–8.2 ** 2.27 6.3 6.0 7.2 6.5 5.6 6.9 7.3 6.3
Surface area (mm2) 81–221 ** 4.58 125 113 165 131 97 150 168 126
Sphericity (%) 73.4–90.4 ** 1.69 81.0 79.5 85.7 84.5 76.9 86.1 87.8 85.3
Seed shape aspect (%) 65.4–84.2 ** 2.93 72.9 71.2 78.2 76.3 68.5 79.4 82.1 77.7
Bulk density (g/cc) 0.578–0.791 ** 2.06 0.700 0.702 0.691 0.707 0.725 0.724 0.714 0.723
True density (g/cc) 1.104–1.372 ** 2.27 1.286 1.293 1.261 1.293 1.269 1.192 1.299 1.329
Porosity (%) 45.2–64.0 ** 2.35 54.4 54.3 54.9 54.9 57.1 60.7 55.0 54.4
Hydration capacity (g/seed) 0.096–0.485 ** 3.94 0.182 0.153 0.285 0.190 0.117 0.213 0.179 0.199
Hydration index 1.011–1.309 ** 1.98 1.161 1.158 1.180 1.127 1.174 1.173 1.227 1.34
Swelling capacity (ml/seed) 0.082–0.463 ** 5.08 0.163 0.137 0.255 0.173 0.114 0.213 0.148 0.191
Swelling index 0.879–1.577 ** 3.59 1.043 1.039 1.063 1.025 1.147 1.172 1.087 1.083
No. of observations 211 158 44 9

**Significant differences at P = 0.01.
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Seed moisture content

Seed moisture content (emc) is an important measure of
seed quality influencing the physical parameters, seed
handling procedures and storage behaviour of the seeds
in genebanks. The emc of the accessions ranged from
10.1 to 12.8% with a mean of 11.7% (Table 2). The mini
core accessions were classified in to five seed moisture
classes (Table 1). The lowest emc was observed in ICC
15406, a kabuli type with a 100-seed weight 28.6 g and
highest emc in ICC 11378, a desi type with a 100-seed
weight 12.3 g. The mean moisture contents of the desi,
kabuli and intermediate types were 11.7, 11.8 and 12.0%,
respectively. The emc of the four control cultivars was

similar (12.1–12.2%), but were significantly higher than
that of desi and kabuli types.

Seed weight

The 100-seed weight of the mini core accessions ranged
from 8.1 to 36.7 g with a mean of 15.6 g (Table 2). Based
on the 100-seed weight, the mini core accessions were clas-
sified in to five seed weight classes (Table 1). The small
seed weight (<10 g) was represented by 27 accessions
and the large seed weight (>30 g) by nine accessions.
ICC 13124, a desi type, had the smallest and ICC 15518, a
kabuli type, the largest for 100-seed weight. Accessions

Table 3. Correlations among physical and hydration properties of the chickpea mini core accessions

Trait EMC SWT SCC SL SW ST SV GMD SA

SWT 0.032
SCC −0.106 −0.774
SL −0.005 0.901 −0.598
SW 0.059 0.959 −0.762 0.892
ST 0.074 0.961 −0.808 0.873 0.965
SV 0.040 0.982 −0.757 0.924 0.984 0.975
GMD 0.050 0.971 −0.758 0.938 0.986 0.983 0.993
SA 0.045 0.979 −0.759 0.933 0.987 0.981 0.999 0.999
SSp 0.147 0.674 −0.755 0.388 0.740 0.774 0.683 0.683 0.685
SSA 0.135 0.620 −0.678 0.339 0.727 0.686 0.638 0.630 0.635
SBD 0.015 −0.332 0.049 −0.405 −0.341 −0.329 −0.356 −0.363 −0.360
STD −0.032 −0.284 0.301 −0.245 −0.275 −0.278 −0.281 −0.275 −0.278
SP 0.040 −0.086 −0.179 −0.183 −0.102 −0.089 −0.111 −0.122 −0.116
SHyC 0.025 0.983 −0.767 0.882 0.938 0.942 0.966 0.951 0.960
SHyI 0.047 −0.061 −0.079 −0.086 −0.075 −0.061 −0.052 −0.075 −0.063
SwC 0.035 0.970 −0.787 0.857 0.926 0.932 0.950 0.936 0.945
SwI 0.068 −0.137 −0.122 −0.218 −0.147 −0.131 −0.147 −0.164 −0.156

Trait SSp SSA SBD STD SP SHyC SHyI SwC

SSA 0.958
SBD −0.117 −0.100
STD −0.211 −0.196 0.267
SP 0.055 0.060 0.714 −0.485
SHyC 0.657 0.603 −0.337 −0.314 −0.068
SHyI −0.032 −0.042 0.067 −0.095 0.129 0.048
SwC 0.669 0.615 −0.256 −0.386 0.060 0.986 0.017
SwI 0.014 0.015 0.477 −0.363 0.695 −0.084 0.441 0.042

EMC, equilibrium moisture content; SWT, 100-seed weight; SCC, seed coat content; SL, seed length; SW, seed width; ST, seed
thickness; SV, seed volume; GMD, geometric mean diameter; SA, seed surface area; SSp, seed sphericity; SSA, seed shape
aspect; SBD, seed bulk density; STD, seed true density; SP, seed porosity; SHyC, seed hydration capacity; SHyI, seed hydration
index; SwC, seed swelling capacity; SwI, seed swelling index.
Significance levels : <0.05%= 0.133 and <0.01% = 0.175.

D. V. S. S. R. Sastry et al.6

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S1479262119000030
Downloaded from https://www.cambridge.org/core. Queen Mary, University of London, on 04 Apr 2019 at 05:29:26, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/S1479262119000030
https://www.cambridge.org/core


with a 100-seed weight range of 8.0–9.3 g were ICCs 3230,
3761, 4607, 4814, 5845, 7184, 12299, 13124, 13892 and
14077; and the large-seeded accessions with a 100-seed
weight between 29.7 and 36.6 g were ICCs 8151, 8261,
9137, 12328, 12866, 14199, 15333, 15518, 15697 and
16796. The mean 100-seed weights of the desi, kabuli
and intermediate types were 13.2, 24.1 and 16.4 g, respect-
ively. Significant differences were also observed between
the 100-seed weights of the control cultivars. G 130 had
the lowest 100-seed weight (10.0 g) and ICCV 2 had the
highest 100-seed weight (22.6 g).

Seed coat content

Significant differences were observed in the seed coat
content of the mini core accessions which ranged from
4.1 to 19.6% with an overall mean of 13.1% (Table 2). A
seed coat content of <5% was observed in 21 mini core
accessions and >15% in 91 accessions (Table 1). ICC
7272, a kabuli type with a 100-seed weight of 28.1 g, had
the lowest seed coat content and ICC 13219, a desi type
with a 100-seed weight of 12.3 g, had the highest seed
coat content. Overall the three groups, desi, kabuli and
intermediate types, had vast differences in the mean seed
coat contents. Kabuli types had lowest seed coat content
(5.2%) and the desi types had almost three times (15.4%)
and intermediate types (11.4%) more than two times seed
coat content than the kabuli types. Ten accessions identi-
fied with lowest seed coat content were all kabuli type
(ICCs 4841, 7255, 7272, 7308, 8261, 10755, 10885, 11764,
12328 and 14199) and 10 accessions with highest seed
coat content were all desi type (ICCs 1083, 5639, 5845,
6811, 7441, 11498, 13219, 15612, 15868 and 16261). The
control cultivars also differed significantly for seed coat
content. L 550 (kabuli type) has the lowest seed coat con-
tent (4.9%), and G 130 (desi type) has the highest seed coat
content (15.8%).

Seed physical dimensions

The mini core accessions differed significantly for all
the seed physical dimensions (Table 2). Seed length of
the mini core accessions ranged from 6.4 to 9.6 mm
with a mean of 7.7 mm. Eleven accessions had a seed
length >9.0 mm. Similarly, the seed width ranged from
4.5 to 7.6 mm and 16 accessions had a seed width
>7.0 mm. Seed thickness in mini core ranged from 4.5 to
7.9 mm with a mean of 5.6 mm. Nineteen accessions had
a seed thickness >7.0 mm. The seed volume of mini core
accessions showed a fourfold range from 131 to 548 mm3

with a mean of 256 mm3. Twenty-one accessions had a
seed volume >400 mm3. The mean GMD of mini core
was 6.3 mm and five accessions had >8.0 mm GMD. The

mean GMD and seed volume of the desi, kabuli and inter-
mediate types were 6.0, 7.2 and 6.5 mm; 220, 384 and 270
mm3, respectively. The control cultivars differed signifi-
cantly for seed size dimensions. G 130 was the smallest
in size and ICCV 2 was the largest.

Based on the seed size dimensions, the mini core acces-
sions were classified into four classes for GMD, length,
width, thickness and volume (Table 1). Seed surface area
of the accessions ranged from 81 to 211 mm2 with a
mean of 125 mm2 (Table 2) and the accessions were classi-
fied in to four surface area classes (Table 1). Six mini core
accessions had a surface area >200 mm2. Based on seed
GMD and surface area measurements, ICCs 3230, 5845,
7184, 12299 and 13124 were classified as the small-seeded
(all desi type) and ICCs 9137, 12328, 15518, 15697 and
16796 as large-seeded (all kabuli type) in the mini core col-
lection. Ten accessions identified with largest seed volume,
GMD and surface area in the mini core collection (ICCs
8151, 8261, 9137, 10885, 12328, 14199, 15333, 15518,
15697 and 16796) were all kabuli type.

Seed sphericity and shape

Seed sphericity and shape aspect are related traits and are
useful in defining the roundness of chickpea seeds.
Observations on sphericity of seeds showed significant dif-
ferences among the mini core accessions (Table 2). The
sphericity recorded at emc ranged from 73.4 to 90.4%
with a mean of 81.0%. The lowest sphericity was observed
in ICC 1083, a desi type, and the highest in ICC 7323, an
intermediate type. One hundred and five mini core acces-
sions had <80% and 32 accessions >85% seed sphericity.
The kabuli types had highest mean sphericity (85.7%)
followed by intermediate types (84.5%) and desi types
(79.5%).

The seed shape aspect of the mini core collection ranged
from 65.4 to 84.2%with amean of 72.9% (Table 2). Fifty-five
accessions had <70% and 16 accessions had >80% seed
shape aspect. The mini core accessions were classified in
to five classes for sphericity and four classes for seed
shape aspect (Table 1). The seed shape aspect was poor
in ICC 1194, a desi type, and the best in ICC 7323, an inter-
mediate type. Based on the observations, ICCs 708, 1083
and 1194 were found poor and ICCs 7323, 9137, 13187
and 15518 as best for seed sphericity and shape aspect.
The kabuli types had the best (78.2%), followed by inter-
mediate (76.3%) and desi types (71.2%). Ten accessions
identified with highest sphericity were ICCs 6363, 7308,
7323, 8151, 8261, 9137, 11764, 13187, 13283 and 15518
and nine of these represent highest seed shape aspect.
All these accessions were kabuli type except ICC 7323,
an intermediate type. The control cultivars also differed sig-
nificantly for seed sphericity and seed shape aspect. Seed
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sphericity and shape aspect were highest in ICCV 2 and
lowest in G 130.

Seed density and porosity

The 211 mini core accessions showed significant differ-
ences for the bulk density, true density and porosity of
seeds. The bulk density ranged from 0.578 to 0.791 g/cc
with a mean of 0.700 g/cc (Table 2). The lowest bulk dens-
ity was observed in ICC 16903, a desi type chickpea with a
100-seed weight 14.4 g and a seed coat content 17.1%. Five
accessions, ICCs 8151, 13219, 14669, 15612 and 15612, had
a seed bulk density≥0.750 g/cc. The seed true density ran-
ged from 1.104 to 1.372 g/cc with a mean of 1.286 g/cc.
The mean bulk density and true density of the desi, kabuli
and intermediate types were 0.702, 0.691 and 0.707 g/cc;
and 1.293, 1.261 and 1.293 g/cc, respectively. Ten acces-
sions identified with highest true density were ICCs 637,
708, 791, 1052, 1915, 3218, 8350, 12492, 12928 and
15606. This includes eight desi, one kabuli and one inter-
mediate type. Two of these accessions, ICC 708 (desi)
and ICC 12492 (kabuli) with 100-seed weights 13.8 and
16.5 g respectively, also had high bulk density. The seed
porosity is a relative value based on the two densities and
ranged from 45.2 to 64.0% with a mean of 54.4% in the mini
core collection. Three accessions (ICCs 8261, 9137 and
10341) had a porosity >60%. The seed bulk density and
porosity was highest in ICC 10341, a kabuli type with a
100-seed weight 19.2 g and a seed coat content 6.0%. The
lowest porosity was in ICC 16903, a desi type with a
100-seed weight 14.4 g and a seed coat content 17.1%.
Based on the observations, the mini core accessions were
classified into four classes each for bulk density and poros-
ity and five classes for true density (Table 1). Mean seed
porosities of the desi, kabuli and intermediate types were
54.3, 54.9 and 54.9%, respectively. The control cultivars
also differed significantly for seed bulk density and seed
true density. G 130 and ICCV 10 (both desi types) had
the highest bulk density and true density among the control
cultivars.

Seed hydration and swelling

Significant differences were observed among the mini core
accessions for both seed hydration capacity and hydration
index (Table 2). Seed hydration capacity in the mini core
ranged from 0.096 to 0.485 g/seed with a mean of 0.182
g/seed. Seed hydration index of accessions ranged from
1.011 to 1.309 with a mean of 1.161. Seed swelling capacity
ranged from 0.082 to 0.463 ml/seed with a mean of 0.163
ml/seed. Seed swelling index of accessions ranged from
0.879 to 1.577 with a mean of 1.043. The seed hydration
capacity and swelling capacity was highest in ICC 9137, a

kabuli type with 100-seed weight 35.5 g and a seed coat
content 4.7%; and lowest in ICC 13124, a desi type with
100-seed weight 8.0 g and a seed coat content 17.5%. The
seed hydration index was highest in ICC 13077, a kabuli
type with a 100-seed weight 19.0 g and a seed coat content
5.8%, and was lowest in ICC 5879, a desi type with a
100-seed weight 14.8 g and a seed coat content 13.3%.
The mean hydration capacity and hydration index of the
desi, kabuli and intermediate types were 0.153 g/seed
and 1.158; 0.285 g/seed and 1.180; and 0.190 g/seed and
1.127, respectively. Ten accessions (ICCs 8151, 9137,
12328, 13283, 14199, 15333, 15406, 15518, 15697 and
16796) that were identified with highest hydration capacity
were kabuli type and nine among these accessions had
highest swelling capacity also. The mean swelling capacity
and swelling index of the desi, kabuli and intermediate
types were 0.137 ml/seed and 1.039; 0.255 ml/seed and
1.063; 0.173 ml/seed and 1.025, respectively. Five acces-
sions (ICCs 3948, 12654, 12726, 14051 and 14077) repre-
senting desi type and five accessions (ICCs 9137, 13077,
13461, 13816 and 15802) representing kabuli type were
among the 10 accessions which had highest hydration
index. Highest swelling index was recorded in ICCs 3761,
6537, 8195 and 3524 (desi type), ICCs 8261, 9137, 11879,
13077 and 13764 (kabuli type) and ICC 13041, an inter-
mediate type chickpea. Based on the observations, the
mini core accessions were classified in to four classes for
seed hydration capacity, hydration index, swelling capacity
and swelling index (Table 1). The four control cultivars also
had significantly different seed hydration and swelling
characteristics. The seed hydration capacity, swelling cap-
acity and swelling index were highest in L 550 (kabuli type)
and ICCV 10 (desi type). The porosity was highest in L 550
(kabuli type) and hydration index was highest in ICCV 10
(desi type) among the cultivars.

Correlations among seed traits

Correlation coefficients among seed physical and hydration
traits are presented in Table 3. Seed moisture content was
poorly correlated with all seed traits except seed sphericity
and shape aspect. Since, all the seed samples were dried to
a lower emc, the moisture range across seed types was also
narrow. Correlations among 100-seed weight and seed coat
content, bulk density, true density and seed swelling index
were negative and highly significant. However, significant
positive correlations were observed with seed physical di-
mensions, sphericity, shape aspect, porosity, hydration
capacity and swelling capacity. Seed coat content was
negatively correlated with seed physical dimensions,
sphericity, seed shape aspect, hydration capacity and swel-
ling capacity, however, positively associated with seed true
density. All seed physical dimensions were positively
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correlated contributing to larger seed volume and surface,
sphericity and seed shape aspect in the mini core acces-
sions. However, seed dimensions were negatively asso-
ciated with seed densities and porosity. Both seed
densities were positively correlated; however, seed poros-
ity was positively associated with bulk density and nega-
tively with true density. Seed hydration capacity was
positively associated with hydration index and swelling
capacity.

PCA indicated that the first PC (PC 1) explained 59.3% of
variation followed by PC 2 (14.8%) and PC 3 (7.0%) and the
three PCs together explained 81.05% variation. The import-
ant traits involved in the PC 1 were seed weight, GMD, hy-
dration capacity, seed coat content, seed length, thickness,
seed volume, seedwidth, seed sphericity, seed surface area
and seed swelling capacity. For PC 2, the important traits
were seed bulk density, seed porosity and seed swelling
index, and for PC 3, only the seed true density. Of the 15
traits involved in the first three PCs, only two traits, seed
coat content in PC 1 and seed true density in the PC 3, con-
tributed negatively.

A hierarchical cluster analysis conducted using scores of
the first three PCs resulted in to three clusters (figure not in-
cluded). Cluster 1 comprised of 26 accessions largely repre-
sented by kabuli types except one desi accession; cluster 2
comprised of 57 accessions represented by all three types,
desi (30), kabuli (19) and intermediate (8) types; cluster 3
comprised of 128 accessions all desi type except one inter-
mediate type accession.

The accessions in cluster 1 had high mean values for
seven traits (100-seed weight, seed volume, surface area,
sphericity, seed shape aspect, hydration capacity, swelling
capacity) while those in cluster 2 for four traits (seed mois-
ture content, seed bulk density, porosity, swelling index)
and in cluster 3 for three traits (seed coat content, seed
true density, seed hydration index) (data not given).

Discussion

Chickpea, like many other legumes, has a narrow genetic
base due to bottlenecks associated with its domestication
(Abbo et al., 2003). The chickpea mini core (Upadhyaya
and Ortiz, 2001) selected from the core collection
(Upadhyaya et al., 2001) represents diversity of entire col-
lection including the three different seed types described
for chickpea. The mini core accessions differed significant-
ly for all the 18 seed physical and hydration traits, indicating
that therewas adequate diversity in the mini core collection
for these traits. In the present study, themeanmoisture con-
tents of the desi, kabuli and intermediate types were 11.7,
11.8 and 12.0%, respectively. The range of variation in
the emc could be attributed to large diversity in seed size
and seed coat thickness for exchanging moisture with

surrounding environment (Sastry et al., 2014). However,
a large number of accessions (161) were within a narrow
range of emc (11.5–12.5%). Seed emc contributed posi-
tively to seed sphericity and seed shape aspect. The seed
shape directly affects the seed appearance and uniformity
of chickpea which are important quality indicators for
importers and consumers.

The chickpeamini core represents desi (158), kabuli (44)
and intermediate (9) types. Large diversity was observed
for seed morphological traits, especially the seed coat col-
our and shape observed in the mini core collection. In
chickpea, seed coat colour has over-riding importance in
determining seed quality. Seed coat and coloured seed
are major sources for phytochemicals and accessions
with higher seed coat content associated with dark seed
coat colours offer abundant opportunity to discover varia-
tions in health-promoting phytochemicals. Physical mea-
surements on seed geometric traits and further
classification of accessions in to different classes signifi-
cantly contribute to visual observations on seed size and
shape.

The mini core collection represented large variation for
100-seed weight (8.1–36.7 g). Overall the kabuli types
had on average greater mean 100-seed weight (24.1 g)
than the desi types (13.2 g) and intermediate types
(16.4 g). Nine mini core accessions had >30 g 100-seed
weight, whereas 23 accessions had a 100-seed weight of
<10 g. Seed weight was negatively correlated to seed coat
content, seed densities and seed swelling index; and posi-
tively correlated to all seed dimensional traits and seed hy-
dration and swelling capacities. Seed weight and volume
are important attributes determining the consumer prefer-
ence and cooking quality of chickpea cultivars. In the pre-
sent study, the 100-seed weight was higher in 32 accessions
than the best control cultivar ICCV 2 (22.6 g) and 10 acces-
sions with highest 100-seed weight (29.7–36.6 g) represent
kabuli types. Consumers prefer large-seeded types for
whole seed consumption, confectionary products, salads
and savoury meals (Regan et al., 2006). Seed size is an im-
portant trait of kabuli type chickpea and cultivars with
100-seed weight of >40 g garner higher market price as
they are preferred by consumers (Gowda et al., 2011).

Themini core accessions showed large variation for seed
coat content (4.1–19.6%). Overall, kabuli types had lowest
seed coat content (5.2%) and the desi types had almost
three times (15.4%) and intermediate types (11.4%) more
than two times seed coat content than the kabuli types.
Sastry et al. (2014) also reported fourfold variation in the
seed coat contents among 50 chickpea accessions. Singh
et al. (1980) also reported higher seed coat contents in
desi types (14.2%) than in kabuli types (4.9%). Seed coats
of desi types were 2.72 times thicker than kabuli types with
normal testa and 3–25 times thicker than kabuli types with
cracked testa in the studies of Yadav and Sharma, 2000.
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Wood et al. (2011) reported the differences in the process-
ing of desi and kabuli types on the basis of morphology and
composition of seed coats. Physical characteristics of chick-
pea seeds such as grain size, weight and hull content are
important for milling and marketing (Ramasamy and
Harte, 2009) and difficult milling in chickpea is associated
with seed coat traits and a more flexible seed coat resists
cracking and decortication. There is growing evidence of
seed coat characteristics to specific seed problems like sus-
ceptibility to mechanical damage, seed longevity and toler-
ance to field weathering (Malik et al., 2011). Seed coat is
one of the main determinants of seed germination, vigour
and longevity potentials. The susceptibility to mechanical
damage is related to lignin content of the seed coat, while
seed longevity and tolerance to field weathering depends
on seed coat integrity. Seeds having greater weight and
thickness were less susceptible to mechanical damage
and seeds with pigmented seed coats have a longer storage
life, and chickpeas with dark seed coats store better than
lighter-coloured varieties (Gvozdeva and Zhukova, 1971)
and pale-seeded chickpeas are shorter lived than those
with thicker, harder coats (Van der Maesen, 1984).
Understanding the mechanisms of seed coat strength and
flexibility, pectic polysaccharide binding, lectins and
arabinogalactan-proteins allow breeding programmes to
optimize milling performance in new cultivars (Wood
et al., 2014). Seed hardness, small seed size, absence of
anti-nutritional factors and presence of toxic substances af-
fect bruchids damage to legume seeds (Southgate, 1979),
and rough (wrinkled) and thick seed coat might be respon-
sible for resistance to bruchids. The seed coat performs a
vital function in protecting the seed prior to germination
and allows the seed to remain dormant or withstand mech-
anical damage (Oomaha et al., 2010). In this study, the seed
coat content of 19 accessions was lower than the control
cultivar L 550 (kabuli type) and in 60 accessions higher
than the control cultivar G 130 (desi type), thus the mini
core collection offering wide diversity in both desi and ka-
buli types for utilization. The mini core accessions identi-
fied with higher seed coat content contribute to
addressing some of these problems.

Mini core accessions showed significant differences for
the physical dimensions of seeds. Kabuli types had greater
GMD (7.2 mm) and seed volume (384 mm3) than the desi
types (6.0 mm GMD and 220 mm3 volume) and intermedi-
ate types (6.5 mm; 270 mm3). Among these three groups,
there were considerable differences for the GMD as well
as for seed volume (6.0 mm and 220 mm3 for desi; 7.2
mm and 384 mm3 for kabuli; and 6.5 mm and 270 mm3

for intermediate type). Considering the seed length,
width, thickness, seed volume, GMD and surface area,
the large-sized accessions were ICCs 8261, 9137, 12328,
14199, 15294, 15333, 15518, 15697 and 16796 in the mini
core collection. The seed volume, GMD and surface area

in 24 accessions was higher than the best control cultivar
ICCV 2. These include 20 kabuli type and four desi type ac-
cessions (ICCs 1915, 6306, 12866 and 15294) offering wide
diversity in seed dimensional traits for utilization in both the
groups. The trade recognizes three groups in chickpea
based on seed diameter in Europe and Australia: large
seeded (>9 mm), medium seeded (8–9 mm) and small
seeded (7–8 mm). Kabuli type chickpea seeds >7 mm re-
ceive a premium of US$50 per ton for each additional
mm of diameter (Biçer, 2009) and the seed lot must contain
a large proportion of such seeds to get the extra price
(Barker, 2007).

Seed surface area, sphericity and seed shape aspect are
important physical parameters contributing to the seed
shape of chickpea. Overall, the mean sphericity was high-
est in kabuli types (85.7%) followed by intermediate types
(84.5%) and desi types (79.5%). Within each of these
groups, there were vast differences in sphericity of seeds.
It is important to evaluate the sphericity of the germplasm
accessions especially for the pea-shaped accessions. Such
accessions are of interest to breeders attempting to develop
cultivars with diverse marketing needs. Nelson and Wang
(1989) proposed a visual scoring system to describe a
broad variation of seed shape. Among the tested acces-
sions, 32 accessions had a sphericity >85% and one acces-
sion (ICC 7323) with a sphericity >90%, representing a
perfect pea shape. The mean seed shape aspect of the
desi, kabuli and intermediate types was 71.2, 78.2 and
76.3%, respectively. Sixteen accessions had a shape as-
pect >80% including one accession (ICC 7323) with
highest seed shape aspect >84%. Sphericity and seed
shape aspect of chickpea seeds were significantly corre-
lated (r2 = 0.958 < 0.01%). The 100-seed weight and other
physical dimensions significantly correlatedwith the spher-
icity and seed shape aspect of chickpea accessions (Sastry
et al., 2014). In this study, we have identified nine acces-
sions that had a seed sphericity and seed shape aspect
higher than the best control cultivar ICCV 2. These acces-
sions include eight kabuli type (ICCs 6263, 7308, 8261,
9137, 13187, 13283, 15435 and 15518) and one intermedi-
ate type (ICC 7323). Dutta et al. (2004) reported a sphericity
(74%) and roundness (70%) at 10·9% moisture content in
chickpea seeds. Higher sphericity of chickpea seeds allows
more sliding and rolling during seed processing (Konak
et al., 2002). Ghadge et al. (2008) studied the physical
properties of chickpea split (‘dhal’) and identified the im-
portance of sphericity and aspect ratio of the seeds in de-
termining the shape of the splits (‘dhal’).

Chickpea seed bulk density and true seed density were
negatively related to seed physical dimensions, the spher-
icity and seed shape aspect. The mean bulk density and
true density of the desi, kabuli and intermediate types
were 0.702, 0.691 and 0.707 g/cc; and 1.293, 1.261 and
1.293 g/cc, respectively. However, within each of the
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three groups, there were good differences among acces-
sions for both bulk density and true density. In this study,
20 accessions had a seed bulk density and true density
higher than the best control cultivars (G 130 and ICCV
10). These accessions include 16 desi type, two kabuli
type (ICCs 11879 and 12492) and two intermediate type
(ICCs 8350 and 10341). The lowest bulk density was ob-
served in ICC 16903, a desi type chickpea with a
100-seed weight 14.4 g and a seed coat content 17.1%.
Two accessions, ICC 708 (desi) and ICC 12492 (kabuli)
with 100-seed weights 13.8 and 16.5 g respectively, also
had high bulk density. The intermediate type (pea-shaped)
chickpeas have greater true densities compared with desi
and kabuli types (Sastry et al., 2014). Bulk density reflects
the way the seeds pack and is a useful parameter in deter-
mining the size of container needed for a given weight of
seed (Gürsoy and Güzel, 2010) during seed packaging and
storage. In this study, the seed bulk density and porosity
was highest in ICC 10341, a kabuli type with a 100-seed
weight 19.2 g and a seed coat content 6.0%. The lowest por-
osity was in ICC 16903, a desi type with a 100-seed weight
14.4 g and a seed coat content 17.1%. True seed density is a
component of grain yield that is positively correlated with
seed protein concentration and selection for increased
density could provide an efficient way to improve protein
concentration without affecting seed yield and since the
measurement of seed density and seed weight is relatively
inexpensive, hence a low-cost way to identify promising
accessions (Li and Burton, 2002).

The seed hydration and swelling traits were negatively
influenced by the seed coat content indicating higher swel-
ling and hydration index for accessions with thinner seed
coats. The mean hydration capacity and hydration index
of the desi, kabuli and intermediate types were 0.153 g/
seed and 1.158; 0.285 g/seed and 1.180; and 0.190 g/seed
and 1.127, respectively. Kaur et al. (2005) reported that
seeds with higher test weight and volume take higher cook-
ing time and swelling capacity and hydration capacity cor-
related well with cooking time, springiness and hardness
of soaked chickpea seeds. Sfayhi and Kharrat (2011) ob-
served significant differences in physiochemical and cook-
ing characteristics of chickpea cultivars and seeds with
higher size have higher hydration capacity and longer
cooking time. The mean swelling capacity and swelling
index of the desi, kabuli and intermediate types were
0.137 ml/seed and 1.158; 0.255 ml/seed and 1.063; and
0.173 ml/seed and 1.025, respectively. Among the mini
core collection, 60 accessions had a seed hydration cap-
acity of >0.213 g/seed and 40 accessions had a swelling
capacity >0.213 ml/seed (higher than the best control cul-
tivar L 550). These accessions include 33 kabuli type, 17
desi type and two intermediate type (ICCs 8350 and
10341). However, seed hydration index and swelling
index were higher in desi types. The hydration index was

highest in desi type control cultivar (ICCV 10). Nine acces-
sions had a swelling index higher than control cultivar G
130. Kabuli type chickpeas had high 100-seed weight, hy-
dration and swelling capacity than desi types, indicating
seed coat differences affecting the seed quality traits.
Seed weight, seed volume, swelling index and hydration
capacity are correlated with cooking time and these rela-
tionships enable large numbers of chickpea genotypes to
be screened rapidly into long, medium and short cooking
time types (Williams et al., 1983). Lopez and Fuentes (1990)
and Badshah et al. (2003) observed relationships among
water absorption and seed coat contents affecting the cook-
ing quality. Ozer et al. (2010) emphasized the importance
of physical, physiochemical and cooking properties of
chickpeas in identification of chickpea landraces for devel-
oping high-quality chickpea cultivars.

Agbola et al. (2002) and Malik et al. (2011) emphasized
the need to improve the physical quality characteristics and
selections based on these traits for improvement of quality
traits in chickpea. Singh et al. (2003) and Lokare et al.
(2007) observed little influence of environment on seed
physiochemical traits in chickpea. Hossain et al. (2010) ob-
served low genotype × environment interaction and high
magnitude of heritability suggesting the environmental sta-
bility of the chickpea seed shape trait (roundness index).
This is expected as this is a qualitative trait which show
low environment influence and genotype × environment
interaction. Genetic analysis of seed coat thickness indi-
cated a monogenic inheritance, with the thin kabuli seed
coat being the recessive character (Gil and Cubero,
1993). Selection for variation in the physical seed charac-
ters of chickpea would enable breeding of cultivars with
the potential to attract premium prices. Besides seed di-
mensional traits, sphericity and seed shape aspect, seed
volume showed positive association with hydration cap-
acity and swelling capacity; density of seed is negatively as-
sociated with volume of seed and swelling index. Swelling
index, volume of seed and cooking time had high heritabil-
ity coupled with high genetic advance indicated that these
characters are under additive genetic control and simple se-
lection will be effective for their improvement (Singh,
2016). Seed weight was associated with all seed dimen-
sions and contributed significantly to seed hydration cap-
acity and swelling capacity. Among the observed traits,
large variability was observed for seed weight, seed coat
content, seed volume and seed swelling capacity and low
variability for seed moisture content, seed length, spher-
icity and seed hydration index. Patanè et al. (2004) also re-
ported a large variability among genotypes for swelling
capacity and swelling index and lowest variability for
seed coat and seed weight and identified genotypes hav-
ing good seed weight and low seed coat incidence and
calcium content, all important attributes affecting cooking
quality.
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Implications for conservation and utilization

The relevance of seed physical properties of chickpea for
conservation and utilization have been reported (Sastry
et al., 2014). The seed moisture content (emc) is an import-
ant measure of seed quality influencing the physical para-
meters, seed handling procedures and storage behaviour of
germplasm collections in the genebanks. Seed size, shape
and density are important in seed cleaning process (separ-
ating seed from undesirable materials). Kabuli types were
prone to seed coat-related injuries during processing result-
ing in poor quality and viability and seeds with pea shape
and smooth surface were sensitive to drying necessitating
alternate measures for reducing moisture content. Seed
bulk density and porosity affect the resistance to airflow
of seeds and are crucial in the development of aeration
and drying systems. Seed size and porosity has significance
with seed containers and processing seed samples for con-
servation, especially under vacuum storage compared with
storagewithout vacuum. Highly porous seeds requiremore
storage space during packing and chickpea seeds with
higher porosity coupled with angular shape and rough
seed coat surface demand additional specifications and
care during sealing and storage. There are chances of da-
mages to seed containers, especially the aluminium foil
pouches as well as changes in storage environments in
the containers for highly porous seeds.

Multiple trait accessions

The chickpea mini core collection has been evaluated
extensively for various agronomic traits and resistance to
biotic and abiotic stresses (Upadhyaya et al., 2013). In
this study, top 10 accessions pooled from each seed trait
resulted in 67 unique accessions (online Supplementary
Table S1). Twenty-seven of these accessions were also
identified as promising for important agronomic traits and
resistant/tolerant to biotic and abiotic stresses during
large-scale evaluations besides being genetically diverse
(Upadhyaya et al., 2013). Identification of sources for
different traits and utilizing them for recombinant breeding
is crucial for developing chickpea cultivars to meet the
emerging challenges to agricultural production (Upadhyaya
et al., 2013). Accessions with desirable seed traits and as
promising sources for morphoagronomic, and for biotic
and abiotic stresses are presented in online Supplementary
Table S2.

From this study and earlier studies, the following acces-
sions are most promising in the chickpea mini core
collection:

• ICC 637 – a desi type, tolerant to drought, salinity and
heat, and agronomically superior.

• ICC 7323 – an intermediate type with best seed shape
aspect and tolerant to drought.

• ICC 9137 – a kabuli type, large seeded with superior
physical and hydrological seed traits including high su-
crose and high ciceritol density and high yielding under
high-temperature conditions.

• ICC 12328 – a kabuli type with superior physical and
hydrological seed traits including high sucrose density,
resistant to dry root-rot and Botrytis grey mold and agro-
nomically superior.

• ICC 11879 – a kabuli type, high-yielding, Ascochyta
blight tolerant, semi-erect, well adapted and released
as cultivar in eight countries (Algeria, France, Iraq,
Jordan, Lebanon, Morocco, Syria and Turkey).

• ICC 13219 – a desi type, resistant to Fusarium wilt,
Botrytis grey mold and legume pod borer.

• ICC 13816 – a kabuli type, resistant to Fusarium wilt,
Ascochyta blight and Botrytis grey mold, semi-erect,
long duration, with high seed protein and micro-
nutrient dense (Fe and Zn), well adapted and released
as cultivar in six countries (Algeria, Cyprus, Jordan,
Iraq, Italy and Tunisia).

• ICC 15518 – a kabuli type with superior physical and
hydrological seed traits and agronomically superior.

• ICC 15606 – a desi type with high seed density, resistant
to Fusarium wilt, Botrytis grey mold and legume pod
borer.

New cultivars are accepted as valuable raw material for
the production of foodstuffs based on evaluation of their
physical, chemical and nutritive properties. The physical
traits of chickpea seeds are easy to measure and provide
a base for screening and classifying large germplasm col-
lections for utilization in research. Further studies are
needed on seed traits associated with storage pests, ‘dhal’
recovery, cooking quality and other related consumer
preferences.

The chickpea mini core collection is a global public
good and representative seed samples are available for
utilization in research following a Standard Material
Transfer Agreement (SMTA) under the International Treaty
on Plant Genetic Resources for Food and Agriculture
(ITPGRFA).

Supplementary material

The supplementary material for this article can be found at
https://doi.org/10.1017/S1479262119000030
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