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Chickpea is increasingly being grown in tropical areas, and terminal drought is becoming a major con-
straint to its increased productivity. A trait-based selection approach can achieve further gains in drought
tolerance that has been achieved through direct selection for yield. Separation of yield into its compo-
nents including the rate of partitioning and its duration could permit a better focus on the most relevant
trait for yield enhancement under terminal drought. Current work is aimed at understanding the impor-
tance of rate of partitioning or the partitioning coefficient (p) as a major contributory trait associated with
drought tolerance both in germplasm and breeding lines. A reference collection of chickpea germplasm
(n=280) was evaluated in the field under both terminal drought and optimally irrigated environments;
and a set of desi (n=60) and kabuli (n=60) advanced breeding lines under terminal drought. Grain yield
was associated with its analytical components - crop growth rate (C), reproductive duration (Dr) and p.
The path analysis showed that C and p had a large direct positive contribution to yield while Dr had a
marginal but negative contribution to yield under drought. The direct contribution of p was the highest
but it was marginally reduced by the indirect negative contributions of Dr. However, the total contrib-
utions of p to grain yield remained large. The yield of germplasm accessions under drought across the
seasons were closely associated (r2=0.70) and also the genotype x year interaction was minimum. The
contribution of C, Dr and p to grain yield were similar in the advanced breeding lines. However, kabuli
breeding lines had a larger variation for p than the desi lines. The results suggest that a conscious selection
for greater p will confer greater tolerance to abiotic stresses, given that terminal drought tends to curtail
the length of the reproductive period.

Keywords:

Crop growth rate
Drought stress

Genetic variability
Harvest index

Path coefficient analysis
Rate of partitioning

© 2013 Elsevier B.V. All rights reserved.

the probability of crosses resulting in additive gene action (Ludlow
and Muchow, 1990; Reynolds and Trethowan, 2007; Wasson et al.,
2012). Growth rates and productivity under water limited condi-
tions can be improved only when most relevant drought tolerance

1. Introduction

Chickpea (Cicer arietinum L.), the second most important grain
legume crop in the world, is widely grown across the Mediter-

ranean basin, East Africa, Indian-subcontinent, Americas and
Australia (FAO, 2012). Ninety percent of world’s chickpea is grown
rainfed (Kumar and Abbo, 2001) where terminal drought is one of
the major constraints limiting productivity. In 2050, global demand
for chickpea is projected to be 18.3 Mt (2010 supply is 9.4 Mt), and
the low income food deficit countries are expected to suffer the
widest supply-demand gap (Nedumaran and Bantilan, 2013). Most
of this deficit can be met through breeding for drought tolerance
and yield stability. A physiological trait-based breeding approach is
proposed to have merit over breeding for yield per se as it increases
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traits are identified and brought under a single genetic background.

Analytically, grain yield (YLD) under drought environments can
be explained by the following equation (Passioura, 1977; Fischer,
1981):

grain yield = transpiration(T) x transpiration efficiency(TE)

x harvest index(HI)

This suggests that improvement of any one component (or com-
bination) of yield is expected to improve the grain yield under
drought environments. Improvement of HI (see formula), is con-
sidered to be relatively less cumbersome and was deferred to be
dealt with at the last stages of breeding and selection. Hence,
improvement for the components T (Kashiwagi et al., 2005) and TE
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(Kashiwagi et al., 2006b) have been given a higher priority as they
can increase the total shoot biomass. Breeding efforts for improved
T and TE, by introgressing associated QTLs into ruling varieties
(Varshney et al., 2009), had been shown to ensure large additional
yield advantages at research station level (Gaur et al., 2013). Thus,
to understand the extent of variation for this yield component, it
becomes necessary to explore and exploit the variation for Hl in the
germplasm.

High heritability of HI coupled with the weak response to envi-
ronmental variation (Hay, 1995) makes it suitable as a major trait
for improving yield stability under stress. However, HI alone had
notbeen considered as ayield determining trait for selection as high
yields under drought were the product of interaction of growth
rates and HI. Therefore, success in selecting for high yield under
drought requires a simultaneous selection for both crop growth
rates and HI. An independent selection for HI alone poses the dan-
ger of selecting entries with a poor biomass potential (Wallace et al.,
1993).

In another analytical model of yield determination, HI was con-
sidered as a product of two components; i.e. the reproductive
duration and the p to grains (Duncan et al., 1978; Williams and
Saxena, 1991; Gallagher et al., 1976; Scully and Wallace, 1990;
Krishnamurthy et al.,, 1999). Terminal stress in chickpea, as in
many other crops, is known to reduce the growth duration, espe-
cially the reproductive phase. Therefore, it can be envisaged that
since there is a ceiling to the reproductive growth duration due
to ever increasing drought and heat stress at the final stages
of reproductive growth, it would be worth aiming to increase
p, thereby allowing the plants to escape the later stress stages
without compromising the yield formation. Several plant func-
tions such as increased radiation use efficiency, non-lodging crop
stands, increased sink size (twin pods in each node or smaller leaf
size), more terminal branches, synchrony in flowering and greater
flower production per unit area can be envisaged as contributing
to increased p.

Characterization of germplasm for various traits was made
manageable with the development of a reference collection of
chickpea germplasm, representing the molecular diversity of a
global composite collection (3000 accessions at 50 microsatel-
lite loci) (Upadhyaya et al., 2006). This reference collection also
exhibits enormous diversity for tolerance to high temperature
(Krishnamurthy et al., 2011a), soil salinity (Krishnamurthy et al.,
2011b) and terminal drought. Therefore, the objective of this
study was to (i) explore the biological diversity in the analyt-
ical yield components; (ii) identify the trait(s) that associate
closely with yield both under drought-stressed and optimally-
irrigated environments; and (iii) identify contrasting germplasm
accessions for the most useful traits from the reference collec-
tion.

2. Materials and methods
2.1. Crop management of germplasm evaluation

The cultivated accessions of the chickpea germplasm (n=280)
reference collection (Upadhyaya et al., 2008) were evaluated
under field conditions during the postrainy seasons of 2008-2009
and 2009-2010 on Vertisol (fine montmorillonitic isohyperther-
mic typic pallustert) at ICRISAT - Patancheru (17°30" N; 78°16’
E; altitude 549m), in peninsular India. The soil depth of the
fields used in 2008-2009 was >1.2m, and 1.1 m in 2009-2010.
These soils retained about 230 mm (2008-2009) and 205 mm
(2009-2010) of plant-available water in the 120-cm (maximum
rooting depth) soil profile. The fields were solarized using poly-
thene mulch during the preceding summer to eradicate wilt

causing fungi Fusarium oxysporum f. sp. ciceris (Chauhan et al.,
1988). The field was kept fallow and Glyphosate (Roundup®)
herbicide was applied prior to land preparation only during
2008-20009.

The fields were prepared into 1.2 m wide broad beds flanked
by 0.3 m furrows for all the experiments. Surface application and
incorporation of 18kgNha~! and 20kgPha~! as di-ammonium
phosphate was carried outin all the experiments. The plot consisted
of 2 rows of 4 m length in both the seasons. The experiments were
conducted with two irrigation levels — drought stressed: nonirri-
gated except for a post-sowing irrigation; and irrigated: optimally
irrigated depending on the need with three replications. Seeds
were treated with 0.5% Benlate® (E.I. DuPont India Ltd., Gurgaon,
India)+ Thiram® (Sudhama Chemicals Pvt. Ltd., Gujarat, India) mix-
ture in both seasons. Both the experiments were hand planted at
the first opportunity after the cessation of the rains on 31 Oct 2008
and 31 Oct 2009 in rows 30cm apart with 10 cm between plants
at 3-5 cm depth with two seeds per hill, later thinned to one. Dur-
ing both the seasons, the fields were inoculated with Rhizobium
strain IC 59 using the liquid inoculation method. A 50 mm irrigation
through perforated pipes was applied the next day to ensure com-
plete emergence. Successive irrigations, to the irrigated treatments
were through furrow irrigation. Intensive protection against pod
borer (Helicoverpa armigera) was provided and the plots were kept
weed free by manual weeding.

2.2. Crop management of advanced yield trials

There were six experiments each with twenty entries. These
were three sets of F4; progenies each from desi and kabuli, derived
from desi x desi and a kabuli x kabuli crosses that were made to
further enhance the early growth vigor and yield performance of
existing released varieties. The desi varieties intended for improve-
ment were ICCV 10, ICCC 37, JG 11 and ICCV 96021; the kabuli
were KAK 2, JGK 1, ICCV 2 and ICCV 95311. These entries were
evaluated rainfed in Vertisol field at ICRISAT in 2009-2010. The
soil depth of the field was >1.5m and these soils retained about
230 mm of plant-available water in the 120 cm (maximum root-
ing depth) soil profile. These fields were kept fallow during other
seasons.

The broad bed and furrow system, basal fertilizers and the seed
dressing were the same for the germplasm evaluation. The plot size
was 4.0m x 4m rows in all the six experiments which were con-
ducted purely rainfed with four replications. These experiments
were sown with a 4-cone planter on 29 October 2010 in rows
30 cm apart at a depth of 3-5 cm to have an estimated plant stand
of at least 27 plants m~2. Intensive protection against pod borer
(H. armigera) was provided, and the plots were kept weed free by
manual weeding.

The date when 50% or more of the plants had flowered was
recorded as 50% flowering time of the plot, when 50% or more of the
plants had produced one pod at least was recorded as 50% podding
time of the plot, when 80% or more pods were yellow was recorded
as physiological maturity and when 80% of the pods in a plot were
dried was recorded as the time of maturity for each plot.

2.3. Soil moisture measurements

In both years, neutron moisture meter access tubes were
installed in four spots planted with two drought tolerant (ICC
867 and ICC 14778) and two drought sensitive accessions (ICC
6263 and ICC 8058) (Krishnamurthy et al., 2010) in an adjacent
broad bed in each replication and treatment. Neutron moisture
meter (Depth Moisture Gauge, Model 3332, Troxler Electronic
Laboratories Inc., NC, USA) readings at soil depths of 15 cm incre-
ments up to a depth of 120 cm were made before and after each
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irrigation as well as matching it at about 10 day intervals. The
troxler soil moisture observations were corrected with a calibra-
tion curve developed for each depth separately using the data
collected gravimetrically across the season. Moisture content of
the surface soil (0-15 cm) was measured only gravimetrically. The
water held in each soil horizon of 15 cm depth was summed up to
1.2m.

2.4. Final harvest

At maturity, plant aerial parts were harvested at ground level
from an area of 2.7 m? (3.6 x 0.75m) in the germplasm evaluation
and 5.4m? (3.6 x 1.5m) in the advanced yield trials with care to
eliminate border effects in each plot, dried to constant weight in
hot air dryers at 45°C, and total shoot dry weights were recorded.
Grain weights were recorded after threshing. For each chickpea
line, the time taken for pre-podding and post-podding periods was
converted to thermal time using temperature observations in the
meteorological observatory of ICRISAT - Patancheru. Base temper-
ature (t,) was taken as 0°C (Williams and Saxena, 1991; Singh and
Virmani, 1996) and the equation used for calculating thermal time
(°Cd) was:

n

° _ tmax + tmin

=3 (72 _ tb)
t=0

The crop growth rate (C) in kgha~! °Cd and partitioning coeffi-
cient of each line were estimated using the equations:

_ VY o Y/Dr
= Dv+Dr P=-c

C

where V=vegetative shoot masskgha~! (adjusted for leaf fall);
Y=grain masskgha~!; Dr=duration of growth after the start of
50% podding °Cd; Dv =duration of growth before the start of 50%
podding °Cd.

2.5. Statistical analysis

The replication-wise values of yield and yield components
were used for statistical analysis of each environment using ReML
considering genotypes as random. Variance components due to
genotypes (oé) and error (02) and their standard errors were deter-
mined. Environment-wise best linear unbiased predictors (BLUPSs)
for the germplasm accessions and the advanced generation prog-
enies were calculated. Heritability was broadly estimated as h? =
aé(aé + 02). The significance of genetic variability among acces-
sions was assessed from the standard error of the estimate of
genetic variance og, assuming the ratio o /S.E.(6¢) to follow nor-
mal distribution asymptotically.

For the pooled analysis, homogeneity of variance was tested
using Bartlett’s test (Bartlett, 1937). Here, the year (environment)
was treated as a fixed effect and the genotype as random. The vari-
ance due to (G) cré and (G) x (E) interaction (aéE) and their standard
error were determined. The significance of the fixed effect of the
year was assessed using the Wald statistic that asymptotically fol-
lows a x2 distribution.

Regression and the path analyses were performed using the
individual year and BLUPs under both irrigation levels. Path analysis
in this case was sought to separate the correlations into different
components of direct and indirect effects due to a large number
of independent variables that are expected to contribute to the
dependant variable, the grain yield.
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Fig. 1. Changes in available soil moisture up to a soil depth of 1.2 m across the crop
growing seasons of 2008-2009 and 2009-2010. Vertical bars denote standard error
of differences (+).

3. Results
3.1. Extent of terminal drought

In both the years, the rain received prior to the cropping sea-
son was >850 mm, well distributed ensuring complete charging
of the soil profile. Rains totaling 26 mm for 15-30 days after
sowing in 2008-2009 and 44 mm for 9-19 days after sowing in
2009-2010 delayed the onset of drought, but the drought stressed
crop suffered terminal drought (data not shown). There was
another rain (39 mm) at 75 days after sowing during 2009-2010,
but the early maturing accessions under drought stress had
crossed the stage of response and most late maturing accessions
under optimum irrigation suffered excessive vegetative growth
and lodging due to this rain. Overall, the minimum tempera-
tures were higher, particularly during the critical third and fourth
week of December (flowering and early-podding season for the
adapted germplasm), and maximum temperatures were lower dur-
ing 2009-2010 (Table 1). The daily evaporation normally around
3-4mm increased to 5 and beyond after 82 days of sowing in
2008-2009, and 91 days in 2009-2010, which reflected in the
cumulative evaporation presented in Table 1.

Broadly, the pattern of soil moisture depletion did not vary
between the two seasons under drought stress except that the sea-
son started with greater available soil moisture in 2008-2009, and
this difference was maintained till 30 days after sowing (Fig. 1).
The available water in the soil profile was the lowest in 2009-2010
under drought stress between 60 and 70 days after sowing. At
maturity under drought stress the available soil water left unuti-
lized was about the same in both seasons and less than 50 mm.
Irrigations at the early stages of the season raised the total available
soil water to initial levels, whereas as the season advanced irriga-
tions did not fully charge the profile. It was likely due to the poor
rate of percolation in Vertisols compared to slow rate by rains, and
it was found that the top 60 cm soil only got wet when irrigation
was turned off at the beginning of runoff (Fig. 1).

3.2. Extent of variation among chickpea germplasm accessions

The increase in mean shoot dry matter and grain yield with
irrigation was about 50% (Table 2). The germplasm accessions
varied two-fold in shoot biomass production and many-fold in
grain yield. Compared to the irrigated condition, durations of both
the vegetative (Dv) and reproductive (Dr) phases of growth were
reduced by drought stress, but these reductions were large for the
reproductive phase compared to the vegetative phase (Fig. 2). The
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Table 1
Summary of the weather during the vegetative and reproductive phases of the three cropping seasons.
Year/period Total rainfall (mm) Mean temperature (°C) Mean maximum VPD (kPa) Total evaporation (mm)
Max Min
2008-2009
Early Dv 25.5 29.8 15.9 2.33 1114
Late Dv 1.1 294 13.4 2.43 98.6
Early Dr 0.0 283 134 2.25 81.2
Late Dr 0.0 321 134 3.52 106.2
2009-2010
Early Dv 44.2 29.5 19.0 1.97 1104
Late Dv 0.0 28.2 134 224 103.9
Early Dr 46.4 275 15.1 1.91 67.0
Late Dr 0.0 279 135 2.29 81.0
2010-2011
Early Dv 12.5 283 17.7 1.73 75.8
Late Dv 0.0 273 113 2.14 779
Early Dr 0.0 29.2 10.6 2.67 136.5
Late Dr 0.4 31.2 16.2 2.95 163.1
Table 2

Mean shoot dry matter, grain yield, Dv, Dr, C and p for the reference collection of chickpea germplasm (n=280) in the 2008-2009 and 2009-2010 postrainy seasons under
drought stressed and optimally irrigated conditions.

Season/environment Trial mean Range of predicted means S.E. oé (S.E.) Heritability (h?)
2008-2009
Drought stressed
Shoot dry matter (kgha') 3444 2559-4726 380.9 220,188 (28,546) 0.671
Grain yield (kgha') 1557 510-2250 205.3 91,544 (10,202) 0.770
Dv (°Cd) 1286 1033-1700 33.0 15,155 (1331) 0.964
Dr (°Cd) 878 759-1161 41.7 3482 (399) 0.751
C(kgha-t°Ccd1) 1.93 1.23-2.57 0.210 0.0630 (0.0084) 0.652
p 0.93 0.22-1.20 0.069 0.0312 (0.0029) 0.923
Optimally irrigated
Shoot dry matter (kgha=') 5263 3602-6977 576.5 447,678 (62,609) 0.629
Grain yield (kgha!) 2057 1004-3029 270.7 138,923 (16,309) 0.737
Dv (°Cd) 1354 1067-1666 42.9 18,458 (1649) 0.950
Dr (°Cd) 1231 1026-1512 51.3 7024 (741.0) 0.812
C(kgha-t°Ccd1) 2.46 1.69-3.15 0.265 0.089 (0.013) 0.607
p 0.69 0.35-0.97 0.061 0.013(0.0013) 0.861
2009-2010
Drought stressed
Shoot dry matter (kgha=') 4120 2822-5499 4309 303,086 (37,854) 0.694
Grain yield (kgha!) 1518 442-2314 209.3 134,255 (13,672) 0.837
Dv (°Cd) 1245 959-1610 41.5 16,271 (1456) 0.947
Dr (°Cd) 847 679-1102 68.8 9480 (1086) 0.750
C(kgha-'°cd) 2.40 1.55-3.17 0.245 0.089 (0.012) 0.663
p 0.78 0.22-1.25 0.075 0.060 (0.0053) 0.953
Optimally irrigated
Shoot dry matter (kgha') 6781 3566-8926 7731 1,086,034 (129,247) 0.725
Grain yield (kgha!) 1522 694-2311 302.8 136,055 (17,861) 0.663
Dv (°Cd) 1331 981-1583 63.4 17,458 (1678) 0.885
Dr (°Cd) 1161 990-1475 67.5 10,641 (1159) 0.786
C(kgha-'°cd) 3.29 1.79-4.26 0.374 0.228 (0.028) 0.693
p 0.40 0.22-0.63 0.066 0.009 (0.0010) 0.744
2008-09, Optimally irrigated ]
2008-09, Drought stressed ]
2009-10, Optimally irrigated
2009-10, Drought stressed |
0 500 1000 1500 2000 2500 3000

Mean vegetative and reproductive duration of 280 germplasm accessions (°Cd)

Fig. 2. Mean growing degree days taken for vegetative (solid) and reproductive (gray) growth durations of the reference collection of chickpea germplasm (n=280) under
both optimally irrigated and drought stressed conditions during two years (2008-2009 and 2009-2010).
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Table 3

Interaction of genotype with year for the grain yield and its analytical compo-
nents C, Dr and p in the reference collection of chickpea germplasm (n=280) during
2008-2009 and 2009-2010 postrainy seasons under drought stressed and optimally
irrigated conditions.

Variance component (S.E.)

Drought stressed Optimally irrigated

Grain yield (kgha')

Genotype 90,306 (9958) 109,340 (13,522)
Genotype x year 21,598 (4342) 26,251 (7913)
C
Genotype 0.0652 (0.0079) 0.1251 (0.0161)
Genotype x year 0.0096 (0.0046) 0.0335(0.0102)
Dr
Genotype 3833 (566) 7173 (791)
Genotype x year 2589 (417) 1633 (346)
p
Genotype 0.0372 (0.0037) 0.0088 (0.0009)
Genotype x year 0.0083 (0.0009) 0.0020 (0.0004)

decrease in Dvwas 5 and 6% in 2008-2009 and 2009-2010 and in Dr
was 29 and 27%. The differences in mean Dv between the drought
stressed and the irrigated treatments were low as the difference in
soil moisture between the irrigation treatments at this stage was
expected to be low. C was substantially increased by irrigation but
p was substantially reduced during 2009-2010 (Table 2). The heri-
tability of shoot biomass was moderate and was between 0.63 and
0.73. The heritability of grain yield (0.66 and 0.84) under drought
stress was relatively high compared to the shoot biomass. The
heritability of the vegetative duration was high, while that of the
reproductive duration was moderately high. Among the yield com-
ponents the heritability of p under drought stress was the highest
(0.92 and 0.95) (Table 2).

The pooled analysis of variation with both the years showed that
the genotype x year effect was significant for the grain yield and all
the other components of yield. However the extent of genotypic
variance was 4-5 times greater than the genotype x year interac-
tion component except for Dr in 2008-2009 (Table 3).

3.3. The relationship between yield and model parameters (C, Dr
and p) of the germplasm accessions

The mean yields of accessions under both soil moisture levels in
the two seasons were considered together for a regression anal-
ysis of yield with C, Dr and p, 84.5% of variation was explained
by this analytical model (data not shown). When the germplasm
accessions x year variations were considered individually for both
drought stressed and optimally irrigated environments, >94% of the
variation, in each case was explained - demonstrating the efficiency
of the model in explaining the yield variation.

The regression between yield and C was positive and explained
55 and 19% of the yield variation in the two years under drought
stressed conditions, and 36 and 16% under optimally irrigated con-
ditions (Fig. 3). The path coefficients also showed large positive
direct association of C that changed only slightly due to indirect
contributions through Dr and p. Such a direct or total contribu-
tion by C was greater under drought stressed conditions, compared
to the irrigated conditions (Table 4). Dr regressed negative with
grain yield explaining large variation under drought stressed con-
dition while it was not related under irrigated conditions (Fig. 4).
Direct path coefficients of Dr were always positive irrespective
of irrigation treatments that became more negative due to heavy
indirect negative contribution through p. Such negative indirect
contribution through p was minimal under irrigated conditions
leading to a positive total contribution.

The regression between yield and p was positive explain-
ing 68 and 47% of the yield variation in the two years under
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Fig. 3. The relationship between crop growth rate and the grain yield of the refer-
ence collection of chickpea germplasm (n =280) in the two years (2008-2009 = solid
dots and 2009-2010 =open dots) both under drought stressed and optimally irri-
gated conditions.

drought stressed conditions, and 64 and 34% of the yield variation
under optimally irrigated conditions (Fig. 5). The path coefficients
also showed large positive direct contribution by p that changed
marginally due to primary indirect contribution through Dr. Such
direct or total contribution by p was greater under drought stressed
condition compared to the irrigated condition (Table 4).

3.4. Extent of variation among advanced chickpea breeding lines

All the means of the chickpea breeding lines for shoot biomass
and grain yield was high for a rain-fed drought stressed crop
(Table 5). Yields were high due to advantages in this crop’s favor,
such as early planting, fallow season, two rainfalls during the early
growing season and less soil compaction. The shoot biomass pro-
duction and grain yield variation among the breeding lines of desi
trials were not significant except for the grain yield in desi trial 2
while significant at 5% level in the three kabuli trials. The range in
shoot biomass productivity or grain yield was also narrow within
each of these six trials. The desi trials had marginally higher biomass
(4.8-5.1t) productivity than the kabuli trials (4.5-4.9 t). The mean
grain yield of desi trials were close to 2.8 t whereas it was 2.2t in
the kabuli trials. The range of C was 2.4-2.9 in the desi trials, and
2.2-2.6kgha~!°Cd in the kabuli trials. Dr was 999-1191 °Cd in the
desi trials and 1070-1412 in the kabuli trials. The p ranged between
0.8 and 1.1 with a mean of 1.0 in the desi, whereas the mean was
near 0.75 in the kabulis. The heritability of Dv, Dr and p was close to
0.9 in all the six trials whereas it was 0.5-0.8 for the shoot biomass,
grain yield and the C (Table 5).

3.5. Relationship between yield and model parameters in the
breeding lines

The regression between yield and C was positive. It was close
in the three desi trials and explained 56, 66 and 45% of the yield
variation, and not that close in the kabuli trials, explaining 16,
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Table 4

Direct and indirect contributions of C, Dr and p to grain yield in various soil moisture environments assessed through path analysis (the diagonal elements represent direct
effects, and the off-diagonal elements the indirect effects; the total represents the net effects).

C Dr p Total C Dr p Total
(a) 2008-2009, drought stressed (b) 2008-2009, optimally irrigated
C 0.691 —0.025 0.073 0.739 0.714 0.038 -0.152 0.599
Dr —0.055 0.308 —0.640 -0.387 0.074 0.367 -0.242 0.195
P 0.059 -0.231 0.854 0.682 -0.133 -0.108 0.820 0.579
(€)2009-2010, drought stressed (d) 2009-2010, optimally Irrigated
C 0.586 —0.090 —0.064 0.431 0.510 —-0.007 -0.108 0.395
Dr -0.115 0.459 -1.007 —0.663 —-0.012 0.283 —-0.032 0.239
p -0.031 -0.376 1.230 0.823 —0.063 -0.010 0.871 0.797
(e) Drought stressed (both years) (f) Optimally irrigated (both years)
C 0.609 —0.043 -0.010 0.556 0.608 0.012 -0.212 0.409
Dr —0.069 0378 —0.945 —0.636 0.021 0.352 —0.096 0.277
p —-0.006 -0.321 1.113 0.786 -0.147 —-0.039 0.878 0.693

11 and 35% variation. The regression between yield and Dr was
occasionally negative and significant. It explained 4, 26 and 0%
variation in the desi and 27, 2 and 3% in the kabuli trials. The
regression between yield and p was positive and always signifi-
cant. It explained 23, 51 and 17% of the variation in the desi and 66,
54 and 29% in the kabuli trials. Overall, grain yield variation was
largely explained by the variations both in C and p in desi breeding
lines, but by p in the kabulis (Fig. 6).

The path coefficients, direct or the total, also showed similar
trends of yield explanation as observed in the germplasm. The
direct effect of C was moderate but reflected fully on the total effect
in all the desi trials. Though there were considerably large direct
effects of Dr on yield, this extent was not seen in the total due to a

large negative indirect effect through p. Similarly the direct effects
of p was the largest, but these were largely moderated through the
negative indirect effects of Dr. In spite all these interactions the
overall direct or total contribution of C was high for desi types and
p was high for the kabulis (Table 6).

3.6. Categorization of the reference collection for C and p

C and p were seen to associate considerably and positively to
yield under drought and therefore contrasts for these two traits
were sought. As there were significant accession x year interactions
for both Cand p, the accessions were separated into representative
groups using the BLUPs of drought stressed treatment for both C
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Fig.4. Therelationship between reproductive duration (Dr) and the grain yield of the reference collection of chickpea germplasm (n=280) in the two years (2008-2009 = solid
dots and 2009-2010 =open dots) both under drought stressed and optimally irrigated conditions.
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and p observed in two years by a hierarchical cluster analysis using
Ward’s incremental sum of squares method. For the convenience
of splitting the whole reference collection into groups of high,
moderately high, moderately low and low for the combinations of
both Cand p (16 combinations), a dissimilarity level that yielded 16
clusters with significantly different group means was chosen. Based
on the cluster group means, consistently contrasting combinations
of Cand p are selected as high C and p (with means for 2008-2009;
2009-2010 C=2.15; 2.69 and p=0.83; 0.72), low C and high p (with
means C=1.78;2.12and p=0.93; 0.91) and low Cand p (with means
C=1.67; 2.16 and p=0.48; 0.35). However there are closely paral-
lel groups that were not presented for the sake of brevity. The first
group can be used as parents in short duration environments, sec-
ond in the long duration environments and the third may find use
as lowest checks.

4. Discussion

In this work, irrespective of irrigation environment, the varia-
tions in crop growth rate and p were found to be associated with
grain yield, as also seen in other crops such as common bean
(Scully and Wallace, 1990; Scully et al., 1991), groundnut (Jogloy
et al,, 2011) and winter wheat (White and Wilson, 2006). How-
ever, this association improved under drought stress, as shown
with advanced breeding lines of chickpea (Krishnamurthy et al.,
1999), emphasizing the need for a selection for both these traits.
Breeding programs are aware of the need for breeding for crop
growth rate or larger final biomass (Singh et al., 1983; White and
Wilson, 2006) aiming for higher crop yields through larger plant
size. But this is not the case with better p. The greatest challenge
to using HI directly in breeding programs is its often observed neg-
ative linkage with shoot biomass (Scully and Wallace, 1990) and

maturity duration (Krishnamurthy et al., 2010). Consequently, HI
explains yields poorly as highest yields can result through either
increased shoot biomass or increased harvest indices (Austin, 1980;
Duncan et al., 1978; Scully and Wallace, 1990; Scully et al., 1991).
Direct selection for HI is rightly deterred as poor harvest indices
are often linked to larger plants (well-watered or well-fed or longer
duration ones). But this linkage is a result of extended vegetative
duration leading to an excessive vegetative growth or conversely
reduced reproductive duration. To explain it further, HI is an inte-
gration of two negatively linked individual components, i.e., the
reproductive duration and the rate of partitioning (Jogloy et al.,
2011; Krishnamurthy et al., 1999). One apparent effect of drought
stress is the large reduction in reproductive duration (Fig. 2). There-
fore, any effort to keep a higher HI needs to aim for a greater p
to compensate for the loss in duration and to keep the yield gap
reduced. The importance of and selection for p or HI is not new
(Adams, 1982; Duncan et al., 1978; Scully and Wallace, 1990; Jogloy
et al., 2011). On the basis of a much earlier hypothesis (Searle,
1965), Scully and Wallace (1990) proposed an equation called Rel-
ative Sink Strength (RSS) (equivalent to p here), the ratio of seed
growth rate upon biomass growth rate, and suggested 1.0 as the
highest sink strength for common beans. In this study, ICC 14778
had a consistent p value of 1.17 and 1.16, and this genotype is
known to be the best for maintaining a cooler canopy temperature
(Kashiwagi et al., 2008; Zaman-Allah et al., 2011), known to extract
maximum soil water (Zaman-Allah et al., 2011). It performed as a
highly drought tolerant genotype in field based yield evaluations
(Krishnamurthy et al., 2010). But, selection for best yields often
ensures indirect selection for harvest index. If that improved har-
vest index is a result of increased partitioning duration, this may
not be the best adaptation strategy to produce under terminal
drought.
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Table 5

Mean shoot dry matter, grain yield, Dv, Dr, C and p for the three desi and three kabuli yield evaluation trials of chickpea breeding lines (n=20) in the 2009-2010 postrainy

seasons under drought stressed early-sown conditions.

Season/environment Trial mean Range of predicted means S.E. og (S.E.) Heritability (h?)
Desi trial 1
Shoot dry matter (kgha~!) 5091 5063-5114 68.2 2514(12,499) 0.074
Grain yield (kgha=") 2837 2685-2941 105.1 10,823 (7474) 0.490
Dv (°Cd) 1101 994-1187 28.7 3952 (1434) 0.896
Dr (°Cd) 1093 1035-1191 29.5 2511 (990) 0.827
C(kgha=1°Cd1) 2.81 2.74-2.85 0.072 0.0035 (0.0046) 0.268
p 0.93 0.81-1.01 0.027 0.0033 (0.0012) 0.890
Desi trial 2
Shoot dry matter (kgha') 4788 4442-5124 188.5 41,726 (24,270) 0.574
Grain yield (kgha™!) 2819 2247-3130 137.6 43,394 (18,151) 0.782
Dv (°Cd) 1107 1033-1177 273 1911 (775) 0.805
Dr (°Cd) 1063 1027-1152 19.6 1273 (488) 0.849
C(kgha-'°cd1) 2.67 2.44-2.83 0.105 0.0136 (0.0076) 0.595
p 0.99 0.80-1.10 0.028 0.0056 (0.0019) 0.929
Desi trial 3
Shoot dry matter (kgha=") 5132 4850-5311 147.2 22,370 (14605) 0.516
Grain yield (kgha™1) 2917 2791-3026 105.9 9054 (8197) 0.381
Dv (°Cd) 1147 1005-1210 28.6 3005 (1132) 0.864
Dr(°Cd) 1060 999-1147 224 1702 (650) 0.853
C(kgha-'°cd1) 2.81 2.64-2.91 0.085 0.0077 (0.0048) 0.533
p 0.98 0.89-1.03 0.036 0.0021 (0.0010) 0.690
Kabuli trial 1
Shoot dry matter (kg ha=") 4506 4155-4908 153.7 52,625 (22,203) 0.775
Grain yield (kg ha1) 2202 1814-2628 117.6 43,138 (16,741) 0.840
Dv (°Cd) 1063 953-1151 24.2 2466 (909) 0.882
Dr(°Cd) 1255 1126-1395 276 5050 (1774) 0.925
C(kgha-t°cd1) 235 2.19-2.59 0.074 0.0104 (0.0046) 0.736
p 0.75 0.54-0.91 0.034 0.0099 (0.0034) 0.943
Kabuli trial 2
Shoot dry matter (kgha=!) 4633 4224-4983 199.1 63,640 (30,463) 0.689
Grain yield (kgha™1!) 2238 1845-2525 121.8 56233 (21076) 0.868
Dv (°Cd) 1040 931-1222 15.8 4713 (1571) 0.973
Dr(°Cd) 1264 1070-1362 25.0 5984 (2050) 0.948
C(kgha-t°cd1) 2.43 2.25-2.57 0.099 0.0140 (0.0072) 0.646
p 0.73 0.55-0.93 0.034 0.0108 (0.0037) 0.948
Kabuli trial 3
Shoot dry matter (kgha=!) 4507 4182-4904 159.7 47,621 (22,571) 0.732
Grain yield (kgha™1) 2187 1985-2446 94.4 22,313 (9625) 0.800
Dv (°Cd) 1046 932-1180 17.5 5415(1912) 0.972
Dr(°Cd) 1254 1096-1412 213 9214 (3240) 0.975
C(kgha-1°Cd1) 2.37 2.21-2.62 0.083 0.0133 (0.0062) 0.741
p 0.74 0.64-0.86 0.032 0.0056 (0.0021) 0.911

Terminal drought reduced Dr more than Dv is an indication
that these durations are vulnerable to soil moisture changes.
When water is not a limitation for transpiration, canopy and plant
temperatures are known to be cooler and close to 25°C deviat-
ing heavily from the ambient temperatures. Cooler temperatures

Table 6

and shorter photoperiods are known to encourage suppression
of reproductive growth (Roberts et al., 1985). As individual or
collective effects of soil moisture, temperature and photoperiod
are expected to alter both Dv and Dr, making them unstable,
genotypes capable of adjusting themselves to such variation and

Direct and indirect contributions of C, Dr and p to grain yield in six advanced yield trials of chickpea assessed through path analysis (the diagonal elements represent direct
effects, and the off-diagonal elements the indirect effects; the total represents the net effects).

C Dr p Total C Dr D Total
(a) Desi trial 1 (b) Kabuli trial 1
C 0.761 -0.073 0.058 0.746 0.517 0.036 -0.159 0.394
Dr -0.061 0.908 -1.106 -0.259 0.030 0.627 -1.191 -0.534
p 0.034 -0.789 1.272 0.518 —-0.059 -0.535 1.397 0.803
(c) Desi trial 2 (d) Kabuli trial 2
C 0.677 —0.086 0.224 0.815 0.509 0.140 -0.323 0.327
Dr -0.140 0419 -0.819 —0.540 0.123 0.578 -0.899 -0.197
P 0.163 -0.369 0.929 0.723 -0.129 -0.409 1.273 0.735
(e) Desi trial 3 (f) Kabuli trial 3
C 0.795 —0.032 —0.092 0.671 0.745 —-0.100 —-0.058 0.587
Dr -0.035 0.745 -0.715 —0.005 -0.070 1.062 -1.180 -0.189
p -0.071 -0.515 1.034 0.449 —-0.030 -0.875 1.432 0.527
(g) Three desi trials (h) Three kabuli trials
C 0.786 -0.015 -0.149 0.652 0.575 0.052 -0.218 0.409
Dr 0.022 0.560 —0.896 -0.314 0.044 0.687 —1.008 -0.278
p -0.106 —0.455 1.104 0.543 —0.095 -0.522 1.326 0.709
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maintain their yield stability are desirable. Selective reduction
in reproductive growth phase is commonly observed not only
in response to drought stress but also in response to salinity or
heat (Krishnamurthy et al., 2010, 2011a,b). And if the efforts to
compensate the stress induced yield gaps are to be successful,
increased p has to be sought after (Anbessa et al.,, 2007). The
importance of contributory traits increases only when their con-
tribution is greater and stable, but its enhanced use depends on
the ease of measurability. Measurement of p is simple and any
yield evaluation field trial is sufficient to record the required
parameters. It is well known that many interacting traits con-
tribute to drought tolerance with their importance shifting with
the level of stress intensity (Tardieu, 2012). The advantage of p,
as a complex trait, is that it could be improved through many
of the traits operating simultaneously. Surprisingly, this trait
possesses the best heritability surpassing the estimates for the phe-
nological durations. Selection for this trait is easy and includes
a large number of morphological and physiological contributing
traits.

Biotic stresses can cause a major reduction in the p. Besides
biotic stresses, the p can be influenced by several morphologi-
cal and physiological attributes such as enhanced supply of soil
water through a strong root system, non-lodging habit, synchrony

in flowering (large number of flowers produced on a single day),
twin pods per node and genotypic duration to capture the best
temperature regimes at peak grain filling time. The germplasm
accessions identified for high C and p (Table 7) also includes geno-
types ICC 4958 and ICC 8261, the two top accessions known for
their root prolificacy and their use as donor parents for introgress-
ing a stronger root system in drought tolerance breeding (Varshney
et al., 2012). It is likely that high levels of C and p become possible
through this strong root system supported soil water supply. The
drought tolerance of JG 62 that produces two pods at most basal
nodes, particularly when exposed to terminal drought (Sheldrake
et al., 1978), and of ICC 4958 with its large seeds (Saxena et al.,
1993), were recognized as exhibiting a relatively higher sink capac-
ity. Another stable drought tolerant cultivar, ICCV 10 (Johansen
et al., 1994), a released cultivar with a wide adaptation (Gowda
et al,, 1995) seemingly achieves this drought tolerance through
synchronous flowering. ICCV 10 grows slowly at the initial stages,
but produces large numbers of both basal and terminal branches
with flowers appearing on these branches simultaneously. It is also
characterized as intermediate in flowering but relatively early in
maturity, and this exceptional phenological compromise is iden-
tified as being responsible for its wide adaptation (Berger et al.,
2006).
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Table 7

363

Grain yield, crop growth rate (kgha~! d-1), reproductive duration (°Cd) and partitioning coefficient (p) of the selective high C and high p (HC, Hp), low C and high p (LC, Hp)
and low C and low p (LC, Lp) cluster group members for both 2008-2009 and 2009-2010 years.

Serial No. Entries 2008-2009 2009-2010
Grain yield (kgha™') C(kgha1d1) Dr p Grain yield (kgha=') C(kgha=1d1) Dr p
HC, Hp accessions
1 1CC 1392 1824 1.93 902 1.07 1984 2.64 808 0.93
2 ICC 14669 1676 1.92 826 1.10 2111 2.64 847 0.94
3 ICC 15618 1552 1.91 759 1.12 2038 2.67 818 0.95
4 ICC 8384 1822 1.96 849 1.13 2163 2.58 855 0.99
5 ICC 7441 1563 1.81 816 1.12 2117 2.63 805 1.02
6 ICC 15606 1790 1.95 924 1.00 2147 2.69 841 0.95
7 ICC 15762 1688 1.98 862 1.00 1763 2.62 800 0.85
8 1CC 6263 1698 1.98 854 1.02 2031 2.98 730 0.94
9 ICC 10399 1808 1.98 850 1.10 2314 2.96 771 1.03
10 1CC 4958 2157 237 801 1.14 2012 2.62 793 0.98
11 ICC 13124 2250 234 845 1.14 2080 2.56 846 0.98
12 ICC 14199 1907 2.31 898 0.89 2049 2.85 769 0.94
13 ICC 16654 2077 234 870 1.01 1938 2.87 815 0.81
14 ICC 15510 2004 2.26 869 1.01 1937 2.79 776 0.90
15 ICC 15802 1878 217 852 1.02 1841 2.77 768 0.86
16 IG 10309 1867 2.09 869 1.04 2082 2.80 786 0.95
Group mean 1848 2.08 853 1.06 2038 2.73 802 0.94
LC, Hp accessions
1 ICC 456 1546 1.84 826 1.06 1568 2.09 722 1.18
2 1CC 14778 1745 1.90 827 1.17 1641 2.10 759 1.16
3 1CC 8607 1779 1.94 835 1.14 1437 2.04 766 1.02
4 ICC 3362 1538 1.75 890 1.03 1576 2.18 701 1.15
5 ICC 10018 1568 1.83 861 1.05 1651 2.20 736 1.12
6 ICC 13892 1570 1.81 820 1.12 1576 221 679 1.19
7 ICC 2072 1472 1.68 899 1.02 1499 2.08 756 1.06
8 ICC 4495 1442 1.66 866 1.06 1729 2.14 822 1.06
9 ICC 5434 1483 1.69 858 1.09 1511 2.12 767 1.02
10 1CC 5221 1533 1.75 861 1.08 1595 213 774 1.07
11 ICC 8950 1577 1.75 882 1.07 1598 2.18 760 1.05
12 ICC 12866 1570 1.82 792 1.16 1538 2.08 769 1.06
13 1CC 14077 1441 1.75 778 1.12 1464 2.07 722 1.11
14 ICC 15868 1510 1.72 884 1.04 1538 2.04 732 1.15
15 ICC 4639 1171 1.57 823 0.96 1296 1.88 853 0.89
16 ICC 5878 1407 1.61 841 1.12 1530 2.08 765 1.07
17 ICC 12155 1330 1.55 877 1.06 1512 2.09 787 1.00
18 ICC 5879 1320 1.46 893 1.12 1572 2.06 834 1.00
Group mean 1500 1.73 851 1.08 1546 2.10 761 1.08
LC, Lp accessions
1 ICC 1161 716 1.47 937 0.44 699 1.84 944 0.36
2 ICC 8522 510 1.23 937 0.30 632 1.90 938 0.31
3 ICC 11279 510 1.28 1161 0.22 442 1.55 1035 0.22
4 ICC 1915 850 1.73 959 0.43 867 2.12 1023 0.37
5 IG 6154 595 1.54 946 0.29 729 2.11 997 0.30
6 ICC 2242 750 1.81 1049 0.32 1199 223 927 0.58
7 ICC 6306 1009 1.96 1026 0.44 692 224 1002 0.24
8 ICC 7867 1112 1.73 955 0.64 986 233 1102 0.34
9 1CC 9434 981 1.75 931 0.55 871 2.19 1036 0.34
10 1G 6047 1128 1.81 991 0.57 921 229 1056 0.35
11 ICC 2720 1004 1.57 1020 0.61 1360 2.36 966 0.57
12 ICC 7305 1022 1.49 979 0.69 1191 2.19 925 0.58
13 1CC 2737 1145 1.71 921 0.70 1126 221 962 0.52
14 ICC 8195 1173 1.70 960 0.71 1100 2.14 939 0.54
15 ICC 7052 1195 1.72 951 0.69 1145 227 1029 0.46
16 ICC7323 1284 1.80 916 0.75 941 235 841 0.46
17 ICC3218 1138 1.65 870 0.80 822 2.05 911 0.43
18 ICC 3239 971 1.58 947 0.61 842 2.07 1055 0.36
Group mean 950 1.64 970 0.54 920 2.14 983 0.41

Consideration of a trait for selection and use in breeding
depends on its strength of association with yield, its heritability
and expression. The heritability of p was particularly high under
drought and the repeatability in expression across environments
seems good. Though there were significant interaction of acces-
sions x year was present, the quantum of this was low compared
to genotypic variation. Also, the regression of p of genotypes across
years explained 70% of the variation under drought stress and 45%
under optimal irrigation (Fig. 7). A similar association was also

seen between drought stressed and optimal irrigated conditions
in both the years (41 and 46%). However, there is an immedi-
ate need to assess the p expression in multilocation evaluations
to confirm the robustness of p. In environments such as winter-
sown, Mediterranean type and higher latitudes of south Asia where
shoot biomass production of chickpea is even more than in trop-
ical environment of Patancheru (Singh et al., 1997, Berger et al.,
2004), increased p will be more meaningful even under no stress
situation.
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Fig. 7. The relationship of p (partition coefficient) of the germplasm accessions
across years of experimentation.

5. Conclusion

Both C and p contributed to final yields, but p had a greater
contribution particularly under drought meriting selection of this
trait in drought tolerance breeding. However, multi-location eval-
uation is required to confirm the stability and heritability of these
yield components. Drought tolerant genotypes that are currently
being used for transferring drought tolerance in chickpea are strong
sources for p or for both C and p. Future drought tolerance breed-
ing programs need to incorporate p for better drought tolerance
and yield stability. This method of yield analysis is simple and
amenable for high throughput evaluating thousands of germplasm,
well beyond the reference collection, for this useful trait.
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