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Abstract 
 

Development of cadmium (Cd) tolerant cultivars in legumes is important for crop production in contaminated soils. This research 

was carried out to quantify Cd-tolerance of 27 accessions from a core-collection of the model legume, Medicago truncatula. Root 

growth, relative root growth (Cd-treated /untreated seedlings) and tolerance index (difference of root growth between Cd-treated and 

untreated seedlings) were considered as the indices of tolerance to this toxic metal. Cadmium significantly and considerably 

decreased root growth, root fresh weight, root and shoot dry weight, but increased shoot water content and root diameter. Root 

growth was most affected by Cd and decreased to 59, 57 and 60% of control treatment after 2, 4 and 6 days, respectively. The 

accessions significantly differed for seedling root growth in Cd-stress condition, tolerance index and relative root growth. These 

indices varied from 4.33 to 12.51 mm, 3.58 to 18.92 mm and 0.25 to 0.64 with broad-sense heritabilities of 61, 73 and 57%, 

respectively. Based upon the results of root growth in Cd-stress condition, accessions L144  (originated from Jordan) and L648 

(originated from France) were recognized as the most tolerant and susceptible genotypes, respectively. In conclusion, the results 

indicated the existence of genetic variation for Cd- tolerance at seedling stage and root growth can be rapidly and simply used as a 

good index of tolerance in breeding programs.  

 

Keywords: Genetic variation; Germplasm; Heavy metal; Medicago truncatula L.; Seedling growth. 

Abbreviations: Cd cadmium; DM dry mass; FM fresh mass; GCV genetic coefficient of variation; LSD least significant difference; 

PCV phenotypic coefficient of variation; WC water content. 

 

 
Introduction 
 

Legumes are among the most economically important crop 

families, due to their high protein content. The annual legume 

Medicago truncatula L., commonly known as barrel medic is 

considered both as a model plant and a forage crop. Its 

diploid structure and comparatively small genome size (2n = 

16 with about 550 Mbp), self-fertility nature to produce fixed 

genotypes, short life cycle, prolific seed production and its 

close relation to many economically important legumes 

(Barker et al., 1990; Colditz and Braun, 2010) has made this 

model plant suitable to study biology, development during 

microbial interactions and other aspects of legumes molecular 

genetics and genomics (Cook, 1999; Ronfort et al., 2006). 

Furthermore, the close genetic relationship and high genome 

similarity of M. truncatula with M. sativa (Choi et al., 2004) 

make it possible to use this species as a source of genes in 

alfalfa breeding (Sledge et al., 2005). M. truncatula is also 

grown as an important forage species, for example in 

Australia (Crawford et al., 1989) and its forage quality 

(Derkaoui et al., 1993) and dry matter yield (Zhu et al., 1998) 

is comparable to cultivated alfalfa. Cadmium (Cd) is an 

extremely dangerous heavy metal pollutant of the 

environment due to high solubility in water (Lockwood, 

1976), its prompt uptake by plants, bioaccumulation through  

 

 

the food chain causing serious problems to human health and 

its long half-life which make it enormously persistent in the 

environment (Salt et al., 1995; DalCorso et al., 2010;). 

Although Cd is naturally a trace element in the soil, its 

concentration is increasing due to various agricultural, 

mining and industrial activities and also from the exhaust 

gases of automobiles (Foy et al., 1978) that caused Cd 

contamination becoming a serious environmental problem in 

the world (Davis, 1984; Nouairi et al., 2006). Cadmium has 

no known nutrient function and small quantities of this metal 

can negatively affect plant growth (Hall, 2000) and crop 

production and quality (Prasad, 1995; Wu et al., 2007). 

Cadmium strongly inhibits enzyme activities (Lockwood, 

1976) and cell division (Rosas et al., 1984), causes chlorosis 

due to suppression of iron uptake (Das et al., 1997) and 

denatures proteins and creates oxidative stress (Prasad 1995; 

Benavides et al., 2005). Generally, germination and the early 

seedling growth stages are more sensitive to Cd toxicity, due 

to lack of some defence mechanisms at this stage (Prasad 

1995; Das et al., 1997; Wahid et al., 2007). The problem of 

cadmium toxicity might be ameliorated through better 

management practices to reduce Cd input in the soil and 

through introduction of tolerant cultivars in contaminated 

areas. It has been described that growing tolerant cultivars in 
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polluted soil can be a way to reduce the harmful effects of 

excessive exposure to heavy metal ions in plants (Tyler et al., 

1989). Finding of genetic variation for tolerance to different 

heavy metal toxicity has been emphasized in various crop 

species such as Cd in Thlaspi caerulescens (Roosens et al., 

2003) and Triticum aestivum L. (Ci et al., 2010), Pb in 
Triticum aestivum L. (Awaad et al., 2010), Cr in Oryza sativa 

L. (Gyawali and Lekhak, 2006) and Al in Medicago 

truncatula (Sledge et al., 2005). It was demonstrated that Cd-

tolerance is widely varied among plant species and the 

genotypes within the same species (Li et al., 1997; Verma et 

al., 2007; Wu et al., 2007). For example, legume crops are 

less tolerant to Cd toxicity than cereals and grasses and 

encounter strong inhibition of biomass production due to this 

toxicity (Inouhe et al., 1994). In addition, different degrees of 

tolerance have been found among different genotypes of the 

same species (Li et al., 1997; Roosens et al., 2003; Ci et 

al.,2010). Germplasm sources of M. truncatula with a high 

degree of tolerance to Cd can increase the chance of 

improving Cd-tolerance in alfalfa or possibly other legumes. 

Molecular tools make the possibility of using the identified 

genes in M. truncatula to improve tolerance of cultivated 

alfalfa either by genetic transformation or by high throughput 

DNA homology searches for the same or similar genes in 

alfalfa germplasm (Sledge et al., 2005). The objectives of this 

study were to study the effect of Cd on seedling growth, 

quantify the extent of genetic variation for Cd- tolerance 

toxicity within a new core-collection of the model legume, M. 

truncatula at seedling stage and to identify Cd-tolerant 

genotypes for the future use in genetic studies and breeding 

programs. 

 

Results and Discussion 
 

Cadmium effects on seedling growth traits 
 

In order to study the response of different accessions of M. 

truncatula to Cd toxicity, various seedling growth parameters 

were assessed. Our results showed that Cd-stress had 

significant effect on all growth parameters, except shoot fresh 

weight, root water content, dry shoot/root ratio and fresh 

biomass (Table 2). Compared with non-stress conditions, Cd-

stress considerably reduced seedling root growth, root fresh 

weight, root and shoot dry weight and dry biomass, but 

increased shoot water content, fresh shoot/root ratio and root 

diameter (Table 3). Significant inhibition of root and shoot 

growth due to Cd treatment implied that the seedlings were 

subjected to severe stress. These results also revealed that 

Medicago truncatula is a Cd-sensitive plant and were in 

agreement with other reports indicating a strong inhibitory 

effect of Cd on root length and the fresh and dry biomass of 

M. truncatula (Aloui et al., 2009; Xu et al., 2010), Medicago 

sativa (Peralta et al., 2001; Ortega-Villasante et al., 2005; 

Dražić et al., 2006) and other plant species (Poschenrieder et 

al., 1989;  Roosens et al., 2003; Metwally et al., 2005; 

Wójcik et al., 2005; Nada et al., 2007; Groppa et al., 2008; 

Finger-Teixeira et al., 2010). In the present study, root 

diameter significantly increased due to Cd treatment which 

seems not to be associated with swelling of the root cells due 

to more water absorption, since Cd treatment showed no 

significant effect on root water content (Tables 2 and 3). In 

this study, seedling growth was strongly negatively affected 

by Cd treatment (Table 3). Plants are highly susceptible to Cd 

toxicity in early seedling growth that can be due to rapid 

uptake and accumulation of Cd in the root (Chen et al., 

2003), high metabolic activity and root lignification 

(Donaldson, 2001; Finger-Teixeira et al., 2010), loss of cell 

viability (Finger-Teixeira et al., 2010), disturbance of cell 

division (Liu et al., 2003) and its effect on metabolism of 

growth regulators (Prasad, 1995). It was mentioned that 

exposure of seedlings to Cd caused important physiological 

changes such as cell death in Medicago sativa (Dražić et al., 

2006), oxidative damage and disruption of auxin equilibrium 

in Medicago truncatula (Xu et al., 2010). In spite of 

decreasing shoot dry weight and dry biomass due to Cd-

stress, there was no significant effect of Cd on shoot fresh 

weight and fresh biomass that could be due to increased shoot 

water content by Cd-stress (Table 3). Higher shoot water 

content due to Cd toxicity also increased fresh shoot/root 

ratio, but had no significant effect on dry shoot/root ratio 

(Table 3). Cadmium stress can affect on plant tissue water 

content (Prasad, 1995), however, our results were not in 

agreement with those reported in Phaseolus vulgaris L. 

where Cd-treated plants had lower water content than 

non-treated (Poschenrieder et al., 1989). Root growth linearly 

increased with time up to the end of the experiment (6 days 

after treatment) and all of its variation (99.9%) was 

significantly described by linear regression (Table 4). 

However, Cd treatment markedly decreased root growth to 

59, 57 and 60% of control seedlings after 2, 4 and 6 days of 

growing, respectively (Table 3). These results are in 

agreement with other reports indicating that after 48h of 

exposure to 50µM Cd (CdSO4), root growth in Medicago 

truncatula seedlings decreased to 57% of untreated control 

plants (Xu et al., 2010). These results indicated that root 

growth in Medicago truncatula is sensitive and considerably 

affected by Cd. Root growth is characterized by high 

metabolic activity and more affected than shoot growth by 

Cd-stress (Belimov et al., 2003; Tiryakioglua et al., 2006). 

More sensitivity of roots might be related to the fact that they 

are the first organs to be in contact with Cd and are the 

primary site of its accumulation (Kevrešan et al., 2003; Nada 

et al., 2007), which can cause excessive production of 

monolignols forming lignin to solidify the cell wall and 

restricts seedling root growth (Finger-Teixeira et al., 2010). 

 

Genetic variability for Cd-tolerance  
 

The results of analysis of variance showed the significant 

effect of the accessions on all of the studied traits (Table 2). 

These results along with the coefficients of variation (Table 

5) indicated the existence of genetic variability for those 

seedling growth parameters among the accessions. However, 

significant interaction between the accessions and Cd 

treatments for root growth (Table 2) implied that the 

accessions had different response of root growth to Cd-stress 

and generally the accessions with higher root growth were 

more affected (Fig. 1). This was also in agreement with the 

high positive correlation (r = 0.95**) which was found 

between tolerance index and root growth in control condition. 

The sensitivity of root growth to Cd-stress suggests that this 

trait can be used as a good indicator of Cd toxicity in 

Medicago truncatula. Inhibition of root elongation is among 

the most sensitive responses to Cd exposure and occurs more 

rapidly than most of other physiological reaction 

(Schutzendubel et al., 2001). Therefore, supplying the Cd 

ions with simple Cd salt solutions and quantification of its 

inhibitory effects on root elongation is the most commonly 

used method for monitoring Cd toxicity (Prasad, 1995). Root 

growth and/or indices constructed by root growth have been 

used as the indicators of toxicity to Cd or other heavy metals 

in different plant species (Metwally et al., 2005; Ortega-

Villasante et al., 2005; Sledge et al., 2005; Dražić et al., 

2006; Groppa et al., 2008). The accessions highly differed for  
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           Table 1. Country of origin for the accessions used in this study.     

Accession Origin Accession Origin 

L 144 Jordan L 542 Algeria 

L 154 Italy L 543 Algeria 

L 163 Syria L 544 Spain 

L 174 Cyprus L 545 Spain 

L 198 Libya L 549 France 

L 213 Morocco L 552 France 

L 239 Morocco L 554 France 

 L  245 Jordan L 557 Greece 

L 263 Israel L 648 France 

L 290 Turkey L 679 France 

L 321 Italy L 734 Algeria 

L 368 Algeria L 736 Algeria 

L 369 Pottugal L 738 Australia 

L 530 France   

 

 
Fig 1. Different responses of the accessions for root growth to Cd-stress condition. I: more susceptible accessions 23 

(L648), 14 (L530), 26 (L736); II: more tolerant accessions 1 (L144), 13 (L369), 15 (L542). 

 

 

root growth in stress condition, tolerance index and relative 

root growth which varied from 4.33 to 12.51mm, 3.58 to 

18.92mm and 0.25 to 0.64, respectively (Table 6). These 

results indicate the occurrence of variability for Cd-tolerance 

in this collection in which most of the observed variation for 

these tolerance indices was due to genetic factors, since they 

showed relatively high genetic coefficients of variation and 

broad-sense heritabilities (Table 6). Although genetic 

differences for Cd-tolerance have been reported in other plant 

species such as Thlaspi caerulescens (Roosens et al., 2003; 

Wójcik et al., 2005), Pisum sativum L. (Belimov et al., 2003; 

Metwally et al., 2005) and Hordeum vulgare (Tiryakioglua et 

al., 2006), this has not been reported in M. truncatula. 

Knowledge about the genetic variability for Cd-tolerance in 

germplasm of a plant species is important not only for 

studying of mechanisms in plant-metal interactions, but also 

in genetic studies and providing genetic material for 

developing tolerant cultivars. Both relative root growth and 

tolerance index indicated that the accessions L736 and L648 

were more tolerant than the others and L545 and L369 were 

more susceptible (Table 7). These results and significant 

correlation coefficient between the results of relative root 

growth and tolerance index (r = - 0.75**) indicated that these 

two indices were comparable in terms of discriminating 

susceptible and tolerant genotypes; however, there was no 

agreement between the results of these two indices with 

absolute root growth in stress condition (Table 7). Accession 

L144 which had the highest root growth in Cd-stress 

condition was categorized as susceptible genotype based 

upon the relative root growth and tolerance index; however, 

accession L648 with the lowest root growth in Cd treatment, 

was recognized as a tolerant genotype based on these two 

indices (Table 7). Conversely, the recognized tolerant 

accessions based upon relative root growth and tolerance 

index, had very low root growth in both stress and non-stress 

conditions (Table 7). These results were also in agreement 

with the correlation coefficients found between root growth 

in stress condition with the relative root growth (r = 0.07) and 

tolerance index (r = 0.49*). Relative root growth has been 

previously used as an indicator of Al tolerance for evaluation 

of M. truncatula germplasm (Sledge et al., 2005) and 

quantifying toxicity to Cd (Xu et al., 2010), and absolute root  
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Table 2. Results of analysis of variance for different traits. 

F- Values  

 

Source of 

variation 

 

 

DF 

Root 

growth 

after 

 2d 

Root 

growth  

after 4d 

Final root 

growth 

 

Root 

fresh 

weight 

Shoot 

fresh 

weight 

Root dry 

weight 

Shoot dry 

weight 

Root 

water 

content 

Shoot 

water 

content 

Shoot/ 

Root ratio 

(fresh) 

Shoot/ 

Root ratio 

(dry) 

Fresh 

biomass 

Dry 

biomass 

Root 

diameter 

Replication 2 10** 5.7** 1.6ns 4.6* 26.0** 6.7** 20.2** 9.7** 5.1** 41.1** 0.9ns 11.7** 19.0** 38.3** 

Treatment (Tr) 1 287** 316** 438** 4.3* 0.1ns 5.5* 8.6** 0.1ns 19.8** 14.6** 0.6ns 0.3ns 8.3** 7.2** 

Line (L) 26 3.2** 4.2** 6.1** 5.0** 14.0** 4.8** 12.2** 2.1** 1.8* 7.7** 3.8** 11.2** 11.5** 3.5** 

Tr*L 26 1.4ns 1.8* 2.4** 0.6ns 0.9ns 1.5ns 0.9ns 1.5ns 1.2ns 1.1ns 1.3ns 0.8ns 0.9ns 0.6ns 

Covariate a 1 0.1ns 0.1ns 0.2ns 11.9** 12.0** 0.1ns 13.5** 0.3ns 0.4ns 2.4ns 0.3ns 10.8** 9.1** 5.6* 

Covariate b  1 3.5ns 3.7ns 1.7ns 39 ** 1.8ns 16.4** 0.1ns 1.8ns 0.8ns 42.3** 24.3** 10.2** 1.2ns 0.8ns 

Error 104 7.7† 9.6 11.5 2.6 13.9 0.01 0.1 1.1 0.7 0.2 1.9 22.4 0.2 0.01 
*, ** Significant at 0.05 and 0.01 level of probability, respectively; ns, not significant. a Seed weight. b Initial root length.  

† The numerical values for source of variation of error are mean squares. 

 

 

 

 

Table 3. Means (± SE) of different traits under both control and Cd-stress conditions. 

Traits 

Condition 

Root 

growth after 

2d 

(mm) 

Root 

growth  

after 4d 

(mm) 

 Final 

root 

growth 

(mm)  

Root 

fresh 

weight 

(mg)† 

Shoot 

fresh 

weight 

(mg) † 

Root dry 

weight 

(mg) † 

Shoot 

dry 

weight 

(mg) † 

Root 

water 

content 

(%) 

 

Shoot 

water 

content 

(%) 

Shoot/Root 

ratio 

(fresh) 

Shoot/Root 

ratio 

(dry) 

Fresh 

biomass 

(mg) † 

Dry 

biomass 

(mg) † 

Root 

diameter 

(mm) 

Control 

 

12.48a 

±0.46 

15.12a 

±0.55 

18.47a 

±0.70 

10.08a 

±0.26 

29.51 

±0.74 

0.41a 

±0.02 

2.32a 

±0.07 

95.89 

±0.14 

92.18b 

±0.09 

3.02b 

±0.08 

6.09 

±0.20 

39.60 

±0.87 

2.74a 

±0.07 

1.09b 

±0.01 

Cd - Stress 5.09b 

±0.29 

6.46b 

±0.31 

7.33b 

±0.28 

9.56b 

±0.23 

29.62 

±0.79 

0.39b 

±0.01 

2.16b 

±0.06 

95.90 

±0.13 

92.76a 

±0.11 

3.19a 

±0.09 

5.93 

±0.21 

39.19 

±0.91 

2.55b 

±0.08 

1.13a 

±0.01 

In each column, means followed by different letters are significantly different at the 0.05 or 0.01 level of probability using the F –test. † For eight seedlings. 
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Table 4. Results of analysis of variance for root growth over different times. 

Source of variation                  DF              Mean squares 

Replication (R) 2 135.80** 

Treatment (Tr) 1 9980.00** 

Line (L) 26 123.50** 

Tr*L 26 45.90* 

Error 1 105 25.28 

Time (T) 2 685.60** 

Linear 1 1370.90** 

Quadratic                            1 0.25ns 

T*Tr 2 146.30** 

T*L 52 5. 35** 

T*Tr*L 52 4.00
**

 

R*T 4 8.16** 

Error 2 212 1.87 

Covariate † 1 1.98ns 
*, ** Significant at 0.05 and 0.01 level of probability, respectively;  ns, not 

significant. † Seed weight. 

 

 

 

growth has been used as an index of different heavy metal 

toxicity including Cd in Medicago sativa (Peralta et al., 2001; 

Dražić et al., 2006). Generally, selection of those genotypes 

with desired root growth in both stress and non-stress 

conditions are preferred to develop genetically tolerant 

cultivars to Cd toxicity. In our study, accessions L648 and 

L144 had the lowest and highest root growth, respectively in 

both stress and non-stress conditions. Furthermore, 

significant and positive correlation coefficient for root growth 

between Cd-stress and control (r = 0.71**) indicated that 

genotypes with good root growth in Cd-stress also had a good 

performance in non-stress condition. Significant correlation 

was found between final root growth (after 6 days) with those 

obtained after 2 days (r = 0.90**) and 4 days (r = 0.98**) of 

Cd treatment. These correlations showed that the results of 

root growth after 2, 4 and 6 days of Cd treatment were 

comparable and furthermore indicate that root growth was 

rapidly affected by Cd toxicity. These results suggest the 

possibility of quantifying tolerance to Cd-stress after a short-

time treatment which was in agreement with previous reports 

indicating very early phytotoxic effects of Cd on Medicago 

sativa (Ortega-Villasante et al., 2005; Dražić et al., 2006). 

Therefore, it seems that seedling root growth can be used as a 

good index of Cd-tolerance in breeding programs of 

Medicago truncatula and offers the possibility of low-cost 

screening of a large number of genotypes, since this method 

is simple, rapid and easy to perform (Prasad, 1995). 

 

Materials and methods 
 

Plant materials 

 

Twenty seven accessions from a 32-entry nested core-

collection of M. truncatula were used in this study. This core-

collection has been built up based on the patterns of 

microsatellite molecular markers diversity in a collection of 

346 inbred lines with a broad scale of geographical origin 

(Ronfort et al., 2006). The accessions used in our study 

(Table 1) were originated from different countries 

(http://www1.montpellier.inra.fr/BRC-MTR/accueil.php). 

 

 

 

 

 

 

Experimental procedure 
 

Seeds of the accessions were scarified by fine sand paper and 

then cold treated by placing on moist filter paper in a Petri 

dish and incubated at 4°C for 4 days. After cold treatment, 

seeds were germinated in the dark at room temperature for 

12h. Eight uniformly germinated seedlings of each accession 

were placed on filter paper in a Petri dish (12 × 12cm) and 

considered as an experimental unit. A factorial experiment 

with two factors of Cd treatment (control and Cd-stress 

conditions) and genotypes (27 accessions) in a randomized 

complete block design with three biological replications was 

used in this study. In control and Cd-stress conditions, 6ml of 

distilled water and a solution of 100µM CdCl2 was added to 

each Petri dish, respectively. Petri’s were then sealed with a 

strip of Parafilm to prevent evaporation and wrapped with 

Aluminum paper to provide dark conditions for the roots of 

seedlings. Seedlings were grown in a growth room at 25°C 

/20°C (day/night) with 18h/6h (day/night) photoperiod and 

75% relative humidity. Seed weight and root length of the 

germinated seedlings at the start of experiment were recorded 

to use as covariates in statistical analysis. During the 

experiment, root length of the seedlings was measured three 

times at 48h intervals. The data for root diameter of the 

seedlings were collected at the end of the experiment (after 6 

days). Root length and diameter of the seedlings were 

measured by photographing and image processing program 

(Image J). After 6 days of growing in growth room, seedlings 

were washed with distilled water and dried on tissue paper to 

measure fresh and dry weight of roots and shoots. Roots and 

shoots dry weights were determined after oven-drying at 

constant temperature of 74°C for 4 days. Shoot and root 

water content (WC) were calculated base on the formula 

 and FM and DM designate for 

fresh mass and dry mass, respectively. 

Relative root growth was calculated by dividing the root 

growth under Cd treatment by the one under the control 

condition (Sledge et al., 2005). The tolerance index was 

calculated as ( ) in which Yc and Ys denote for the 

root growth under control and stress conditions, respectively 

(Rosielle and Hamblin, 1981).  
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Table 5. Range, accession with minimum and maximum amount of the trait, LSD value, coefficient of variation (CV) and population mean for different traits over two 

conditions. 

Trait Range 
Accession  with minimum 

amount 

Accession with maximum 

amount 
LSD (0.05) CV (%) Population mean 

Root growth after 2d (mm) 5.17-13.51 L648 L144 3.18 52.90 8.78 

Root growth after 4d (mm) 6.11-16.20 L648 L144 3.54 53.20 10.79 

Final root growth (mm) 6.71-21.53 L648 L144 3.87 54.00 12.90 

Root fresh weight (mg) † 7.32-13.33 L530 L545 1.84 51.40 9.80 

Shoot fresh weight (mg) † 20.63-41.73 L738 L545 4.27 51.20 29.57 

Root dry weight (mg) † 0.23- 0.57 L554 L263 0.12 53.00 0.40 

Shoot dry weight (mg) † 1.43-3.16 L738 L545 0.40 22.20 2.24 

Root water content (%) 94.95 – 96.99 L239 L738 1.21 50.40 95.90 

Shoot water content (%) 91.57 – 93.18 L154 L734 0.94 50.40 92.50 

Shoot/Root ratio (fresh) 2.24-4.06 L738 L154 0.54 52.00 3.10 

Shoot/Root ratio (dry) 4.13-7.98 L552 L245 1.57 52.10 6.00 

Fresh biomass (mg)
 †

 28.66-55.06 L554 L545 5.42 51.70 39.39 

Dry biomass (mg) † 1.70-3.67 L738 L545 0.46 52.70 2.64 

Root diameter (mm) 1.02-1.25 L738 L213 0.08 50.70 1.11 
† For eight seedlings. 

 
Table 6. Range, accession with minimum (Min) and  maximum (Max) amount, LSD value, mean squares for accessions, estimated variance components, phenotypic coefficient of variation (PCV), 

genetic coefficient of variation (GCV) and broad-sense heritability (
2

bH ) for root growth  at different times and Cd-tolerance indices. 

Variance Components 
Conditions Trait Range 

Accession with 

Min 

Accession with 

Max 

LSD 

(0.05) 

Mean squares 

for accessions V†
g     Ve          Vph 

GCV 

(%)  

PCV 

(%)  

2

bH  

(%)  

Control Root growth after 2d (mm) 7.62 - 17.86 L648 L321 5.45 25.20** 4.70     3.70        8.41 17 23 56 

Control Root growth  after 4d (mm) 8.62 – 20.98 L648 L144 6.20 46.07** 10.57   4.78  15.35 23 27 69 

Control Final root growth 

 (mm) 

9.08 - 30.55 L648 L144 6.81 86.06** 

 

22.93 5.76    28.69 26 29 80 

Cd - stress 
Root growth after 2d (mm) 

2.32 -10.24 L174 

 

L144 3.29 9.94** 

 

1.97    1.35   3.32 28 35.8 59 

Cd - stress Root growth  after 4d (cm) 3.59 - 11.72 L648 L144 3.35 10.34** 2.07    1.39   3.46 22 28.8 61 

Cd - stress Final root growth 

 (mm) 

4.33 -12.51 L648 L144 3.33 10.56** 2.14    1.38    3.52 20 25.6 61 

- Tolerance index 3.58 - 18. 92 L736 L369 6.19 52.41** 12.72   4.75  17.47 32 38 73 

- Relative root growth 0.25 - 0.64 L545 L736 0.18 0.025** 0.005    0.004     0.008 17 23 57 
** Significant at 0.01 level of probability.  †   Vg, Ve and Vph stand for genetic, environmental and phenotypic variance, respectively. 
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Table 7. The accessions with maximum (Max) and minimum (Min) root growth, relative root growth and tolerance index. 

Accession 
Final root growth in control 

condition (mm) 

Final root growth in stress 

condition (mm) 

Relative root 

growth 

Tolerance index 

(mm) 

L736 10.83c 6.55c 0.64a (Max) 3.58b (Min) 

L545 19.73b 5.04c 0.25b (Min) 14.69a 

L144 30.55a (Max) 12.51a (Max) 0.41b 18.04a 

L648 9.08c (Min) 4.33c (Min) 0.52a 4.75b 

L369 27.32a 8.40b 0.34b 18.92a (Max) 

Population mean 18.47 7.33 0.40 11.13 

In each column, means followed by the same letter are not significantly different at the 0.05 level of probability using the LSD test. 

 

 

Statistical analysis 
 

The data were subjected to analysis of variance based on a 

factorial combination in a randomized complete block design 

model, using PROC GLM in SAS (2002). However, for the 

root growth where data were collected over three times, the 

data were analysed based on the model of a factorial-split in 

time and time was considered as sub factor. Seed weight and 

root length of germinated seedling at the start of experiment 

were used as covariates in analysis of variance of the data. The 

least significant difference test (LSD) was applied to 

determine the statistically differences between those means 

with significant F-value. Phenotypic coefficient of variation 

(PCV), genetic coefficient of variation (GCV), and broad-

sense heritability (
2

bH ) were estimated for root growth and 

tolerance indices based upon their variance components 

(Burton and DeVane, 1953; Miller et al., 1958). To estimate 

the variance components, accessions were considered random. 
 

Conclusion 
 

Generally, the results of this study revealed that M. 

truncatula is a Cd-sensitive plant and its seedlings growth is 

rapidly and severely affected by Cd toxicity. Inhibition of 

root growth was a highly sensitive response to this stress and 

can be used as a good indicator of Cd toxicity and tolerance 

for screening of breeding materials. Also, there is 

considerable genetic variability for Cd-tolerance at seedling 

stage among the accessions of this core-collection which can 

provide the opportunity of selection for more tolerance to Cd 

toxicity-in M. truncatula. Genetic improvement of Cd-

toleranc in germplasm resources of this plant species may 

increase the chance of developing tolerant cultivars in other 

related crop species such as alfalfa or other legumes for a safe 

production in contaminated soils. For breeding purposes, root 

growth in Cd-stress conditions might be more suitable and 

simple to use as an index of tolerance for screening genetic 

materials which usually are large in number. Correlation 

coefficients showed that selection for Cd-tolerance based on 

absolute root growth can genetically improve this trait for 

both stress and non-stress environment, but this may not be 

relevant to selection based upon the relative root growth or 

tolerance index. However, for genetic or physiological 

studies, using the relative root growth or tolerance index 

might be more favored for characterizing tolerant and 

susceptible genotypes. 
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