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Abstract
Background: Identi�cation of appropriate varieties adapted to the global warming and enhanced drought
changes is imperative. In this study two sets of thirty elite genotypes of Desi and Kabuli chickpea types
were used to investigate the effects of water scarcity at the phenotypic level in reproductive stages and
surveying different drought-induced responses for them.

Results: Alterations in GY and its components, FT, PT, MT, FM, and SDM as well as number of drought
tolerance indices were measured in �eld conditions. The estimated genotypic effects were detected
signi�cant at both limited and full irrigation conditions for GY, GN, GW, and SDM; however, these effects
had smaller values for environmental effects except in GW. The SDM and GW in water-limited conditions
showed signi�cant positive relationship with those of full irrigated for both chickpea types. GMP index
provided the most positive correlations with GY for both type either of two conditions. The highest direct
effect on GY was represented by SDM for Kabuli at both conditions as well as Desi chickpeas in limited
water condition, while GN was the most one in full-irrigated Desi chickpeas. The ideal genotypes, 25 and
321, as Kabuli and Desi chickpeas, respectively, were detected with high stable and high GY.

Conclusions:  Results of this study showed that tested chickpea genotypes responded differently under
different water treatments, suggesting the importance of assessment of genotypes under these
conditions in order to identify the best genotype make up for each particular condition. As water stress
severity was applied equally, therefore it was thought to be more serious in genotypes with a greater life
cycle. However, it seems that chickpea plants have been adapted to the terminal drought stress, which
could be due to the same time of vegetative growth with �lling pods and transfer capability of
photosynthesis assimilates towards more grain yield in tolerant genotypes. It seems to change in plant
phenology due to the terminal drought stress more affected GN and GW in Desi and Kabuli chickpeas,
respectively. These differences could be clear points for the leadership of breeding programs towards
more adaptation of both Desi and Kabuli chickpea types to terminal water stress, respectively. Moderate
to a high proportion of G × E effects were observed in combined analysis for GY, GN, and SDM compared
to genotypic effects, suggesting that G × E effects played a greater role than genotypic effects. The ideal
genotype of Kabuli type i.e. genotype 25 had greater GY as well as SDM in water-limited condition, while
genotype 321 as ideal Desi genotype showed acceptable GY and SDM, but could compensate with higher
GN. 

Introduction
The average of global temperatures has shown an increase of 1.2 ˚C over the past century and it is
estimated to rise up to 3 ˚C for 2100 because of global warming [28]. So is widely predicted to increase
the frequency and intensity of drought, accompanied by the higher temperatures and higher CO2
concentration in semi-arid and sub-tropical regions out of the climate changes [37]. These alterations
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could lead to an increase in the rate of evaporation and decrease water availability for crop plants and
resulting in yield losses, potentially as a threat to human food security. Thus, multiple improvement
strategies are necessary for sustainable crop production, especially since the production of major crop
plants could be reduced over 50% under drought stress conditions [9].

Chickpeas with black or brown-colored grain coat are categorized by Desi type and with creamy or beige-
colored are named Kabuli. The Desi type is more prominent by accounts up to 80% globally and has a
more small grain size as well as thicker grain coat than Kabuli. Chickpea grain provides necessary amino
acids (lysine, methionine, threonine, valine, isoleucine, and leucine) to the human diet and health because
of up to 70% carbohydrates, 10% fat, 23% �ber, and 31% protein – higher than any other pulse crop. That
of the root, in addition, enriches soil fertility by atmospheric nitrogen �xation [33, 16]

As a cool-season grain legume, chickpea is predominantly grown in semi-arid regions and its reproductive
stages are usually faced with the lack of rain [32]. These regions globally are classi�ed in two major
types, i.e. stored soil moisture in subtropical environments with summer-dominant rainfall and rainfall in
winter-dominant Mediterranean-type environments that suffer yield losses due to terminal drought stress
as rain-fed farming systems of chickpeas growing conditions [40, 34]. Nevertheless, water scarcity is an
important scourge, which can be addressed by three aspects including severity, timing, and duration. Iran,
the fourth major global chickpea producer after India, Pakistan, and Turkey, is a region with the
Mediterranean precipitation and has been composed of arid and semi-arid lands with about 250 mm of
annual rainfall, equivalent to one-third of average rainfall in the world, in which water scarcity arises
owing to its shortage at the end of spring. A large number of studies have been represented in chickpea
plants under drought stress and without drought stress, which some of them in phenotypic levels of
agronomic traits are mentioned. Behboudian et al (2001) presented that although shoot dry matter and
GY of a Desi chickpea cultivar "Sona" were decreased by terminal drought stress, it had not to effect on
GW [4]. In addition, Pushpavalli et al (2014) found that drought at the reproductive stage of chickpea can
reduce GY and GN but could not in�uence GW [22]. Kabuli chickpeas with early �owering and early
maturity as well as with high HI were maintained as ones, which presented more GY under terminal
drought stress [26]. In a comparative study, Kabuli chickpeas have shown a fewer reduction in SDM, while
more decreased in GY, GN, HI, and GW have been shown than Desi under terminal drought stress [20]. GY
and GW reduced by 53% and 4.5%, respectively, and MT was earlier 2 days for chickpeas grown under the
dry-land condition as compared to irrigated condition [36]. Path analysis on chickpea plants has showed
that GN per plant and GW have most direct effect contributions for GY under non-drought stress condition
[14, 27], while SDM and HI were those of in drought stress condition [2, 21].

Drought tolerance selection has been made as a complicated procedure because of the interactions
between genotypes and environments, causing restricted knowledge about the role of tolerance
mechanisms. Drought can cause yield losses if plants do not get enough water during the reproductive
stage especially in seed �lling, which has been a common scenario that Mediterranean lands chickpea
farmers face. Unfortunately, knowledge of suitable plant attributes to screen large numbers of genotypes
with the aim of improving crop performance in water scarcity, which could be obtained in a short time
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and be cost-effective remains a major challenge in plant breeding. Nevertheless, drought response could
explain genotypic variation for terminal drought tolerance in Desi and Kabuli chickpeas. To investigate
this hypothesis, we have used a phenotyping study on Kabuli and Desi chickpea types to examine their
responses under terminal water-limited and full irrigation conditions, with the aim of exploring the genetic
variations of tolerant genotypes and the state of relationships among plant traits.

Methods
Field location and experimental materials

The �eld experiment was conducted in the research �eld of the Department of Agronomy and Plant
Breeding, the University of Tehran located in Karaj, Iran (35˚56'N, 50˚58'E, 1112.5 m a.s.l.). Experimental
plant materials consisted of 28 Desi and 28 Kabuli elite chickpea genotypes with two Iranian chickpea
cultivars as check by named Pyrooz and Kaka in Desi type as well as Jam and Koorosh in Kabuli type
obtained from the Departmental Gene Bank of the University of Tehran [See 30 and 31 for more details].

Experimental Design implementation and data collection

The experiment was laid out in a randomized complete block Design with two replications. Each plot
included 1-meter single row by 50 cm distances and 10 cm plant-to-plant spacing. Blocks were
considered as environments, where the genotypes were randomly distributed in each of those, that the
experiment had two environments include water-limited and full irrigation conditions. The cultivation was
carried out in the period of February to August 2014, and differential in plant furrow irrigation was started
at 50% of the �owering stage, which stopped in the water-limited conditions (rain-fed condition), while
continued through crop maturity followed a common irrigation regime of the region in the full water
irrigation conditions. The measured phenological traits included days to 50% of �owering, days to 50% of
podding, days from �owering to crop maturity, and days to maturity. Eight number of plants, excluding
border plants, were harvested individually after the maturity to measure of the shoot dry matter (g plant-
1), grain yield (g plant-1), 100-grain weight (g plant-1), and a number of grains (plant-1) under both
conditions. Harvest index (plant-1) was calculated from the formula: HI = grain weight/shoot dry matter.
These harvested plants left out for shade drying about a week in separate paper bags before weighting.
Drought tolerance indices were calculated based on grain yield in full irrigation and limited water
irrigation treatments, represented in Table 1. The degree of stress intensity (SI) applied on plants under
water-limited conditions achieved using the formula: SI = (1 - (Yp/Ys)), where, YP is the mean grain yields
in full irrigated treatment and YS is the mean grain yields under limited water irrigation treatment.

Statistical model and data analysis    

A visualized analysis of genotype main effect and genotype by environment interaction effects (GGE)
was worked using GGEbiplot software version 6.0 to evaluate the yield stability in interaction by an
environment of the tested chickpea genotypes followed Yan et al (200). Path analysis, a standardized
partial regression coe�cient was conducted to decompose correlation coe�cients into components of
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direct and indirect effects as well as to examine the strength of the contribution of the various measured
traits on grain yield. This purpose was followed using SmartPLS software (version 3.0, SmartPLS GmbH,
Boenningstedt, Germany) with partial least square structural equation modeling (PLS-SEM) method
developed by Wold (1982). To estimate variance components, minimum norm quadratic unbiased
estimation (MINQUE) as a linear mixed model approach (Rao, 1971, Zhu, 189) was deployed in R
software version 3.5.1 (R Development Core Team, 2018; www.R-project.org). As deviations from the
population mean, in addition, genotypic effects in limited water conditions and full irrigation conditions
as well as in a combined analysis were predicted separately by adjusted unbiased prediction method
(Zhu, 1993). A signi�cant test of interesting parameters (components of variance and genetic effects)
was done according to a randomized 10-group Jackknife method to estimate standard errors (Wu, 2012).
An R package named MINQUE performed the estimation of components of variance and prediction of
genotypic effects by Wu (2012). These estimations were calculated using a linear mixed model for
environmental, chickpea type, genotype, and the interaction of genotype by environment effects followed
by equation (1):

 (1) Yijk = µ + Ei + Gj + Tk + GEij + Bl(i) + eijk,

where Yijk is an observation; µ is a population mean; Ei is an environmental effect; Tk is a type of
chickpea effect;  Gj is a genotypic effect; GEij is a genotype by environment interaction effects; Bl(i) is a
block effects within environment; and eijk is a random error.

In addition, each environments was analyzed independently in a completely randomized block Design
with the linear mixed model followed by equation (2): 

(2) Yij = µ + Bi + Gj + eij,

where Yij is an observation; µ is a population mean; Bi is a block effect; Gj is a genotypic effect; and eij is a
random error.

The degree of overall linear association for each of the traits between water-limited and full irrigation
conditions was estimated by scattering charts in Microsoft Excel 2013 (Microsoft Corporation, Redmond,
WA, USA). Furthermore, Pearson's correlation coe�cients determined the degree of associations between
the drought tolerance indices and phenotypic measured plant characters via IBM SPSS Statistics (version
22.0, SPSS Inc, Chicago, IL).

Results
Variance components

Estimated variance components, which expressed as the proportions of the phenotypic variances for
limited and full irrigation conditions are summarized in Tables 5 and 6, respectively. The estimated
genotypic effect variances were detected highly signi�cant (P ≤ 0.001) for GY, GN, GW, and SDM in
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Kabuli chickpea genotypes under water-limited treatment. Nevertheless, there were highly signi�cant (P ≤
0.001) effects of genotypic variances in those of GN, GW, and SDM as well as a signi�cant effect (P ≤
0.05) for GY in Desi chickpea genotypes at the limited water condition. A moderate signi�cant (P ≤ 0.01)
effect of genotypic variance was observed for GY in full irrigation treatment; also, the genotypic variances
had highly signi�cant (P ≤ 0.001) effects for GN, GW, and SDM in Kabuli chickpeas. The Desi type of
chickpea genotypes showed highly signi�cant effects (P ≤ 0.001) for variances genotypic effects for all
the aforementioned traits in full irrigation treatment. The estimated variances of genotypic effects for
both chickpea types were larger than residual effects except for that of GY in limited and full irrigation
conditions. In a combined model analysis, the estimated environmental variance had the largest values
for GY, GN, and SDM with highly signi�cant effects (P ≤ 0.001). The estimated variances for chickpea
types have highly signi�cant effects (P ≤ 0.001) which were observed for GY, GW, and SDM, respectively.
The estimated genotypic variances for GN, GW, and SDM were highly signi�cant (P ≤ 0.001).
Nevertheless, highly signi�cant effects (P ≤ 0.001) for GY, GN, and SDM as well as moderate signi�cant
effect (P ≤ 0.01) for GW were estimated as genotype by environment variances represented in Table 7.

Predicted genotypic effects

The predicted genotypic effects of chickpea genotypes tested under limited water and full irrigation
treatments for GY, GN, GW, and SDM are given in Tables 8 and 9, respectively. Among Kabuli type
chickpeas, four genotypes (25, 21, 166, and 15) presented Desirable positive signi�cantly genotypic
effects for GY under water-limited condition. The positive signi�cant predicted genotypic effects were
observed for two Desi chickpea genotypes (321 and 10) in water-limited condition by GY. However, each
one of two Kabuli and Desi types had three genotypes with positive signi�cant predicted genotypic
effects as Kabuli genotypes 101, 21, and 339 and Desi genotypes 276, 322, and 9 for GY in full-irrigated
treatment. The predicted genotypic effects for GY in the combined model analysis were detected
signi�cant and positive in �ve Kabuli genotypes (101, 21, 25, 339, and Jam) and two Desi genotypes (321
and 322) of chickpea presented in Table 10. Two Kabuli (15 and 21) and two Desi (47 and 321) chickpea
genotypes showed signi�cantly positive predicted genotypic effects by GN under water-limited condition.
In full irrigation treatment, however, only genotype 101 from Kabuli chickpea type detected a positive and
signi�cant predicted a genotypic effect on GN. The combined model analysis distinguished the
genotypes 21 and 101 from Kabuli type as well as the genotypes 321, 90, 47, 50, and 49 from Desi type
as compared to others by a signi�cant positive predicted genotypic effect on GN. The genotype 8 from
Desi type was the only one having a positive signi�cantly predicted genotypic effect for GW in limited
water treatment. Three genotypes including one Kabuli (15) and two Desi (8 and 9) showed a predicted
genotypic effect on GW, positive and signi�cant in full irrigation treatment. These two Desi genotypes i.e.
8 and 9 also were only ones with positive and signi�cant predicted a genotypic effect on GW in combined
mode analysis results. For SDM, the predicted genotypic effects were found positive and signi�cant on
three Kabuli (21, 25, and 15) and two Desi (10 and 321) chickpea genotypes at the water-limited
condition. Additionally, the genotypes 101 and 21 from Kabuli type and 5 and 322 from Desi type
presented for SDM a signi�cant and positive predicted genotypic effect under full irrigation treatment.
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The combined model analysis detected the genotypes 101, 21, 308, and Jam from Kabuli type and the
genotype 5 from Desi type as ones showing signi�cant positive predicted genotypic effects on SDM.

Association of GY, GN, GW, and SDM between water-limited and full irrigation conditions

The correlation analyses performed to examine the dependency of multiple assessed traits of thirty
genotypes from each Kabuli and Desi chickpea types in water-limited conditions with its potential in full
irrigation condition have been shown in Figure 1. A positive correlation was detected between GY under
water-limited treatment and GY in full irrigation treatment for Kabuli type, which was signi�cant at the
0.05 probability level. In the case of GN, the correlation between water-limited and full-irrigated conditions
was identi�ed at the 0.01 probability level for Desi type. GW had a signi�cant (P ≤ 0.01) and positive
correlation between limited water and full-irrigated conditions in both Kabuli and Desi types. These
correlations were detected in Kabuli type at 0.05 and in Desi type at 0.01 signi�cantly levels for SDM of
chickpea plants.   

Pearson's correlation analysis of phenotypic traits and the drought tolerance indices

    The phenotypic correlations calculated between traits and drought tolerance indices are presented in
Tables 3 and 4 for Kabuli and Desi chickpea genotypes, respectively. GMP and HM indices showed
signi�cant and positive correlations with GY, GN, and SDM of Desi chickpeas under both of water-limited
and full-irrigated treatments. However, in the case of Kabuli chickpeas, GMP and HM showed positive
signi�cant correlations with GY, SW, GN, and SDM in both of water-limited and full-irrigated treatments,
also with HI only in full-irrigated ones. SSI showed signi�cant positive and negative correlations with GN,
SDM, and GY of Kabuli chickpeas in full irrigation and limited water conditions, respectively. Among Desi
chickpeas, positive signi�cant correlations were recorded between SSI and HI, SW, SDM, and GY in full-
irrigated treatments, while negative and signi�cant correlations were observed for SSI with GN and GY in
limited water condition. MP index correlated signi�cantly and positively with GN, SDM, SW, and GY in
Kabuli type at the limited water condition. Furthermore, the Kabuli chickpeas showed positive signi�cant
correlations with MP by GY, SW, GN, HI, and SDM in full irrigation treatment. In Desi type also MP index
had positive and signi�cant correlations with GY and SDM at the both of conditions as well as with GN
and SW only in full irrigation ones. TOL index revealed positive and signi�cant correlations with GN, GY,
SDM, and HI in Kabuli and with HI, SDM, GY, and SW in Desi chickpeas, both of them at the full irrigation
conditions. Although in Desi type, a signi�cant but negative correlation was observed between the TOL
index and GN in limited water treatment. Positive correlations of GN, GY, and SDM in water-limited and
SW in both water-limited and full irrigation treatments with the DI index in Kabuli chickpeas were detected
signi�cant. In addition, this DI index in Desi type had a negative signi�cant correlation with HI in full
irrigation condition and showed with GN, SDM, and GY in limited water treatment. GY, SDM, and GN
presented positive and signi�cant correlations with SNPI index for both Kabuli and Desi chickpea types in
limited water condition. In particular, Kabuli chickpeas showed a positive correlation with SNPI by SW
signi�cantly, at both limited and full water irrigation treatments. ATI revealed signi�cant positive
correlations in Kabuli type with GY, SDM, GN, and HI in full irrigation treatment and had negative
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signi�cant correlations with GN, SDM, and GY in limited water conditions. GN and GY of Desi chickpeas
showed a negative signi�cant correlation with ATI in limited water treatment, however, the correlations
were detected positive and signi�cant between ATI index and GY, SW, and HI at the full-irrigated condition.
STI index provided signi�cant and positive correlations with GY, SDM, and GN of Desi chickpea type at
both limited and full water treatments. Type of Kabuli traits including GY, GN, SDM, and SW were those of
by positive and signi�cant correlations with STI in both treatments, though this correlation was observed
through HI in full irrigation ones. SDM, GN, HI, and GY of produced Kabuli chickpeas in full irrigation
treatment showed signi�cant correlations with K1STI, positively. This modi�ed STI index had positive
signi�cant correlations with GN, GY, SW, SDM, and HI in full-irrigated condition as well as with SDM in
water-limited condition among Desi type of chickpea genotypes. In Kabuli chickpeas, K2STI was
correlated positively and signi�cantly with SDM and SW at both limited and full irrigation treatments but
also had the correlations with GN and GY only in water-limited ones. In Desi chickpeas, GN and SDM
showed in both irrigation treatments, and GY had in water-limited treatment, signi�cant and positive
correlations with the K2STI index.

Yield stability analysis

An average environment coordination (AEC) method developed by Yan (2001) evaluated the yield stability
of chickpea genotypes among both Desi and Kabuli types (Figure 2). This method draws a line through
the average environment, which has been highlighted with a blue circle dot on this line by named average
environment axis that serves as the abscissa of the AEC. The abscissa line is drawn in one direction
toward more yields as well as a larger genotype main effect, crossed from biplot origin. Upright to this
line, AEC ordinate line places high yielding genotypes in its right half and those of low yielding has been
located in the left half. The visualized yield stability analysis based on principal component analysis
represented a biplot as justi�ed 72.14% and 27.86% by PC1 (horizontal axis) and PC2 (vertical axis),
respectively. The results of yield stability analysis demonstrated that genotype 25 from Kabuli and
genotype 321 among Desi chickpeas were the best and ideal ones, which presented high grain yield with
high stability based on the AEC analysis. These two ideal genotypes, although, have been located away
from the center of concentric circles, showed the least distance from the average environment. In next
grade genotypes, 166, 92, and 15 from Kabuli type and genotype 10 from Desi type showed suitable
mean yields and stability taken from a distance of concentric circles.

Path analysis

The strength of the contribution of the different measured traits on grain yield was de�ned by path
diagram analysis as having been shown in Figures 3, 4, 5, and 6. It was observed for Kabuli chickpeas
that HI, GN, and SDM had a direct positive contribution of 0.302, 0.153, and 0.722, respectively, on grain
yield in full irrigation condition. However, in water-limited treatment, the grain yield of the Kabuli chickpea
type was positively in�uenced by four major traits including HI, SDM, GN, and GW as a direct effect of
0.214, 0.561, 0.264, and 0.139, respectively. In this Kabuli type, very low residual variations of 3.1 % and
1.11 % were detected in grain yield variances at the full and limited irrigation treatments, respectively. The
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grain yield of Desi chickpea genotypes was contributed positively by effects of 0.247, 0.294, 0.736, and
0.637 belonged to HI, SDM, GN, and GW, respectively, under full-irrigated treatment. The GW and MT
shared negative contributions with grain yield by -0.155 and -0.205 respectively, however, SDM, HI, GN,
and FM yielded positive effects on grain yield of Desi chickpeas harvested in water-limited condition. The
residual variations of 3.9% and 2.8% were observed for grain yield variances of Desi chickpea genotypes
in full and limited irrigation treatments, respectively. The most in�uence on grain yield was detected for
SDM at all irrigation treatments expect Desi type in full irrigation ones, which was distinguished by GN.
The biggest in�uence on HI was recorded through GN in Kabuli chickpeas as a positive effect, while Desi
type showed that SDM has the biggest in�uence on HI as a negative effect, both of them in all irrigation
treatments. GN, in addition, affected GW in water-limited condition with a decreasing effect, while did
show not contribution to GW in full-irrigated Kabuli chickpeas. GN affected the GW negatively in Desi
chickpeas at both limited and full irrigation conditions. Among measured phenological characters, only
FM and MT had a direct contribution to grain yield just in Desi chickpeas at the limited water condition.

 

Discussion
Genetic variation within cultivated chickpea genotypes can be exploited to improve drought tolerance in
future varieties. On the other hand, a dependency of selection for drought-tolerant genotypes on grain
yield under drought stress, which is controlled by many genes as well as the variability in drought stress
patterns has created challenges in efforts to improvement chickpea performance and understanding the
genetic control of drought stress tolerance. In addition, unpredictable precipitations in semi-arid lands
persuade plants to suffer water restrictions in a situation, which has been not foreseen. Hence, knowledge
of plant survival responses in the water limitations primarily and the next use of these learning to
decrease destructive effects of the lack of water especially in reproductive stages are important issues in
achieving acceptable performance. Natural selection favors plant survival mechanisms under severe
stress, whereas plant breeding has emphasized selection for increased cost-effective yield (Blum, 2011).
Thudi et al. (2017) believe that the complex nature of environmental stresses such as drought as well as
a narrow genetic base in the cultivated gene-pool of chickpea are the major limiting factors, which kept its
grain yield lesser than 1 ton per hectare.

Phenology of plants has an immense in�uence on productivity and stability (Upadhyaya et al, 2011),
therefore, appropriate time of �owering is a major component of crop adaptation, particularly in
environments where the growing season is restricted by terminal drought (Subbarao et al, 1995). FT at
both Kabuli and Desi chickpeas grown under water-limited conditions showed negative effects on FM,
indirectly causing reduce in GW and GY, respectively (Figures 4 and 6). The greater PT led to increased GN
as well as a decrease in GW at full-irrigated Desi chickpeas, while caused reduce in GN at water-limited
conditions (Figures 5 and 6). However, PT of Kabuli chickpea genotypes did have not a direct effect on
either GY or its components. The decrease of FM of Kabuli type was fewer (3 days) compared with Desi
type (7 days) in stressed plants (Table 2), which was in agreement with Nayyar et al (2006). Various
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scenarios detected for FM among Desi and Kabuli chickpeas could be emphasized as of the important
role of this trait in the chickpea plant's responses to drought. In full irrigation treatment, FM showed major
positive contributions on SDM and GW in Kabuli type, while in Desi type had on HI. However, this effect
was observed on GW and HI in Kabuli chickpeas and was detected for GN as well as directly on GY of
Desi chickpeas at the limited water conditions. These results suggest that to be longer FM can protect
chickpea plants to achieve more possible grain yield either on limited or without limited irrigation
conditions. Considering to path analysis results, more MT in full-irrigated chickpeas did have not bene�ts
for crop outlook. However, MT was decreased due to water stress by 9 and 7 days in Desi and Kabuli
genotypes, respectively, validating previous reports (Pushpavalli et al, 2014, Urrea et al, 2010, Fang et al,
2010). Overall, it is concluded that begin shorter of FT followed by a longer FM could be an appropriate
feature for chickpeas adapted to terminal drought conditions. Some studies also assumed early �owering
and longer grain �lling duration as important attributes of chickpea plants contributing to higher grain
yield under terminal drought (Rehman et al, 2011, Bergeret et al, 2004, Ganjeali et al, 2011, Singh et al,
2005). Furthermore, It seems that selection exclusively based on the drought tolerance indices without
surveying of other phenotypic attributes of plants leads to neglect of chickpea phenological traits, as the
lack of signi�cant correlations between phenological traits and the drought tolerance indices (Tables 3
and 4).

Grain yield of Kabuli chickpeas under water-limited treatment showed a positive correlation with GY in full
irrigation treatment (R2 = 0.16), a signi�cant relationship (P ≤ 0.05), which con�rms yield potential could
explain 16% of GY under terminal drought stress (Figure 1). This justi�cation was approximately in
accordance with chickpea potential (20%) under salinity stress (Atieno et al, 2017). GY of Desi chickpeas
under water-limited conditions, however, did not show a signi�cant relationship with full irrigation
condition, limiting suitable selection for drought-tolerant genotypes only in terminal drought conditions
(Figure 1). The SI measured in this study detected that applied water stress has been equivalent of 50.70
and 44.05 units on the Kabuli and Desi chickpeas, respectively. Other studies mentioned vary ranges of
reduced grain yield due to drought stress. GY has been decreased by 33%, 53%, 21%, 30, and 66%
reported by Fang et al (2010)., Urrea et al (2010)., Davies et al (1999)., Behboudian et al. (2001) and
Nayyar et al. (2006), respectively, in Desi chickpeas and decreased by 24%, 80%, and 15% reported by
Leport et al. (1999), Nayyar et al. (2006) and Fang et al. (2010), respectively, in Kabuli chickpeas under
terminal drought conditions. Nayyar et al. (2006) found that in terminal water stress, Kabuli chickpeas
take care of the greater allocation of assimilates towards the maintenance of vegetative growth, unlike
Desi type assigned greater amounts of assimilates towards developing grains. GMP index was selected
as the most positive correlations with GY at the both limited and full-irrigated conditions, which was in
agreement with Anwar et al. (2011) and El-Hendawy et al. (2017) in wheat as well as Khan et al. (2018),
Jha et al. (2010) and Ganjeali et al. (2011) in chickpea. In addition, if GMP is considered as selection
criteria, it could select genotypes having high GN, SDM, and GW of Kabuli type, and could select Desi
chickpeas with high SDM and GN, which to be more tolerant to terminal drought stress, because of
positive correlations (Tables 3 and 4).
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The inherent potential of Kabuli and Desi chickpeas can interpret 19% and 32% of SDM, respectively,
produced at the terminal drought conditions (Figure 1). However, terminal water stress decreased SDM of
Kabuli and Desi genotypes by 42.46% and 39.60%, respectively. The decrease of SDM due to terminal
drought stress has been reported by 28% in Kabuli as well as 23% and 34% in Desi chickpeas, respectively
by other studies (Behboudian et al, 2001, Nayyar et al, 2006). Path analysis detected that 59% and 14% of
GY variance has been justi�ed by SDM in Kabuli and Desi chickpeas grown in full-irrigated condition,
respectively. In water-limited conditions, SDM justi�ed by 47% and 48% GY variance, respectively, in
Kabuli and Desi types. In many studies, the most contribution of GY has been justi�ed by SDM in optimal
conditions (Saleem et al, 2002), under salinity stress (Zamani et al, 2017) and under rain-fed conditions
(Arshad et al, 2004).

Terminal water stress decreased GW of Kabuli genotypes by 2.82%, while, an increase of 2.22% was
observed for GW in Desi chickpeas. Behboudian et al. (2001) found that GW in Desi chickpea had been
not decreased under terminal water stress, which reason of this result was assumed as an accumulation
of soluble sugars, amino acids, and proteins in chickpea grains. However, it seems that indirect selection
for more drought-tolerant chickpeas could be performed through GW because of the greater correlation
between drought and non-drought conditions than other attributes (Figure 1). The results of the variance
component analysis also con�rmed that GW has not been in�uenced by environmental factors (Table 7).
Noor et al. (2003) found additive gene effects on GW of chickpea-based on high heritability with a high
genetic advance in rain-fed conditions. Despite observations in Desi type, three indices including GMP,
HM, and SNPI showed a highly positive signi�cant correlation with GW in Kabuli type under drought
stress condition. The GMP and HM also had a high correlation with GW at the non-stress conditions
(Table 3). Being additive in effect of genes on GW is a sign of additively gene controlling, hence it could
be used through simple and direct selection, which in turn, these indices could provide a promising
direction while genetically improvement in Kabuli chickpea yield is followed under rain-fed conditions.  

A relationship signi�cant in 0.01 probability level con�rmed that 33% of GN in Desi type yielded under
water stress condition could be explained by the inherent potential of the crop (Figure 1). However, this
relationship was not observed in the Kabuli genotypes. In Desi and Kabuli chickpea genotypes, terminal
drought decreased up to 44.71% and up to 50.10% of GN, respectively (Table 2). GN of tested genotypes
was in�uenced by water limitation more than other attributes (Table 7). STI and HM indices were the best
indicators to select genotypes having more GN in Kabuli and Desi chickpeas, respectively (Tables 3 and
4). GN had a positive effect on GY at both chickpea types and conditions, which was in agreement with
Pushpavalli et al. (2014).  The HI of Kabuli and Desi chickpeas were reduced by 12.25% and 9.74%,
respectively, due to the terminal water stress (Table 2). Nayyar et al. (2006) also found greater decreasing
of HI in Kabuli than Desi chickpeas under terminal drought and stated that presence of relatively higher
vegetative dry matter at maturity in Kabuli than Desi genotypes may be a sign of its lower ability to
remobilize the assimilates towards developing pods and grains. Plants with higher HI shown better
partitioning of photosynthetic assimilate to grain development under water stress conditions. This ability
should help the crop in improving its stability of performance under different climatic conditions
compared to selection based solely on grain yield (Rehman et al, 2011). The research conducted on
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Kabuli chickpea showed that precipitation in the last two months of plant growth time has been caused
an increasing HI from 0.5% to 0.34% as compared to lack of rain at the same time in sensitive genotype
(ILC 3279), whereas non-signi�cant difference was observed in tolerant genotype (ILC 588) (Rehman et al,
2011). The most contribution of HI belonged to GN in both chickpea types either in stress and non-stress
conditions (Figures 3, 4, 5, and 6). Plants that combine high values of canopy biomass with greater
mobilization of photosynthates to grains have been assumed as drought tolerant. Although HI in Kabuli
genotypes did not affect directly by SDM, in Desi genotypes the SDM had a positive effect on HI, which
could be evidence of the photosynthates mobilization to grains. On the other, at both chickpea types,
there was not any correlation between HI and the drought tolerance indices in water-limited conditions.
However, some of the indices such as GMP, MP, ATI, TOL, and K1STI in Kabuli type as well as TOL and ATI
in Desi showed positive and signi�cant correlations with HI under full irrigation conditions. According to
these results, it seems that the improvement of HI in chickpeas grown under optimal water condition is a
straighter approach than selection under terminal water stress.

Considering non-signi�cant estimated genotypic variance of GY in the combined analysis, which could be
due to the complexity of involved mechanisms, it seems that indirect selection through each of GW, SDM,
and GN could result to more repeatable outcomes (Table 7). Breeding for drought tolerance by selection
based on GY solely is di�cult, because low heritability of GY under drought conditions, which is due to
small genotypic variance or large genotype by environment interaction variances (Ludlow and Muchow,
1990). Environmental factors highly in�uenced the genetic structure and phenotypic expression of a
quantitative trait such as GY, thus genotype by environment interactions is a major barrier for
understanding that of inheritance (Breese, 1969). The contribution of genotypic variances as equivalent
to the heritability of GY, GN, GW, and SDM in Desi chickpeas was greater in full irrigation condition than
water-limited condition. Hence, it could be said that selection without terminal drought conditions will
lead to more repeatable results than selection under terminal water stress. In Kabuli chickpeas, however,
the greater genotypic variances were detected for GN and SDM in full irrigation condition and for GY and
GW were observed under limited-water condition. Therefore, according to the objectives of the selection,
doing this selection under conditions with greater genotypic variances dedicated to each trait is better.
Hence, as Desi chickpea genotypes 8, 10, 47, and 321 showed signi�cant positive predicted genotypic
effects under optimal conditions for the selection, involving these genotypes in multi-parent
recombination crosses could be resulting in increased e�cient performance. In Kabuli chickpeas, the
genotypes 101, 21, 15, 25, and 166 were detected as those of better ones with signi�cant positive
predicted genotypic effects.

According to Yan and Kang (2002), an ideal genotype should have a high yield mean among stress and
non-stress environments as well as show high stable performance. Rad et al. (2013) stated that the ideal
genotype could be found in the center of the concentric circles of AEC method analysis. As AEC abscissa
direction towards a more stable grain yield, as shown in Figure 2, the ideal chickpea genotypes have been
presented closely to the location of a limited water environment as well as the average environment. As a
result, which found consistent with Golabadi et al. (2006) in durum wheat concluded that for high stable
grain yield, selection of chickpea in moister-stress environments as well as based on the average of
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drought stress and non-drought stress conditions could be more advantageous compared with indirect
selection only at the non-drought stress conditions.

Conclusion
Results of this study showed that tested chickpea genotypes responded differently under different water
treatments, suggesting the importance of assessment of genotypes under these conditions in order to
identify the best genotype make up for each particular condition. As water stress severity was applied
equally, therefore it was thought to be more serious in genotypes with a greater life cycle. However, it
seems that chickpea plants have been adapted to the terminal drought stress, which could be due to the
same time of vegetative growth with �lling pods and transfer capability of photosynthesis assimilates
towards more grain yield in tolerant genotypes. It seems to change in plant phenology due to the terminal
drought stress more affected GN and GW in Desi and Kabuli chickpeas, respectively. These differences
could be clear points for the leadership of breeding programs towards more adaptation of both Desi and
Kabuli chickpea types to terminal water stress, respectively. Moderate to a high proportion of G × E effects
were observed in combined analysis for GY, GN, and SDM compared to genotypic effects, suggesting that
G × E effects played a greater role than genotypic effects. The ideal genotype of Kabuli type i.e. genotype
25 had greater GY as well as SDM in water-limited condition, while genotype 321 as ideal Desi genotype
showed acceptable GY and SDM, but could compensate with higher GN.
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Figure 1

Association between grain yield (gr plant-1), number of grain (plant-1), 100-grain weight (gr), and shoot
dry matter (gr plant-1) in full irrigation and limited water conditions; as a, c, e, and g letters belongs to
Kabuli and b, d, f, and h letters are belong to Desi chickpea genotypes.
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Figure 2

GGE biplot analysis based on genotype-focused scaling for comparison all Kabuli and Desi chickpea
genotypes with the ideal genotype. Black and blue numbers stand for genotypes and environments,
respectively.
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Figure 3

Path analysis diagram of grain yield (dependent variable) and other studied traits (independent
variables). Path analysis derived from structural equation modeling using Partial Least Squares
Algorithm method developed by Wold22 to determine complex relationship existing between grain yield
and its related traits in Kabuli chickpea genotypes at the full irrigation condition. Path coe�cients
indicated with values on the arrows show a direct effect between different yield-related traits. R squared
coe�cients are indicated by values in the circles.
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Figure 4

Path analysis diagram of grain yield (dependent variable) and other studied traits (independent
variables). Path analysis derived from structural equation modeling using Partial Least Squares
Algorithm method developed by Wold22 to determine complex relationship existing between grain yield
and its related traits in Kabuli chickpea genotypes at the water-limited condition. Path coe�cients
indicated with values on the arrows show a direct effect between different yield-related traits. R squared
coe�cients are indicated by values in the circles.
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Figure 5

Path analysis diagram of grain yield (dependent variable) and other studied traits (independent
variables). Path analysis derived from structural equation modeling using the Partial Least Squares
Algorithm method developed by Wold22 to determine the complex relationship existing between grain
yield and its related traits in Desi chickpea genotypes at the full irrigation condition. Path coe�cients
indicated with values on the arrows show a direct effect between different yield-related traits. R squared
coe�cients are indicated by values in the circles.
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Figure 6

Path analysis diagram of grain yield (dependent variable) and other studied traits (independent
variables). Path analysis derived from structural equation modeling using Partial Least Squares
Algorithm method developed by Wold22 to determine complex relationship existing between grain yield
and its related traits in Desi chickpea genotypes at the water-limited condition. Path coe�cients indicated
with values on the arrows show a direct effect between different yield-related traits. R squared
coe�cients are indicated by values in the circles
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