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Abstract 
 

Salinity is an increasing stress with adverse effects on farming systems, and especially 

those in arid and semi-arid regions of the world, and in Australia. Chickpea is a salt 

sensitive cool-season legume crop that has been grown in semi-arid regions as a major 

source of protein for humans.  Salt tolerance in chickpea has received relatively little 

attention, as previous studies indicated low levels of salt tolerance in chickpea. A recent 

large scale screening at ICRISAT, however, revealed 5 fold variation in yield under 

salinity. Information on the physiological basis of ion regulation in plant tissues was 

contradictory, and no information was available on the inheritance of key agronomic 

and physiological traits and identification of genomic regions for salt tolerance in 

chickpea. Thus, this thesis had the following objectives; 1a) study the 

sensitivity/tolerance of vegetative and reproductive growth stages with an altered 

treatment at flower initiation stage, 1b) assess ion toxicity in different tissues like shoot, 

root and floral structures; 2) study the type of gene action involved in controlling 

different traits under salinity using ‗Generation mean analysis‘ from six populations 

(P1,P2, F1, F2, BC1P1 and BC1P2). Parents were selected based on seed yield in two years 

of screening using 80 mM NaCl in pots of soil;  3) Development of F8 RILs (ICC6263 x 

ICC1431) and, construct a linkage map to identify the quantitative trait loci (QTL) for 

various agronomic traits under saline conditions. Results showed that both vegetative 

and reproductive phases were sensitive to salt and high ion concentrations (Na
+
 and Cl

-
) 

were observed in floral structures along with shoot and root. Pollen viability was not 

affected in plants grown in saline treatment, but in vitro germination of pollen was 

reduced significantly even at 40 mM NaCl in the germination medium.  Gene action 

studies indicated that yield traits were under the control of additive gene effects only 

and with high influence of the sensitive parent. Moreover, in the segregating population 

and F8 RILs it was confirmed that formation of empty pods was not the cause of 

reduction in yield, however decreases in pod and therefore seed numbers were found to 

be the major trait that contributed to yield reduction under salinity. Heritability 

parameters were influenced by large environmental factors which led to over estimation 

of the values. QTL mapping studies identified more than 20 regions (for seed yield, seed 

size and shoot biomass) on the chickpea linkage map spanning a length of 241 cM with 

75 SSR markers. As anticipated, because of the quantitative nature of salt tolerance the 

magnitudes of phenotypic variance explained by each QTL were about 8-9%, and such 

occurrence of low phenotypic variation is consistent with results also from other crop 

species under saline conditions, as salinity tolerance is a complex multi-gene trait. In 
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conclusion, ion toxicity, especially in reproductive structures was found to be critical in 

understanding the sensitivity of chickpea for yield reduction. Selection for yield traits in 

the present population during early generations is not advantageous. Addition of more 

markers in the present linkage map will facilitate further identification of QTLs with 

large phenotypic effect. 
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Demand for legume crops is increasing in many countries, particularly in arid and semi-

arid regions. Grain legumes have various uses in farming systems, mainly as a good 

source of human and animal food and in the maintenance of soil fertility through N2 

fixation, especially in dry rainfed areas (Saxena 1987, 1990). 

 

Chickpea (Cicer arietinum L.) is the third most important food legume in the world 

after beans (Phaseolus vulgaris L.) and pea (Pisum sativum L.), in terms of annual 

production (FAOSTAT 2010). C. arietinum is the only cultivated species of the genus 

Cicer which has 43 species (van der Maesen 1987). Within cultivated chickpea, two 

distinct groups of cultivars are found—large-seeded, cream-coloured chickpea called 

kabuli type and small-seeded, dark-coloured chickpea called desi type. Chickpea is a 

valuable source of dietary protein in many parts of the world for humans and, in some 

cases, animal feed. The crop sown after chickpea benefits from improved soil fertility 

(mainly through N2 fixation by chickpea), particularly in rainfed areas. 

 

Globally in 2009, chickpea was cultivated on 11.1 million ha and production reached 

9.8 million tonnes (FAOSTAT 2010). Chickpea cultivation occurs mainly on the Indian 

subcontinent with India alone contributing 65% to global chickpea production. The 

other important chickpea growing countries are Pakistan, Turkey, Australia, Iran, 

Ethiopia, Canada and the United States of America. 

 

The major abiotic stresses affecting chickpea production are drought, low and high 

temperatures, and salinity. In the case of salinity, current estimates are that 45 million 

ha (19.5%) of the 230 million ha of irrigated land and 32 million ha (2.1%) of the 1500 

million ha of dry land used for agriculture are affected by salinity (FAO AGL 2000), 

with the affected area increasing every year. Most of these saline soils occur in arid and 

semi-arid regions where rates of evaporation are high; and where most chickpea crops 

are grown (Ali et al. 2002). Legumes, especially cool-season food legumes like 

chickpea, lentil and faba bean, are relatively sensitive to soil salinity (Maas and 

Hoffman 1977; Sheldon et al. 2004). 

Initial screenings of salt tolerance in chickpea did not identify useful variation as 

genotypes did not survive more than two months (Lauter and Munns 1986), or had 

relatively uniform responses (Johansen et al. 1990). Further, some researchers observed 

variable tolerance at different growth stages in chickpea (Ashraf and Waheed 1993). To 
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breed salt-tolerant genotypes, the mechanism of salinity tolerance at each growth stage 

needs to be understood and some selection parameters related to salt tolerance need to 

be identified (Dua 1998). In India, salt-tolerant chickpea variety Karnal Chana 1 (CSG 

8962) has been released for salt-affected soils in the northwest plain zone. This variety 

was a land rece grows well in sandy loam soils with ECe ranging from 4 to 6 dS m
-1

 

(Dua et al. 2000). There are no such varieties available for other salt-affected chickpea 

growing areas. Salinity-tolerant cultivars would increase chickpea area and productivity 

in regions where soils are moderately saline. As input requirements for growing 

chickpea are very low compared with rice, wheat, and maize, farmers in marginal areas 

could be inclined to grow chickpea in dryland soils affected by salinity. 

Recent reports, however, show more promise towards improving salt tolerance in 

chickpea. Large variation for seed yield under saline conditions among a diverse set of 

chickpea genotypes was recently documented (Vadez et al. 2007). To date, there is only 

one published report on the genetic components of salinity tolerance in chickpea 

(Ashraf and Waheed 1998). Molecular studies identified 18,435 responsive expressed 

sequence tags from root tissue cDNA libraries of chickpea under drought and salinity 

treatments (Varshney et al. 2009), so basic knowledge is increasing. Information on 

interaction of loci at similar or different locations in the genome will enhance options 

for breeding methodologies. It is also important to understand the physiological 

mechanisms involved in salinity tolerance. On the other hand, there is a need to identify 

molecular markers flanking major gene(s) for salinity tolerance for indirect selection in 

segregating generations. The information on physiological factors, genetics of salinity 

tolerance and identification of molecular markers for gene(s) controlling salinity 

tolerance will help to develop breeding strategies for improving salinity tolerance in 

chickpea. 

 

The research described in this thesis was undertaken as follows: 

I) A physiological study using salinity-tolerant genotype ‗JG 11‘ (Chapter 3) with the 

following specific objectives: 

 Compare the effect of NaCl applied at seedling and flowering stages on growth 

and flowering/podding 

 Assess the role of ion toxicity in root, shoot and flower structures at different 

levels of salinity applied at these two growth stages 

 Assess pollen viability of plants grown in salinity by in vitro methods. 
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II) A genetic study using six populations [Parent 1 (P1), Parent 2 (P2), First filial 

generation (F1), Second filial generation (F2), F1 backcrossed with P1 (BC1P1) and F1 

backcrossed with P2 (BC1P2)] derived from a cross between sensitive (ICC6263) and 

tolerant (ICC1431) parents (Chapter 4) with the following specific objectives: 

 Study the type of gene interaction and different traits under salinity using 

generation mean analysis 

 Based on these findings, recommend a breeding strategy for chickpea to develop 

salt-tolerant cultivars. 

 

III) QTL-mapping: Develop F8 generation RILs by crossing sensitive ICC6263  

tolerant ICC1431 and evaluate under saline conditions (Chapter 5) with the following 

specific objective: 

 Identify QTLs for salinity tolerance using different types of SSR markers. 

 

Three parental genotypes JG11, ICC1431 and ICC6263 were selected for different 

studies based on yield performance under 80 mM NaCl over a two year (2004/05 and 

2005/06) screening of 262 genotypes at ICRISAT, Patancheru, India (Vadez et al. 

2007). JG11, a desi-type plant from the early flowering group (37 d), had an average 

seed yield reduction of 44% and 45% reduction in shoot dry mass and was classified as 

salt tolerant. ICC1431, a desi-type from the late flowering group (62 d), had 26% and 

34% reduction in seed yield and shoot dry mass, respectively. The third genotype 

ICC6263, a kabuli-type with white flowers had 60% seed yield reduction (P Gaur, 

personal communication) and was categorised as salt sensitive (shoot dry mass data was 

not available in the reference). 
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2.1 Introduction 

This literature review focuses mainly on growth responses and tissue ion concentrations 

during vegetative and reproductive stages of chickpea under different salt 

concentrations. Different screening methodologies used to identify tolerant genotypes 

are also discussed and relationships observed between traits and growth under saline 

conditions is considered. Information on genetic variability for salinity tolerance in 

different chickpea genotypes is covered. Current knowledge on genetic behaviour of 

traits and QTLs for salinity tolerance is very limited in chickpea; this information is 

presented, but information on other crops is also discussed. Further, recent advances on 

chickpea salinity tolerance are also highlighted. 

 

2.2 Effect of salinity on different growth stages 

2.2.1 Germination 

Under saline conditions, germination can be inhibited and low plant density ultimately 

decreases final yields. The reduction in seedling survival rates and growth were major 

causes for stand losses in salt-affected legume crops (Bruggeman et al. 2003). 

 

The effect of various salt concentrations on seed germination in chickpea, as a 

percentage reduction relative to the control, has been reported (Ashraf and Waheed 

1993; Sekeroglu et al. 1999; Kafi and Goldani 2001; Khalid et al. 2001; Esechie et al. 

2002; Al-Mutawa 2003). Some studies have used the germination stress index (GSI) 

(Al-Mutawa 2003) and speed of germination index (SGI) (Zurayk et al. 1998) to 

differentiate between tolerant and sensitive genotypes; these indices summarise data to 

describe the rate and percentage of seed germination as affected by salinity. Various 

studies showing effects of salinity to reduce percentage germination, and that the 

magnitude of reduction varied among genotypes, are summarised in Table 2.1. 

 

During the process of germination, salt induces many biochemical changes in chickpea 

seed. As salt concentration increases, sugar, protein, proline and phenolic compounds 

can accumulate in germinating seeds (Singh 2004) and reductions in amylase activity 

occur (Kaur et al. 1998). Soluble sugars can accumulate more in cotyledons with 

increasing salt stress (Mehta and Bharti 1983) and the high accumulation of sugars 

lowers the osmotic potential of cells thus reducing cell turgor (Singh 2004). In addition, 

high accumulation of phenolic compounds may be a cellular adaptive mechanism in 

tolerant genotypes, as these compounds scavenge free radicals of oxygen thus protecting 
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against subcellular damage during stress conditions (Singh 2004). Enhancing 

mobilisation of starch and amylase activity in cotyledons may improve germination 

(and seedling establishment); reduced starch and amylase activity in cotyledons of 

stressed seedlings will produce less glucose, reducing seedling growth (Kaur et al. 

1998). 

 

Altered growth hormone balance during germination is another factor resulting in poor 

germination and seedling growth under salt stress conditions. Plants grown in 75 mM 

NaCl had 42%, 70% and 74% less germination %, root dry weight and shoot dry 

weight, respectively (Kaur et al. 1998). Exogenous application of growth regulators like 

gibberellic acid (GA3) and kinetin (at 6 µM concentration) increased germination (32%) 

and root (32%) and shoot (153%) dry mass of seedlings under salt stress (75 mM NaCl), 

whereas application of indole acetic acid (IAA) inhibited both germination and growth 

(Kaur et al. 1998). As NaCl inhibits growth by reducing both cell division and cell 

enlargement (Wignarajah et al. 1975; Yasseen et al. 1987), gibberellic acid compensated 

for the inhibitory effects of NaCl by increasing cell division and elongation. Similarly, 

kinetin has been reported to enhance water uptake due to increased membrane 

permeability (Kaufmann and Ross 1970). Under saline conditions, reduced endogenous 

cytokinin or GA3 could be a limiting factor, further evidenced by exogenous application 

increasing germination % and growth of chickpea seedlings (Kaur et al. 1998). 

 

Seed germination does not appear to be affected by salinity until 6–7 dS m
-1

 (~60–70 

mM) or more NaCl is applied when grown under laboratory conditions (Table 2.1). In 

general, most chickpea genotypes germinated well (>70%) at salt levels below 6–7 dS 

m
-1

 (Table 2.1). When salt concentrations increased to 7–8 dS m
-1

, germination tended 

to decrease to about 50%. Some genotypes, however, had >70% germination even at 12 

dS m
-1

 (~120 mM) (Esechie et al. 2002; Anwar et al. 2001). This difference in 

germination may be due to natural variation for tolerance in the tested genotypes. 

Further, under saline conditions, selecting large seeds had no advantage in producing 

more vigorous seedlings in chickpea (Soltani et al. 2002). 

 

It appears that salinity reduces germination either by making less water available for 

imbibition (Bliss et al. 1986) or by altering enzymatic activity, growth regulator balance 

(Kaur et al. 1998) or protein metabolism (Singh 2004) in germinating seeds. Moreover, 

pre-soaking seeds for 24 h in normal ground water/tap water (0.8 dS m
-1

) increased 
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germination % (27%) compared to direct sowing in saline conditions (Karajeh et al. 

2003; Esechie et al. 2002). Sowing at 4 cm depth increased seedling growth under 

different saline soils (4.6, 8.4, and 12.2 dS m
-1

) compared with 2 and 6 cm depths. At 2 

cm depth, the reduction was mainly due to less availability of water that resulted from 

quick drying of top soil. Whereas at 6 cm depth, the growth reduction was due to 

hypocotyl injury resulting from an interaction of emergence time and salt concentration 

in the soil. Further, this injury was worse in direct-sown seeds than pre-soaked seeds 

(Esechie et al. 2002). In more intensive horticultural crops like tomato, sensitivity of 

germination can be eliminated by transplanting germinated seedlings into a production 

system whereas in chickpea such effort is not cost-effective unless a machine can be 

developed to sow without damaging the hypocotyl/radicle. Hence screening for tolerant 

genotypes at germination under saline conditions would be the initial step before testing 

tolerance at other growth stages. 
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Table 2.1 Germination % for chickpea genotypes sown/imbibed at different levels 

of NaCl 
NaCl 

concentration 

Growth media Genotype Germination

% 

Reference 

solvent material 

10 dS m-1 

 

water Filter 

paper 

 

C-214 96 Sheoran and 

Garg 1983 

8.5 dS m-1 

8.5 dS m-1 

 

- Filter 

paper 

Ardebil-174 

Ardebill-169 

95 

64 

Kheradna and 

Ghorashy 1973 

8.5 dS m-1 

8.5 dS m-1 

- Agar Pusa-312 

Pusa-256 

100 

15 

Saxena and 

Rewari 1992 

Average of all 

treatments (0 

& 8 dS m-1) 

Distilled 

water 

Filter 

paper 

DZ-10-9-2 

DZ 10-16-2 

DZ-local, 

Mariye 

95 

93 

92 

85 

Mamo et al. 

1996 

2.5 dS m-1 

7.5 dS m-1 

12.5 dS m-1 

20.0 dS m-1 

 

MS 

medium 

Conical 

flask 

PBG-1 84 

51 

21 

0 

Kaur et al. 1998 

1.8 dS m-1 

8.0 dS m-1 

Hoagland 

solution 

Germinatin

g sheets 

DGM-285 3% reduction 

compared to 

control 
 

Kathira et al. 

1997 

12.0 dS m-1 

12.0 dS m-1 

Tapwater Filter 

paper 

ILC-482 

Barka local 

 

70 

40 

Esechie et al. 

2002 

Control 

4 dS m-1 

8 dS m-1 

12 dS m-1 

16 dS m-1 

20 dS m-1 

 

Water Filter 

paper 

Average of 2 

genotypes (Pb-
91 & C-44) 

93.3 

93.3 
91.7 

90.0 

53.3 

46.7 

Anwar et 

al. 2001 

8.5 dS m-1 

8.5 dS m-1 

Agar Filter 

paper 

Pusa-312 

Pusa-256 

 

100 

15 

 

Saxena and 

Rewari 1992 

1.6 dS m-1 

1.6 dS m-1 

Water Filter 

paper 

C-727 

CM-72 

55 

12 

Khalid et al. 

2001 

0.5 dS m-1 

4.0 dS m-1 

7.0 dS m-1 
10.0 dS m-1 

Ground 

water 

Plastic 

dishes 

Average of 

205 cultivars 

83 

74 

64 
40 

Karajeh et al. 

2003 

Concentration in mM were changed to dS m-1 for the uniformity in units; 10 mM=~1 dS m-1 (Munns 

2011) 
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2.2.2 Vegetative growth 

Screening 160 genotypes at 50 mM NaCl (in nutrient solution) resulted in all genotypes 

being sensitive; all died after 9 weeks except one, L-550 (Lauter and Munns 1986). This 

sensitivity may vary with different growth stages. Dry matter production at the seedling 

stage was more affected than germination under salinity, and thus vegetative growth 

was considered more sensitive than germination (Garg and Gupta 1998; Zurayk et al. 

1998; Sekeroglu et al. 1999; Al-Mutawa 2003). Particularly at higher salt concentrations 

(8 dS m
-1

), plant growth was more adversely affected than germination (Dua 1992). In 

some studies, lines not tolerant at germination performed well at the seedling stage, 

(Kathiria et al. 1997), and those sensitive at seedling stage became tolerant at maturity 

(Ashraf and Waheed 1993). It seems salt tolerance varies at different growth stages and 

also differs between genotypes. 

 

Leaf damage is the first visual symptom of salinity stress in chickpea appearing within 7 

to 10 days after imposing salt treatment (4 dS m
-1

) (Lauter and Munns 1986) depending 

on genotype. Toxic symptoms are characterised by yellowing and browning of leaflet 

margins which further leads to severe dieback of shoots until the plant eventually dies 

(Manchanda and Sharma 1989). Necrotic symptoms initially appear on older leaves and 

subsequently on younger shoots. These symptoms start early in sensitive genotypes (e.g. 

CSG 8890) and can affect almost all leaves, compared with only 25% of leaves in 

tolerant genotypes (e.g. CSG 88101) after 18 days of salinisation (Dua 1998). At high 

salt concentrations (8 dS m
-1

), roots look weak, brittle and dark coloured; sometimes tap 

roots were devoid of any laterals and had no root hairs (Mamo et al. 1996). 

 

Tolerance at the seedling stage has been estimated by measuring growth-related traits of 

roots and shoots. In a study with 205 chickpea cultivars (Table 2.2), average shoot 

height of 2-week-old seedlings in plastic dishes containing saline solution at ECw 4 dS 

m
-1

 decreased to 29% of 0.5 dS m
-1

 controls (Karajeh et al. 2003). In a study of 4 

genotypes, relative mean shoot dry weights (1-week-old) were 91% of controls in 

tolerant genotypes and 50% in susceptible genotypes at ECe 4 dS m
-1

; this further 

decreased to 40% in tolerant and 25% in susceptible genotypes at 8 dS m
-1

 (Mamo et al. 

1996). In a similar study with 58 genotypes (3-week-old), 10 tolerant lines had <30% 

reduction in growth of shoot and roots at 8 dS m
-1

 (Kathira et al. 1997). It seems that the 

seedling stage has >50% reduction in growth parameters when the external salt 

concentration is above 4 dS m
-1

 in tolerant and sensitive genotypes (Table 2.2). 
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Tolerant genotypes were identified during the vegetative phase and at flower initiation 

based on shoot dry weights (Table 2.2). Fifty percent reduction in shoot and root dry 

weights or shoot biomass was observed from salt concentration as low as 40 mM 

(Ashraf and Waheed 1993) to as high as 100 mM in nutrient solution (Serraj et al. 2004; 

Tejera et al. 2006). An experiment conducted in artificially salinised soil showed that 

salinity threshold levels for growth reduction were ECe 6.2 dS m
-1

 (or ~12.4 dS m
-1 

in 

soil solution, ECw, assuming that the soil is at field capacity, Richards 1954) in a high 

nodulating genotype (CSG 9372) and 3.3 dS m
-1

 in normal genotypes (ICC 4918, CSG 

8890, BG 256 & CSG 8927) (Rao et al. 2002). From various studies, it appears that the 

reduction in performance caused by particular levels of salinity was more severe when 

grown in nutrient solution or sand culture than grown in soil (Table 2.2). This difference 

may be due to uniform distribution of salt to all roots when grown in solution culture 

compared to soil medium and the fact that plants tend to take up the water from the least 

saline regions in the soil profile (Menshfort and Walker 1996; Bleby et al. 1997). 

However, there was no clear variation between tolerant and sensitive genotypes in shoot 

biomass (<50% reduction in both) when grown in saline soil (80 mM) conditions 

(Vadez et al. 2007). In conclusion, NaCl concentrations at 4 (solution culture) or 8 (soil) 

dS m
-1

 in different genotypes may be the threshold range for 50% reduction in 

vegetative growth up to flower initiation (Table 2.2). 
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Table 2.2: Reduction in plant dry weight in tolerant and susceptible genotypes caused by various salinity levels 
Salinity  Growth 

media 

Shoot and/or root growth reduction compared to control Time of harvest Reference 

concentration genotype % reduction 

0.8, 1.9, 3.2, 5.1, 6 
dS m-1 

Soil 5.1 dS m-1 H 208, H 355, H 75-35, 
H 75-36 

50% straw yield Maturity Sharma et al. 1982 

Cl- salinity [(Cl:SO4 
7:3) + (Na:Ca:Mg 

4:1:3)] 

Sandy soil 5.1 dS m-1 H335 56% straw yield Maturity Manchanda and Sharma 
1989 H208 61% 

0.4, 4.3, 8 dS m-1 Sand 8 dS m-1 Pusa 312 55% SDW 50 d after seedling 

emergence 

Saxena and Rewari 1992 

0, 4, 8 dS m-1 

(Na:Ca:Mg = 5:2:3 

& Cl:SO4=7:1) 

Nutrient 

solution 

8 dS m-1 BG 312 29% SDW (stem+leaf) Salinity applied on 1-

month-old seedlings for 40 

d 

Sharma and Kumar 

1992 Pusa 209 50% 

0, 4, 8 dS m-1 Sand 4 dS m-1 ICC 10582, ICC 12908, 
ICC 12909 

50% or more SDW & 
RDW 

Just before flowering (42 d 
after salt treatment & 70 d 

after sowing) 

Ashraf and Waheed 
1993 

0, 2, 4, 8 dS m-1 Soil 4, 8 dS m-1 (ECe) DZ-local 43% SDW, 80% RDW Maturity Mamo et al. 1996 

  4, 8 dS m-1 Mariye 54% SDW, 76% RDW   

  4, 8 dS m-1 DZ-10-9-2 43% SDW, 77% RDW   

  4, 8 dS m-1 DZ 10-16-2 9% SDW, 61% RDW   

1.6, 4, 5.8, 7.9 dS m-1 Sand 5.8 dS m-1 CSG 88101 47% SDW compared 
to 1.6 dS m-1 

Salinity applied for 1 
month on 1-month-old 

plants 

Dua and Sharma 1997 

CSG 8890, CSG 8927 <30% 

0, 4.2, 8.1, 12.15, 16, 
20.25 dS m-1 

Soil 16 dS m-1 Pb-91, C-44 60% SDW Maturity Anwar et al. 2001 

0.8, 2.5, 3.8 dS m-1 Soil 3.8 dS m-1 ILC 3279, Filip 87-59C >65% dry biomass Maturity (after 160 d) Katerji et al. 2001 
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Salinity  Growth 

media 

Shoot and/or root growth reduction compared to control Time of harvest Reference 

concentration genotype % reduction 

0, 2.5, 5 dS m-1 Soil 5 dS m-1 top 7 genotypes from 

200 lines 

51–73% SDW Maturity Sadiki and Rabih 2001 

2.5 dS m-1 top 7 genotypes 14–33% 

Control, 3.6 dS m-1 Sand 3.6 dS m-1 Amdoun 1 9% plant DW 
(root+stems+leaves) 

50 d after sowing and 25 d 
after salt treatment (at 

flowering) 

Sleimi et al. 2001 

   Chetoui 30%   

0, 4, 8 dS m-1 
(NaCl:CaCl2:Na2SO4 

7:2:1 w/v) 

Sand 8 dS m-1 SG-11, DHG-84-11 about 20% SDW 18 day old seedlings Singh et al. 2001 

Pusa-256, Phule G-5 about 60% 

0.5, 4, 7, 10 dS m-1 Plastic dish 

(saline 

water) 

4 dS m-1 205 genotypes 71% average shoot 

length 

14 d after germination Karajeh et al. 2003 

0.4, 6, 12 dS m-1 Field 6 dS m-1 Pusa 372 38% shoot biomass Maturity Agarwal et al. 2003 (1)   

12 dS m-1 Pusa 372 59% 

Control, 10 dS m-1 Soil 10 dS m-1 11 genotypes 19% shoot biomass 40 d after sowing and salt 
treatment 

Serraj et al. 2004 

113 genotypes (45% of 
total) 

55% 

0, 1.8, 3.6 dS m-1 Nutrient 

solution 

3.6 dS m-1 Bulgarit <30% dry matter (leaf 

and stem) 

Maturity Tavori et al. 2004 

ICC 5810 <30% 

0, 4, 6, 8 dS m-1 Soil 8 dS m-1 CSG 9651, BG 267, 
CSG 8962 

<32% total DW 100 d after salt treatment Singla and Garg 2005 

DCP 92-3 52% 
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Salinity  Growth 

media 

Shoot and/or root growth reduction compared to control Time of harvest Reference 

concentration genotype % reduction 

0, 5, 7.5, 10 dS m-1 Vermiculite 

& nutrient 

solution 

9.1 dS m-1 ILC1919 25% SDW, no change 

RDW 

Onset of flowering (32 d) Tejera et al. 2006 

Sirio 50% SDW, RDW 

0, 8 dS m-1 Soil 7.3 dS m-1 15 most tolerant 17–45% Maturity Vadez et al. 2007 (2) 

10 most sensitive <50% (8 lines), >50% 

(2 lines) 

0, 3, 6, 9 dS m-1 Soil 9 dS m-1 Hasham 11% in SDW 105 d after salt treatment Sohrabi et al. 2008 

Pirooz 42% 
(1) Shoot biomass calculated from total biological yield (shoot dry biomass + grain yield); values in tons/ha; (2) tolerant/sensitivity based on seed yield (g pot-1); SDW= 

shoot dry weight; RDW= root dry weight 
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2.2.3 Reproductive growth and yield 

The differences between salt sensitive or tolerant chickpea genotypes can be best 

assessed by yield reduction under saline conditions, as yield is the ultimate goal. Recent 

studies suggest that flower to pod conversion during the reproductive stage is the most 

salt sensitive stage, and that this process can explain differences between tolerant and 

sensitive genotypes (Vadez et al. 2007). Initially, salinity delays flowering time from 2 

to 15 days (Bishnol et al. 1990; Vadez et al. 2007) depending on the phenology of the 

genotype and it also reduces total flowering period (Dhingra et al. 1996). The number of 

flowers produced decreased with increasing salinity levels, irrespective of sensitive or 

tolerant genotype (Table 2.3) and flower shedding can also occur (Bishnol et al. 1990). 

This reduction in flower production may be caused by reduced growth in early 

developmental stages (Singla and Garg 2005) such that less branch axils are produced, 

and/or the reduction in photosynthetic area from early senescence of leaves may limit 

carbohydrate supply and thus decrease flowering. However, salinity at lower levels 20 

meq/l (~2 dS m
-1

) was advantageous for flower production compared with controls 

(Dhingra and Varghese 1993; Dhingra et al. 1996). From the six studies summarised in 

Table 2.3, it appears that 50% flower reduction occurs when the salt concentration is >4 

or 6 dS m
-1

. A stated abover, it seems reduced branch number might contribute to lower 

flower numbers under salinity. 

 

Apart from flowering time, salinity influences development of male and female 

reproductive organs and the process of fertilisation. Pollen germination has not been 

significantly affected by NaCl up to ~6 dS m
-1

 but pollen production decreased by more 

than 50% when chickpea was grown in >6 dS m
-1

 (Dhingra and Varghese 1993). 

Similarly in tomato, NaCl did not affect pollen viability though it did reduce (70%) the 

number of pollen grains per flower (Grunberg et al. 1995). Further, pollen tube length 

was reduced with the time of salt treatment in genotypes C-235, H 82-2 and 

ICCV88102 (Dhingra and Varghese 1993). A significant decrease in pollen tube length 

compared to the control first occurred in these genotypes when salinity was applied at 

low concentration (~2 dS m
-1

) to plants from germination onwards. By contrast, no 

significant decrease in pollen tube growth was observed up to ~6 dS m
-1

 when salinity 

was applied at flower initiation (Dhingra and Varghese 1993). This difference may be 

due to reduced pollen viability that resulted from salt accumulation in floral structures 

over time, even at lower (2 dS m
-1

) external salinity. Development of the ovule in the 

pistil was severely affected with increasing salinity and no seed was formed in pods of 
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plants at 80 meq/l (8 dS m
-1

) NaCl concentration (Dhingra and Varghese 1994). In 

addition to flower production, fertilisation (pollen tube growth and development of 

ovules) was very sensitive when plants were exposed to >~6 dS m
-1

. 

 

Salinity reduced seed yield (Table 2.3) by affecting other yield contributing traits like 

pod number, seed number and seed size. Yield reduction in the reproductive phase was 

mainly caused by less pods/seeds per plant; a consequence of less flower production and 

seed weights were also reduced (Sadiki and Rabih 2001). In a diversity analysis of 

chickpea grown in saline conditions, more than 93% variation in yield was explained by 

pods per plant and seeds per plant (Sharma et al. 2004). Different studies in chickpea 

(Table 2.3) found that 50% yield reduction started at salinity levels as low as 2 dS m
-1 

(Mamo et al. 1996) or as high as 8 dS m
-1

 (Bishnol et al. 1990; Anwar et al. 2001). 

However in many genotypes, salinity levels of 4–5 dS m
-1

 reduced yield significantly, 

by up to 50–100% (Manchanda and Sharma 1989; Dua and Sharma 1997; Tavori et al. 

2004). Further, these yield losses were higher in chloride than sulphate dominated 

salinity which shows the possibility of Cl
– 

toxicity than of SO4
2-

 ions on yield 

(Manchanda and Sharma 1989). 

 

Seed size is one factor that determines yield in chickpea. Information on the effect of 

salinity on seed size in chickpea is limited to a few studies. Seed size was reduced by 

more than 30% when NaCl concentration reached 50 mM (Murukumar and Chavan 

1986), ~5 dS m
-1 

(Bishnole et al. 1990) or ECe 4.3 dS m
-1 

(Sadiki and Rabih 2001); and 

by almost 70 to 86% at 100 mM (Murukumar and Chavan 1986) or ~100 dS m
-1

 

(Bishnole et al. 1990). Some genotypes, however, had only slight reductions in seed size 

(11–16%), even at 8 dS m
-1 

(Singla and Garg 2005). In conclusion, NaCl concentration 

of 3–4 dS m
-1 

appears to be the critical threshold level for seed size reduction; beyond 

which, reduced seed size contributes to yield reduction caused by salinity. 
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Table 2.3: Percent (%) decrease in flower number and seed yield of different 

chickpea genotypes grown under NaCl, or Cl
-
 dominated, salinity 

Genotype 

name/number 

Medium Salinity % reduction in respective salt treatments 

(rel. to controls unless stated otherwise) 

Reference 

Flower numbers Grain yield 

H 208, H 355, 

H 75-35, H 75-

36 

Soil 4 dS m-1  50% Sharma et al. 

1982 

H 335, H 202 Sandy 

soil 

3.2 dS m-1 

5.1 dS m-1 

 20% 

100% 

Manchanda and 

Sharma 1989 

H 75-35 Sand 8 dS m-1 

12 dS m-1 

51% 

98% 

60% 

95% 

Bishnol et al. 

1990 

5 genotypes Soil 6 dS m-1 no flowering  Dua and Sharma 

1995 
8 genotypes Soil 8 dS m-1 no flowering  

H 82-2 Sand  Flower prod. was 

more at ~2 (19%) & 

~4 (2.3%) dS m-1 

Pods/plant were 

more at ~2 (34%) & 

same at ~4 dS m-1 

Dhingra et al. 

1996 

DZ-10-9-2, DZ 

10-16-2, DZ-

local, Mariye 

Soil 2 dS m-1  47–73% recorded in 

4 genotypes 

Mamo et al. 

1996 

CSG 88101 Sand 4 dS m-1  91% (compared to 

1.6 dS m-1) 

Dua and Sharma 

1997 

CSG 8890, 

CSG 8927 

 5.8 dS m-1 >50%  

Pb-91, C-44 Soil 8.1 dS m-1 51% 53% Anwar et al. 

2001 

7 genotypes Soil 3.2 dS m-1  (ECe) in surface; 

5.4 dS m-1 in deep 

layers (soil) = 9–

53% 

Sadiki and 

Rabih 2001 

ILC 3279 Soil 2.5 dS m-1 

3.8 dS m-1 

19% 

43% 

3% 

72% 

Katerji et al. 

2001 (1) 

FLIP 87-59C  2.5 dS m-1 

3.8 dS m-1 
28% 
34% 

43% 
69% 

Pusa 372 Field 6 dS m-1 

12 dS m-1 
 56% 

71% 

Agarwal et al. 

2003 (2) 

Bulgarit  Nutrient 

solution 

3.6 dS m-1  72% Tavori et al. 

2004 

ICC 5810  3.6 dS m-1 65% 

DCP 92-3 Soil 8 dS m-1 53% 65% Singla and Garg 

2005 
CSG 9651, BG 

267, CSG 8962 

 
8 dS m-1 <35% <40% 

Top 15 tolerant 

lines 

Soil 8 dS m-1  18–44% (soil) Vadez et al. 

2007 

8 lines (KC-1 & 

HC-3 had 29% 

& 37% 

reduction at 8 

dS m-1 

Soil 4 dS m-1 

6 dS m-1 

8 dS m-1 

 >50% in CSG 9505 

>50% in HC-1 & 

HC-5 

>50% in C 235, 

Pusa 256 & IPC 94-

94 

Asha and 

Dhingra 2007 

(1) % reduction calculated based on average values of the flowers produced for a period of 71 days; (2) 

yield reduction was in tons/ha 
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2.2.4 Relationship of salt sensitivity at different growth stages 

Salt sensitivity/tolerance at one stage of development in chickpea often does not relate 

to tolerance at other stages (Ashraf and Waheed 1993); unlike tomato (Bolarin et al. 

1993; Foolad 2004), the sensitivity to salinity in chickpea varies with different growth 

stages. For example, Serraj et al. (2004) observed non significant correlation (r=0.2) 

between salt tolerance at 8 dS m
-1

 during germination and maturity (i.e. seed yield under 

saline conditions). Overall, however, chickpea at the seedling stage appeared to be more 

sensitive to salinity than the germination stage (Garg and Gupta 1998; Zurayk et al. 

1998; Sekeroglu et al. 1999; Al-Mutawa 2003). Moreover, plant growth was more 

adversely affected than germination at salt concentration of 8 dS m
-1

 (Dua 1992). Some 

genotypes sensitive at the germination/seedling stage had good tolerance at the 

reproductive stage and vice versa (Ashraf and Waheed 1993). Screening at each growth 

stage is needed to achieve complete tolerance of the genotypes. Tolerance can differ 

with growth stage and the complex nature of variability in salinity tolerance generally 

reduces the pace of crop improvement. Other crops such as rice (Heenan et al. 1988), 

tomato (Foolad 1999) and sorghum (Mass et al. 1986) have variability in salt tolerance 

at germination, vegetative growth, reproductive development and maturation. 

Interestingly, in tomato the tolerance of salinity increases with plant age and the highest 

tolerance is usually at maturation (reproductive stage) (Bolarin et al. 1993). In chickpea, 

most studies have been conducted at a single growth stage and not compared with other 

growth stages to determine the trend of tolerance or sensitivity. The available reports in 

chickpea indicate that the seedling stage is more sensitive than germination (Al-Mutawa 

2003) and less sensitive than the reproductive stage to salt stress (Vadez et al. 2007), 

although individual genotypes can differe in the most sensitive stage (Ashraf and 

Waheed 1993) 

 

In summary, from sections 2.1.1–2.1.4, it can be inferred that salinity has adverse 

effects on various growth traits of chickpea from germination to final yield. 

Germination appears to be less sensitive than other growth stages in chickpea, however 

no overall trend (increase or decrease) of tolerance/sensitivity from germination to 

maturity was observed. Further, in chickpea, genotypes possess various combinations of 

mechanisms of tolerance and these might contribute to different degrees at each growth 

stage under saline conditions. This could be one possible reason why screening and 

breeding programs have been unable to make significant improvements. 
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2.3 Ions and plant growth 

 

2.3.1 Ions in vegetative structures 

Na
+
, Cl

-
 and SO4

2-
 dominate most salt-affected soils. When plants grow in such adverse 

surroundings, these ions accumulate to toxic levels in different tissues, and can also lead 

to imbalances in the accumulation of other nutrients (e.g. K
+
). Several reports observed 

an increase in uptake of Na
+
 and Cl

-
 by different chickpea genotypes with increasing 

external NaCl concentrations (Table 2.4). Many studies have used Na
+
 and Cl 

concentrations in shoots as a selection parameter for screening tolerant genotypes 

(Table 2.4). As much as double the concentration of these ions was observed in 

sensitive genotypes compared with tolerant genotypes and shoot water content was also 

found to be a good salinity tolerance indicator in chickpea (Dua 1998). Moreover, salt 

tolerance is related to the ability of individual genotypes to regulate Cl
-
 and Na

+
 

transport to avoid toxicity of ions, as either ion can be toxic depending on the ability of 

plants to minimize concentrations in the cytoplasm (Teakle and Tyerman 2010). 

 

Damage caused by Na
+
 and Cl

-
 manifests in different degrees at various growth stages 

of chickpea. Shoot dry mass at the flowering stage and seed yield (Manchanda and 

Sharma 1989) were negatively correlated to Na
+
 (Lauter and Munns 1986, 1987; 

Manchanda and Sharma 1989) and Cl
-
 concentration (Lauer and Munns 1987) in plant 

shoots (Table 2.5). Biomass at maturity was positively correlated (R
2
=89%) with final 

yield (Rao et al. 2002), whereas in a recent study biomass had no significant correlation 

with Na
+
 nor K

+
 concentration in shoots, and final yield under saline conditions was not 

correlated with biomass (Vadez et al. 2007). Differences in relationships between 

various traits and genotypes under saline conditions may occur due to variations in 1) 

screening methodology (including growth media), 2) level of salt treatment, 3) type of 

salt(s) 4) environmental conditions and 5) crop growth stage. In chickpea, different 

screening methods were followed and the results are not easily comparable due to the 

differences in growing media used (Table 2.2 & 2.3). The differences in relationships 

could also be caused by differences in salt concentrations, as the genetic control of 

mechanisms in genotype responses can change with increasing/decreasing salt 

concentrations (Foolad 2004). Moreover, weather factors like temperature and relative 

humidity could also cause differences in trait relationships (i.e. tissue ions vs. growth) 

by altering the rate of transpiration and growth, i.e. affecting water use efficiency 

(Lauter and Munns 1987). In such circumstances, it is not easy to suggest any selection 
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criteria for salt tolerance in chickpea. Moreover, conclusions from a single growth stage 

could be misleading as opposed to assessments that cover the complete life cycle. Such 

variability in tolerance at different growth stages has also been observed in other crops 

like tomato, rice and sorghum (Foolad 2004; Rao et al. 2008; Maas et al. 1986). 

 

The variability among chickpea varieties in response to salinity is mostly attributed to 

the degree of both Na
+
 and Cl

-
 accumulation in various plant parts (Dua and Sharma 

1995; Lauter and Munns 1987). Variable ion concentrations observed in different plant 

tissues viz. leaf, stems (excluding leaf), root (Tavori et al. 2004) and whole shoots (Dua 

and Sharma 1997) were used to identify tolerant and sensitive genotypes. Salt primarily 

inhibits plant growth through eccessive accumulation of Na
+
 and Cl

-
 in shoots (Lauter 

and Munns 1987; Munns and Tester 2008) but exactly how they effecton growth remain 

unknown. Several possible ways like a) salts may build up in the apoplast and dehydrate 

the cell, b) they may build up in the cytoplasm and inhibit enzymes involved in 

carbohydrate metabolism, or c) they may build up in the chloroplast and exert a direct 

toxic effect on photosynthetic processes, were proposed for salt effect on cell 

metabolism (Munns and Tester 2008). When salt was applied soon after germination (3 

days after emergence) there was no difference in shoot dry weight of seedlings until 11 

days later, compared to the control. During this period, shoot Na
+
 (700 µmol g

-1
 DW) 

and Cl
-
 (550 µmol g

-1
 DW) concentrations were increased to a certain level depending 

on the external salt concentration (4 dS m
-1

) (Lauter and Munns 1987). Once the ion 

concentration stabilised, more or less the same concentration was maintained in the 

shoots. This indicates that plants were regulating tissue ion concentrations to reach a 

certain level at different external salt treatments. Different transporter genes (HKT-type, 

CHX, CNGC, LCT1) have been reported in rice, wheat and Arabidopsis for regulation 

of Na
+
 influx in root cells and also compartmentation of Na

+
 into vacuoles (Apse et al. 

1999; Ren et al. 2005; Tester and Davenport 2003; Munns and Tester 2008). However, 

the knowledge on genetic regulation and practical utility of such transporter genes is 

limited in crops; no such information was available on any transporter gene regulating 

ion accumulation in chickpea.  

 

2.3.2 Ions in reproductive structures 

Only two studies have measured ions in reproductive structures and investigated 

different yield characteristics (number of pods per plant, number of filled pods and 100 

pod and seed weight) and evaluated some metabolites (phosphorylated compounds, 
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sugars, organic acids and amino acids) in pods of chickpea under salinity (Murukumar 

and Chavan 1986; Mamo et al. 1996). In pods, Na
+
 concentration increased 7 and 24 

times, Cl
-
 concentration 4 and 7 times compared to control at 50 mM and 100 mM 

NaCl, respectively. Whereas in seeds, Na
+
 reached 3 and 4 times and Cl reached 2 times 

at both 50 and 100 mM NaCl, respectively. Further, seed Ca
2+

 concentration increased 5 

and 10 times and pod Ca
2+

 decreased by 20% and 34% compared to control at 50 and 

100 mM NaCl, respectively (Murukumar and Chavan 1986). In addition, the amount of 

total sugars (sucrose, glucose, fructose, sedoheptulose, maltose) and phosphorylated 

compounds (PEP, PGA, sugar mono- and di-phosphates) in pods did not vary between 

the control and 100 mM NaCl, whereas total organic acids (citrate, isocitrate, succinate, 

ascorbate, gylcerate) increased by 48% and total amino acids (aspartate, glutamate, 

glycine-serine, cysteine, valine, phenylalanine, threonine, glutamine) decreased by 50% 

in 100 mM compared to the control (Murukumar and Chavan 1986). In the second 

study, chickpea seeds were analysed for Na
+
, Cl

-
 and K

+
 in four genotypes (Mamo et al. 

1996). None of the genotypes yielded when external NaCl concentration reached ECe 4 

and 8 dS m
-1

. Seeds of plants at 2 dS m
-1

 had a Cl
-
 concentration 4.6 times higher and 

Na
+
 up to 1.5 times higher than the controls, whereas K

+
 did not differ from the 

controls. Na
+
 concentration in seeds (335 µmol g

-1
 DW) reached the same level as that 

of shoot Na
+
 at 2 dS m

-1
, whereas Cl

-
 and K

+
 concentrations were only 15 and 46% of 

shoot values, respectively (no significant difference in seed K
+
 concentration in 2 dS m

-1
 

and control). This indicates that Na
+
 accumulates at the same concentration in both 

vegetative and reproductive structures in the lower salt treatment (2 dS m
-1

) and Cl
-
 

accumulates more in vegetative structures than reproductive structures. Thus, in the 

above studied genotypes, Cl
-
 appeared to be involved in vegetative growth reduction 

and Na
+
 in yield reduction. 

  

2.3.3 Effect of sulphate and chloride ions 

Groundwater in saline areas is dominated by Cl
-
 and SO4

2-
 salts, so effects of 

supplementary irrigation resulting in different levels of Cl
-
 or SO4

2-
 are of interest. 

Differences in response of chickpea towards SO4
2-

 and Cl
-
 types of salinity were 

evaluated in many studies. Traits like N2-fixing ability (Kumar and Promila 1983), 

chlorophyll content, net photosynthetic rate (Datta and Sharma 1990), embryo and plant 

growth, and plant yield were more sensitive to Cl
-
 salts than SO4

2-
 salts (Lauter and 

Munns 1986; Manchanda and Sharma 1980, 1989). Sensitivity of chickpea was less 

when the saline soil had a high concentration of SO4
2-

 and low concentration of Cl
-
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(Manchanda and Sharma 1980). The growth reduction under Cl
-
 salinity was mainly 

caused by toxic ion accumulation (i.e. Cl
-
) and under SO4

2-
 salinity both ion 

accumulation (SO4
2-

) and reduced turgor reduced growth (Sheoran and Garg 1983). 

 

Major anions in the medium affect anion concentration in the shoots. During early 

flowering, shoot SO4
2-

 concentration did not change significantly at different salt levels 

if SO4
2-

 was used as the principal ion in the growth media; but if Cl
-
 was the principal 

anion, shoot Cl
-
 increased (2.5 and 3.5 times) at high salt levels (1.6 and 2.4 dS m

-1 

NaCl). This lead to increased shoot Cl
-
 concentration in the NaCl treatment but not the 

Na2SO4 treatment, which confirms the more toxic effect of Cl
-
 than SO4

2-
 ions (Lauter 

and Munns 1986). Further, some reports suggest chickpea was equally sensitive to SO4
2-

 

and Cl
-
 salts when shoot Na

+
 concentrations were equal (Lauer and Munns 1986, 1987). 

This indicates that tissue Na
+
 concentration determines growth responses under salinity. 

It seems Na
+
 and Cl

-
 both accumulate in higher concentrations in plant tissues under 

salinity and accumulation depends on the dominant salt type (Cl
-
 or SO4

2-
) in the 

treatment. 

 

Along with plant growth differences, Cl
-
 and SO4

2-
 salts also differed in pollen growth 

measurements. Na2SO4 in the germination medium was more detrimental for both 

pollen germination and tube growth than NaCl (Dhingra and Varghese 1993), and no 

cause was reported for sulphate toxicity on pollen germination and tube growth. 

Germination of pollen was >80% in all three genotypes (C-235, H 82-2 and ICCV 

88102) from 2 to 8 mM NaCl or Na2SO4 concentration. At higher salt concentration (32 

mM), reductions were more severe when pollen was cultured on SO4
2-

-dominated 

salinity (40–70%) than Cl
-
-dominated salinity (15–25%) (Dhingra and Varghese 1993). 

 

Apart from pollen growth, yield differences for chickpea exposed to SO4
2-

 and Cl
-
 salts 

were also prominent. Under Cl
-
-dominated salinity (Cl

-
:SO4

2-
=7:3), at ECe 4 dS m

-1
 

chickpea yielded only 22% grain and no yield at 5 dS m
-1

, whereas in SO4
2-

 dominated 

salinity (SO4
2-

:Cl
-
=7:3) yields were 96 and 80% at ECe 4 and 5 dS m

-1
, respectively 

(Manchanda and Sharma 1990). From the above reports, it can be inferred that 

differences in salinity damage are also due to the type of dominant salt present in the 

growth media. i.e. Cl
-
 causes more direct damage to plant growth and yield compared to 

SO4
2-

, but SO4
2-

 salts have an indirect effect on plant growth by inhibiting pollen 

germination and growth. Thus, while screening genotypes, it is essential to use the 
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dominant salt and soil types in the target environment to identify the most appropriate 

tolerant sources. 

 

Individual values of ion (Na
+
, Cl

-
 and K

+
) concentrations in different genotypes did not 

follow any pattern of accumulation or reduction with external salinity and is thus not 

shown (evaluated in scatter plots; not shown). Ion concentrations were averaged within 

defined intervals of salt treatments (1.2–2.0, 2.4–4.0, 5.0–6.0, 7.5–8.0 and 9.0–10.0 dS 

m
-1

). The average tissue Na
+
 and Cl

-
 ion concentrations showed an increasing gradation 

with increasing salt treatment upto 8 dS m
-1

 and then decreased.  K
+
 concentration rose 

at lower salt concentration (1.2–2.0 dS m
-1

), was constant at intermediate 

concentrations, and dropped at higher salt concentrations (9.0–10.0 dS m
-1

). K/Na ratio 

was higher in the control and decreased by 60% at 2 dS m
-1

 and by more than 90% 

when NaCl was >2.4 dS m
-1

. 

 



Chapter 2                                                                                              Literature review 

 24 

Table 2.4: Na
+
, Cl

-
 and K

+ 
ion concentrations (all values converted to µmol g

-1
 DW) reported in shoot/stem tissues during the 

reproductive period (flower initiation to maturity) in different chickpea genotypes grown at various NaCl (dS m
-1

) treatments (10 

mM = ~1 dS m
-1

) 

(1) Manchanda and Sharma 1989 (at flowering); (2) Mamo et al. 1996 (at maturity); (3) Lauter et al. 1986 (at flowering); (4) Tavori et al. 2004 (at maturity); (5) Dua and 

Sharma 1997 (60 d after sowing); (6) Baalbaki et al. 2000 (at flowering);  (7) Tejera et al. 2006 (at flowering); (8) Sharma and Kumar 1992 (20 d after salinisation and 

salinity applied on 1-month-old seedlings) 

Genotype 

(reference) 

Ion 

ratio 

Treatments (dS m-1) 

Control 1.2 1.6 2.0 2.4 3.0 3.2 3.6 4.0 5.0 5.8 6.0 7.5 8.0 9.0 10.0 

H208 (1) K/Na 31.6   14.5  10.4    4.3  2.2     

DZ-local (2) K/Na 5.14   2.4     1.1     0.4   

Mariye (2) K/Na 4.8   2.6     1.0     0.4   

DZ-10-9-2 (2) K/Na 5.5   2.8     1.2     0.4   

DZ-10-16-2 (2) K/Na 4.8   2.5     0.9     0.4   

UC 5 (3) K/Na   7.1  4.3  3.5          

Bulgarit (4) K/Na 3.0 1.1      0.7         
ICC 5810 (4) K/Na 3.7 1.1      0.5         

CSG 8890 (5) K/Na   9.4      2.2  1.9   1.8   

CSG 88101 (5) K/Na   26.2      5.8  3.9   3.8   

CSG 8927 (5) K/Na   25.6      5.4  5.7   5.8   

ILC-205 (6) K/Na 7.9     2.5      0.5   0.2  

ILC 1919 (6) K/Na 8.8     4.5      0.8   0.3  

Sirio (7) K/Na 51.5         5.8   4.1   2.8 

Lechoso (7) K/Na 109.7         3.0   2.3   2.8 

Gulavi (7) K/Na 128.3         6.5   5.9   3.6 

Pedrosillano(7) K/Na 95.3         5.8   5.2   5.2 

ILC 1919 (7) K/Na 77         5.6   6.0   5.7 

Pusa 209 (8) K/Na 20.2        1.7     1.9   
PG 312 (8) K/Na 49.1        1.8     1.9   

Avg Na
+
 229 1430 457 283 300 178 400 2222 1278 157 2372 730  2030 1392  

Avg Cl- 449  1200 1434 1300 800 6032  2581 1437 10047 978  4244 858  

Avg K+ 1050 1591 7682 860 1300 746 1400 1362 3824 667 8091 619  3991 367  

 dS m-1
 control 1.2–2.0   2.4–4.0 5.0–6.0 7.5–8.0 9.0–10.0 

Avg 

Na 229  723     876   1086   2030  1392 

Cl 449  1317     2678   4154   4244  858 

K 1050  3378     1726   3126   3991  367 

K/Na 37.9  15.3     3.3   3.4   3.3  2.1 
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2.4 Genetic diversity in chickpea for salinity tolerance 

 

2.4.1 Screening of chickpea genotypes to salinity 

For any breeding program, improving tolerance is only possible if variation exists in the 

gene pool of that crop (Ashraf 1994). In chickpea, most studies on salt tolerance have 

only screened a small portion of available germplasm and locally-adapted cultivars. 

Unfortunately, most of the released cultivars in the Indian subcontinent, such as ICCV 

2, KAK 2, ICCV 96029 (Vadez et al. 2007), and Australian varieties like Rupali and 

Sonali (Tim Colmer, personal communication) are sensitive to salinity. A method of 

restricted random sampling of 200 genotypes found 28% tolerant genotypes (Maliro et 

al. 2008). These genotypes were from Middle East and south Asian regions with 

significant salinity problems, and a long history of chickpea cultivation with high 

diversity. Similarly, screening diverse chickpea germplasm in recent years has revealed 

a wide range of variation for salinity tolerance in chickpea (Serraj et al. 2004; Vadez et 

al. 2007). This has 'opened the door' for developing chickpea cultivars with enhanced 

tolerance to salinity. Diversity in chickpea genotypes for salt tolerance is discussed in 

the following sections. 

 

Various screening methodologies have been followed for evaluating salt tolerance in 

chickpea with plant material ranging from germinating seeds to seedlings and mature 

plants. Different growth media such as nutrient solution salinised with NaCl (Elsheikh 

and Wood 1990), artificially salinised soil in pots (Vadez et al. 2007) and sand culture 

(Maliro et al. 2004) have been used to screen one to a few hundred genotypes. There 

have also been attempts to evaluate lines in lysimeters filled with clay (Katerji et al. 

2001). Screening has also been conducted in saline fields with average ECe of 4–6 (dS 

m
-1

) in the top 15 cm depth (Dua and Sharma 1997). 

 

Variability for salt tolerance at different growth stages was observed in most large-scale 

germplasm screenings conducted in soil pots or under field conditions (Table 2.3). An 

initial screening of 425 chickpea genotypes for salt tolerance, conducted in the field 

with ECe ranging between 4 and 6 dS m
-1

, found no relationship (r=0.2) between salt 

tolerance at germination and maturity (Dua and Sharma 1995). In other words, lines 

tolerant at germination (>90%) did not perform well in the reproductive period and, 

within genotypes, some studies identified more tolerant kabuli than desi types (Dua and 

Sharma 1995; Serraj et al. 2004) or vice versa (Vadez et al. 2007). This difference may 
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reflect genotypic variability in tolerance at different growth stages and/or different plant 

types (desi or kabuli), i.e. kabuli types may be more tolerant at vegetative growth stages 

(Serraj et al. 2004) and desi types more tolerant during the reproductive period (Vadez 

et al. 2007). Crossing between different combinations of tolerant and sensitive 

genotypes of kabuli and desi seed types would increase the chances of producing 

tolerant breeding lines throughout the plant ontogeny. 

 

Screening 252 chickpea germplasm accessions at ICRISAT-Patancheru, India identified 

43 tolerant lines based on shoot biomass and salinity susceptibility index (Serraj et al. 

2004). However, 83% of genotypes were dead or close to mortality 40 days after sowing 

at 100 mM NaCl (Serraj et al. 2004). Recently a six-fold variation in yield under salinity 

was identified while screening 263 genotypes which included 211 accessions from the 

minicore collection at ICRISAT (10% of the core collection which is 1% of the entire 

collection) (Upadhyaya and Ortiz 2001) and other breeding lines and popular cultivars 

(Vadez et al. 2007). No significant relation was observed between biomass production 

at the vegetative stage and seed yield under saline conditions and thus genotypic 

differences under salinity would be better estimated with yield traits than biomass 

(Vadez et al. 2007). Further, yield residuals (difference between observed and predicted 

yield) under salinity were closely related (r
2
=0.48) to less seeds per plant which 

suggests that seed yield traits could be used to explore maximum genotypic differences 

under saline conditions and that chickpea is more vulnerable to salinity during the 

reproductive period (Vadez et al. 2007). Interestingly, the studies of Serraj et al. (2004) 

and Vadez et al. (2007) used the same germplasm for salinity screening but there was no 

common tolerant genotype identified; Serraj et al. (2004) screened genotypes based on 

shoot biomass at 40 d after sowing whereas Vadez et al. (2007) screened genotypes 

based on seed yield at maturity. This clearly supports the findings of Vadez et al. (2007) 

that there was no significant relationship observed between vegetative plant biomass 

and yield at maturity. Lines tolerant at the vegetative stage (Serraj et al. 2004) were not 

tolerant at the reproductive stage, thus no common genotypes were identified between 

the two studies (Serraj et al. 2004; Vadez et al. 2007). These results show that tolerance 

is highly variable at each stage of plant growth and between chickpea types. 

 

The success of developing salinity tolerance depends upon the selection criteria to be 

adopted while screening and the effective screening and sampling methodologies. 

Initially, selection of individual physiological characters which would aid in increasing 
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salt tolerance and subsequent pyramiding of other mechanisms could benefit in the 

production of salt-tolerant lines (Flowers and Yeo 1995; Flowers and Flowers 2005). 

Screening of genotypes based on final yield in saline conditions should be the priority 

(Vadez et al. 2007), whereas screening based on salinity threshold levels at 50% dry 

matter production (Manchanda and Sharma 1990) or vegetative growth (Serraj et al. 

2004) alone might not always result in higher grain yields, as tolerance differs with each 

growth stage. Hence salinity tolerance in chickpea is likely to be growth-stage-specific, 

but final yields might be controlled most by tolerance at the reproductive phase (Vadez 

et al. 2007). Nevertheless, if tolerance during vegetative stage can be combined with 

tolerance during the reproductive phase, then gains might be most substantial. Diversity 

analysis of 83 chickpea genotypes under saline conditions found that pods per plant 

(64%) and seeds per plant (29%) contributed more than 93% to divergence (Sharma et 

al. 2004) which is on par with the findings of Vadez et al. (2007)—that genotypic 

variation/differences under salinity is best explained by yield-contributing traits. In 

conclusion, identification of lines with more filled pods would enhance yield under 

saline conditions, and widening the sources of genetic base would improve the chances 

of identifying genetic material for breeding salt-tolerant chickpea cultivars (Maliro et al. 

2008). 
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Table 2.5: Association between different traits observed under salt stress conditions 
Trait 1 Trait 2 Correlation (+ or -) No. 

genotypes 

Time Salinity Reference 

Shoot DW Shoot Na
+
 - (R

2
=0.90 in Cl

-
; 0.75 

in SO4
2-

) 

1 Early flowering 5.0 dS m
-1

 Lauter and Munns 1986 

Shoot Na
+
 Leaf Na

+
; young leaf Na

+
 + (R

2
=0.94; 0.92) 2 34 DAS 4.0 dS m

-1
 Lauter and Munns 1987 

Shoot DW Shoot Na
+
 - (R

2
=0.77)  34 DAS  Lauter and Munns 1987 

Shoot DW Shoot Cl
-
 - (R

2
=0.33)  34 DAS  Lauter and Munns 1987 

Shoot DW Shoot water potential (L-
550) 

+ (R
2
=0.61)  34 DAS  Lauter and Munns 1987 

% germination Seed yield 0 (R
2
=0.2) 24  8.0 dS m

-1
 Dua and Sharma 1995 

Total N Nodule mass + (r=0.73) 7 Flowering 3.2 dS m
-1

 Sadiki and Rabih 2001 

Total N Plant DW + (r=0.90)  Flowering  Sadiki and Rabih 2001 

Total N ARA + (r=0.81)  Flowering  Sadiki and Rabih 2001 

Nodule mass Plant DW + (r=0.75)  Flowering  Sadiki and Rabih 2001 
Nodule mass ARA + (r=0.66)  Flowering  Sadiki and Rabih 2001 

Plant DW ARA + (r=0.57)  Flowering  Sadiki and Rabih 2001 

Grain yield N content (plant) + (R
2
=92%, p=0.011) 5 Maturity **0.6 dS m

-1
 Rao et al. 2002 

Grain yield Shoot biomass + (R
2
=89%, p=0.017)  Maturity  Rao et al. 2002 

N content Nodule number/plant + (R
2
=82%, p=0.034)  90 DAS  Rao et al. 2002 

N content Biomass/plant 0 (R
2
=16%, p=0.48)  90 DAS  Rao et al. 2002 

Nodule weight Nodule number/plant 0 (R
2
=24%, p=0.023)  90 DAS  Rao et al. 2002 

ARA Salt dosage - (r=0.75 & R
2
=0.567) 5 Flowering 9.1 dS m

-1
 Tejera et al. 2006 

ARA Shoot nitrogen + (r=0.48)  Flowering  Tejera et al. 2006 

ARA Root nitrogen + (r=0.51)  Flowering  Tejera et al. 2006 

ARA Root DW + (r=0.50)  Flowering  Tejera et al. 2006 

Nodule DW Root DW + (r=0.64)  Flowering  Tejera et al. 2006 
Root N Root Na

+
 - (r=0.61)  Flowering  Tejera et al. 2006 

Root Na
+
 Root K

+
 - (r=0.64)  Flowering  Tejera et al. 2006 

Root biomass Salt dosage - (r=0.46)  Flowering  Tejera et al. 2006 
Shoot K/Na Salt dosage - (r=0.84)  Flowering  Tejera et al. 2006 

Root K/Na Salt dosage - (r=0.75)  Flowering  Tejera et al. 2006 
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Trait 1 Trait 2 Correlation (+ or -) No. 

genotypes 

Time Salinity Reference 

*Residuals Ratio of seed number in 

salinity and control 

+ (R
2
=0.65) 263 Maturity 8.0 dS m

-1
 Vadez et al. 2007 

*Residuals Ratio of 100-seed weight 

in salinity and control 

No significant 

correlation 

 Maturity  Vadez et al. 2007  

Ratio of seed yield 

at harvest in 
salinity and 

control 

Ratio of shoot DW 50 

DAS in salinity and 
control 

No significant 

correlation 

 Flowering to 

maturity 

 Vadez et al. 2007 

*Residuals Shoot Na
+
% No significant 

correlation 
 50 DAS  Vadez et al. 2007 

*Residuals Shoot K
+
% No significant 

correlation 

 50 DAS  Vadez et al. 2007 

*Residuals Days to flower + (R
2
=0.24) significant 

but weak 

 Flowering  Vadez et al. 2007 

Shoot DW Shoot Na
+
 or shoot K

+
 No significant 

correlation 

 50 DAS  Vadez et al. 2007 

*difference between observed and predicted yield under salinity; ** EC1:2, pH 8.8; ARA acetylene reduction activity; DW dry weight; DAS days after sowing 
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2.4.2 Genetic/molecular basis of salt tolerance 

A better understanding of the genetic basis of salt tolerance and related traits is critical in 

developing tolerant cultivars. Little progress has been made on inheritance of salt tolerance 

in chickpea and other legumes. Chickpea is the most salt-sensitive compared to other grain 

legumes like broad bean (Tavori et al. 2004) and lentils (Mamo et al. 1996); almost all 

genotypes (159) died except for a single genotype (L-550) when screened at 50 mM NaCl 

(Lauter and Munns 1986). All the above reports indicate that chickpea is very sensitive to 

salinity (Flowers et al. 2010), so, genetic evaluation of sensitivity under saline conditions 

would be helpful in hybridisation programs. 

 

Inheritance of various traits was studied in different crop species at different growth stages 

(Table 2.6). Salinity affected plant growth from decreasing root growth to production of 

sterile flowers in different crops. Traits like leaf number, plant height (barley), sterility 

(rice) and Na
+
 accumulation in leaves (wheat) had oligogenic types of inheritance, and 

traits like seed yield (chickpea), plant dry weight (pigeonpea) and root length (sorghum and 

maize) were quantitative in nature (Table 2.6). In chickpea, genetics of salt tolerance of six 

parental lines and their F1s were studied under 40 mM NaCl (Ashraf and Waheed 1998). 

Yield components like seed yield, and pod and seed numbers per plant were governed by 

both additive and dominance gene effects with the predominance of the dominance effect 

(Ashraf and Waheed 1998). Further, dominant and recessive alleles were distributed 

unequally in genotypes with more recessive genes controlling these three traits. High 

estimates of narrow-sense (0.768, 0.740 and 0.739, respectively) and broad-sense (0.996, 

0.933 and 0.965, respectively) heritabilities of seed yield, pod numbers and seed numbers 

suggest significant improvement in salt tolerance is possible through further selection and 

breeding (Ashraf and Waheed 1998). Similarly, high broad-sense heritability (0.65 to 0.79) 

for shoot biomass production at 15, 28 and 40 days after sowing was observed in 252 

chickpea germplasm accessions when grown at 100 mM salinity (Serraj et al. 2004). From 

the above results, selection for yield traits under salinity would benefit later generations 

compared to early generations and with advancement of generations possible undesirable 

linkages will be broken and genes will be fixed and enable effective selection. 
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Table 2.6: Genetic basis of salt tolerance in crop plants 
Crop Trait related to salt 

tolerance 

Inheritance/gene action Reference 

Chickpea Seed yield Dominant effect Ashraf and Waheed 1998 

Tomato Na+ & Ca2+ accumulation 

in leaf 

Additive effect Foolad 1997 

Sorghum Root length (seedling 

stage) 

Additive & dominant 

effects 

Azhar and McNeilly 1988 

Maize Root length Additive & non-additive 
effects 

Rao and McNeilly1999 

Pigeonpea Plant DW production Dominant effect Subbarao et al. 1990 

Barley Leaf traits (number, 
length, width) & plant 

height 

Oligogenic Koval and Rigin 1993 

Wheat Na+ accumulation in 
leaves 

Duplicate dominance 
epistasis 

Munns et al. 2003 

Rice Sterility Additive & dominant 

effects 

Moeljopawiro and Ikehashi 

1981; Akbar et al. 1986 

Rice Sterility under saline 

conditions 

Three genes Akbar et al. 1972; Akbar and 

Yabuno 1977 

 

Information on Quantitative Trait Loci (QTLs) associated with salt tolerance in chickpea is 

not available in the literature. In other crops, like tomato and rice, many genomic regions 

have been identified and linkage maps constructed. In tomato, seven QTLs at germination 

and five at vegetative growth were identified for salt tolerance using RFLP markers (Foolad 

1999). Breto et al. (1994) identified six markers on six chromosomes associated with fruit 

trait in tomato under saline condition. Similarly in rice, 16 AFLP markers on four 

chromosomes were associated with ion concentration in the shoot (Flowers et al. 2000). A 

single QTL was also identified in soybean for salt tolerance (Lee et al. 2004). In order to 

facilitate development of an effective screening method for salt tolerance in chickpea it is 

imperative to determine the heritability of salt tolerance and to identify associated QTLs. 

 

Few studies have evaluated molecular aspects of salt tolerance in chickpea. Dehydrins are 

stress-induced proteins identified in many plant species which protect cells from 

dehydration stress. Interestingly, a dehydrin gene, cpdhn1, was isolated from a cDNA bank 

prepared from leaves and ripening seeds of C. pinnatifidum expressed during seed 

development in response to abiotic stresses including salinity (Bhattarai and Fettig 2005). 

But the role of these dehydrin proteins in alleviating the salinity effect in chickpea was not 

studied. Similarly, more than 20,000 drought- and salinity-responsive expressed sequence 

tags (ESTs) were identified from stressed root cDNA libraries of chickpea (Varshney et al. 
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2009). It seems that molecular research in chickpea has improved and the available 

information can be used for developing new markers and characterising genes associated 

with salinity tolerance. As salinity is a complex trait, identifying molecular markers 

associated with traits under salinity would help breeding for a variety for saline soils. 

 

2.5 Conclusion 

Chickpea is relatively sensitive to salinity and this sensitivity varies with plant 

developmental stage. No genotypes have been reported as salt tolerant at all growth stages 

as many studies concentrated on a single growth stage (germination, seedling growth, 

growth until flowering, or seed yield). Tolerant genotypes in early stages did not maintain 

tolerance at later stages and vice versa; because of this uncertain trend many studies did not 

find strong relationships among traits studied at different growth stages. Unless there is 

sufficient vegetative growth, expecting substantial yield under salinity may not be possible, 

hence crossing these two plant types with vegetative stage tolerance with reproductive stage 

tolerance would benefit development of tolerant breeding lines at both stages. It appears 

that germination is more tolerant than other growth stages where ECe of 7–8 dS m
-1

 may be 

the threshold for 50% germination and this % can increase by increasing seeding rates or 

presoaking seeds for 24 h in normal water rather than using germinated seeds. Salt 

concentration of 4–5 dS m
-1

 was the critical level for producing 50% biomass or seed yield. 

Na
+
 (>250 µmol g

-1
 DW) and Cl

-
 (>1000 µmol g

-1
 DW) accumulated in plant tissues to 

toxic levels causing damage to plant growth, while K
+
 was not a limiting factor under 

salinity. SO4
2-

 is more harmful to pollen germination and tube growth than Cl
-
 in the 

growth media and the possible reason is unclear. Information on the inheritance of different 

traits under salinity was limited to a single study in chickpea where mainly dominance 

effects controlled yield traits rather than additive and epistatic effects. With recent efforts in 

chickpea genomics, more than 20,000 drought- and salinity-responsive expressed sequence 

tags (ESTs) were identified from stressed root cDNA libraries of chickpea. These ESTs can 

be used to identify salinity responsive genes and to construct a genome map. A 

comprehensive approach including physiology, genetics, breeding and molecular work will 

provide better opportunity to understand this complex trait and to develop salt-tolerant 

varieties in chickpea. 
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3.1 Abstract 
 

Soil salinity is an increasing problem, especially in semi-arid regions of the world where 

chickpea is cultivated. Salt sensitivity of chickpea was evaluated at both the vegetative and 

reproductive phase. Root-zone salinity treatments of 0, 20, 40 and 60 mM NaCl in nutrient 

solution were applied to seedlings or to older plants at the time of flower bud initiation. 

Recovery from salinity, removed at flower bud initiation, was also evaluated. Even the 

reputedly tolerant cultivar JG11 was sensitive to salinity. Plants exposed to 60 mM NaCl 

since seedlings, died by 52 days without producing any pods; at 40 mM NaCl plants died 

by 75 days with few pods formed; and at 20 mM NaCl plants had 78–82% dry mass of 

controls, with slightly higher flower numbers but 33% less pods. In plants exposed to 20 

mM NaCl from the seedling phase, tissue Na
+
 concentrations (µmol g

-1
 dry mass) reached 

115 in shoots and 111 in flowers, whereas Cl
-
 was higher with 500 in shoots and 300 in 

flowers. Shoot Cl
-
 exceeded shoot Na

+
 by 2–5 times in both the vegetative and reproductive 

phase. Pollen collected from plants exposed to NaCl during flowering was viable, but in 

vitro pollen germination and tube growth was severely reduced by 40 mM NaCl. Further, 

conversion of flowers into pods was sensitive to NaCl. Plants recovered when NaCl was 

removed at flower bud initiation, adding new vegetative growth and forming pods and 

seeds. The results demonstrate that chickpea is sensitive to salinity at both the vegetative 

and reproductive phase, with pod formation particularly sensitive. Thus, future evaluations 

of salt tolerance in chickpea need to be conducted at both the vegetative and reproductive 

stages. 

 

3.2 Introduction 

 

Worldwide, about 20% of cultivated land is affected by salinity (Ghassemi et al. 1995). 

Cool season food legumes such as chickpea, lentil and faba bean, are relatively sensitive to 

salinity (Stoddard et al. 2006). Saline soils occur mainly in arid and semi-arid regions. 

Chickpea is the major grain legume in these regions (Ali et al. 2002) so saline soils 

constrain chickpea production in many parts of the world (Ryan 1997). In chickpea, salinity 

leads to leaf necrosis and reduced vegetative growth (Maliro et al. 2008) and impedes 

flower and pod formation (Manchanda and Sharma 1989; Katerji et al. 2001; Vadez et al. 

2007). Salinity of only 3 dS m
-1

 in field soils was the threshold for reduced shoot growth 
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and yield in chickpea (Rao et al. 2002; Katerji et al. 2005), although this exceeds the even 

lower salinity threshold (<1.3 dS m
-1

) in some tropical legumes like cowpea, soybean and 

pigeon pea (Keating and Fisher 1985). 

 

Plant responses to salinity differ depending upon growth/developmental stage, and length 

of exposure (Munns and Tester 2008). Salinity tolerance in chickpea has been evaluated at 

different growth stages, but each individually and with a focus to identify tolerant 

genotypes (Flowers et al. 2010). For example, salinity tolerance has been evaluated at 

germination (Garg and Gupta 1998; Khalid et al. 2001; Singh 2004), seedling growth up to 

3 weeks (Al-Matawa 2003; Karajeh et al. 2003), vegetative stage up to 8 weeks (Elsheikh 

et al. 1990), and some studies have extended into the reproductive stage (Sadiki and Rabih 

2001; van Horne et al. 2001; Bruggeman et al. 2003; Katerji et al. 2005; Vadez et al. 2007). 

Germination is less sensitive to salinity than early vegetative growth (Garg and Gupta 

1998; Zurayk et al. 1998; Sekeroglu et al. 1999; Al-Mutawa 2003) and the reproductive 

phase is considered to be even more sensitive than vegetative growth (Vadez et al. 2007). 

In contrast with chickpea, cowpea (a moderately tolerant grain legume) is most salt 

sensitive during the vegetative stage (Maas and Poss 1989). Thus, the present work aimed 

to confirm the apparent salt sensitivity of chickpea at the reproductive phase, using NaCl 

dose-response experiments with treatments applied not only during the vegetative phase but 

also at flower initiation, to enable evaluation of the sensitivity of the reproductive phase 

without carry-over effects of prior exposure during the vegetative phase. Furthermore, ion 

(Na
+
, K

+
 and Cl

-
) regulation in roots, shoots, and floral organs, as well as pollen viability 

and sensitivity to NaCl, were all evaluated as potential contributors to salt sensitivity in 

chickpea.  

 

Tissue ion regulation is a key trait for salt tolerance in plants (Munns and Tester 2008), but 

whether Na+ or Cl- ‗exclusion‘ contributes to tolerance in chickpea remains uncertain. Two 

reputedly tolerant genotypes displayed contrasting responses: CM 663 accumulated high 

levels of Na+ (95 mol g
-1

 fresh mass) in leaves compared with roots (20 mol g
-1

 fresh 

mass) whereas ICC 10572 accumulated higher Na+ in roots (60 mol g
-1

 fresh mass) than in 

leaves (35 mol g
-1

 fresh mass), although the Cl- concentration was always more in leaves 

than in roots for both genotypes (Ashraf and Waheed 1993). These authors could not 
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separate the toxic effect of Na+ and/or Cl- and concluded that leaf Na+ and/or Cl- 

concentrations can not simply be used as selection criteria for identification of salt 

tolerance in chickpea. Other studies have found tolerant chickpea genotypes display 

preferential accumulation of Na in roots rather than in shoots (Sleimi et al., 2001; Baalbaki 

et al. 2000). Similarly, lower shoot ion concentrations (i.e. half the Na+ and Cl- in sensitive 

genotype) were observed in a tolerant genotype, but only when ion concentrations were 

expressed on a tissue water content basis; these differences were not evident on a dry mass 

basis (Dua 1998). Dua and Sharma (1997) also reported that growth reductions were 

associated with higher concentrations of Na+ and Cl- in chickpea. However, in a salinity 

screening experiment no relation was found between final yield and Na+ (% dry mass) in 

shoots at the vegetative stage (Vadez et al. 2007). It appears that in chickpea, regulation of 

tissue Na+ can vary even in tolerant and sensitive genotypes, and thus combinations of 

mechanisms (e.g. ion exclusion and tissue tolerance) are likely to contribute to tolerance. 

 

Understanding salt tolerance and its component traits related to ontogenic stages would 

facilitate development of salt tolerant genotypes. The objective of the present study was to 

compare the effect of NaCl applied at two stages on growth and flowering/podding in 

chickpea, and assess the role of ion toxicity in these effects. Four NaCl treatments were 

imposed on seedlings, or for the first time on plants at the start of the reproductive phase 

(flower bud initiation). Salinity treatments continued for both these sets of plants, and in 

addition, to assess recovery, a third set of plants that had been exposed to NaCl since 

seedlings were transferred to NaCl-free conditions at the start of the reproductive phase. 

This experimental approach enabled the hypothesis to be tested that the reproductive phase 

is the most salt sensitive stage in chickpea, without carry-over effects of prior exposure 

during the vegetative phase. 

 

3.3 Materials and methods  

 

The chickpea desi cultivar ‗JG 11‘, widely grown in southern India, has been identified by 

Vadez et al. (2007) as relatively salt tolerant (ranked 13
th

 in salt screening of the ICRISAT 

mini-core collection). It is a medium-maturity cultivar; flowering commences 37–40 days 

after sowing; and it matures within 90 days at ICRISAT-Patancheru, India. 
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3.3.1 Plant growth  

The experiment was conducted at The University of Western Australia, Perth, with a 

completely randomized design in a phytotron (i.e. natural light) with 20/15
o
C day/night 

temperatures during winter and spring 2007. Plants were grown in plastic pots containing 

4.5 l of continuously aerated nutrient solution. The outer surface of the pot and lid were 

covered with Al-foil to prevent entry of light.  

 

The nutrient solution contained (in mM): 5.0 Ca
2+

, 3.75 K
+
, 3.125 NH4

+
, 0.4 Mg

2+
, 0.2 Na

+
, 

5.4 SO4
2-

, 6.875 NO3
-
, 0.2 H2PO4

-
, 0.1 SiO3

2-
, 0.1 Fe-sequestrene, 0.05 Cl

-
, 0.025 BO3

3-
, 

0.002 Mn
2+

, 0.002 Zn
2+

, 0.0005 Cu
2+

, 0.0005 MoO4
2-

, 0.001 Ni
2+ 

and 1.0 MES buffer. KOH 

was used to adjust the pH to 6.5 every second day. The nutrient solution was renewed at 

10-day intervals, at which time pots were re-randomized to minimize the potential 

influence of environmental heterogeneity in the phytotron. 

 

Seeds were surface sterilized with 0.04% bleach for 300 s, rinsed with tap water and 

germinated in darkness on plastic mesh floating on aerated 0.1-strength nutrient solution. 

After 48 h, germinating seeds were transferred to 0.25-strength aerated nutrient solution 

and grown until emergence of the first leaf. Nine-day-old seedlings were transferred to full 

strength aerated nutrient solution and allowed to grow for another 4 d, at which time 

treatments were imposed (i.e., 13 d after imbibition). 

 

3.3.2 NaCl treatments 

Three concentrations of NaCl (20, 40 and 60 mM) were applied at two stages of plant 

growth, along with controls without salt (0 mM NaCl, but with 0.2 mM Na
+
 from Na2SiO3). 

Each treatment was replicated seven times, with six plants in each pot to enable six 

samplings (an initial sample was also taken from extra pots, giving seven sampling times). 

 

Treatments were categorized into three sets based on the time of NaCl application at 

different growth stages. Set I was with continuous NaCl treatments (0, 20, 40 and 60 mM), 

applied 13 days after imbibition. Set II was without NaCl until flower bud initiation, 

treatments were then imposed (0 → 20 mM, 0 → 40 mM, and 0 → 60 mM). In all cases, 

NaCl was added in steps of 20 mM NaCl per day. Set III was with NaCl until flower bud 
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initiation and then salt was removed (20 mM → 0, 40 mM → 0, and 60 mM → 0). This 

second phase of the experiment, with NaCl either added for the first time or removed, 

occurred at flowering (50% of plants showed flower bud initiation; 48 days after 

imbibition). The experiment was continued until 111 days after imbibition.  

 

3.3.3 Plant samplings 

Initial samples were taken at the time treatments were imposed, 13 days after imbibition. 

The remaining samplings were three from vegetative and three from reproductive phases. 

Samplings were at 23, 33, 47 days after imbibition (these three samplings were during the 

vegetative phase), 65, 87, and 110 days after imbibition (these three samplings were during 

the reproductive phase).  

 

At each sampling, plants were separated into roots and shoots. To remove the external 

treatment solutions, roots were washed three times in 5 mM CaSO4, for 20 s each time. 

Surface water was blotted off using paper towels and fresh mass measured. Tissues were 

oven dried at 65°C for 48 h and dry mass was determined. 

 

Numbers of flower buds, flowers and developing pods were recorded over the final 50 d, at 

10 d intervals. At final harvest, these reproductive structures were also separated and oven-

dried. 

 

3.3.4. Ion analyses 

Na
+
, K

+
 and Cl

-
 in tissues were extracted in 0.5 M HNO3 by shaking for 2 d. Na

+
 and K

+
 in 

extracts were analyzed using a flame-photometer (Model PFP7, Jenway, Essex, UK) and 

Cl
-
 using a Buchler-Cotlove chloridometer (Model 4-2000, Buchler Instruments, Fortlee, 

USA). A certified reference plant tissue taken through the same procedures recovered 99% 

K
+
, 104% Na

+
 and 92% Cl

-
. No adjustments were made to the data presented. 

 

3.3.5 Pollen viability test 

Pollen was collected from flower buds of 40 to 45-day-old plants in the continuous NaCl 

treatments (Set I). Two flowers on each plant of seven replicates were used. Pollen 

germination was tested on cellophane placed on growth media containing CaCl2.2H2O (300 
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mg L
-1

), H3BO3 (100 mg L
-1

) and sucrose 15% (w/v) (Brewbaker and Kwack 1963; 

(Alexander and Ganeshan 1989) and incubated for 8 h in darkness at 20–25°C. Cellophane 

was lifted and aniline blue fluorescence stain was added before observing under a 

fluorescence microscope (Zeiss, Germany). Pollen was considered to have germinated 

when tube length was more than the diameter of the pollen grain. To estimate pollen 

viability, observations were taken on ten random locations on each slide (approx. 350 to 

1600 pollen grains). 

 

3.3.6 Statistical analyses 

Data were analyzed using GENSTAT (Version 10.2) software. Statistical significances for 

dry mass and ion concentrations in different tissues were evaluated using one-way ANOVA 

with Duncan‘s multiple comparison test at 5% level of significance. Skewed data sets were 

loge transformed prior to ANOVA. 

 

3.4 Results 

3.4.1 Vegetative Phase 

3.4.1.1 Symptoms of leaf damage 

Plants exposed to NaCl treatments developed symptoms of salt damage to leaves, 

characterized initially by yellowing and subsequent necrosis of margins of older leaves; 

with time these leaves suffered complete necrosis. These symptoms appeared first in the 

oldest leaves and then progressively in successively younger leaves (i.e., from base 

upwards). Initial symptoms appeared in the 60 mM treatment after about 10 d, then 2 d later 

in the 40 mM treatment, and another 2 d later in the 20 mM treatment. The rate of symptom 

spread was fastest in the 60 mM treatment and slowest in the 20 mM treatment. 

 

3.4.1.2 Growth 

Shoot dry mass did not differ among the four NaCl treatments up to 10 d after salinization, 

but by 20 d plant dry mass in 40 and 60 mM treatments was less than the control and 20 

mM treatment (Fig. 3.1a). After 34 d of NaCl treatments, just prior to the commencement 

of flower bud initiation, shoot dry mass (% of controls) was 88% in 20 mM NaCl, 54% in 

40 mM NaCl and 39% in 60 mM NaCl. 
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Root dry mass also did not differ across the four NaCl treatments up to 10 d after 

salinization, but by 20 d root dry mass in 60 mM NaCl was less than the other treatments 

(Fig. 3.1b). After 34 d of NaCl treatments, just prior to the commencement of flower bud 

initiation, root dry mass (% of control) was 92% in 20 mM NaCl, 59% in 40 mM NaCl and 

33% in 60 mM NaCl. 

 

Figure 3.1: Effect of NaCl with time on (a) shoot and (b) root dry mass per plant, and 

concentrations of Na
+
 and Cl

-
 in shoots (c and e, respectively) and roots (d and f, 

respectively) of chickpea during the vegetative stage. Plants were grown in nutrient 

solution in a phytotron (20/15
o
C). Values given are means ± SE of 7 replicates. LSD at P = 

0.05 was calculated for the day 34 harvest 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.1.3 Ion concentrations in roots and shoots 

Within 10 d of salinization, Na
+
 in shoots had increased 7.5-fold in the 20 mM NaCl 

treatment, 14-fold in the 40 mM treatment, and 28-fold in the 60 mM treatment (Fig. 3.1c). 

In roots, Na
+
 concentration progressively increased in each higher NaCl treatment (Fig. 

3.1d). Interestingly, after these initial, large increases in tissue Na
+
 concentrations, levels 
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remained relatively constant in both roots and shoots in all treatments for the next 24 d 

(Figs 3.1c and d). 

 

Shoot K
+
 did not differ significantly between the control, 20 mM and 60 mM NaCl 

treatments, but declined in the 40 mM treatment to 86% of the control (data not shown). 

Root K
+
 also decreased significantly in 40 mM and 60 mM NaCl treatments to 85% and 

74% of the control, respectively (data not shown). The average K
+
 concentration in shoots 

of plants across all treatments was 920 mol g
-1

 dry mass and in roots was 1670 mol g
-1

 

dry mass. 

 

Within 10 d of salinization, Cl
-
 in shoots had increased 12-fold in the 20 mM NaCl 

treatment, 18-fold in the 40 mM treatment, and 30-fold in the 60 mM treatment (Fig. 3.1e). 

In roots, Cl
-
 concentration also progressively increased in each higher NaCl treatment but 

was much lower than those in shoots (Fig. 3.1f). After these initial, large increases in tissue 

Cl
-
 concentrations, levels then remained relatively constant in both roots and shoots of 

plants in all treatments for the next 24 d (Figs 3.1e and f). 
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Figure 3.2: Effect of NaCl with time on (a) shoot and (b) root dry mass per plant, and 

concentrations of Na
+
 and Cl

-
 in shoots (c and e, respectively) and roots (d and f, 

respectively) of chickpea during the reproductive stage. Arrow at 34 days on the horizontal 

axis indicates when treatments were shifted – i.e. NaCl continued, removed or added for the 

first time to different batches of plants). Plants were grown in nutrient solution in a 

phytotron (20/15
o
C). Values given are means ± SE of 7 replicates. Plants in continuous 60 

mM NaCl concentration died 52 days after treatment. LSD at P = 0.05 was calculated at 

final harvest. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.2 Reproductive Phase 

For clarity of presentation, and since the responses of plants exposed to 20 or 40 mM NaCl 

followed similar patterns, but intermediate to those in controls and 60 mM NaCl, time-

series data on growth and tissue ion concentrations are only shown for the controls and 60 

mM treatments (Fig. 3.2). Data for all treatments are given for the final sampling (i.e., 111 

days after imbibition; Fig. 3.3, 3.4, 3.5). 
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3.4.2.1 Growth 

Shoot (Fig. 3.2a) and root (Fig. 3.2b) dry mass continued to increase in controls during the 

reproductive phase. Plants continued at 60 mM NaCl were much smaller than controls (Fig. 

3.2a and b) and although these plants initially increased in dry mass, all leaves suffered 

complete necrosis (i.e., no green leaves remained) by 52 d of treatment and no further 

observations were taken in 60 mM treatment (Fig. 3.2a and b). Plants that remained in 40 

mM NaCl continued to grow, but by 75 d of treatment all leaves suffered complete 

necrosis. Plants in 20 mM NaCl survived; shoot and root dry mass at the end of the 

experiment were 78–82% of controls (Fig. 3.6). As described below, controls and 20 mM 

NaCl treated plants produced numerous pods, but plants treated with 40 mM NaCl 

produced few pods prior to death, and with 60 mM NaCl plants died without producing any 

pods (Fig 3.3). 

 

For plants first exposed to NaCl treatments at the reproductive stage (Set II), growth was 

severely stunted at 60 mM, such that final dry mass of shoots was 53% of controls (Fig. 

3.2a) and roots was 32% (Fig. 3.2b). At 40 mM NaCl, shoot and root dry mass were 56% 

and 34%, respectively, of controls (data not shown). At 20 mM NaCl, shoot and root dry 

mass were 73% and 66%, respectively, of controls (data not shown). All plants in 

treatments first imposed at the reproductive stage produced pods, but numbers declined 

with increasing NaCl concentration (see below). 

 

For plants initially in 60 mM NaCl and then removed at flowering (Set III), shoot and root 

dry mass increased modestly up to day 75, but then plants had extremely significant 

recovery in shoot (Fig. 3.2a) and root (Fig. 3.2b) growth by the final sampling. Following 

removal of the NaCl, plants previously in 20 mM and 40 mM NaCl up to the reproductive 

stage also fully recovered shoot and root dry mass by the final sampling (data not shown). 

 

3.4.2.2 Flower and pod numbers 

The numbers of flowers (including buds) and pods were counted every 10 days, during the 

final 50 days of the experiment. For plants in continuous NaCl treatments (Set I), the 

number of flowers was not affected by 20 mM, but at 40 mM had decreased to 40% and at 

60 mM to 4% of controls (Fig. 3.3a). Although flower numbers at 20 mM NaCl did not 
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differ from the control, pod number had declined to 33% of the control. At 40 mM NaCl, 

most flowers dropped off so that very few pods were formed, and at 60 mM NaCl plants 

died so that none of the very few flowers formed developed into pods (Fig. 3.3a and b).  

 

For plants first exposed to NaCl at flowering (Set II), flower number increased by 31% at 

20 mM, but declined progressively at each higher NaCl treatment (Fig. 3.3a). In contrast to 

the stimulation of flowering by 20 mM NaCl, pod number was less than in the controls 

(Fig. 3.3b), but then similar to the decline in flowering at the higher NaCl levels, pod 

number was also reduced progressively as NaCl increased (Fig. 3.3b). The reductions in 

pod numbers in plants first exposed to NaCl at flower bud initiation were, however, much 

less than those for plants continuously in NaCl from the early vegetative stage (Fig. 3.3b). 

Plants exposed to NaCl in the vegetative stage and then without NaCl during the 

reproductive phase (Set III), all recovered such that flower numbers were equal to those in 

the control (Fig. 3.3a). Pod numbers, however, were still reduced in these plants at the final 

sampling, although this was not a direct on-going effect of the previous NaCl exposure as 

many of the flowers formed later in the experiment did not have time to develop into pods 

before the end of the experiment (terminated owing to large plants by this time),  
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Figure 3.3: Total number of buds and flowers per chickpea plant (a) observed over 50 days 

at 10 days intervals, (b) total numbers of pods at final harvest (98 day after treatment). Set 

I—continuous NaCl treatments; Set II—NaCl applied at flower bud initiation stage; Set 

III—NaCl removed at flower bud initiation stage. No pods were formed in continuous 60 

mM NaCl treatment, as plants died. Values given are means ± SE of 7 replicates. LSD at P 

= 0.05 is shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.2.3 Ion concentrations in shoots and roots 

Concentrations of Na
+
 (Fig. 3.4c and d) and Cl

-
 (Fig. 3.4e and 3.4f) remained low in 

shoots and roots of control plants during the reproductive phase. Plants that continued in 

the 60 mM NaCl treatments already contained high tissue concentrations of Na
+
 and Cl

-
, 

and these only had modest increases prior to death. Plants that remained in 40 mM NaCl, 

increased in Na
+
 and Cl

-
 concentrations during the reproductive phase and the values 

reached as much as 15- and 29-times those in controls, respectively (Fig. 3.4c–f). These 

plants died after 75 d of NaCl treatment. Plants that continued in 20 mM NaCl also had Na
+
 

and Cl
-
 concentrations higher than controls; Na

+
 and Cl

-
 were, respectively, 3.4- and 12-

times higher in shoots and 5.4- and 13.5-times higher in roots (Fig. 3.4). In continuous salt 
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treatments (Set I), K
+
 concentration did not change in shoots or roots, even though plants 

soon died in the two highest salt concentrations. By contrast, K
+
 concentration decreased 

significantly (38%) in roots of plants grown in 20 mM NaCl (Fig. 3.4a and b). 

 

Figure 3.4: K
+
, Na

+
 and Cl

-
 concentrations at final harvest (98 days after treatment) in the 

shoot (a, c & e) and roots (b, d & f) of chickpea exposed to different concentrations and 

timing of NaCl treatments. Set I—continuous NaCl treatments; Set II—NaCl applied at 

flower bud initiation stage; Set III—NaCl removed at flower bud initiation stage. Values 

given are means ± SE of 7 replicates. LSD at P = 0.05 is shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For plants first exposed to NaCl treatments at the reproductive stage (Set II), shoot Na
+
 

(Fig. 3.2c) and Cl
-
 (Fig. 3.2e) increased by the next harvest (18 days) to levels 

approximately equal to those in plants continuously in the same NaCl concentrations. 

Similarly, root Na
+
 (Fig. 3.2d) and Cl

-
 (Fig. 3.2f) increased to 80% of the concentrations in 

plants continuously exposed to NaCl. Like the vegetative stage (Fig. 3.1), after the initial 
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increase in tissue Na
+
 and Cl

-
 upon first exposure at flower bud initiation, concentrations in 

roots remained relatively constant; but in shoots, Na
+
 and Cl

-
 declined modestly by the final 

sampling. K
+
 concentration did not change significantly in shoots or roots of plants with 

NaCl treatments imposed at flower bud initiation (Set II) (Fig. 3.4a and b). General 

observations across all treatments, for plants near a new steady state in NaCl treatments 

(Set I and II), were that Na
+
 concentrations were similar in shoots and roots (Fig. 2c and 

2d), whereas Cl
-
 concentrations in shoots were higher than in roots (Fig. 3.2e and f). Thus, 

shoot Cl
-
 always exceeded shoot Na

+
, in the vegetative (Fig. 3.1) and reproductive phase 

(Fig. 3.2). 

 

Plants initially in 60 mM NaCl, but removed at flowering (Set III), had large reductions in 

Na
+
 and Cl

-
 in shoots (Fig. 3.2a and e) and roots (Fig. 3.2d and f). The reductions were 

greatest in the first 18 days, but then continued such that, by the end of the experiment, 

tissue Na and Cl
-
 concentrations did not differ from controls. Similarly after removing salt 

at flowering, shoot K
+
 was not affected during the reproductive stage irrespective of 

presence or absence of NaCl treatments. By contrast, root K
+
 concentration increased by 

28% in 60 mM NaCl, whereas in 40 mM it did not differ from the control, and in 20 mM it 

decreased by 34% compared with controls. 
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Figure 3.5: K
+
, Na

+
 and Cl

-
 concentrations in buds and flowers of chickpea exposed to 

different concentrations and timing of NaCl treatments. These floral structures were 

sampled at the final harvest (98 days after treatment). Set I—continuous NaCl treatments; 

Set II—NaCl applied at flower bud initiation stage; Set III—NaCl removed at flower bud 

initiation stage. Data not available (NA) for continuous 40 mM and 60 mM treatments, as 

plants died before final harvest. Values given are means ± SE of 7 replicates. LSD at P = 

0.05 is shown 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.2.4 Ion concentrations in floral buds/flowers 

In the continuous NaCl treatments, plants died in the 40 and 60 mM treatments prior to the 

final sampling at which floral structures were collected, so floral buds and flowers could 

only be sampled for the 20 mM treatment and control (Set I). Floral buds and flowers did 

not show significant differences in tissue Na concentration between controls and the 20 
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mM NaCl treatment (Fig. 3.5b). Tissue Cl
-
, however, increased 3-fold in these floral tissues 

of plants at 20 mM NaCl (Fig. 3.5c). For plants first exposed to NaCl at flowering (Set II), 

Na
+
 in floral tissues increased progressively at each higher NaCl treatment (Fig. 3.5b), as 

did Cl
-
 (Fig. 3.5c). Cl

-
 in floral tissues was equal to that of Na

+
 in controls, but was 2.6 

times higher than Na
+
 in plants from the 20 mM NaCl treatment (Fig. 3.5b and c). For 

plants with NaCl treatments removed at flower bud initiation (Set III), Na
+
 and Cl

-
 

concentrations in floral tissues were low, being equivalent to those in non-salinized controls 

(Fig. 3.5a and b). K
+
 concentrations in floral buds and flowers were affected much less than 

Cl
-
 (Fig. 5c); no effect was seen for plants continuously in 20 mM NaCl (Set I). 

Interestingly, K
+
 increased slightly with higher NaCl treatments applied at flowering (Set 

II), whereas K
+
 declined to 88–78% of control values in plants exposed to NaCl during the 

vegetative phase and without NaCl in the reproductive phase (Set III). Thus, tissue K
+
 

concentrations fluctuated much less (± 20% of control) when compared with changes in 

tissue Na
+
 and Cl

-
 during the various plant stages and NaCl treatments. 

 

3.4.2.5 Pollen viability 

Pollen grain germination in vitro was determined to assess viability, as reduced pollen 

viability was one possible cause of reduced conversion of flowers to pods. Pollen collected 

from salt treated plants (Set I after 35-40 days of treatments) showed in vitro germination 

of 99% (20 mM), 96% (40 mM), and 91% (60 mM). The influence of NaCl added to the in 

vitro test solution was also determined for pollen taken from control plants; germination 

was inhibited by addition of NaCl, being only 30% (40 mM), 27% (80 mM), and 19% (120 

mM) of control values. 

 

3.5 Discussion 

Imposition of NaCl treatments at flower initiation enabled evaluation of the sensitivity of 

the reproductive phase without carry-over effects of prior exposure during the vegetative 

phase. Such carry-over effects would be large in plants exposed to 40 and 60 mM NaCl, as 

these had high concentrations of tissue Na
+
 and Cl

-
, as well as showed severe symptoms of 

shoot damage and reduced biomass before flowering commenced. Plants exposed to 40 

mM NaCl from the seedling stage produced 2% of the pods compared with the control, and 

those at 60 mM did not pod (Fig. 3.6a). For plants first exposed to NaCl at flower bud 
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initiation, flower production was affected less by salinity than vegetative growth, but pod 

formation was more sensitive than vegetative growth (Fig. 3.6b). In chickpea, salinity at 

lower levels 20 meq l
-1

 increased flower numbers 2-fold (Dhingra and Varghese 1993; 

Dhingra et al. 1996). Similarly, in the present study at 20 mM NaCl, flower production 

increased by 14% in continuous treatments applied to seedlings, and by 31% when NaCl 

was applied at flower bud initiation, compared with the controls. Thus, this approach 

enabled us to test the hypothesis that in chickpea the reproductive phase is more salt-

sensitive than vegetative growth, and further strengthened the idea of Vadez et al. (2007) 

that conversion of flowers to pods appears to be a salt sensitive process. Therefore, 

screening of chickpea for tolerance at this stage between flowering and seed development 

under salinity should be a priority for future work. 

 

Sensitivity of flower conversion into pods under saline conditions might be related to high 

concentrations of Na
+
 and Cl

-
 in floral tissues (Fig. 3.4). For plants exposed to 60 mM NaCl 

starting at flower initiation, Na
+
 on a tissue water basis in flowers reached 151 mM (498 

µmol g
-1

 dry mass) and Cl
-
 274 mM (903 µmol g

-1
 dry mass), these are considered to be 

relatively high concentrations (cf. Munns and Tester 2008). Interestingly Na
+
 on tissue 

water basis in flowers (151 mM) was almost similar to Na
+
 in the shoots (145 mM) whereas 

flower Cl
-
 concentration (274 mM) although still higher than Na

+
, was just under half of the 

Cl
-
 concentration in the shoot (637 mM) (calculated from Fig. 3.4 and data on tissue water 

contents). Thus, the stigma and pollen in chickpea flowers may have been exposed to high 

ion concentrations; in rice Na
+
 can occur at high concentrations in these components 

(Khatun et al. 1995) and rice is also very salt sensitive in the reproductive phase (Heenan et 

al. 1988; Khatun et al. 1995). Pollen from salt-treated chickpea plants (even 60 mM NaCl) 

was viable, giving 91% germination in vitro under non-saline conditions, but pollen 

germination in vitro was severely inhibited by just 40 mM NaCl in the germination 

medium. Similar to chickpea, salinized tomato retained pollen viability (Grunberg et al. 

1995) but germination was inhibited in vitro with NaCl of 34 mM and above (Foolad 

2004). Moreover, in chickpea experiencing water deficits, stigma receptivity declines 

markedly (Fang et al. 2010). So, if Na
+
 and Cl

-
 had accumulated in the stigma of salinized 

chickpea, then it seems reasonable to expect that in vivo pollen germination and pollen tube 

growth would have been inhibited, thereby reducing conversion of flowers to pods. 
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Although not evaluated in the present study, seed size in chickpea might also be reduced 

under saline conditions (e.g. by 20%, Vadez et al. 2007), and high Na
+
 and Cl

-
 

concentrations in pods and seeds (Murukumar and Chavan 1986; Mamo et al. 1996) might 

again caused such declines. 

 

Figure 3.6: Responses of plants to increasing NaCl concentrations (as % of control values) 

for chickpea exposed to treatments applied during the (a) vegetative (Set I) and (b) 

reproductive (Set II) stages. % of control is shown for vegetative growth (shoot dry mass) 

and reproductive components (flower and pod numbers). In continuous 40 mM and 60 mM 

NaCl (Set I) plants died prior to maturity; only a few flowers, but no pods were formed. 

Values given are means ± SE of 7 replicates. LSD at P = 0.05 is shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Na
+
 and Cl

-
 concentrations in vegetative (present study and see also Lauter and Munns 

1987) and reproductive phases (present study) reached relatively steady levels after 10 and 

18 days of treatment, respectively; after which, more or less the same tissue concentrations 

were maintained. The growth reduction and leaf damage could have resulted from an 

interaction of time with the concentration of Na
+
 and/or Cl

-
 in the tissue (cf. Wilson et al. 
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1970; Munns et al. 1995). With time some leaves died, leaf death was most likely caused 

by ion toxicity, although it is difficult to separate individual effects of Na
+
 and Cl

-
. When 

the capacity of cells to store ions is exceeded, ion toxicity occurs in the cytoplasm and/or 

ions build up in intercellular spaces, leading to cell dehydration and death (Munns 2002). 

For chickpea, Lauter et al. (1981) and Dua (1998) considered the predominance of Cl
=
 in 

salt injury, whereas based on studies using NaCl (50 mM) and Na2SO4 (25 mM) Na
+
 

damage was considered to be more than that of Cl
-
 (Lauter and Munns 1986, 1987). In 

chickpea shoots, critical Na concentrations have been reported as 200–270 µmol g
-1

 dry 

mass (Lauter and Munns 1987) and critical Cl
-
 concentrations are ~450 µmol g

-1
 dry mass 

(Edward and Asher 1979). In the present experiment, plants at 20 mM NaCl, that suffered 

growth reductions of 17%, had shoot Na
+
 and Cl

-
 concentrations of 115 and 500 µmol g

-1
 

dry mass, respectively; as Cl
-
 exceeded the critical concentration, whereas Na did not, Cl

-
 

might have predominately caused the toxicity. At higher external NaCl (60 mM) shoots 

also contained 2.25 (vegetative phase) and 2.65 (reproductive phase) higher Cl
-
 than Na

+
. 

Further, shoot Na
+
 concentration was lower than in roots in all treatments whereas the 

opposite occurred for Cl
-
 (Fig. 3.4). Thus, the present data indicate that Cl

-
 toxicity is an 

important consideration for salt tolerance in chickpea.  

 

Chickpea exposed to 60 mM NaCl died after 52 d, whereas those transferred back to non-

saline solutions at flower initiation (after 34 days at 60 mM NaCl) recovered remarkably 

(Fig. 3.2). These plants had 60% less shoot dry mass when transferred back to non-saline 

conditions, but recovered by producing new branches and, although later, the same 

numbers of flowers as the non-saline control. This response of chickpea contrasts with that 

of cowpea (also with indeterminate growth); for cowpea, when salinity was removed after 

20 d of salinization in the vegetative phase, vegetative shoot growth and seed yields were 

still significantly reduced compared with when salinity was applied at flowering and pod 

filling stages (Maas and Poss 1989). In the present study, ion concentrations in shoots and 

roots declined during recovery, back to control levels. Ions present when transferred to non-

saline conditions would have been diluted by new growth, lost in old leaves that dropped 

with time, and possibly some efflux from the roots could also occur. The capacity to 

recover after saline levels decrease might be an important adaptation in field situations with 
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fluctuating salinity levels, such as in southern Australia (Rengasamy 2006) and presumably 

other Mediterranean cropping environments. 

 

Conclusions 

NaCl applied at seedling stage or at flower initiation stage in both cases reduced root and 

shoot growth and flower and pod numbers in chickpea, eventually causing death when 40 

or 60 mM was applied at the seedling stage and continued. Both vegetative and 

reproductive stages of chickpea were sensitive to continuous salt exposure; but conversion 

of flowers to pods appears to be particularly salt sensitive. Sensitivity occurred with NaCl 

levels (viz. 20 and 40 mM) that would be considered as relatively mild for many crops (e.g. 

wheat, Colmer et al. 2005) with which chickpea might be grown in rotation, and for a 

reputably ‗tolerant‘ cultivar (Vadez et al. 2007). Upon removal of salt, however, chickpea 

showed excellent recovery with substantial new shoot growth, presumably aided by an 

indeterminate growth habit. Sensitivity during the reproductive stage was not caused by 

changes in pollen viability but was potentially due to toxic accumulation of Na
+
 and Cl

-
 in 

floral structures, and sensitivity of pollen tube growth to NaCl. Hence evaluations of salt 

tolerance in chickpea need to include reproductive, as well as earlier growth stages. 
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4.1 Abstract 

Chickpea (Cicer arietinum L.) is known to be salt-sensitive and its yield is restricted by 

salinity in many regions of the world. Recent identification of large variation in chickpea 

yield under salinity offers an opportunity to develop varieties with improved salt tolerance. 

Two chickpea land races, ICC6263 (sensitive) and ICC1431 (tolerant), were selected and 

inter-crossed to study gene action involved in controlling different traits under saline and 

control conditions. Generation mean analysis (GMA) conducted using six populations, viz., 

P1, P2, F1, F2, BC1P1 and BC1P2, revealed significant gene interactions for days to flowering 

, days to maturity, stem Na
+
 and K

+
 concentrations in control and saline treatments and for 

100 seed mass only under salinity. Seed yield, pods per plant, seeds per plant, and stem Cl
-
 

concentration were controlled by additive effects under saline conditions and did not show 

gene interactions either in control or saline conditions. Broad sense heritability values were 

higher (>0.5) in saline conditions than controls for most of these traits except harvest index 

and empty pod number, whereas narrow sense heritability values for yield traits, and stem 

Na and K concentrations were always lower in saline than control conditions. The influence 

of the sensitive parent was higher on the expression of different traits; further the additive 

and dominant genes acted in opposite directions which led to lower heritability estimates in 

early generations. These results indicate that selection for yield under salinity would be 

more effective in later filial generations after gene fixation.  

 

4.2 Introduction 

Chickpea (Cicer arietinum L.) is the third most important food legume in the world in 

terms of production after dry beans and dry peas (FAOSTAT 2010). Salinity is a significant 

problem in all areas of low to moderate rainfall as capillary rise transports salt towards the 

surface making the top soil layer unsuitable for crop growth (Rengasamy 2006). Chickpea 

is mostly cultivated in dry regions where evapotranspiration exceeds precipitation, so these 

lands are prone to salinization. Many studies have indicated that chickpea is sensitive to 

salinity (Lauter and Munns 1987; Flowers et al, 2010), and with increasing salinity in arid 

and semi-arid regions, crop productivity will decline. Thus, it is important to develop 

breeding methodologies to develop chickpea cultivars with increased salt tolerance for 

stable production. 



Chapter 4                                                                                    Generation mean analysis 

 

 57 

 

Selecting an efficient breeding strategy depends to a large extent on the knowledge of the 

gene interaction involved in controlling particular traits. As the additive gene action relates 

to homozygosity, standard selection procedures (like mass selection, progeny selection, 

etc.) would be advantageous for traits controlled by such additive genes, whereas 

production of hybrids will benefit in the presence of dominance genes (Edward et al. 1975). 

Apart from the above two gene actions, presence of non-allelic interactions contributes 

significantly to the inheritance of quantitative traits (Malhotra and Singh 1991). Generation 

mean analysis (GMA) is a biometrical approach that estimates the genetic components of 

variation using six different populations of a cross. This method has been widely used by 

plant breeders to understand genetic control of complex traits that are quantitative in nature 

(Hayman 1958; Jinks and Jones 1958; Smith et al. 2009). In chickpea, a single study was 

conducted using the diallelic method with two relatively tolerant and four sensitive lines for 

estimating the genetic components of salt tolerance (Ashraf and Waheed 1998). The above 

study identified the complex nature of inheritance for salinity tolerance because of the high 

occurrence of non-additive gene effects. 

 

Breeding for salt tolerance has received little attention, especially in legumes. Genetic 

control of different traits under salinity has been studied in a few major legumes, such as 

soybean, pigeonpea and chickpea. In soybean, average leaf scorching was used as a 

measure of salt tolerance, and monogenic inheritance in F2 segregation was evident for 

tolerance and sensitive plants (Lee et al. 2009). In pigeonpea, only additive gene effects 

were significant for seed yield (Ashraf 1998). In chickpea, dominant effects mostly 

controlled seed yield, with minor contributions from additive effects (Ashraf and Waheed 

1998). In other crops like rice, wheat, barley and tomato, there are many reports on 

inheritance of salinity tolerance and various sources of tolerance have been identified for 

breeding programs (Akbar et al. 1986; Munns et al. 2003; Koval and Rigin 1993; Foolad 

1997). More emphasis on improving abiotic stress tolerance in grain legumes, especially 

chickpea, would benefit people in arid and semi-arid regions of the world where this crop is 

a major source of protein and soils are more prone to salinization. 
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Presence of genetic diversity is a pre-requisite to make genetic progress in crop breeding 

through selection. In chickpea, several early researchers screened germplasm for salt 

tolerance and found low levels of diversity for tolerance (Johansen et al. 1990) which were 

further complicated by variable tolerances at different growth stages (Ashraf and Waheed 

1993). A recent study, however, identified genotypes with large variation in yield at 80 mM 

NaCl in soil (Vadez et al. 2007). The present study used contrasting parental lines for 

salinity tolerance selected from Vadez et al. (2007) in order to study the components of 

genetic variation for different traits under salinity using GMA. 

 

In different crop species, ion accumulation in vegetative tissues has been reported as an 

important trait influencing salt tolerance (Foolad 1997; Munns et al. 2003; Yan et al. 1992; 

Cramer et al. 1994; Munns and Tester 2008). Particularly, legumes were more sensitive to 

salinity than other crop plants. In chickpea exposed to saline conditions, toxic accumulation 

of Na
+
 and Cl

-
 has been reported in different plant parts at different growth stages (Lauter 

and Munns 1987; Murumkar and Chavan 1986; Mamo et al. 1996). In large-scale salinity 

screening in chickpea, however, Na concentration in vegetative shoots had no relationship 

with biomass or final seed yield (Vadez et al. 2007). In contrast, for other grain legumes 

like soybean, salt tolerance was associated with exclusion of Na from the roots preventing 

accumulation of toxic concentration in stems and leaves (Luo et al. 2005). Knowledge on 

inheritance of accumulation of ions under salt stress has not been reported in chickpea 

literatureor other grain legumes. 

 

The present study was conducted to estimate and compare genetic parameters for different 

traits (yield parameters, biomass, phenological traits, and stem ion concentrations) using P1, 

P2, F1, F2, BC1P1 and BC1P2 populations of a cross between a sensitive (ICC6263) and 

tolerant (ICC1431) chickpea genotype, when grown in control or salinized soil (80 mM 

NaCl) in pots in a semi-field situation. 
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4.3 Materials and methods 
 

4.3.1 Experimental procedure 

 

The experimental material consisted of six basic populations (P1 and P2 parent genotypes, 

F1 and F2 first and second filial generations, and BC1P1 and BC1P2 first and second parent 

back crosses) developed from the cross ICC6263 (P1)  ICC1431 (P2). The progeny derived 

from backcrossing F1 to the female parent was designated as BC1P1 and to the male parent 

as BC1P2. Crossing was done in the field during 2006/07 spring season at ICRISAT. Some 

crossed seed was selfed to develop F2 population with remainder used to develop backcross 

populations in subsequent year. These parents were selected based on two-year (2003/04 

and 2004/05) yield performance under saline (80 mM NaCl) soil conditions (Vadez et al. 

2007) at ICRISAT, India (altitude 545 m above mean sea level, latitude 17.53°N and 

longitude 78.27°E). ICC6263 is a kabuli type chickpea (white flower) with poor yield in 

saline conditions (64% less than controls), whereas ICC1431 is a desi type (pink flower) 

with better yield (26% less) in saline soil (80 mM NaCl; Vadez et al. 2007). These parents 

were also selected for their similar phenology (days to flowering at ICRISAT in ICC6263 = 

61; ICC6263 = 59) and seed size (ICC6263 = 23 g; ICC1431 = 21 g) in order to reduce any 

confounding effects of these traits on responses to salinity. 

 

The experiment was conducted under a movable rainout shelter facility at ICRISAT; the 

shelter only covered the experiment during the few rainfall events. The experiment was 

conducted during spring 2008/09, and the average minimum and maximum temperatures 

were 11
o
C and 35

o
C, respectively. 

 

Plastic pots (8 inch) were each filled with 4.5 kg of black soil (vertisol), and buried in the 

ground to reduce heat effect on roots. The soil had been dried under the sun and sieved 

through 4 mm mesh, steam sterilized for two cycles (4 h each cycle) prior to use. Seeds 

were treated with fungicide mixture (thirum+captan) before sowing. A single plant was 

grown in each pot. 

 

All six populations were grown in a randomized block design with two treatments (control 

and 80 mM NaCl) and three replicates. The sample sizes (i.e. numbers of plants analyzed) 



Chapter 4                                                                                    Generation mean analysis 

 

 60 

for the experiment varied as follows: 12 plants each for P1 and P2; 8 plants for F1; 120 

plants for F2; and 30 plants each for BC1 and BC2. Different populations in each replicate 

were grown together as a block to reduce environmental effects. 

 

Salt was applied through irrigation water at the time of sowing. Initially, 1350 ml of 

irrigation water was applied with (~80 mM NaCl) or without NaCl which is equal to the pot 

‗field capacity‘. Further irrigations occurred on alternate days based on visual observations 

and random sampling of pots. Care was taken that roots were not under or over irrigated to 

avoid waterlogging or water stress. The plants were protected from diseases and pests by 

regular monitoring of threshold levels so that the studied parameters were not confounded 

by these stresses. 

 

The traits assessed were days to flower, days to maturity, plant biomass (g), harvest index, 

number of pods per plant, number of seeds per plant, weight (g) of 100 seeds and seed yield 

per plant (g). 

 

4.3.2 Ion analysis 

At maturity, stems (shoot devoid of leaves) were oven dried at 65°C for 2 days and then 

ground to pass through a 1 mm sieve. The ground stem samples were extracted with 0.5 M 

HNO3 in plastic tubes placed on horizontal shaker for 48 h. The acid extract was diluted 

with milli-Q water, and Na
+
 and K

+
 were analyzed using a flame photometer (Model PFP7, 

Jenway, Essex, UK). The extract was also used to measure Cl
-
, with a chloridometer 

(Chloridometer 50cl, SLAMED Laboratory Instruments, Germany). A plant reference 

material (broccoli) was used as standard check during the analyses. The percent recoveries 

of Na
+
, K

+
 and Cl

-
 were 94%, 98% and 95%, respectively (data presented have not been 

adjusted). In the present study, stems were used for ion analysis; in a previous study, whole 

shoots were used but no relationship was found with shoot biomass or seed yield (Vadez et 

al. 2007). 

 

4.3.3 Data processing 

Variance components (additive, dominance and environment) were estimated as described 

by Mather and Jinks (1971) using the following equations: 
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Environmental variance or error [σ
2
e] = ¼[σ

2
 P1 + σ

2
 P2 + (2σ

2
F1)] 

Genotypic variance in F2  [σ
2
G(F2)] = σ

2
F2 − σ

2
e 

Additive variance in F2  [σ
2
A(F2)] = (2 σ

2
F2) − (σ

2
BC1P1 + σ

2
BC1P2) 

Variance of dominance in F2 [σ
2
D(F2)] = σ

2
G(F2) − σ

2
A(F2) 

Broad-sense heritability h
2
(a) =100[σ

2
G(F2)/ σ

2
(F2)] 

Narrow-sense heritability h
2
(e) =100[σ

2
A(F2)/ σ

2
(F2)] 

 

Generation means analyses of six populations (P1, P2, F1, F2, BC1P1 and BC1P2) and 

associated scaling tests (Mather 1949; Cavalli 1952) were performed based on the 

assumption that populations have non-homogeneous variances (Mather and Jinks 1971). 

The variation observed in the measurement of parental lines and their F1 is exclusively 

environmental, whereas later generations such as F2 and backcrosses have both genetic and 

environmental components (Mather and Jinks 1971). A strong statistical explanation 

supported the above theory that the most likely event is that the variance of the population 

will not be homogeneous (Beaver and Mosjidis 1988). The validity of the additive-

dominance models for scaling test and joint scaling test were examined using 

WINDOSTAT 8.5 software (Indostat services, Hyderabad, India). 

 

Estimation of gene effects were calculated by joint scaling test as proposed by Mather and 

Jinks (1982) using WINDOSTAT. This program first tries to fit three parameter models, 

deletes those with t-values <2.0, then tests the model significance by weighted χ
2
 test. If 

significant, the program tries to fit a six-parameter model ([m]=mid parental values; 

[d]=additive effects; [h]=dominance effects; [i]=additive by additive; [j]=additive by 

dominance; [l]=dominance by dominance) with a step-down for non-significant parameters. 

If all the parameters are significant then it computes weighted χ
2
 test for joint scaling test. 

The weight of each population was calculated as the inverse of variance of generation 

mean. Degree of dominance ratio was measured using [H/D]
1/2

, where H is dominance 

variance and D is additive variance. 
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4.4 Results 

4.4.1 Effect of salt stress on flowering, maturity and biomass 

Salinity delayed flowering, but did not significantly affect days to maturity, in all 

populations of the present cross. The longest delay in flowering was 10 d in BC1P2 and the 

shortest 2 d in F1; this delay was statistically significant in all six populations P1, P2, F1, F2, 

BC1P1 and BC1P2 (Table 4.1). The variation in flowering was due to the direct effect of 

salinity since the confounding effect of flowering time had been removed by selecting 

parents with similar phenology (Table 4.1). 

 

Days to flowering and days to maturity had significant chi-square for three-parameter 

model under control and saline conditions. The additive dominance model was not 

sufficient to explain the genetic variation for days to flowering and days to maturity traits 

(Table 4.2). Dominance effects were highly significant along with epistatic interactions in 

days to flowering. Flowering was influenced most by dominant effects under saline 

conditions, and additive by additive and additive by dominant type of interactions under 

normal conditions. The dominant and dominant by dominant effects were significant in 

opposite directions which suggest the duplicate interaction of genes controlling days to 

flowering and days to maturity (Table 4.2), whereas in controls both days to flowering and 

days to maturity had complementary gene effects. This indicates different types of gene 

effects control these traits under control and saline conditions. The negative effect of salt on 

flowering time and maturity had predominantly dominant by dominant and additive by 

dominant effects, respectively. 

 

Shoot biomass decreased by 26% in both sensitive and tolerant genotypes under saline 

conditions and more so when backcrossed with ICC6263 (39%) and ICC1431 (30%) (Table 

1). Under control conditions, biomass was mainly controlled by epistatic gene effects like 

[i] and [j] apart from mean effects, whereas under saline conditions no interactions were 

observed and only mean effects were significant (Table 4.2). This condition emphasizes 

that low or no influence of genetic components on biomass under saline conditions as 

salinity reduced biomass similarly in both parental populations. 
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4.4.2 Effect of salt stress on yield traits 

In both control and salt treatments, the variation among means of different populations for 

yield traits was sufficiently explained by a simple additive-dominance model (Table 4.2). 

The best estimation of additive and dominance effects came from the three-parameter 

model (m, d and h) because these effects were unbiased due to the absence of interactions 

(Hayman 1958). 

 

Considering the non-significant deviation of A, B, C and D scales from zero (data not 

shown), all yield characteristics except 100-seed weight (in saline conditions) showed 

adequacy of the additive dominance model. Weighted chi-square analysis was not 

significant, thus the absence of interaction effects for yield traits in both control and saline 

conditions (Table 4.2). Estimation of gene effects using three-parameter model (joint 

scaling test) indicated that dominance effects were only significant for pod number/plant, 

seed number/plant and seed yield under control conditions, whereas additive effects 

controlled these traits in the presence of salt. Moreover, only mean effects were significant 

in controlling number of empty pods under salinity. Both additive and dominant effects 

negatively controlled these traits in both treatments. This clearly indicates the significant 

contribution of additive gene effects in the inheritance of pods/plant and seeds/plant and 

seed yield under saline conditions. However, for 100-seed weight, no interactions were 

observed in control but [i] and [j] type of interactions were significant which acted in the 

opposite direction under salinity. 

 

The variation caused in different yield traits due to salinity is shown in Table 4.1. Seed 

yield of sensitive and tolerant parents decreased by 76% and 46%, respectively, under 

saline treatment compared to control (Table 4.1). The yield decrease in F1 was intermediate 

but closer to the sensitive parent. In F2 segregants, more plants produced less pods and 

seeds which caused lower yields. The yield decrease in BC1P1 and BC1P2 was similar to 

their recurrent parents. Similarly, 100-seed weight of the sensitive parent decreased more 

(36%) than the tolerant parent (26%) due to salinity but was more pronounced in F1, F2 and 

BC1 with sensitive parent (43–58%). In contrast, the number of empty pods increased 

significantly, by up to 20%, under saline treatment in both parents, F1 plants and most F2 



Chapter 4                                                                                    Generation mean analysis 

 

 64 

segregants. In backcross populations, there was no significant increase in empty pods in the 

saline treatment, which indicates that this uncertain variation in different populations was 

mainly due to an error component (80%) of total variation and not to genetic components 

(20%) (Table 4.3). From the above, it can be concluded that sensitivity is dominant over 

tolerance for yield traits in the present cross and that the reduction in yield was caused by 

the production of less pods and seeds and not merely to the number of empty pods formed. 

 

 

4.4.3 Effect of salt stress on Na, Cl and K concentrations in stem tissues 

In the controls, both parents accumulated similar Na
+
 concentrations in stems (~44 µmol g

-1
 

dry mass). In the saline treatment, ICC6263 and ICC1431 accumulated 3.0 and 4.2 times 

more Na
+
, respectively, than the controls (Table 4.1). Thus, the tolerant parent (ICC1431) 

accumulated 30% more Na
+
 in the stems than the sensitive parent under saline treatment. 

Na
+
 concentration in F1 was intermediate between parents but close to tolerant parent; 

many F2 segregants had Na
+
 concentration close to sensitive parent; and backcross 

populations were closer to their recurrent parents. Stem K
+
 concentration in the tolerant 

parent did not differ between control and saline treatments, but it increased in the sensitive 

parent by 13% (Table 4.1). In the F1 population, K
+
 concentration increased by 35% 

compared to less than 20% in other populations. Overall, K
+
 concentration was similar in 

sensitive and tolerant parents under salinity. 
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Table 4.1: Comparisons of means (± standard errors) for various characters in six 

populations of cross ICC6263  ICC1431 grown in control and saline (80 mM NaCl) 

treatments (each value is an average of 3 replications). % indicates the percent decrease (-) 

or increase (+) caused due to salinity and * t-significance was calculated at P=0.05. 

 
Character  Populations 

  P1 P2 F1 F2 BC1P1 BC1P2 

Days to 

flowering 

C 57.4±0.34 57.9±0.25 55.8±0.49 59.9±0.32 58.9±0.56 57.8±0.44 

S 61.1±0.45 64.0±0.32 57.6±0.46 66.4±0.36 66.5±0.63 66.2±0.25 

% +6.39* +10.55* +3.59* +10.70* +12.68* +14.53* 

Days to 
maturity 

C 98.8±0.25 98.8±0.41 95.7±0.47 98.6±0.31 98.8±0.46 98.6±0.33 

S 100.7±0.39 102.5±0.30 97.8±0.39 99.9±0.39 101.7±0.62 99.2±0.37 

% +1.91ns +3.71ns +2.26ns +1.30ns +2.92ns +0.58ns 

Shoot 

biomass (g) 

C 6.48±0.53 8.32±1.17 9.23±1.27 9.17±0.55 9.38±0.57 7.52±0.33 

S 4.79±0.59 6.12±0.82 6.26±0.79 5.36±0.36 5.74±0.76 5.24±0.58 

% -26.12* -26.44* -32.18* -41.55* -38.81* -30.32* 

Harvest index C 0.44±0.02 0.47±0.01 0.48±0.04 0.43±0.01 0.43±0.01 0.46±0.01 

S 0.20±0.01 0.35±0.03 0.26±0.03 0.14±0.01 0.13±0.01 0.23±0.02 

% -55.55* -27.08* -45.83* -67.44* -69.77* -50.00* 

Pods per plant C 13.89±0.89 17.67±3.03 16.71±2.56 14.98±1.06 14.40±1.13 13.60±0.76 

S 4.77±0.45 12.19±2.06 9.33±1.72 6.32±0.67 6.52±1.53 8.71±1.32 

% -65.60* -31.01* -44.16* -57.81* -54.72* -35.95* 

Seeds per 
plant 

C 14.0±0.95 20.9±3.76 20.6±3.08 19.7±1.48 18.1±1.40 17.4±1.12 

S 5.4±0.47 14.1±2.25 11.1±2.09 7.8±0.87 7.8±1.79 10.6±1.97 

% -61.90* -32.65* -46.10* -60.39* -57.01* -38.75* 

Empty pods C 0.55±0.21 1.17±0.28 1.25±0.46 1.02±0.09 1.02±0.19 1.06±0.17 

S 1.22±0.33 1.75±0.48 1.50±0.43 1.21±0.10 0.98±0.16 0.97±0.16 

% +121.81* +49.57* +20.00* +18.63* -3.92ns -8.49* 

Seed yield (g) C 3.58±0.25 4.08±0.71 4.57±0.70 3.92±0.26 4.09±0.31 3.49±0.19 

S 0.85±0.09 2.22±0.42 1.57±0.32 1.15±0.18 1.21±0.34 1.67±0.34 

% -76.26* -45.59* -65.65* -70.66* -70.41* -52.15* 

100-seed 
weight (g) 

C 23.68±0.58 20.03±0.41 19.59±1.78 20.71±0.41 22.40±070 20.82±0.59 

S 15.04±0.70 14.78±0.52 11.07±1.35 9.19±0.49 9.43±0.97 12.49±0.88 

% -36.48* -26.21* -43.49* -55.63* -57.90* -40.00* 

Na
+
 in stems 

(µmol g
-1

 dry 

mass) 

C 45±1.56 44±1.95 45.25±2.11 47.25±0.99 36.46±1.05 43.29±1.69 

S 224±73.56 305±11.77 290.63±74. 95 241.06±7.93 222.689±14.59 270.55±16.99 

% +4.96 times +6.88 times +6.42 times +5.10 times +6.11 times +6.25 times 

Cl
-
 in stems 

(µmol g-1 dry 

mass) 

C 343±10.78 466±15.29 350±14.45 381±5.62 341±10.15 412±10.66 

S 1060±32.50 1668±51.0 1387±40.89 1411±24.06 1199±39.49 1473±40.32 

% +3.10 times +3.58 times +3.96 times +3.71 times +3.81 times +3.57 times 

K
+
 in stems 

(µmol g-1 dry 
mass) 

C 478±22.24 503±25.78 347±11.56 512±9.89 483±16.17 511±15.22 

S 552±17.72 525±21.92 474±15.81 583±8.61 576±14.23 593±13.88 

% +13.31* +3.65ns +35.83* +13.89* +19.07* +15.85* 
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Table 4.2: Estimates of gene effects (± SE of mean) in control (C) and salinity (S) for various traits in the cross ICC 6262  

ICC1431 of chickpea using Jinks and Jones (1971) six-parameter model 
Character  Gene effects Epistasis 

  m d h i j l χ2  

Days to 

flowering 
C

b
 64.02* (±1.95) -0.25 (±0.21) -7.87* (±5.11) -6.38* (±1.94) 2.86* (±1.50) -2.36 (±4.302) 4.10ns Complementary 

S
b
 62.82* (±1.98) -1.472* (±0.277) 19.60* (±5.04) -0.29 (±2.900) 3.46 (±2.075) -24.84* (±4.627) 0.02ns Duplicate 

Days to 

maturity 
C

b
 98.39* (±1.72) -0.03 (±0.24) -3.65* (±4.33) 0.41 (±1.70) 0.43 (±1.24) -6.38* (±2.81) 0.15ns Complementary 

S
b
 99.37* (±2.13) -0.917* (±0.25) 3.67* (±5.39) 2.22 (±2.19) 6.86* (±1.53) -5.21* (±3.41) 2.83ns Duplicate 

Shoot 

biomass 
C

b
 10.26* (±2,66) -0.92 (±0.64) -3.13 (±6.39) -2.86* (±2.59) 5.55* (±1.84) 2.30 (±4.48) 2.09ns - 

S
a
 5.19* (±0.44) -0.35 (±0.44) 0.61 (±0.88)    3.27ns No epistasis 

Harvest 

index 
C

a
 0.45* (±0.01) -0.021* (±0.01) 0.03 (±0.02)    4.46ns No epistasis 

S
b
 0.11* (±0.06) -0.08* (±0.02) -0.02 (±0.18) 0.17* (±0.06) -0.05 (±0.06) 0.17* (±0.14) 0.217ns - 

Pods per 

plant 
C

a
 11.35* (±1.08) -1.01* (±0.95) 5.31* (±2.37)    7.42ns No epistasis 

S
a
 7.23* (±0.86) -2.50* (±0.86) -0.36 (±1.8)    5.17ns No epistasis 

Seeds per 

plant 
C

a
 13.51* (±1.33) -2.02 (±1.22) -8.66 * (±2.87)    9.46ns No epistasis 

S
a
 8.74* (±0.99) -3.36* (±0.99) -0.06 (±2.03)    3.48ns No epistasis 

Empty 

pods 
C

a
 0.79* (±0.16) -0.16 (±0.14) 0.54 (±0.34)    7.46ns No epistasis 

S
a
 1.17* (±0.24) -0.12 (±0.18) -0.32 (±0.48)    4.73ns No epistasis 

Seed yield C
a
 2.91* (±0.28) 0.05 (±0.24) 1.64 * (±0.62)    6.37ns No epistasis 

S
a
 1.36* (±0.18) -0.52* (±0.18) 0.06 (±0.36)    2.63ns No epistasis 

100-seed 

weight 
C

a
 22.79* (±0.35) 2.64* (±0.33) -3.26* (±0.87)    4.31ns No epistasis 

S
b
 7.82* (±3.31) 0.13 (±0.43) 2.25 (±8.98) 7.09* (±3.28) -6.38* (±2.76) 1.00 (±8.909) 1.85ns - 

Na
+
 in 

stems 

C
b
 74.27* (±5.78) 0.40 (±1.25) -79.06* (±15.02) -29.49* (±5.64) -14.45* (±4.71) 50.03* (±10.18) 0.10ns Duplicate 

S
b
 242.36* (±55.38) -40.61* (±7.28) -53.48* (±150.47) 22.25 (±34.174) -14.51 (±47.11) 101.75* (±61.552) 0.23ns Duplicate 

Cl
-
 in 

stems 

C
a
 406.27* (±8.09) -64.48* (±7.83) -54.05* (±15.87)    0.55ns No epistasis 

S
a
 1408.58* (±26.10) -236.82* (±26.24) -17.69 (±48.87)    2.10ns No epistasis 

K
+
 in 

stems 

C
b
 549.99* (±61.89) -12.41 (±17.03) 51.28* (±163.59) -58.88* (±59.49) -36.07 (±55.96) -253.86* (±105.59) 2.23ns Duplicate 

S
b
 534.088* (±54.658) 13.315 (±14.093) 255.953* (±145.241) 5.152 (±52.810) -60.607 (±48.732) -315.078* (±96.563) 1.636ns Duplicate 

*p<0.05, ns=non significant; m = mean effect, d = additive effect, h = dominance effect, i = additive x additive effect, j = additive x dominance effect, l = 

dominance x dominance effect; a indicates additive–dominance model is adequate; b indicates additive–dominance model is inadequate. 
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Table 4.3: Different components of genetic variances, degree of dominance and heritability estimates of  

various traits studied under control (C) and saline conditions (S) in chickpea. 

 
Character  Additive 

variance 

(D) 

Dominance 

variance  

(H) 

Environmental 

variance or error 

(E) 

Degree of 

dominance 

Broad-sense 

heritability 

 h
2
(a) 

Narrow-sense 

heritability  

h
2
(e) 

Days to 

flowering 

C 29.32 4.54 4.16 5.61 0.89 76.85 

S 48.67 -9.25 5.40 -3.65 0.88 108.53 

Days to 

maturity 

C 41.98 -10.98 4.61 -1.47 0.87 117.89 

S 59.97 -10.86 4.27 -2.00 0.92 112.35 

Shoot 

biomass 

C 182.88 -104.63 32.84 1.91 0.70 164.61 

S 10.02 18.65 17.35 -1.01 0.62 21.77 

Harvest 

index 

C 0.02 -0.01 0.12 1.90 0.19 62.50 

S -0.03 0.03 0.02 0.48 0.02 -119.05 

Pods per 

plant 

C 642.22 -409.47 171.62 -2.29 0.58 158.82 

S -51.50 132.61 77.09 0.38 0.51 -32.55 

Seeds per 

plant 

C 1302.73 -763.10 256.84 -2.07 0.68 163.57 

S -105.63 275.67 98.78 0.14 0.63 -39.30 

Empty 
pods 

C 0.41 -0.38 3.15 -1.83 0.01 12.93 
S 2.37 -4.53 5.71 1.65 -0.61 66.76 

Seed yield C 35.39 -22.35 10.67 5.95 0.55 149.29 

S 1.45 6.79 3.11 0.34 0.73 12.81 

100-seed 

weight 

C 44.79 -16.38 31.47 -1.11 0.52 74.80 

S 17.59 44.55 23.74 4.15 0.72 20.49 

Na
+
 in 

stems 

C 357.05 -95.58 96.29 -3.99 0.73 99.24 

S -5535.70 22763.98 2584.32 1.05 0.87 -27.93 

Cl
-
 in 

stems 

C 3178.40 3129.80 5029.21 0.92 0.56 28.03 

S 78017.39 56307.06 48004.72 0.27 0.74 42.79 

K
+
 in 

stems 

C 26189.77 -2545.39 11636.67 -2.03 0.67 74.56 

S 12030.20 2363.53 9400.15 4.39 0.61 50.56 
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Additive-dominant model was rejected for stem Na
+
 and K

+
 concentrations as more than 

two scales were found significant in scaling test (data not shown). In the control, both Na
+
 

and K
+
 concentrations in whole stems was controlled by dominant gene effects along with 

all three types of epistasis in Na
+
 and only [i] and [l] in K

+
. Under saline conditions, both 

additive and dominant gene effects were significant, and very high [l] type interactions 

were predominant in controlling stem Na
+
 concentration which shows the significant role of 

duplicate gene action. Similarly, K
+
 concentration was controlled by dominant and [l] type 

of gene effects when grown in saline conditions (Table 4.2). 

 

Stem Cl
-
 concentration was not under the influence of any epistatic gene effects either 

treatment. Joint scaling test found both additive and dominant effects were significant in the 

control but only additive effects were controlling the trait under salinity along with mean 

effects (Table 4.2). A difference in stem Cl
-
 concentration was observed between parental 

genotypes. In the control, the tolerant genotype had 36% higher Cl
-
 concentration than the 

sensitive genotype, and under salinity Cl
-
 was 44% higher in the tolerant parent (Table 4.1). 

The mean values of F1, F2, BC1P1 and B1C2 were intermediate between parents in control 

and salinity. The proportional increase in Cl
-
 concentration under salinity in different 

populations varied from 3.1 times (P1) to 4.0 times (F1). 

 

Plants of F2 population (including all plants in three replications) grown in saline treatment 

were analyzed for possible relationships amongst various traits (Fig. 4.1). Stem Na
+
 had a 

polynomial inverse 1
st
 order relationship with seed yield (R

2
=0.18, p=<0.001) and biomass 

(R
2
=0.15, p=<0.001), and no relationship with stem K

+
 concentration (Fig. 4.1a–c). Stem 

Cl
-
 had an inverse cubic relationship with seed yield and biomass, and a weak significant 

linear relationship with stem K
+
 (Fig 4.1d–f). Moreover, stem Na

+
 and Cl

-
 concentrations 

had a significant (cubic) relationship (R
2
=0.58, p=<0.001) (Fig. 4.2b). K concentration in 

the stems had no relationship with biomass or seed yield under salinity (data not shown). A 

significant (linear) positive relationship (R
2
=0.75) was observed between biomass and seed 

yield, but more than 90% of segregants fell within the 26% of maximum biomass observed 

(37 g) and 15% of maximum seed yield (20 g). Less than 8% of plants obtained as 

transgressive segregants contributed to the relationship between seed yield and biomass 

(Fig. 4.2a). This indicates that salt has a similar effect on biomass and yield in different F2 
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segregants, but yield differences under salinity are possibly explained by stem Cl
-
 

concentration rather than the biomass, Na
+
 and K

+
 concentration differences. 

 

4.4.4 Heritability estimates 

The estimates of additive, dominance, and environmental components of variance, broad-

sense and narrow-sense heritabilities, degree of dominance and inbreeding depression for 

different traits in control and salinity treatments are presented in Table 4.3. Broad-sense 

heritabilities calculated from genotypic and environmental variances were more than 85% 

for days to flowering and maturity in both control and salinity treatments, and stem Na 

concentration under salinity (Table 4.3). For 100-seed weight, a low level of heritability 

was observed in the control due to the opposing action of additive and dominance 

variances, whereas in salinity predominance of dominance variance along with error 

variance led to higher heritability. Narrow-sense heritabilities calculated from additive and 

environmental variances were overestimated for pods per plant, seeds per plant and seed 

yield under control conditions due to counteracting effects of additive and dominance genes 

with high magnitudes of dominance and additive variances. The negative signs for narrow-

sense heritabilities indicate the reducing effect of additive genes under saline treatment. 

 

For Na
+
 and Cl

-
 in stems, broad-sense heritability values were higher in the salinity 

treatment than the control and the opposite occurred for K
+
 (Table 4.3). Narrow-sense 

heritability values under salinity were lower for Na
+
 and K

+
, and higher for Cl

-
, compared 

to the control. The additive component contributed a large proportion of the variation in 

controlling Cl
-
 and K

+
 concentrations under salinity and dominance variance was higher for 

Na
+
. Over dominance was observed for Na

+
 and K

+
 in both control and salinity treatments, 

whereas Cl
-
 had almost complete dominance in the control and partial dominance in the 

salinity treatment (Table 4.3). 

 

Inheritance of flower colour was also studied in different populations as the sensitive parent 

(ICC6263) has white flowers and the tolerant parent (ICC1431) has pink flowers. As there 

was no difference in inheritance pattern of flower color trait in control or salinity 

treatments, chi-square significance was calculated by combining the segregating 

populations in salinity treatment in all three replications. When ICC6263 was used as 

female parent, F1s produced pink flowers. In F2, pink and white flowers segregated in 3:1 
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ratio with a chi-square value 0.32 (p>0.01). When F1 plants backcrossed with sensitive 

parent, pink and white flowered plants segregated in 1:1 ratio with a chi-square value 2.14 

(p>0.05), whereas backcrosses with tolerant parent produced pink flowers. 

 

4.5 Discussion 

As expected, this experiment confirmed the findings of Vadez et al. (2007) who found 

ICC6263 (sensitive parent) to be more salt sensitive than ICC1431 (tolerant parent), and as 

a result had less pod and seed numbers, and less seed yield. Similar reductions in F1, F2 and 

BC1P1 populations indicate that genes contributing to higher yields in the tolerant parent 

were recessive to poor yields in the sensitive parent. Even though additive gene effects 

were more significant than dominance effects (Table 4.2), the variances observed by these 

gene effects acted in opposite directions, resulting in low heritability estimates under saline 

conditions (Table 4.3). Such dominance of lower yields in F1 chickpea hybrids was also 

observed in different diallel crosses between relatively salt tolerant and sensitive lines 

(Ashraf and Waheed 1998). Further, in the present study, seed size decreased more in the 

sensitive parent than the tolerant parent under salinity, and was a direct result of treatment 

effects. This is because the selected parents had similar seed sizes (Table 4.1) which 

removed any confounding effects caused by large seed size differences in the parental line. 

Percentage of empty pods formed in the sensitive parent under salinity was more than 

tolerant parent, but this was not the case in other populations (Table 4.1) which suggests a 

greater influence of error than a genetic component (Table 4.3). Based on the above, the 

reduction in seed yield was mainly caused by the production of less pods and seeds, and 

reduced seed size but not the formation of empty pods. 

 

As yield is the priority for breeders under salinity, selection of high-yielding cultivated 

varieties as parents may have potential for developing breeding lines with threshold yield 

when grown in saline areas. In the present study, the parents were land races which had not 

been domesticated for cultivation. In F2 populations, only 6% of segregants had higher 

yields than the tolerant parent under salinity (Fig. 4.1a, d); more generations are needed to 

reach homozygosity for yield traits, and even then it is uncertain whether lines with salinity 

tolerance and high yield would be found. By using existing varieties in the crossing 
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program, the chances of getting more transgressive segregants with fixed genes for yield 

would be enhanced. 

 

Figure 4.1: Relationship between stem Na
+
 concentration from F2 segregants grown in salt 

treatment and a) seed yield (polynomial inverse 1st order), b) shoot biomass (polynomial 

inverse 1st order), and stem K
+
 concentration (linear). Relationship between stem Cl

-
 

concentration and d) seed yield (cubic), e) shoot biomass (cubic) and f) stem K
+
 

concentration (linear). Ion concentration expressed in µmol g
-1

 dry mass. In controls, no 

such relationships were observed between any of the above traits. (arrows on horizontal 

axis in c) and f) indicates the average values of tissue ion concentration in respective 

populations) 
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Figure 4.2: Relationship from F2 segregants grown in salt treatment between a) seed yield 

and shoot biomass (linear), and b) stem Na
+
 and stem Cl

-
 concentrations (cubic). (ion 

concentration expressed in µmol g
-1

 dry mass). In controls, no such relationships were 

observed between any of the above traits. 
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and [l] in the population generally retards improvement through selection. Usually selection 

would be effective after several generations once a high level of gene fixation is attained 

for the above traits. Interestingly, no gene interaction was observed in either control or 

salinity treatments for pods per plant, seeds per plant and seed yield traits. In the control 

treatment, these traits were controlled by dominant effects whereas under salinity only 

additive effects were significant. This clearly benefits selection of breeding methodology 

and trait improvement under salinity. Additive gene effects are fixable, and therefore 

selection for traits controlling such effects is very effective. In contrast, a previous study, 

conducted in a controlled environment, found that dominance effects controlled chickpea 

yield traits (e.g. pods/plant, seeds/plant and seed yield) under 40 mM NaCl salinity (Ashraf 

and Waheed 1998). This difference might be due to different salt concentrations used or 

different genetic backgrounds. Differences in genetic control may also be due to the 

screening environment (controlled or open). In chickpea, it has been reported that low 

relative humidity (55%) coupled with NaCl (36 mM) killed most plants and tolerance 

varied between genotypes with the change in humidity (75 and 95%) levels (Lauter and 

Munns 1987). Thus in chickpea, no two screening methods have had consistent results due 

to the high influence of environmental factors on different traits studied under salinity 

(Flowers et al. 2010). 

 

In the present study, different types of relationships were observed within or between stem 

ion concentrations and other traits studied in F2 populations under salinity. K
+
 

concentration was not significantly correlated with either Na
+
 or Cl

-
 concentrations, 

whereas Na
+
 had a significant positive cubic relationship with Cl

-
 concentration in stems. 

Moreover, shoot biomass and seed yield deviated the cubic/linear fitting with Na
+
 

concentration, and a significant cubic relationship was observed with Cl
-
 (Fig. 4.1d, e). It 

can be inferred that, in the present population, differences in shoot biomass and seed yield 

in different segregants is explained partially by the Cl
-
 concentration in stems rather than 

Na. However, some studies in chickpea indicated that shoot dry weight had a strong 

negative R
2
 value (R

2
=0.90 in Cl

-
 salinity; R

2
=0.75 in SO4

2-
 salinity) with shoot Na

+
 than 

shoot Cl
-
 (R

2
=0.33) concentration during early flowering (Lauter and Munns 1986, 1987). 

This difference may be due to the stage at which the relationship was studied since 

chickpea salinity tolerance varies with growth stage (Flowers et al. 2010). Lauter and 
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Munns' research was conducted at various salt concentrations during early flowering whilst 

the present study used different genotypes during final maturity. Further, in a recent large-

scale salinity screening of chickpea genotypes, no relationship was found between shoot 

Na% or K% and shoot biomass at 50 DAS or seed yield at maturity (Vadez et al. 2007), but 

tissue Cl was not assessed. Our findings that stem Cl, more so than Na, may be related to 

yield and biomass differences at maturity in the segregants (Fig. 1) is interesting, but 

further evaluation of the role of Cl is needed. The tolerant parent (ICC 1431) had 57% more 

Cl than the sensitive parent in the stems (Table 1), so sequestration of Cl in the stems might 

reduce entry into leaves (cf. Cl unloading into sheaths of Sorghum bicolor; Boursier and 

Lauchli 1989); unfortunately, leaf Cl was not determined in the present study. Further, in F2 

populations more than 70% of segregants had Cl
-
 concentrations between 1300 and 1700 

µmol g
-1

 dry mass (nearer to tolerant parent) and the Cl
-
 concentration in F1F2 and 

backcross populations with the tolerant parent had intermediate levels between parents 

(Table 4.1). This intermediate expression was mainly caused by the presence of higher 

additive gene effects in controlling the trait (Table 4.2). 

 

Phenology plays an important role when developing and screening populations for 

tolerance to abiotic stresses like salinity. If parents have different flowering times, the 

effects of salinity would be confounded with flowering time in segregating populations 

making it difficult to quantify the salt effect on flowering time. In order to overcome such 

effects, parents with similar phenology were selected in this study. The results support 

other work in chickpea where salinity delayed flowering time by 2 to 15 days (Bishnol et 

al. 1990; Vadez et al. 2007) depending on the flowering time of the genotype in different 

populations, and also reduced the flowering period (Dhingra et al. 1996). Further, days to 

maturity under salinity and control were similar suggesting that the shortened reproductive 

period (flowering or pod formation) caused by salinity may have contributed to yield 

reduction. 

 

The degree of dominance ranged from partial dominance (0.28 in days to maturity) to over 

dominance with the highest degree of dominance being 4.43 for 100-seed weight in the 

salinity treatment (Table 4.3). With two exceptions in the control treatment, all values 

ranged from partial to complete dominance. Gardner (1963) suggested that values in early 
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generations tend to be overestimated due to an upward bias from the repulsion phase of 

linkage and, in further generations, the linkage will be broken due to recombination and a 

low degree of dominance. 

 

The results suggest mostly environmental or error components influenced heritability of 

different traits which led to overestimation of different parameters in the present cross. 

Salinity delayed flowering time significantly in all populations and thus maturity. Stem Na
+
 

and K
+
 did not follow any pattern with other traits, whereas Cl

-
 concentration in stems was 

related to biomass and seed yield. Yield traits such as pods per plant, seeds per plant and 

seed yield were controlled by additive effects which suggest easy selection of such traits 

under salinity. The influence of the sensitive parent was reflected more in non-yield-related 

traits due to its dominant nature in early generations; hence selection for yield traits under 

salinity would be more effective at later filial generations as useful genes will be fixed due 

to breakage of unfavorable linkages. Further, crosses between high yielding cultivated lines 

might offer more opportunity for more transgressive segregants with higher yields than 

using land races 
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5.1 Abstract 

 
Chickpea is the main cool-season food legume grown in the arid and semi-arid regions of 

the world. Dryland salinity is a major concern in those regions where chickpea has been 

cultivated. As salinity interferes with many aspects of plant growth and development which 

ultimately affects final seed yield, understanding the genetic behaviour and identification of 

genomic regions (QTLs) for salt tolerance traits using molecular markers (SSR) will help in 

developing salt tolerant chickpea lines. With the above view, an F8 recombinant inbred line 

(RIL) population was developed from salt tolerant (ICC1431) and sensitive (ICC6263) 

genotypes (seed yield in saline conditions) to identify QTLs for different agronomic traits. 

An experiment was conducted under semi-field conditions; in plastic pots filled with 

vertisol soil with movable rainout shelters at ICRISAT, India. One hundred and eighty four 

RILs were screened for phenology, shoot biomass and yield traits under saline (80 mM 

NaCl) and control conditions. Phenotyping data showed that numbers of seeds (R
2
=0.70) 

and filled pods (R
2
=0.51) per plant had a significant relationship with seed yield under both 

saline and control conditions, whereas other traits like shoot biomass, % empty pods and 

100-seed weight (seed size) had no relationship with seed yield in either treatment. As seed 

number was positively related to seed yield in saline and control conditions (linear and 

logarithmic relationships, respectively), screening of genotypes for seed number under 

control conditions would seems sufficient to obtain high yielding lines might also yield 

under saline conditions. The number of empty pods was similar in both treatments 

indicating no effect of salinity on seed abortion and thus on yield. On the other hand 

parental screening with SSR molecular markers found low levels of polymorphism. A total 

of eighty two markers were polymorphic between the parents of which 75 were distributed 

on 8 linkage groups (LGs) along with a small unlinked group with 2 markers, and 

remaining 7 were unlinked. QTL analysis identified more than 20 putative regions in the 

present linkage map for three agronomic traits. QTLs on LG1 and LG7 controlled 100-seed 

weight, LG2 and LG7 controlled seed yield, and LG3 and LG7 controlled shoot biomass. 

The identified QTLs were identified from a single environment and validation in multi-

locations is needed to assess their practicality for developing salt-tolerant chickpea 

breeding lines, and applicability to other populations will also need to be evaluated in 

future studies. 
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5.2 Introduction 
 

Soil salinity is a major environmental problem affecting agricultural production in arid and 

semi-arid regions of the world, especially in dryland farming. Chickpea is one of the most 

important food legumes in these regions, but it is sensitive to salt (Lauter and Munns 1986). 

Improving tolerance of chickpea varieties to salinity would not only increase grain yield 

under salt-stress conditions, but also may extend the chickpea growing area especially in 

Australia where many farms are suffering from salinity problems (Rengasamy 2006). 

 

Salt tolerance is a quantitative trait, and is significantly altered by environment (Foolad and 

Jones 1993; Winicov 1998). The development of molecular markers in the past decade has 

made the genetic analysis of a number of complex traits possible, and even allowed tagging 

of individual QTLs (Yano and Sasaki 1997). Thus QTLs (Quantitative Trait Loci) for salt-

related traits have been mapped in several crop species like rice (Koyama et al. 2001; Gu et 

al. 2000), wheat (Ma et al. 2007; Genc et al. 2010), barley (Yoshiro and Kazuyoshi 1997; 

Xue et al. 2009), tomato (Foolad 1999; Foolad 2001) and soybean (Lee et al. 2004). In 

chickpea, basic physiological research has been undertaken and screening has identified 

variation in tolerance (summarized in Flowers et al. 2010), whereas genetic studies are 

limited to a single biometric analysis (Ashraf and Waheed 1998). The genetic experiment 

revealed that dominant and recessive alleles were distributed unequally in genotypes, with 

more recessive genes controlling yield traits under saline (40 mM) soil conditions (Ashraf 

and Waheed 1998). In the case of chickpea although several major and minor QTLs have 

been identified for diseases like ascochyta blight (Cho et al. 2004; Santra et al. 2000; 

Udupa and Baum 2003) and fusarium wilt (Cobos et al. 2005; Sharma and Muehlbauer 

2007), no QTLs for any physiological or agronomic trait under salinity have been located 

on the chickpea linkage map.  

 

Salinity tolerance is a complex trait and tolerance is considered to be conferred by many 

genes having small individual effects (rice, Koyama et al. 2001). Traits like salt tolerance 

involving many sub-traits typically have a normal distribution rather than any discriminate 

classes able to be separated by Mendelian ratios. In such circumstances, studying the 

inheritance of a quantitative trait would not be possible through classical genetics, 

molecular approaches like QTL mapping may facilitate a better understanding of traits with 
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such complex nature and further help to develop breeding strategies for salt tolerance in 

chickpea. Genetic maps are a powerful tool for gene identification, utilisation and isolation, 

and recombinant inbred lines (RILs) serve as the most reliable populations for mapping. 

Based on QTL mapping, molecular markers associated with the QTLs can be identified that 

can be used to select progenies, the procedure is known as ‗marker-assisted selection‘. 

Therefore, the present investigation was undertaken with the objective to construct a 

linkage map and identify QTLs for traits (seed and pod number, shoot biomass, seed size 

and seed yield) contributing to salinity tolerance in chickpea by using simple sequence 

repeats (SSR) markers and an intraspecific mapping population. A RIL population was 

derived from a cross between salt sensitive (ICC6263) and a salt tolerant (ICC1431) 

genotypes (tolerance assessed as yield in saline soil, Vadez et al. 2007). 

 

5.3 Materials and methods  
 

5.3.1 Development of recombinant inbred lines (RILs) 

Two parental genotypes viz. ICCC6263 (kabuli) and ICC1431 (desi) were selected based 

on seed yield from a salinity screening (80 mM NaCl) over two years at ICRISAT, 

Patancheru, India (Vadez et al. 2007) to develop the recombinant inbred lines (RILs). Both 

parents are late maturing genotypes which start flowering at 63±3 days with 100-seed 

weight of 21±2 grams. Crossing of parents was initiated during spring 2007 using spaced 

plants under standard field conditions, and hybrid seeds were carefully selected by 

eliminating the chance of self-pollination by using flower colour as a morphological 

marker. F1 plants were advanced to F2 generation by allowing self-pollination and F2 single 

plants were harvested. Further generations were advanced to F8 following the single seed 

descent method by growing 3 generations per year in pots of soil in glasshouses and/or 

rainout shelters, as well as spaced plants in the field. 

 

5.3.2 Phenotyping the mapping population 

One hundred and eighty four RILs of F8 generation were used to phenotype various traits 

under saline conditions. The experiment was conducted during spring 2009/10 at ICRISAT, 

India in an open air environment with movable rainout shelters (to protect the experiment 

from unexpected rainfall). Four seeds of each RIL were sown in 24 cm diameter white pots 

buried in the field and filled with 7 kg of vertisol. Soil was steam sterilised for 2 cycles (3 
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hrs each) to eliminate any incidence of soil-borne pests or diseases and seeds were treated 

with fungicide (thirum) before sowing. Under salinity treatment, plants were grown at 80 

mM NaCl applied in three split doses viz. 30 mM at sowing, 30 mM at 15 days after 

sowing and 20 mM at 25 days after sowing (cf. Vadez et al. 2007). Plants were grown in 

randomised block design with 4 salinity replications and 3 control replications. Holes in the 

bottom of the pots were closed in the treatment and kept open in control. Pots were watered 

regularly to 80–85% of field capacity to minimise the chance of waterlogging. Crop 

protection measurements were followed to eliminate confounding effects of diseases or 

pests on salinity symptoms. Phenotypic observations like days to flowering, days to 

maturity, flower colour, shoot biomass (g), pod number, seed number, % empty pods, 100-

seed weight and seed yield were recorded on an individual pot basis (4 plants per pot). For 

the uniformity in text, the term 100-seeed weight was used for seed size and average seed 

weight 

 

Initially, phenotypic screening of RILs was set up in two soil types (Vertisol and Alfisol), 

as separate experiments; but due to the incidence of fusarium wilt disease and soil crusting 

problems germination and plant growth were hampered in the Alfisol screening. Effects of 

disease and edaphic stresses were more pronounced than the salinity treatment, so the 

experiment in Alfisol was abandoned. Plants grown in the Vertisol were healthy and so this 

experiment provided the phenotyping data were used in the QTL analysis. 

 

5.3.3 Genotyping the mapping population 

5.3.3.1 DNA extraction 

DNA was extracted from leaves of 184 F8 RILs and parental lines using a high throughput 

mini-DNA extraction method as described by Cuc et al. (2008). 

Sample preparation and CTAB extraction 

70–100 mg leaf tissue was collected from 15-days-old seedlings and placed in a 96 deep-

well plate together with two 4 mm stainless steel grinding balls (Spex CertiPrep, USA). For 

each sample, 450 l of preheated (at 65ºC for half an hour) extraction buffer                  

[100 mM Tris-HCl (pH-8, 1.4 M NaCl, 20 mM EDTA, CTAB (2–3% w/v), -               

Mercapto-ethanol] added, and secured with 8 strip caps. Samples homogenised in a 

GenoGrinder 2000 (Spex  CertiPrep, USA), following manufacturer‘s instructions, 5 times 
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at 500-strokes/min for 2 min each interval. Plate was fitted into locking device and 

incubated at 65ºC for 10 min, shaking at periodical intervals. 

 

Solvent extraction, initial DNA precipitation and RNAse treatment 

For each sample 450 l of chloroform–isoamylalcohol (24:1) was added and mixed 

thoroughly. Plate was then centrifuged at 5,500 rpm for 10 min and the aqueous layer 

(~300 l) transferred to fresh strip tubes (Marsh Biomarket, USA). 0.7 vol (210 μl) of 

isopropanol (stored at –20ºC) added to each sample and plate was centrifuged at 5,000 rpm 

for 15 min. Supernatant decanted from each sample and pellet was air-dried for 20 min. 200 

l low salt TE [10 mM Tris EDTA at pH-8] and 3 l RNAse added to each sample and 

incubated at 37ºC for 30 min.     

 

Extraction of DNA form solvent 

200 l of phenol-chloroform-isoamylalcohol (25:24:1) was added to each sample and 

inverted twice to mix. Plate was centrifuged (Sigma laboratories, Model  # 4K15) at 5,000 

rpm for 5 min and aqueous layer transferred to a fresh 96 deep-well plate (Marsh 

Biomarket, USA). 200 l chloroform-isoamylalcohol (24:1) was added to each sample and 

inverted twice to mix. Plate was centrifuged at 5,000 rpm for 5 min and aqueous layer 

transferred to fresh 96 deep-well plate. 315 l ethanol-acetate solution [30 ml ethanol, 1.5 

ml 3 M NaOAc (pH-5.2)] was added to each sample and placed in -20ºC for 5 min. Plate 

was centrifuged at 5,000 rpm for 5 min and supernatant decanted from each sample and 

pellet washed with 70% ethanol. Plate was centrifuged at 6,000 rpm for 10 min. 

Supernatant was again decanted from each sample and samples were air-dried for 1 hour. 

Pellet re-suspended in 100 l low-salt TE (10mM Tris-HCl/1mM EDTA) and stored at 4ºC 

 

5.3.3.2 Simple sequence repeat (SSR) markers 

1775 SSR markers available from ICRISAT were used to detect parental polymorphism 

(Table 5.1). Subsequently, 82 polymorphic SSR markers were used for genotyping the 

mapping population (Table 5.2). 

 

5.3.3.3 DNA quantification and normalisation 
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DNA was quantified and normalised to 5 ng/μl concentration by visually comparing diluted 

DNA samples with the standard defined λ DNA molecular weight markers of 5 ng/μl and 

10 ng/μl on 0.8% agarose gel. The images of gels were documented under UV illumination 

using Uvi Tech gel documentation system (DOL-008.XD, England). 

 

5.3.3.4 Polymerase Chain Reaction 

The two parental chickpea genotypes viz. ICC6263 and ICC1431 were screened for marker 

polymorphism using different SSR markers (Table 5.1). These were the parents of F8 

mapping population (184 individuals) segregating for seed yield under saline conditions. 

The parental genotypes and primers were subjected to polymerase chain reaction (PCR) 

under standardised conditions. The forward primer, reverse primer and flurophore-labeled 

M13 oligos (6-FAM, VIC and NED) were used in the ratio 1:2:2 for amplification of SSRs 

in PCR under standardised conditions. 

 

All PCR reactions were performed in 5 µl reaction volume consisting of 5 ng DNA 

template, 0.5 mM dNTPs,  0.5 µM of M13 tailed forward, 1 µM of reverse primer, 1 µM of 

M13 labeled primer, 0.75 mM of MgCl2, 0.1 U of Taq DNA polymerase (SibEnymes, 

Russia), 10X PCR buffer (SibEnzymes, Russia) and 12.5 mM MgCl2 (SibEnzymes, Russia) 

in 96 or 384-well micro titre plates (ABgene, USA) using thermal cycler GeneAmp PCR 

System 9700 (Applied Biosystems, USA). In addition, fluorescent dyes FAM (blue), VIC 

(green), and NED (yellow) were used in the PCR reaction mixture. A touch down PCR 

program was used to amplify DNA fragments: initial denaturation was 5 min at 95°C. This 

was followed by initial 10 cycles of denaturation for 15 sec at 94°C, annealing for 20 sec at 

61°C (annealing temperature for each cycle being reduced by 0.5°C per cycle) and 

extension for 30 sec at 72°C. Subsequently, 40 cycles of denaturation at 94°C for 10 sec, 

annealing for 20 sec at 54°C and extension for 30 sec at 72°C, and followed by 20 min final 

extension at 72°C. PCR products were checked for amplification on 1.2 % agarose gel.  

5.3.3.5 Gel electrophoresis/SSR fragment analysis 

After confirming the PCR amplification on 1.2% agarose gel, post-PCR multiplex sets were 

constructed based on allele size range estimates and the type of forward primer label of the 

markers. Markers with different labels and allele size ranges were considered for a set. For 
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post-PCR multiplexing, 1.5 µl PCR product of each of FAM, VIC and NED- labeled 

products were pooled (according to above mentioned criteria) and mixed with 7 µl of Hi-Di 

formamide (Applied Biosystems, USA), 0.20 µl of the LIZ-500 size standard (Applied 

Biosystems, USA) and 3 µl of distilled water. The pooled PCR amplicons were denatured 

(94°C for 5 min) and size fractioned using capillary electrophoresis on an ABI 3730 

automatic DNA sequencer (Applied Biosystems, USA). Allele sizing was done using 

GeneMapper
®
 software (version 4.0, Applied Biosystems, USA).  

 

Table 5.1: Polymorphic SSR markers used for genotyping the F8 RIL chickpea population 

of ICC6263 × ICC1431. 

 
S. 

No 

Primer 

Name 

SSR motif Forward primer (5'-3') Reverse primer (5'-3') 

1 CaM0003 (AC)13(AT)7 CACGGCCATTACATC

AATCA 

CGACATTGTAGCACC

CCTTT 

2 CaM0013 (TA)5 TTCCTGCTTCAAACT
CCTTCA 

ACAATCCATGTGGTC
ACTCA 

3 CaM0045 (AT)8 CTCTCGTCGCAACTC

AAATG 

TGCTTAGGCTTTTAGC

TCGAAT 

4 CaM0113 (TTA)52 AATGGAGAATGATG

GGTTGC 

GCCCCGTGTCCCTTAT

AAAT 

5 CaM0123* (AT)7(GT)10 AATCGGGGGATCAT

AACACA 

CCTCGCGTTCTACGTT

TCTC 

6 CaM0144 (ATT)22 TCGATTACGTTTTGA

GTTTTGTTT 

CACTTTTCGCACTAA

AGTGTATGAA 

7 CaM0286 (AT)15 CAAGCGCTATGTGAC

CTCCT 

TCACCCCAATATGAT

CTGATG 

8 CaM0397 (AT)8 GCTTGTGTCGACAAT
CAGGA 

CAGTCCACATGAATG
GTTGC 

9 CaM0429 (TCA)9n (ATC)11n 

(TCA)7n(ATT)14 

TCTCATCATCATAAT

CATCACCTTT 

GGACCTAAATTGAAT

TCGCC 

10 CaM0604 (AC)7 TTTGCCTCATCATTT

ATGTACTCTG 

CAGCACCAAAAATGT

CCTGA 

11 CaM0643 (AT)10 CTCGTGCTCACAATA

CTCGG 

TCGTCCATGTTAGTTG

CTGC 

12 CaM0740 (TA)14 TTTTCCTTTCTTTTTC

CCCC 

TATGAACTTTTCGGG

CGATT 

13 CaM0848 (AGA)15 CATCGAGCTGCAAA

GAAAGA 

AGACGAAGGTGAAA

GTTGGG 
14 CaM0861 (T)11n (TA)18 TGGAAGCTTATATGG

CCTCG 

AAAAACGTGGTTTTA

TATGGTTTTT 

15 CaM0906 (AT)21 TGCAACAAAAACTTC

TTTCCC 

CATGGTTTTTGTGTTC

ATCCA 

16 CaM0952 (AT)31n(AT)5n(AT)15 CAGATGCATGCTCCC

CTAAT 

GCAAAACGTTGTTTA

AGACCC 

17 CaM1077 (TATT)13 TGACCTGGCCTGACC

TATTC 

CAAACAATTGCTATT

CCTTCTAGTCA 

18 CaM1432 (AC)7 TTTGCCTCATCATTT

ATGTACTCTG 

CAGCACCAAAAATGT

CCTGA 

19  CaM1431 

 

 (ATA)15 TGTGCAAGATTCCTG

TTCCA 

 AAAAATTTCAATTGT

TTCCATTACA 
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S. 

No 

Primer 

Name 

SSR motif Forward primer (5'-3') Reverse primer (5'-3') 

20 CaM1640 (AG)19 GTCCACGACCTCGTT

TGACT 

TCATCACAAAGCACT

CGACC 

21 CaM1826 (AT)14n (AT)5 TGTGGTATGAGGCTT

TCACAA 

CGGCCATCTACGTTG

TCTTA 

22 CaM1942 (AAT)31 TGGGAGGTTTAGGGT

CTACG 

AAAAATCCCTCCAAC

GGTAAA 
23 CaM2026 (TAT)10n (TTA)16 CCTTTTATAATTTTTG

GATTTGATCG 

AAATGGAAAGCTTCA

TTCATACAA 

24 CaM2049 (AGAT)15 CCCTTTGGAAAGAGA

GGAGG 

AAGCCGATTCTTGGG

ACTTT 

25 ICCM0068 (ATT)22 TCTTCTTTGCTATCTG

TCTCGC 

TGCATGTCAAACATT

AGACAACTTT 

26 ICCM0069 (ATT)22 TCTTCTTTGCTATCTG

TCTCGC 

TGCATGTCAAACATT

AGACAACTTT 

27 ICCM0160 (AAC)4n (TAA)25 TTGCTTGAAACAACC

TTTCG 

CGGGTACAACCGTAG

CAAAT 

28 ICCM0243c (GA)41n (AG)10 ACGACGATTCTGGAT
TTTGG 

AGTTTTGGTAGGGGG
TCGAG 

29 H1B04 (TTA)35 TAGTTGAAACACACG

GGTTA 

AAAGTGAAATATGTC

ATCCTTATTA 

30 H1B06 (TTA)28 GACTCACTCTCCAAA

TGGAACC 

AAGCCCATGAAAACC

ATATATTC 

31 H1B09 (TAA)14 (AT)3 GGTTTCATGACCTGC

ACCTA 

AAGAACCGAAAACAC

TTGTGA 

32 H1B17 (TAA)38 ATTCGAGGTGGTACC

TCTAGTGA 

GAGGAACCGACGATG

TATCTATT 

33 H1C092 (GAA)5 119 bp 

(TAA)29 

CAATAAAACACTTTG

TTCCTTTTT 

TGTAGAAAGAAAGCT

AGCATGG 

34 H1G16 (TAA)2 TAT (TAA)17 GTTTGCTTTCAACAC
CGAGA 

CCCATGAAGGCCTGA
ATTAT 

35 H1H07 (GA)27 CATCAAATAATGATG

TGCTTGC 

AAATTGTTGATTTTA

ACTAACCAAGA 

36 H1H13 (GA)17 TTCCTTTATCGCACC

CTTCT 

CCAGAGAAAGAGCA

GCTACG 

37 H1L161 (TA)21 48 bp (CA)4 

(CT)3 

ACTATTCTAAGTGTT

TGATGTTGAA 

TGCTCGCAAATTTTTA

TTTC 

38 H1N12 (CA)5 46 bp (CA)5 AAAAATTGGTTCTCA

AGAGTAAA 

ATGAGGATTGGACGT

AATCA 

39 H2B061 (GAA)2 G (GAA)19 

70 bp (TA)7 14 bp 
(TA)11 

TCTTGAAGCAAAAG

AAGTCAAAAG 

CAAGTGATAAGTAGG

AAGGCAGAA 

40 H2E13 (GA)9 TGGGGGTATACATGA

ATTGAATAA 

AATCCCATCAATGTT

GTACTTTTC 

41 H2I01 (GA)12 AACATTCTGAACAGA

CACTTTTCTCTA 

TTTTCTTCTTTTAACA

CATAGCCTTTT 

42 H2J09 (GA)18 AACGAAAAACAAGG

GAGAAAAA 

TATTTCTTTGACTCCC

CCTAACTT 

43 H5B04 (TAA)11 ATAAAA 

(TAA)25 

CATAATTTTAAAAGA

GGCACGTTAAAT 

ATATAAGCAAAAATA

AAGATGAGTTGC 

44 CaSTMS15

* 

(ATT)21 CTTGTGA 

ATTCATATTTACTTA

TAGA T 

ATCCGTAATTTAAGG

TAGGTTAAAATA 

45 CaSTMS25 (CT)19 TACACTACTGCTATT

GA TATGTGGT 

GA 

CAATGCCTTTTTCCTT 

46 CaSTMS28 LONG IMPERFECT 

ATT REPEAT 

CCCTTCTAGTGA 

TATTTTG 

AAATGTGTTTTATGG

A ATAAGTCAT 
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S. 

No 

Primer 

Name 

SSR motif Forward primer (5'-3') Reverse primer (5'-3') 

47 GA6* (GA )23 ATTTTTCTCCGGTGT

TGCAC 

AAACGA CAGA GA 

GTGGCGA T 

48 GA20* (CT)23 TATGCACCACACCTC

GTACC 

TGA CGGA 

ATTCGTGA TGTGT 

49 TA103 (ATT)31 TGAAATATCTAATGT

TGCAATTAGGA C 

TATGGATCACATCAA

AGA AATAAAAT 
50 TA103II* (ATT)31 TCTGCAAAAACTATT

ACGTTAATACCA 

TTGTGTGTAATGGA 

TTGA GTATCTCTT 

51 TA106* (TAA)26 CGGA TGGA 

CTCAACTTTATC 

TGTCTGCATGTTGA 

TCTGTT 

52 TA116 (TAA)5TT(A)3(TAA)20 AATTCAATGA CGA 

ATTTTTATAAGGG 

AAAAAGA AAAGGGA 

AAAGTAGGTTTTA 

53 TA118 (TAA)45 ACAAGTCACATGTGT

TCTCAATA 

GGA AAGGTTAAGA 

AATTTTACAATAC 

54 TA11(s) (TTA)17 TACAACACAAAATT(

C)GCACC 

TGTGGGGGTATTATT

TAGGA  

55 TA120 (TTA)5CTA(TTA)23 TTTAGA GA 
CTATTTAGGA 

TTGTCGT 

GTTCCATTTTTCTTTC
TTTCTTTAT 

56 TA140 (TAA)5 

TT(A)3(TAA)18 

TTTTGGCATGTTGTA

GTAATCATATTT 

TGA AATGA AAAAGA 

AAAGGA AAAAGTA 

57 TA144 (TAA)27 TATTTTAATCCGGTG

A ATATTACCTTT 

GTGGA 

GTCACTATCAACAAT

CATACAT 

58 TA194 (TTA)21 TTTTTGGCTTATTAG

A CTGA CTT 

TTGCCATAAAATACA

AAATCC 

59 TR2*  (TTA)36  sGGCTTAGA GTTC 

AAAGA GA GA A 

 sAACCAAGA TTGGA 

AGTTGTG 

60 TA2 (TAA)16TGA (TAA)19 AAATGGA AGA AGA 
ATAAAAACGA AAC 

TTCCATTCTTTATTAT
CCATATCACTACA  

61 TA20 (TAA)30T(A)5TAAT(A

)5(TAA)7TGA(TAA)20 

ATTTTCTTTATCCGCT

GCAAAT 

TTAAATACTGCCTTC

GA TCCGT 

62 TA22 (ATT)40 TCTCCAACCCTTTAG

A TTGA  

TCGTGTTTACTGA 

ATGTGGA  

63 TA37 (TTA)20 ACTTACATGAATTAT

CTTTCTTGGTCC 

CGTATTCAAATAATC

TTTCATCAGTCA 

64 TA42 (TA)19(TAA)41 ATATCGA 

AATAAATAACAACA

GGA TGG 

 TAGTTGA TACTTGGA 

TGA TAACCAAAA 

65 TA47 (TAA)21 TTTTTATAGGTGTCT
TTTTGTTGTCTTT 

TCTGA ATAGGA 
AATAAGA 

AAGGTAGGTT 

66 TA5 (TTA)29 ATCATTTCAATTTCC

TCAACTATGA AT 

TCGTTAACACGTAAT

TTCAAGTAAAGA T 

67 TA64 (TAA)39 ATATATCGTAACTCA

TTAATCATCCGC 

AAATTGTTGTCATCA

AATGGA AAATA 

68 TA76s (AAT)7 (AAT)4 

[ACT(AAT)11]2 

ACT(AAT)3 

TAT(AAT)2 (ATT)5 

TCCTCTTCTTCGA 

TATCATCA 

CCATTCTATCTTTGGT

GCTT 

69 TA89 (TAA)2TAT(TAA)24 ATCCTTCACGCTTAT

TTAGTTTTTACA 

CAAGTAAAAGA GTC 

ACTAGA CCTCACA  
70 TAA58 (AAT)41 CATTGCTTAAGA 

ACCAAAATGG 

CAATTTTACATCGA 

CGTGTGC 

71 TR14 (TAA)36 TAAAGGGA CCAA 

AATCTCACAATTA 

GAAATTAAGTTAAAA

GA CCTCATGA  
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S. 

No 

Primer 

Name 

SSR motif Forward primer (5'-3') Reverse primer (5'-3') 

72 TR20 (TAA)18 ACCTGCTTGTTTAGC

ACAAT 

CCGCATAGCAATTTA

TCTTC 

73 TR24 (TTA)29 AACAACTTCCTCTTA

TTTTCCA 

CAGTAAAAATCAGCC

CAAAC 

74 TR31 (TAA)20 T(A)5 (TAA)9 CTTAATCGCACATTT

ACTCTAAAATCA 

ATCCATTAAAACACG

GTTACCTATAAT 
75 TR40 (TAA)44 AAGTGA 

AATATGTCATCCTTA

TTACTAACT 

AGGA 

AACTGTGTTTCGTCTT

TTTATT 

76 TR5 (ATT)29 ATTTTACTTTACTAC

TTTCCCCTTT 

ATTTATATCATCACA

ACCATTCATA 

77 TR56 (TAA)21 TTGA TTCTCTCACG 

TGTAATTC 

ATTTTGA 

TTACCGTTGTGGT 

78 TR7 (TTA)25 GCATTATTCACCATT

TGGA T 

TGTGATAATTTTCTAA

GTGTTTT 

79 TS104 (ATT)40 TCAAGA TTGA 

TATTGA TTAGA 
TAAAAGC 

CTTTATTTACCACTTG

CACAACACTAA 

80 TS45 (TAA)8 (A)3 (TAA)18 TGACACAAAATTGTC

TCTTGT 

TGTTCTTAACGTAACT

AACCTAA 

81 TS53 (TTA)65 GA 

TCNTTCCAAAAGTTC

ATTTNTATAAT 

TTAAAGA ACTGA 

TACATTCCGA 

TTATTT 

82 TS71 (TAA)20 ATTCAACACTCAGTA

CTACCATTTT 

GA 

TTGTTAAAAGCTTAT

ATCCCTAA 

*unlinked marker  

 

 

5.3.4 Data analysis 
 

5.3.4.1 Linkage map construction 

For linkage analysis, Mapmaker version 3.0 was used (Lander et al. 1987). Marker loci 

were first divided into linkage groups at a minimum LOD score of 3.0 by two point 

analysis using the ‗group‘ command. The LOD score is defined as the base-10 logarithm of 

the ratio of maximum likelihood values assuming linkage versus no linkage. Marker order 

in linkage groups was determined using the ‗try‘ command. Marker order obtained for each 

group was scrutinised by multipoint analysis by applying the ‗ripple‘ function. Map 

distances (cM) were calculated by converting recombination percentages to centiMorgan 

(cM) using the ‗Kosambi‘ function (Kosambi 1944) provided in the program. As Join map 

(version 4) is more robust, user friendly and been used extensively in most mapping 

studies, it was also used to develop the linkage map. 
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5.3.4.2 Mapping salt tolerance QTLs 

QTL Cartographer Ver. 2.5 (Wang et al. 2010) was used to detect salt tolerance QTLs 

employing simple linear regression analysis. Model 6 was applied, and control marker 

number and window size were 5 and 10 cM respectively. Walk speed was 1 cM and the 

forward regression method was used. LOD-score >2.5 considered the presence of QTLs. 

The coefficient of determination (R
2
) for the marker most tightly associated to a QTL was 

used to estimate the proportion of phenotypic variation explained by that QTL. 

 

Salt tolerance index (STI) and salt susceptibility index (SSI) were calculated for seed yield 

and 100-seed weight as follows (Fernandez 1993; Fischer and Maurer 1978). 

STI = [(Yp) x (Ys)/(¯Yp)
2
] 

SSI = [1 − (Ys)/Yp)]/SI 

Where SI is stress intensity calculated as: [1- (¯Ys)/(¯Yp)], 

Ys and Yp are yields of genotypes evaluated under salt stress and control conditions and ¯Ys 

and ¯Yp are the mean yield of genotypes in salt stressed and control environments.  

 

5.4 Results 

5.4.1 Parental polymorphism assessment 

1755 SSR markers were used to screen for polymorphism in the parents ICC6263 and 

ICC1431 (Table 5.2). Eighty two markers showed polymorphism between parents; these 

were further used for genotyping the RIL population. Of the amplified markers, the 

percentage of polymorphism was more (34%) in winter series (Winter et al. 1999) and low 

(2%) in ICCM series markers (Nayak et al. 2010). Twenty six percent of the 1755 markers 

were not amplified due to altered annealing temperatures. Overall, 6.3% of markers 

revealed clear and consistent polymorphism in the parents compared to monomorphic 

markers (93.7%).  
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Table 5.2: Details of different marker series screened for parental polymorphism in 

ICC6263 and ICC1431 genotypes 

 

Marker 

screening 

H-Series 

(Lichttenzvei

g et al. 2005) 

Winter-series 

(Winter et al. 

1999) 

ICCM-series 

(Nayak et al. 

2010) 

CaM-series 

(ICRISAT, 

unpublished) Total 

Polymorphic 

markers 

15 39 4 24 82 

Monomorphic 

markers 

124 75 197 823 1219 

Primers not 

amplified 

94 75 39 246 454 

Total primers 

screened 

233 189 240 1093 1755 

 

5.4.2 Construction of a linkage map 

Of the 82 markers used for mapping, 75 were linked in 8 linkage groups (along with one 

unlinked group) at LOD-score 10.0 (Fig 5.1) representing 8 chromosomes of chickpea 

(2n=16). All 75 markers spanned a distance of 241 cM with an average marker density of 

3.21 cM. LG5 had a large number of markers (15) covering a distance of 54.43 cM, with 

3.6 cM average marker density, and LG6 was the smallest group in respect to distance (13.5 

cM), with 7 markers separated by an average distance of 1.93 cM. The linkage groups (Fig 

5.1) were numbered based on available chickpea reference linkage maps by Winter et al. 

(2000), Radhika et al. (2007), Nayak et al. (2010) and Aryamanesh et al. (2010).  Markers 

mapped on all linkage groups in the present study were in common with the above reported 

linkage maps except the markers mapped in the unlinked group. The unlinked group has 

two distorted markers separated by 10.5 cM distance, and the markers present in the 

unlinked group were not able to combine with any marker in other linkage groups even at 

LOD-score 3.0. 

 

Goodness-of-fit for observed and expected marker allele segregation (1:1; P<0.05) in the 

RIL population was tested by chi-square. Of the 75 mapped markers, 9 did not segregate 

according to a 1:1 Mendelian ratio. The distorted markers are distributed on LG4 

(CaM0113, H1H13 and ICCM0069), LG5 (TA140, CaSTMS25, H1N12 and TAA58) and 

the unlinked group (CaM0643 and H1E13). The skewed markers are underlined in the map 

(Fig 5.1). All 9 distorted markers were skewed towards tolerant parent (ICC1431) and the 

distortion was observed from 18% (TAA58) to 24% (TA140). 
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Figure 5.1: Linkage map of the chickpea genome derived from an intraspecific F8 RIL population developed from salt sensitive (ICC6263) 

and salt tolerant (ICC1431) parents. Numbers on the left represent distances in cM from the first marker in each linkage group. Markers 

showing distorted segregation are underlined. Blue dark lines on linkage groups indicate the distribution (vertical) and location (horizontal) 

of identified QTLs. 
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CaSTMS28 16.4 

LG1 

TA194 0.0 

TA27 5.4 

H2B061 11.7 
CaM0429 13.6 
CaM0861 14.0 
TR14 14.9 
TA37 16.4 

TA103 22.9 

H1B06 28.4 

LG2 

TA194 0.0 

TA27 5.4 

H2B061 11.7 
CaM0429 13.6 
CaM0861 14.0 
TR14 14.9 
TA37 16.4 

TA103 22.9 

H1B06 28.4 

LG2 

TA64 0.0 

TR24 15.9 

TA76s 28.6 

LG3 

TA64 0.0 

TR24 15.9 

TA76s 28.6 

LG3 

TA2 0.0 
CaM2049 3.7 
CaM1077 5.3 
H1B17 7.2 
CaM0113 7.9 
H1H13 8.5 
ICCM0069 9.0 
ICCM0068 10.6 
TR20 13.6 

TS104 17.9 

TA89 26.0 
CaM0013 28.6 

LG4 

TA2 0.0 
CaM2049 3.7 
CaM1077 5.3 
H1B17 7.2 
CaM0113 7.9 
H1H13 8.5 
ICCM0069 9.0 
ICCM0068 10.6 
TR20 13.6 

TS104 17.9 

TA89 26.0 
CaM0013 28.6 

LG4 

CaM0286 0.0 
TA140 2.3 
CaSTMS25 3.7 
H1N12 4.7 
ICCM0160 5.5 
CaM1942 5.8 
TAA58 7.9 

H1L161 26.2 

H1G16 38.6 
CaM0045 40.0 
CaM0952 41.3 
TS71 43.5 
TA20 45.9 

CaM0144 51.2 

TR5 54.4 

LG5 

CaM0286 0.0 
TA140 2.3 
CaSTMS25 3.7 
H1N12 4.7 
ICCM0160 5.5 
CaM1942 5.8 
TAA58 7.9 

H1L161 26.2 

H1G16 38.6 
CaM0045 40.0 
CaM0952 41.3 
TS71 43.5 
TA20 45.9 

CaM0144 51.2 

TR5 54.4 

LG5 

TR7 0.0 
TR40 2.8 
TA120 4.8 
TA22 7.3 
CaM1826 9.1 
CaM1640 11.2 
CaM1431 13.5 

LG6 

TR7 0.0 
TR40 2.8 
TA120 4.8 
TA22 7.3 
CaM1826 9.1 
CaM1640 11.2 
CaM1431 13.5 

LG6 

ICCM0243c 0.0 

CaM0740 9.3 
CaM2026 11.0 
H2J09 12.7 
TA11s 14.3 
TA5 15.7 
CaM0604 17.0 
CaM1432 17.6 
CaM0848 18.6 
TA42 19.3 
TA116 21.8 
H1H07 24.1 
TS53 27.3 

LG7 

ICCM0243c 0.0 

CaM0740 9.3 
CaM2026 11.0 
H2J09 12.7 
TA11s 14.3 
TA5 15.7 
CaM0604 17.0 
CaM1432 17.6 
CaM0848 18.6 
TA42 19.3 
TA116 21.8 
H1H07 24.1 
TS53 27.3 

LG7 

TA118 0.0 
TS45 2.9 

TA144 18.0 

H1C92 24.1 

H1B09 27.4 

H5B04 32.9 

LG8 

TA118 0.0 
TS45 2.9 

TA144 18.0 

H1C92 24.1 

H1B09 27.4 

H5B04 32.9 

LG8 

CaM0643 0.0 

H2E13 10.5 

CaM0643 0.0 

H2E13 10.5 

CaM0643 0.0 

H2E13 10.5 

Unlinked group 
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Single marker analysis (Table 5.3) found that 26 markers were significantly associated 

with seed size, seed yield and shoot biomass traits, of which nine markers (CaM-series) 

were newly added to the chickpea linkage map. Markers present on LG7 were primarily 

involved in controlling 100-seed weight, seed yield and shoot biomass traits (with 

significance varying from p: 5–0.1%) and on LG1 were involved in controlling seed 

size in both control and salinity treatments. Moreover, markers present on LG2, LG3 

and LG8 were also associated with 100-seed weight but with a low level of significance 

(5%). Involvement of many markers associated with different traits indicates the 

quantitative nature of salt tolerance. 

  

Table 5.3: Single marker analysis results: traits and associated markers significance at 

P-levels 5%, 1% and 0.1% probability are indicated by *, ** and ***. (STI=salt 

tolerance index; SSI=salt sensitivity index);  indicate unlinked group.  

 

Linkage 

group 

Marker 

name 

Traits associated with markers 

Seed 

size in 

salinity 

Seed 

size in 

control 

Seed 

yield 

in 

salinity 

Shoot 

biomass 

in 

salinity 

STI 

for 

seed 

size 

SSI for 

shoot 

biomass 

1 TR56 *    *  

1 TR31 ** **   ***  

1 H1B04 *** ***   ***  

1 CaM0003 * *   *  

1 H2I01 * **   **  

1 TA47 ** ***   ***  

1 CaSTMS28 ** **   **  

2 CaM0429   *    

2 CaM0861   *    

2 TA37   **    

3 TA76s      ** 

5 CaM0952   *   * 

7 CaM0740 ** * *    

7 CaM2026 **  ** **  * 

7 H2J09 *  *** *  * 

7 TA11s   * *  * 

7 TA5   ** *   

7 CaM0604   ** **   

7 CaM1432   ** ***  * 

7 CaM0848   * **  * 

7 TA42 **  * **  * 

7 TA116 *  ** **  * 

7 H1H07   * *   

8 TA144   *    

8 H1B09   *    

8 H5B04   *    

 CaM0643  **     

 H2E13  *     
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Table 5.4: QTLs identified in the present study for various yield contributing traits and 

their phenotypic variance in chickpea 

 

Linkag

e group 

QTL name Trait Indicative 

marker 

LOD 

score 

R
2
  

(x 100) 

1 QTLSTI _SW1-4, 

QTLSW_S1-4 & 

QTLSW_C1-4 

STI for 100-seed 

weight 

TR 31 3.63 8.3 

100-seed weight in 

salinity 

H1B04 3.54 8.0 

100-seed weight in 

control 

H2I01 3.53 9.0 

 TA47 4.51 9.6 

2 QTLYD_S1 seed yield in salinity TR37 3.65 7.5 

QTLYD_S2 seed yield in salinity TR14 3.44 7.5 

3 QTLSSI_BM1 SSI for biomass TR24 3.11 7.7 

7 QTLYD_S3 seed yield in salinity H1J09 2.83 6.3 

QTLYD_S4 seed yield in salinity CaM2026 2.75 6.5 

QTLBM_S1 biomass in salinity TA5 2.87 7.0 

QTLBM_S2 biomass in salinity CaM0604 3.01 7.0 

QTLBM_S3  biomass in salinity CaM1432 3.63 8.1 

QTLsw_S5 100-seed weight in 

salinity 

CaM2026 2.80 7.0 

QTLsw_S6 100-seed weight in 

salinity 

CaM0604 2.83 7.0 

 

 

Table 5.5: QTLs identified in different studies for 100-seed weight and seed yield traits, 

and their phenotypic variance in chickpea 

 

Linkage 

Group 

QTL name Trait Indicative 

marker 

LOD 

score 

R
2
 

(x 100) 

Ref 

4B QTL1  100-seed weight GA24 3.8 Not 

availabl

e 

1 

1B QTL2 100-seed weight GA11 3.2 

6B QTL3 100-seed weight TA120 2.4 

1 Qncl.Sw1 100-seed weight TR56 2.56 7.4 2 

1 Qncl.Sw2 100-seed weight UBC238y 3.19 11.4 

1 Qncl.Sw3 100-seed weight TA116x 2.00 6.0 

1 Qncl.Sw4 100-seed weight STMS13 2.07 8.2 

3 Qncl.Sw5 100-seed weight UBC17 2.87 9.3 

3 Qncl.Sw6  100-seed weight TA53 2.65 12.4 

4 Qncl.Sw7 100-seed weight TR7s 3.35 13.0 

4 Qncl.Sw8 100-seed weight STMS2 2.87 8.8 

4 QTLSW1 100-seed weight OPAF081125 7.00 20.3 3 

8 QTLSW2  100-seed weight OPAF091594 3.40 10.1 

4 QTLYD seed yield OPS011125 2.50 13.9 

2 QTLSW3 100-seed weight TA110 4.5 14 4 

4 QTLSW1 100-seed weight GAA47 9.6 32 

  

[
1
Abbo et al. (2005); 

2
Radhika et al. 2007; 

3
Cobos et al. 2007; 

4
Cobos et al. 2009; In the 

above studies QTLs were identified under non stress conditions] 
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Interval mapping analysis (1000-permutations) identified significant QTLs for seed 

yield, 100-seed weight and biomass under control and salinity treatments in the present 

RIL population ICC6263 × ICC1431 (Table 5.4). QTLs were detected on LG1, LG2, 

LG3 and LG4. On LG1, four QTLs were controlled each of the traits, viz., QTLs for 

STI 100-seed weight in salinity, QTLs for 100-seed weight in salinity and QTLs for 

100-seed weight in control (Table 5.4). All four QTLs identified for each of the above 

traits (STI 100-seed weight in salinity, 100-seed weight in salinity, 100-seed weight in 

control) were linked to the same markers TR31, H1B04, H2I01 and TA47. The above 

four QTLs were identified at LOD-score >3.5 and account for 35% phenotypic variation 

in each of the above traits. Further, two QTLs (linked to CaM2026 and CaM0604) in 

LG7 and a single QTL (CaM0643) in the unlinked group were found for 100-seed 

weight in salinity and control. The above two QTLs identified in LG7 were very close 

(1.7 cM) and contributed 14% of total phenotypic variation for 100-seed weight in 

salinity. Similarly, a QTL in the unlinked group controlling 100-seed weight in control 

was closer to the new SSR marker CaM0643 than H2E13. Moreover, On LG7 three 

markers showed a significant association with shoot biomass under salinity (Table 5.4). 

Of which CaM0604 marker found common in controlling 100-seed weight trait under 

salinity. Similarly, another marker CaM2026 found common in controlling seed yield 

and 100-seed weight traits under salinity. 

 

Two QTLs for seed yield in salinity were identified in both LG2 and LG7. In LG2 two 

QTLs were linked to TR37 and TR14 which explained 15% of total variation in seed 

yield in salinity. Similarly two QTLs in LG7 were linked to seed yield, of which one 

QTL was linked to the same marker (CaM2026) associated with 100-seed weight, and 

the other QTL is close to H2J09. Salt susceptibility index (SSI) was calculated for shoot 

biomass, a single QTL was found on LG3 and this trait was flanked by TR24 and 

TA76s markers but closely linked to TR24 (1.5 cM) which showed 8% of phenotypic 

variation at LOD-score 3.1. 

 

5.4.3 Association among quantitative traits 

 
The degree of association between seed yield and other quantitative characters was 

studied in RILs screened under salinity and control treatments (Fig 5.2). Seed number 

and filled pods showed a significant positive relationship with seed yield. Whereas 

shoot biomass, empty pods and 100-seed weight did not show any relationship with 

seed yield in both salinity and control. The relationship between seed yield and seed 
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number was consistent in both the treatments and linear relationship was observed in 

salinity and logarithmic in control. Moreover, 70% (R
2
=0.70 in both treatments) of 

variation in seed yield was explained by seed number. Similarly, filled pods also 

showed a similar type of linear relationship with seed yield in both control and salt 

treatments (R
2
=0.55 and 0.51, respectively). Days to flower, days to maturity (data not 

shown), shoot biomass and 100-seed weight did not show any relationship with seed 

yield. The possibility of plant type (desi or kabuli) effect on the relationship was 

evaluated. When analysed separately for plant types based on flower colour, no 

differences were observed between desi plant types (95 pink-flowered RILs) and kabuli 

plant types (89 white-flowered RILs) in range of variation caused by salinity for each 

trait (data not shown). 
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Figure 5.2: Relationship of seed yield with shoot biomass (a & f), seed number (b & g), 

filled pods (c & h), % empty pods (d & i) and 100-seed weight (e & j) in salinity and 

control respectively. Significant relationship (p<0.05) was observed only for seed 

number and filled pods with seed yield in salinity and control. 
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5.5 Discussion 

 
Salinity tolerance has been reported to involve many physiological and agronomic traits 

(Foolad 1999; Koyama et al. 2001). Finding QTLs for a particular characteristic such as 

salt tolerance is therefore difficult as many QTLs for various traits are associated with 

salt tolerance, and the smaller their individual contribution, the more difficult they are to 

resolve. In terms of molecular mapping studies for complex traits, interval mapping as 

per QTL Cartographer is the preferred approach over single marker linear regression 

analysis (Haley and Knott 1992). However, single marker analysis is generally a good 

choice when the objective is simply detection of a QTL linked to a marker (Table 5.3) 

and in the present study, significant markers identified using single marker analysis 

showed significant association with QTLs those identified in interval mapping.  

 

In the present study more than 20 putative QTLs were observed for different phenotypic 

traits and each had relatively low phenotypic variation (≤10%). Such a large number of 

QTLs with small effects is possible while studying complex traits like salinity tolerance. 

Salinity tolerance studies in other crops like rice, wheat, barley and tomato revealed 

many QTLs that contribute 5-10% phenotypic variation in the trait (Koyama et al. 2001; 

Ma et al. 2007; Ellis et al. 2002; Foolad 1999). Similarly, in the present population 

QTLs with R
2
>6% (LOD=3.0), were considered significant. In chickpea, this is the first 

study identifying QTLs for salt tolerance; no literature was available to compare the 

position of the observed QTLs. 

 

Parental genotypes in the present study were selected based on yield performance under 

salinity (Vadez et al. 2007), and so the relationship of seed yield with other agronomic 

traits were evaluated. Seed yield was correlated with number of filled pods and seed 

number, but there was no relationship with shoot biomass, empty pod (%) or 100-seed 

weight traits either in control or salt treatments (Fig 5.2). This supports the findings of 

Vadez et al. (2007) where chickpea seed yield was not related to shoot biomass or 100-

seed weight, but had a significant relationship with seed number (R
2
=0.65). However, 

under alkali soil conditions (EC1:2=0.55 dS m
-1

, pH=8.8 in top 15 cm soil), shoot 

biomass at maturity in chickpea genotypes had a positive (R
2
=89%) relationship with 

seed yield (Rao et al. 2002). This difference could be due to different salt types and soil 

pH in each study. Vadez et al. (2007) screened a large number of genotypes (263) which 

is likely to be more robust than the results from Rao et al. (2002) who only screened 
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five genotypes. In other chickpea studies under non-stress conditions, the relationship 

between 100-seed weight and seed yield was either negative or non-existent in different 

RIL populations grown at different locations (Cobos et al. 2007). Such variable 

relationships could be possible when using parents with contrasting 100-seed weight. In 

such situations, salinity screening would give biased results as we can not separate 

genotype and salt stress effects. 

 

Seed numbers may explain the differences in yield between genotypes under salinity. 

When grown in control conditions, seed number in RILs ranged from 50–300 and seed 

yield ranged from 10–55 g, but salinity decreased this range, seed number ranged from 

25–125 and seed yield 5–20 g. Seed number and seed yield had logarithmic and linear 

relationships in control and salinity treatments, respectively. As seed yield and seed 

number were both positively associated (linear and logarithmic; p<0.05) and with high 

R
2
 values (0.70) in both salinity and control, screening of genotypes for more seeds in 

control conditions would likely have corresponding higher yields under saline 

conditions. Further, screening under control conditions would be easier than complex 

salinity screening. Similarly, number of filled pods showed a linear relationship in 

salinity and control treatments. On the other hand 90% of RILs had 0–20% of empty 

pods under control conditions, with a similar range in salt treatments (Fig 2d & i). This 

suggests that reduced seed yield under salinity was not caused by formation of empty 

pods. 

 

The ultimate aim of any breeding program is to increase yields of the crop under good 

as well as stress conditions. In the present study, yield was the primary trait considered 

to reflect tolerance under salinity. Interval mapping analysis found four significant 

QTLs (LOD 3.5 and 2.8) for seed yield under salinity: two on LG2 (LOD 3.7 and 3.4) 

and two on LG7 (LOD 2.8 and 2.8) (Table 5.4). The two QTLs identified on each LG2 

and LG7 explained 15% and 12.5% of phenotypic variation for yield (Table 5.4) and the 

marker CaM2026 associated with seed yield QTL on LG7 was the newly-added SSR 

marker(s) developed at ICRISAT (ICRISAT, unpublished data). Other LGs (LG4) were 

also reported for seed yield but only under control conditions with a significant LOD-

score (2.7) showing 13% phenotypic variation in chickpea (Cobos et al. 2007; Table 

5.5); this suggests the involvement of many genomic regions controlling seed yield with 

each having small effects. Such occurrence of low phenotypic variance for yield traits 
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(fruit yield and fruit number; 1000 grain weight) have also been reported in tomato RILs 

(Villalta et al. 2007) and rice NILs (Jiming et al. 2001) screened under salinity. 

 

Even though the seed and pod numbers showed an association with seed yield, in the 

present study no QTLs were observed for seed and pod number. The possible reasons 

could be due to a) less number of marker distributions on linkage groups, b) absence of 

close marker available to the trait or c) the trait is under the control of many genes with 

small magnitude to recognise in the analysis. 

 

100-seed weight is an important seed characteristic that contributes to seed yield in 

chickpea. Due consideration should be given to traits like 100-seed weight when 

selecting parents otherwise it will be difficult to separate the genotype effect and stress 

effects while screening derived populations under stress conditions. In order to reduce 

such confounding effects, parental lines with similar 100-seed weight were selected for 

developing RILs (100-seed weights: ICC6263 = 22 g; ICC1431 = 19.4 g). In the present 

RILs, no relationship was observed between seed yield and 100-seed weight either 

under saline or control treatments. Ninety percent of RILs had an average 100-seed 

weight of 20 g (range=15–25 g) in control and 15 g (range=10–20 g) in salinity; this 

decrease accounts for 25% in RILs (Fig 2e & j) and in the parents also this decrease was 

significant (ICC6263=16%; ICC1431=12%; p<0.05).  This shows that salinity reduced 

100-seed weight in both parents and RILs (Fig 2j), but under saline conditions there was 

no relationship between 100-seed weight and seed yield (Fig 2e). Moreover, in the RIL 

population, the reduction in 100-seed weight was similar in both white-flowered kabuli 

(28%) and pink-flowered desi (24%) plant types (data not shown). This shows no 

influence of desi or kabuli plant types on 100-seed weight under salinity. Similarly, 

while screening a large number of chickpea germplasm accessions for salt tolerance (80 

mM NaCl applied to soil), Vadez et al. (2007) also found no relationship between the 

residuals (difference between observed and predicted yield under salinity) and the ratio 

of 100-seed weight in salinity treatments. Even though 100-seed weight had no 

relationship with seed yield, the 25% reduction in 100-seed weight caused by salinity 

might have contributed the same reduction in seed yield.   

 

Several QTLs for 100-seed weight were reported under non-stress conditions in 

chickpea (Table 5.5) on different linkage groups LG1, LG3, LG4, LG6 and LG8 (Cobos 

et al. 2007; Radhika et al. 2007; Abbo et al. 2005). Comparing genomic regions in non-
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stressed and stressed conditions would be advantageous for identifying conserved 

locations (QTLs) for a given trait, further, these conserved QTLs can be easily mapped 

by phenotyping under normal conditions rather than stress conditions where screening 

can be difficult (especially salinity screening). In the present study, QTLs controlling 

100-seed weight in control and salinity treatments were identified on a similar region of 

LG1 observed previously, and the STI calculated for this trait also shared similar QTLs 

(Table 5.4). This shows high conserved genomic regions for 100-seed weight in control 

and salinity treatments. The QTL for 100-seed weight on LG1 linked to TR31 marker 

(R
2
=8.3%) could be the same as QTL identified at marker TR56 by Radhika et al. 

(2007) as both markers placed very closely (3.7 cM) on LG1 (Fig 5.1). Moreover, on 

LG7 two linked putative QTLs (R
2
=14%) for 100-seed weight were observed under 

salinity. The presence of QTL regions on two different LGs (LG1 and LG7) supports 

the finding of digenic inheritance of 100-seed weight (seed size) in chickpea 

(Upadhyaya et al. 2006). In addition, a single QTL for 100-seed weight in the control 

treatment was also observed (R
2
=8.3%) on the unlinked group; this LG is very small 

with only two markers which had not been assigned to any LGs reported in previous 

studies. Hence, addition of more markers to the present linkage map will facilitate 

identification of more QTLs for salt tolerance traits. It seems the regions in the genome 

were conserved for 100-seed weight trait as the QTLs were identified on the same 

regions under control and salinity treatments, and further screening under control 

conditions would be easier for 100-seed weight trait than the saline conditions.  

 

Reduced shoot biomass is a visible symptom that has been studied under salinity in 

chickpea (Vadez et al. 2007). Under saline soil condition (80 mM NaCl), both tolerant 

and sensitive genotypes had similar reduction in shoot biomass, hence no relationship 

was observed between shoot biomass and seed yield (Vadez et al. 2007); a similar 

response was observed in the present RIL population. However, salinity decreased mean 

biomass of RILs by 32% compared to the control (data not shown); this trait has been 

considered for QTL analysis. Four markers associated with different QTLs on LG1 

were found with 35% phenotypic variation in salt susceptibility index (SSI) for shoot 

biomass, and these are the same loci that control 100-seed weight (in control, salinity 

and STI). On the other hand, on LG7 three markers associated with three significant 

QTLs (LOD 2.8–3.6) were observed, with 22% phenotypic variation (Table 5.4). 

Furthermore, single marker analysis and interval mapping identified a highly significant 

association of biomass and the markers on LG1 and LG7 (Table 5.3, 5.4). From this 
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study, the genomic regions on LG1 and LG7 in chickpea were found to be important to 

govern seed yield and 100-seed weight along with shoot biomass under salinity. 

 

Finally, quantitative traits are highly influenced by environmental factors and it is a 

difficult task to quantify the actual genotypic effect from environmental effects. 

Environmental factors like relative humidity alter genotype responses under saline 

conditions in chickpea (Lauter and Munns 1987). Hence, phenotypic screening for salt 

tolerance should be conducted in multiple seasons to identify highly significant and 

stable QTLs. In the present study, RILs were screened in vertisol for phenotypic traits in 

a single season in pots under open air conditions. The QTLs identified for different 

traits in this study need to be validated under multi-environmental conditions.  
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Chickpea is regarded as a salt-sensitive species, and the impact of salinity on various 

processes and life-cycle stages of chickpea were reviewed recently (Flowers et al. 

2010). Other reviews have summerised adverse effects of salinity on plants caused by 

the resulting water stress and excessive accumulation of toxic ions in plant tissues 

(Munns 2002; Munns and Tester 2008). In addition, for legumes symbiotic N2-fixation 

is also adversely affected by salinity via reductions in nodule size, nodule numbers and 

reduced capacity for N2-fixation within the nodules that do form (Flowers et al. 2010). 

Based on this background, I have developed a conceptual model to illustrate how 

chickpea responds to salinity with proposed causes of reduced growth and yield (Fig 

6.1).   

 

Fig 6.1: Conceptual model representing sequential effects of salinity on chickpea 

growth and yield. Components in the bold squares are discussed in different chapters of 

this thesis. Underlined components had QTLs mapped under salinity. 
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reductions (Munns 2002; Munns and Tester 2008). As the potentially toxic Na and Cl 

ions build up in transpiring tissues, the specific ion toxicity effect becomes worse over 
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time and injury may be visible as death of leaf margins and/or necrosis of older leaves 

caused by high tissue concentrations of Na
+
 and Cl

-
 (Colmer et al. 1995; Munns and 

Tester 2008). Thus, genotypic differences in salt tolerance are related to an ability to 

deal with the altered water relations, as well as the capacity to restrict the rate of entry 

of toxic ions (i.e. ion exclusion) and/or to tolerate the ions that do enter (i.e. tissue 

tolerance) (Munns and Tester 2008). These processes have been studied for many crops 

at the vegetative stage, but less information is available for the reproductive phase.  

 

The present thesis on salinity tolerance in chickpea contributes knowledge on the effect 

of salinity on yield-contributing traits (right half of model), from studies on salt 

responses of reproductive structures (Chapter 3), gene action of yield traits under 

salinity (Chapter 4), and identification of genomic regions (QTLs) for different traits 

related to seed yield (Chapter 5). Excessive ion accumulation led to ion toxicity in 

vegetative and reproductive structures which further causing reduction in photosynthetic 

leaf area and, decreased shoot and root biomass (Chapter 3). Because salinity affects 

many developmental processes in plant growth, development of tolerant varieties would 

need more complex approaches to understand the trait inheritance (Chapter 4) and its 

location in the genome (Chapter 5). 

 

The hypothesis that the reproductive phase might be particularly salt-sensitive in 

chickpea (Vadez et al. 2007) was further evaluated in Chapter 3. The in vitro pollen 

germination study using chickpea genotype JG11 (Chapter 3) showed salinity had no 

effect on germination of pollen taken from plants grown in different saline treatments 

(20, 40 and 60 mM NaCl). Pollen germination was, however, sensitive to NaCl in the in 

vitro germination medium; at 40 mM NaCl only 30% of pollen germinated with even 

less germination at higher NaCl concentrations (Chapter 3). In a drought experiment, 

both in vitro and in vivo pollen germinations were severely reduced (80–90%) in 

chickpea cultivar Rupali (Fang et al. 2010). Reduced stigma receptivity is a possible 

cause for reduced pod and seed numbers under drought (Fang et al. 2010), so studying 

stigma receptivity under saline conditions should be a priority in the future experiments. 

The ion analysis of flowers indicated that Na
+
 accumulated in flowers in similar 

amounts to shoots (151 mM) and Cl
-
 accumulation (274 mM) was half that of shoots 

(60 mM NaCl applied at flowering). These tissue concentrations in flowers are 

considered very high (cf. Munns and Tester 2008), and if these occurred in the stigma 

then even though pollen itself is viable, ions in the stigma could impede pollen 
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germination and tube growth. Under drought conditions, water stress is considered a 

possible cause for reduced pollen germination and reduced tube growth when pollen 

from well-watered or from water stressed plants was placed on stigmas of water stressed 

plants (Fang et al. 2010). A similar approach of reciprocal crosses between saline and 

non-saline plants conducted at UWA, however, found no salt effect on pollen 

germination or tube growth in saline plants (Pushpavalli, N Turner & T Colmer, 

unpublished data). So, it appears that under saline conditions that water is not a limiting 

factor for pollen germination or pollen tube growth, and that ion concentrations in the 

stigma must also be low (cf. inhibition in vitro at 40 mM NaCl). It is possible that 

reduced pod or seed numbers resulted from failure to fertilise and altered ovule 

development in flowers (Fig 6.1). Further research into these areas of reproductive 

biology in chickpea under salinity would reveal the sensitive stage in the flower to pod 

or seed conversion. 

 

6.1 Growth recovery upon desalinisation 

In addition to responses during salinity stress (summarized above in Fig. 6.1 and 

discussed in detail in preceding chapters) the physiology experiment (Chapter 3) also 

assessed recovery upon removal of salinity. Vegetative and reproductive growths and 

tissue ion concentrations almost returned to control levels within 3-9 weeks after NaCl 

was removed from the growth solution. Plants exposed to the highest NaCl 

concentration (60 mM) had 60% less shoot biomass at the end of the vegetative phase, 

and died in this treatment when it was continued, but after NaCl was removed these 

plants recovered to produce almost the same biomass and flower numbers as the non-

saline control by final harvest taken 9 weeks later. The recovery from the salt treatment 

should benefit Mediterranean cropping systems where rainfed chickpea is grown during 

winter. Crops receiving rainfall during flowering will have soil salts diluted; so tolerant 

varieties such as JG11 that can respond to lowered salinity should yield well. This could 

be a possible adaptive mechanism for chickpea under fluctuating soil salinity. 

 

Tissue ion concentrations decreased back to normal levels following removal of the 

salinity from the root-zone (Chapter 3): newly produced shoots would have ‗diluted‘ the 

overall tissue Na
+
 and Cl

-
 concentrations, and some ions may have reached the phloem 

stream and after transport back to the roots could have then effluxed to the nutrient 

solution (Jacoby 1979). Unfortunately the experiment in Chapter 3 did not assess 

changes in nutrient solution ion concentrations after changing treatments, so direct 
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assessments of ion efflux are not available. However, with the available data, the rate of 

net uptake of ions was calculated and discussed further (Table 6.1).  

 

Rates of net transport (uptake or loss) from the roots to shoots are presented for K
+
, Na

+
 

and Cl
-
, for plants in all treatments (Table 6.1), but most important are the rates for 

plants transferred from NaCl treatments to non-saline control solution. The control 

solution contained 0.2 mM Na
+
, and net Na

+
 uptake was similarly low (10 and 12 µmol 

g
-1

 root DM d
-1

) for plants previously in 20 and 40 mM NaCl when transferred to 

control solution, whereas for plants previously at 60 mM NaCl, there was a net Na
+
 loss 

of 18 µmol g
-1

 root DM d
-1

 from the shoots. Further, net Cl
-
 loss from the shoots of 

plants previously at 40 mM and 60 mM NaCl occurred at 30 and 140 µmol g
-1

 root DM 

d
-1

 following transfer to control solution for the next 22 days (Table 1). These net losses 

of Na
+
 and Cl

-
 may involve re-circulation of these ions to roots and subsequent 

excretion, and/or arise from drop of older, salt-laden leaves, or both; these mechanisms 

can not be distinguished in these data sets (leaf drop was observed for plants in higher 

NaCl treatments, but not quantified). All plants had net uptake of K
+
 when transferred 

back to control solution, although rates were lower the higher the previous NaCl 

exposure, presumably as higher salt treatments had slower recovery when transferred 

back to non-saline solution (Chapter 3, Fig 3a). 

Table 6.1: Net transport rate of ions (K
+
, Na

+
 and Cl

-
) from root to shoot was calculated 

from changes in shoot ion content and root dry mass (µmol g
-1

 root DM d
-1

) between 

harvest 2 (H2) and harvest 3 (H3), and H3 and H4 (Williams 1948). Salt was applied or 

removed at H3. Control = no salt; 20 mM = continuous NaCl; 0→20 mM = plants 

changed from control to 20 mM NaCl at flower initiation; 20 mM →0 = plants changed 

from 20 mM NaCl to control at flower initiation (same convention applied for the 40 

amd 60 mM NaCl treatments). 10 and 22 days intervals between H2 –and H3 and H3 

and H4, respectively. 

Treatment Ion net uptake (or loss) from roots (µmol g
-1

 root DM d
-1

) 

 K
+
   Na

+
   Cl

-
 

  H2-3H H3-H4  H2-3H H3-H4  H2-3H H3-H4 

control 315 186  8 13  17 21 

20 mM 273 147  55 16  174 148 

0→20 mM 315 195  8 32  17 123 

20 mM→0 273 179  55 10  174 29 

          

40 mM 180 88  63 49  198 140 

0→40 mM 315 145  8 103  17 289 

40 mM→0 180 120  63 12  198 -24 

          

60 mM 202 115  156 108  342 244 

0→60 mM 315 105  8 193  17 353 

60 mM→0 202 75  156 -15  342 -115 
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6.2 Gene action and association among different traits under salinity 

Generation mean analysis (GMA) is a powerful tool for studying the type of gene action 

involved in traits with quantitative nature (Hayman 1958). The estimates obtained from 

GMA are more reliable than other quantitative analysis like diallele and line x tester 

because it uses mean values (1
st
 degree statistics) rather than variances (2

nd
 degree 

statistics). GMA analysis (Chapter 4) did not find any yield-contributing traits involved 

in any type of gene action which was mainly controlled by additive type of gene effects. 

Further, the influence of the sensitive parent was more than the tolerant parent on 

effects of different traits under salinity. A single diallele study conducted at 40 mM 

NaCl with five genotypes found that, yield traits were mainly controlled by dominant 

effects with unequal distribution of genes in the parental lines for salt tolerance (Ashraf 

and Waheed 1998). Which shows the difficulty in selection process when the (yield) 

traits are governed by not heritable dominant effects. In the present study, the possibility 

of improvement through selection is higher due to presence of additive gene effects 

without any epistasis. In later generations, due to increasing homozygosity, the chances 

of increasing additive gene effects were higher; hence delayed selections would be 

advantageous for yield traits under saline conditions. Salinity significantly reduced 

flowering time with no change in maturity, such that the total reproductive period 

decreased by 4–14 days in different populations which may have contributed 

significantly towards yield reduction. Similarly, in the F2 segregating population, the 

number of empty pods had no effect on yield reduction under saline conditions; this was 

confirmed in F8 RIL population that no significant difference in empty pod formation 

between control and saline treatments (Chapter 5), hence salinity had no effect on the 

formation of empty pods so is not cause of seed reduction in this population. On the 

other hand, biomass did not show any relationship with seed yield in RILs, contrary a 

significant R
2
 was observed in F2 population. This discrapency was possibly caused due 

to presence of transgressive segregants in F2 population. 

 

The tolerant parent (ICC1431) had 21% more Na
+
 and 36% more Cl

-
 in stems than the 

sensitive parent (ICC6263). Moreover Cl
-
 concentration was 5.5 times that of Na

+
 in 

stems of the tolerant parent ICC1431 (Chapter 4) and similarly in another tolerant 

parent JG11, Cl
- 

was 2.8 times more than Na
+
 in the whole shoot (Chapter 3). 

Maintaining higher stem Na
+
 and Cl

-
 concentrations in ICC1431 (and higher Cl

-
 in 

JG11) appears to indicate ‗tissue tolerance‘ as the probable mechanism involved. In 

contrast, a significant relationship (r
2
=0.58) between stem Cl

-
 and Na

+
 concentrations 
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was observed in F2 segregates; and stem Cl
-
 had a significant negative relationship with 

seed yield and shoot biomass (r
2
=0.33). It seems that tolerant (ICC1431) and sensitive 

(ICC6263) parents have less genotypic differences for Na
+
 accumulation than Cl

- 
in 

relation to seed yield. The relationship (r
2
=0.33) of generally less Cl

-
 with seed yield in 

more tolerant RILs opposing that of the two parents, is of interest. This highlights that 

ion exclusion alone is not the only trait for salt tolerance, and presumably differences in 

tissue tolerance of ions in various combinations also influence the responses of parents 

and RILs. Moreover, these parental lines were selected from a large germplasm 

screening by Vadez et al. (2007), in which shoot Na
+
 (%) did not have any relationship 

with seed yield (Cl
-
 data was not reported in that study). Hence, in this population 

studying the Cl
-
 effect in relation to seed yield should give better insights into 

understanding tissue ion and yield relationships than Na
+
. No previous information is 

available in the literature regarding inheritance of tissue ion concentrations in chickpea.  

 

6.3 Mapping QTL for salinity in chickpea 

Salinity stress tolerance is a complex (Fig 6.1) and quantitatively-inherited trait 

(Chapter 4), expected to be controlled by several genomic regions. QTL analysis in 

genetically homozygous populations e.g. recombinant inbred lines (RILs), facilitates 

dissection of genetic components of salinity tolerance. The number of RILs used for 

genotyping and phenotyping in the present study (Chapter 5) was more than in previous 

studies (Nayak et al. 2010; Cobos et al. 2007), enhancing the chance of identifying 

stable QTLs in analysis (Kearsey and Farquhar 1998).  Successful marker identification 

facilitates integration of marker assisted selection (MAS) procedures in breeding 

programs enabling pyramiding of favourable alleles and target loci from different 

genetic backgrounds.  

 

The development of a dense linkage map for chickpea with a large number of molecular 

markers is required. The map produced in this study (Chapter 5) had 75 SSR markers 

spanning 241 cM of the chickpea genome at an average density of 3.4 cM. 

Comparatively, a previous attempt to develop a dense linkage for chickpea had 512 SSR 

and SNP loci spreading on eight linkage groups that span 2, 602 cM distance, with an 

average intermarker distance of 5 cM (Nayak et al. 2010). However the addition of 

newly identified SSR markers (CaM series markers, ICRISAT, unpublished results) and 

SNP markers will reduce the intermarker distance (< 1 cM) of a dense map. The use of 

common SSR markers will enable the alignment and integration of different maps (for 
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example, Winter et al. 2000; Tar‘an et al. 2007; Nayak et al. 2010) and development of 

a consensus map of chickpea (Radhika et al. 2007). 

 

In the present study more than 20 marker loci were identified for various traits studied 

under salinity. As discussed in section 5.5, each individual trait having small effect can 

be significant when combine effects of different traits. Unlike disease resistance (for 

example: fusarium wilt in chickpea) where the traits are controlled by a few major genes 

(oligogenic, Kumar 1998), salinity affects many biological processes starting from seed 

germination to flower and seed formation as depicted in Fig 6.1, each with a small 

contribution towards tolerance (polygenic). The probability of QTLs explaining large 

phenotypic variation of tolerance is enhanced by identification of key physiological or 

agronomic traits that significantly influence salt tolerance. Even though significant 

QTLs were identified in the present study, these had low phenotypic variation (Table 

5.3). However, the identified QTLs are reliable as the data was collected from a large 

number of homozygous lines replicated four times under salt treatment and three times 

in control. Further, ICC6263 × ICC1431 is the first mapping population developed for 

salt tolerance in chickpea and the first attempted to identify QTLs for different traits 

under salinity.  

 

In conclusion, this study constitutes the first evidence of genetic determination of salt 

tolerance in chickpea, and has led to the description of important SSR markers for 

breeding programs. Identifying QTLs contributing to salt tolerance will help to develop 

chickpea lines suitable for saline soils. LG1, LG2 and LG7 are important linkage groups 

for salt tolerant traits in the present intraspecific population. As the QTLs were 

identified in a single environment, validation of these putative QTLs is needed for 

practical utility. Increasing marker distribution in the present linkage map, and 

identification of key physiological traits (Na
+
, K

+
 and Cl

-
 concentrations in plant 

tissues) involved in salinity tolerance are important for future salinity stress breeding. 

This requires integration of knowledge from plant physiology and genomics into plant 

breeding. 

 

6.4 Limitations of the thesis and future research  

Future research work arising from this thesis should be directed towards the following 

areas:  
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a) Recombinant inbred lines used in this study were only tested in single environment in 

ICRISAT, India. These RILs should be tested in multi-location environments to validate 

if the QTLs detected in this study are important in other environments.  

 

b) Increasing the coverage of genome and marker density of the linkage map developed 

for chickpea in this study would improve its usefulness by increasing the likelihood that 

markers will be tightly linked to genes of interest. This will also facilitate the alignment 

of different chickpea genome maps and ultimately help in the development of a 

chickpea consensus map. 

 

c) A second population of recombinant inbred lines (F8) developed from ICCV2 × JG11 

is ready and being phenotyped for various agronomic and physiological traits under two 

saline conditions (Vertisol and Alfisols) in ICRISAT, India during spring 2010/11. This 

population could be used for genotyping and QTL detection for salinity tolerance which 

will strengthen the QTLs detected in this study and identify new regions in the genome. 

Further, the parents ICCV2 (sensitive) and JG11 (tolerant) in the second population are 

early flowering (days to flowering 35–37), whereas in the present study parents were 

late flowering (days to flowering (60–64), and it would be interesting to see the salinity 

effect on different maturity groups and location of the QTLs. 

 

d) As indicated in various studies in chickpea (Chapter 2), germination and vegetative 

growth stages (Chapter 3) were also sensitive along with reproductive phase; hence 

identifying QTLs at early growth stages would be useful. Moreover, establishing the 

relationship between traits and QTLs observed at different growth stages would give 

opportunity to understand salinity tolerance throughout the ontogeny of chickpea. 

 

e) An interesting outcome of the physiology experiment (Chapter 3) is rejuvenation of 

plant growth after desalinisation. However since this experiment was conducted on a 

single genotype (salt tolerant-JG11), it is worth evaluating the capacity of other 

genotypes to recover from salt damage in further screenings.  

 

f) Identifying the optimal salt level for genotype screening should be considered in 

further experiments. For example, if you screen two genotypes with a maximum trait 

difference at ‗x‘ concentration of salt, at a lower ‗y‘ concentration, then you will not  

record the full response of genotypic differences to the salt and when you use more than 
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‗x‘, you will lose the data points if the plants die (especially when you consider seed 

yield). Hence screening of genotypes and populations should be conducted at optimal 

salt concentration. 

 

g) From the literature and Chapter 3, all stages of plant growth in chickpea were 

sensitive to salinity. Pyramiding tolerance genes from different genetic backgrounds 

will help in developing salt tolerant cultivars at all growth stages. This can be achieved 

by developing Multi-parental Advanced Generation Inter-Crossing (MAGIC) 

populations where you select few contrasting genotypes and make single, two-way, 

four-way and eight-way crosses and develop RILs from the final cross. Even though 

developing such populations involves cost, labour and infrastructure management, such 

populations segregate for more number of traits and the same population can be used for 

phenotyping different traits with the same genotyping data. 

 

h) As indicated in the conceptual model, after pollen germination and pollen tube 

growth the next possible stages for flower abortion or reduced seed yield are 

fertilisation and ovule development. Hence further studies on flower to pod conversion 

would give an opportunity to identify sensitive process in the reproductive phase. 

  

Conclusions  

According to Food and Agriculture Organisation (FAO) feeding a global population of 

9.15 billion people in 2050 requires an increase in total food production of some 70 per 

cent (nearly 100% in the developing countries). Most of the arable land in the world has 

been cultivated and there is less/no possibility to expand the cultivated land to increase 

food production. Moreover, the existing cultivated lands are becoming less-productive 

due to increasing problem of soil salinity especially in arid and semi-arid regions of the 

world where chickpea is grown. More research efforts are needed to maintain the 

chickpea seed yields under dryland farming in saline areas. Being a salt sensitive 

species, increasing the chickpea productivity under stress environment is a challenging 

task. To develop salt tolerant lines, a comprehensive approach involving physiology, 

genetics and molecular marker technologies would greatly help understanding of 

mechanisms associated with salt tolerance. In the present thesis, results from physiology 

studies significantly contributed the knowledge on tissue ion toxicity especially at 

reproductive phase and also the practical utility of recovery from salt damage. 

Identification of gene action involved in traits will help the breeders to develop the 
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efficient selection strategies under saline environments. Further, information on 

genomic regions identified in the present study will greatly help as a reference map for 

future QTL mapping studies under salt stress in chickpea. 
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