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ABSTRACT 

In this study we studied the change in the time of population of barley and in second chapter 

we analisys the traits of Syndrome Domestication in common bean. 
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Chapter 1 

Comparison two collections of landraces Barley from N.I. Vavilov at ‘90s. 
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INTRODUCTION 

The relevance of landraces 

Plant genetic resources (species and varieties) are sources of genes directly usable or 

potentially exploitable for the genetic improvement of cultivated plants. Among these, the 

wild progenitors and local varieties (landraces) occupy a role of particular importance. 

The wild relatives of cultivated plants often show high tolerance against abiotic stress or 

resistance to biotic agents (Hajjar and Hodgkin, 2007; Atwell et al., 2013). Examples are 

those  of tolerance to high or low temperatures (Grossi et al., 1998; Lei et al., 2012), at high 

salt concentrations (Hand and Takeda, 1998; Nevo and Chen, 2010), water deficit (Nevo and 

Chen, 2010; Lakew et al., 2013; Hikmet et al., 2013; Monneveux et al., 2013) as well as 

tolerance to edaphic conditions not optimal or limiting due to abnormal pH and high 

concentrations of heavy metals (Baker et al., 1994; Watanabe and Osaki, 2002; Ganança et 

al., 2007). In the second case, we can include mainly by the resistance to fungal pathogens, 

bacterial and viral (Muehlbauer et al., 1994; Rao et al., 2003; Cooper et al., 2006; Jarosz and 

Davelos, 1995). 

The landraces (local varieties) are populations that have evolved in subsistence agriculture in 

response to selection by man as well as the environment. They are the product of what has 

been defined as "evolutionarily sustainable production" (Brown et al., 2000). Traditional 

farmers have retained populations characterized by high genetic variability due to the 

existence of network interchange of seeds among farmers ("migration") and as a result of 

anthropic selection (for certain customs and traditions) and natural selection (Harlan 1975; 

Brush 2000). In general, the landraces may have adaptive characters for the agro-ecosystem in 

which they have evolved and are interesting sources of genes for the improvement of 

agricultural production both in quantity (especially in marginal environments) and quality. 

Often, the landraces appear as heterogeneous populations (multi-genotypic) and not as 

individual genotypes (Brown, 2000; Ceccarelli and Grando, 2000). This raises a question 

about the role of the variability observed within populations of landraces; whether it is only 

the result of demographic processes occurring over time or is rather important to determine 

local adaptation (Demissie and Bjornstad 1997; Jaradat and Shahid, 2006). Several 
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experiments conducted with landraces suggest that this variability could have a "buffer effect" 

against environmental changes; the variability of the population could be a tool to ensure that 

the population (at least with some of its individuals) is "in phase" with the environmental 

conditions. This would allow the adaptation in environments characterized by strong 

unpredictability of weather conditions (Ceccarelli and Grando, 2000). Local varieties can be 

successfully used for the identification and mapping of the genes that control the adaptive 

variation in cultivated species (Vigouroux et al., 2002; Mazzucato et al., 2008; Comadran et 

al., 2009). However, a deeper understanding of the role of genetic variability of landraces is 

an objective of primary importance not only to exploit its potential for genetic improvement, 

but also for the correct implementation of strategies of conservation of germplasm. In fact, the 

preservation of genetic diversity directly "on farm" or "in situ", has become an important 

topic (Brown, 2000).This depends on the belief that the intraspecific variability is related to 

the selection and adaptation local and allows the "answer" to new diseases or adversity, stress 

edaphic and climatic variations (Frankel et al., 1995; Brown, 2000). The study of the 

evolution of the populations of landraces can be made by analysing the change in allele 

frequencies in space (in populations grown in different locations with contrasting soil and 

climatic conditions), is studying the change in allele frequencies over time at the level of 

individual populations and / or meta-population (= system populations with extinction-

recolonization connected by gene flow) (Lister et al., 2009; Leino et al., 2010, 2012). 

 

Barley (Hordeum vulgare L.) in Sardinia 

Barley is a plant known to man since ancient ages; was already cultivated in the Middle East 

in the seventh millennium BC and from there it spread all over the world. In Italy occupies a 

cultivated area amounted to 360,000 hectares, with a production of 1.4 million tonnes. In 

areas where the climate is not suitable for the cultivation of wheat, barley was an important 

food for humans as a source of carbohydrates and protein, in many countries in the 

developing world it is still even. Instead, in most developed countries the grain of barley is the 

main destination (85-90%) in the animal feed livestock and secondarily (10-15%) of the malt 

industry. Cultivated since ancient times, in the past barley represented a significant food 

source in Sardinia. Today barley represents the most cultivated cereal after wheat occupying 

an area of 10,418 ha in 2011 (www.sardegna.coldiretti.it) In many areas there is a widespread 

cultivation of a local landrace polistic known as "S'orgiu sardu" (Attene et al., 1996) 
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This is used both for the production of fresh forage through the direct grazing (sheep) and  for 

the production of grain. Local varieties of barley were grown in different environments at 

different latitudes, soil types and with different cultural practices and this may have allowed 

the development of locally adapted populations of barley. Section of Agronomy, Crop 

Science and Genetics, Department of Agriculture, University of Sassari, in the summer of 

1990 (Attene et al., 1996) has performed an initial collection of 27 populations of barley in 

different growing areas of Sardinia. They were taken into account farms that for at least 30 

years had used seeds of own production. From each field were taken at random 100 ears, 

whose kernels were multiplied in single ear, at the Experimental Farm of the Department of 

Agriculture. The analysis of 240 lines extracted from 12 of the 27 local populations collected 

in Sardinia in 1990 showed the existence of high genetic variability for many characters such 

as: date of ear emergence, plant height, kernel weight, grain yield, biomass total and harvest 

index (Papa, 1993).The collection of populations of Sardinian barley was repeated in 1999, 

visiting the same areas sampled in 1990 (Rau, 2002). The comparison of the collections of 

1990 and 1999 using microsatellite molecular markers (SSR, Simple Sequence Repeats) and 

based on retrotransposons (SSAP; Simple Sequence Amplified Polymorphism) not showed 

neither changes in the levels or in the structure of genetic diversity, indicating that farmers 

implement a system of conservation "in situ" capable of preserving the genetic identity of the 

populations, even in the absence of specific conservation projects for these plant materials 

(Rodriguez et al., 2012; Bellucci et al., 2013). The analysis of the spatial structure of the 

genetic variability showed a level of genetic divergence of populations moderate-low, 

measured by a fixation index Wright (Fst; 1931) 0.18 (Rodriguez et al., 2012). This also 

clears up that 18% of molecular variance (the allele frequencies) is explained by the 

differences between populations and 82% of the variance is observed within the population. 

This finding is in line with that obtained with other types of molecular marker such as 

isozymes and RAPD (Papa et al., 1998) and SSR (Bellucci et al., 2013) with Fst values of 

0.16, 0.11 and 0.14, respectively. The high proportion of variability within this population is 

also confirmed by the fact that, with a relatively small number of molecular marker (134 

SSAP or SSR 12; Rodriguez et al., 2012; Bellucci et al., 2013) all individuals analyzed (over 

350) are a unique genetic profile, two individuals are still genetically distinguishable 

(Rodriguez et al., 2012; Bellucci et al., 2013). Moreover, it was highlighted a well-defined 

genetic structure of populations, with four main genetic groups and a clear structure according 

to the geographical site of origin (Figure 1.1, Rodriguez et al., 2012). In particular, the genetic 
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variability is mainly oriented along the north-south axis of the island and there is a structure 

known as hierarchical island (or "archipelago"), in which peoples geographically close 

(North, the center, the center-south and south) tend to be more similar than that to other 

populations. This complex may indicate the existence of exchange of seed among farmers in 

network mostly local, and also suggests the existence of diversifying selection (wonders of 

local adaptation; Rodriguez et al., 2012) 

Figure 1.1 – Population structure of Sardinian landraces (From Rodriguez et al. 2012) 

 

 

 

 

 

 

 

 

 

 

The comparison between the degree of divergence of populations for neutral molecular 

markers (Fst) and quantitative traits (Qst) about it can be particularly informative. In fact, 

according to the theoretical models (Merilä and Crnokrak, 2001) is expected that in a survey 

neutral Fst = Qst, in a survey in which balancing selection Qst <Fst and in a survey in which 

divergent selection Qst> Fst. For the Sardinian population was calculated Qst equal 0.40 

(Rau, unpublished; Papa, unpublished), the degree of divergence medium for quantitative 

traits was 2-3 times higher than the Fst, supporting the hypothesis of selection for local 

adaptation in different environments. Finally, the analysis of linkage disequilibrium showed 

rather low levels (13% of pairs of locus, with P <0.01) and a decay with the distance of the 

map. The analysis of multilocus LD showed that genetic drift and founder effect have played 

an important role in shaping the genetic diversity present in this landrace, although the 
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epistatic selection may also have played a role in this system. Overall, the results suggest that 

these populations could be used profitably for gene mapping by association mapping 

(Rodriguez et al., 2012). 

 

Nikolaj I. Vavilov and Vavilov Insitute for Plant Genetic Resources (VIR) 
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The Russian Nikolai Ivanovich Vavilov (1887-1943) was a pioneer in studies on biodiversity 

vegetable. In 1920 he was called by Lenin to direct the then Soviet Institute of Plant Industry 

Agricultural now become NI Vavilov Research Institute of Plant Industry, St. Petersburg, 

Russia (VIR). He directed this institute from 1920 to 1940. Vavilov considered the central 

role of genetic resources in breeding. The experience accumulated during a multitude of travel 

observation 

and study of 

the variability 

of the species 

and breeds of 

agricultural 

plants or their 

"kin" wild in 

different areas 

of the world 

led him to 

theorize the 

existence of the centers of origin of the plants grown (where species domesticated have 

originated and their evolutionary history).The important insight of Vavilov consisted in 

assuming that the observed differences were to be related to the length of the evolutionary 

history of the species in a given location. According to the reasoning of Vavilov, the place 

with greater variability is the one that also has a link with the oldest species in question that is 

the place where the species has had more time to diversify and from which possibly has 

subsequently expanded to colonize other regions. Although more recent studies have not 

always confirmed for the various species of centers of origin identified by Vavilov, he was 

responsible for the brilliant idea and incredibly far-sighted to center its scientific work on the 

identification of the centers of origin and domestication of agricultural plants an industry that 

is allowing you to get and, promises to do to get in the next few years, enormous advances in 

the genetic improvement of crop plants (Olsen and Wendel, 2012, 2013). In the period 1926-

1927 Vavilov and collaborators begin an expedition in the countries of the Mediterranean 

dock (including, Syria, Palestine, Transjordan, Greece, Cyprus, Crete, Italy, France, Spain, 

Portugal, Morocco, Algeria, Tunisia and Egypt) and in Abyssinia (Djibouti, Addis Ababa, the 

Nile valley, lake Tsana), Eritrea (Massawa) and Yemen (Hodeida, Jidda, Hedjas). From 
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Cyprus, as evidenced by texts received, Vavilov headed for Italy who had previously visited 

many times. He visited Sicily, along the road from Palermo to Catania and performed also an 

exploration of Sardinia. 

Vavilov was convinced that the exploration of Italy and its islands were very important to 

fully understand the Mediterranean culture (Loskutov, 1993).On the information contained in 

the archives of the VIR, Vavilov was not conducted exploration in Sardinia personally, but 

under his direction and supervision, by a close collaborator the Dr. Gaissinsky.The collection 

of these materials would have taken place during a trip from South to North Island with a 

through even in inland areas. During this trip is been visited several sites and collected 

accessions of many species of agricultural interest. 

Figure 1.2– Sites visited in Sardinia (based on archive data of (VIR). 

 

 Although it know the places where Gaissinsky stopped and he collected plant material 

(Figure 1.2), to date, from the information available it was not possible to deduce the exact 

site of origin of each accession although it is fair to assume that these are from sites 

distributed throughout the region since as noted by Gaissinsky: "Barley. It is cultivated 

Throughout Sardinia, less in Sassari. Samples are abundant”. However, it is important to note 

that the sampling sites of Gaissinsky, concern mostly the same areas in which were sampled 

the populations of landraces of Hordeum vulgare in 1990 and 1999 .Figure…. 
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The existence of landraces of barley collected in the 1926 is a great opportunity : it might be 

possible to study the time variation of allele frequencies comparing the population of 1926 

and those collected in 1990 and 1999, a distance of about 70 years. This would allow to 

understand what was the role demography and natural selection in “ shaping” the genetic 

diversity of landraces,also allowing to better understand the genetic basis of adaptation of 

barley. 
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OBJECTIVES 

In this chapter are presented the results of a pilot study where the aim of wigh was to 

compared population of landrcaes collected in different ages (1926 and 1990-1999) in 

Sardinia.  

To observe that the population of landraces of 1926, 1990 and 1999 share the same gene pool 

would suggest a close relationship between populations of different ages. This would allow to 

account populations of 1926 as a progenitors of Sardinian landraces stressing the antiquity of 

the same and opening the possibility in the next future to conduct analysis of allele frequency 

variation in time. This could allow a better understanding of the genetic bases of plant 

adaptation to the agro-ecosystem.  
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Materials and Methods 

 

Phenotypic Analysis 

The first phenotypic analysis was performed on eight populations collected in 1926. A the end 

of February 2013, 40 seeds were sown for each of the eight population. After about 15 days of 

growth, stage of third leaf by the plants, second leaf has been used for the extraction DNA. 

After a further period of recovery of the seedlings plants were transplanted in the field. For 

each population was counted the number of number of plants that did flower. Then, the 

following characters were measured: date of flowering, plants height (height of the culm in 

cm), spike length ( cm), awns length (cm), awns length/spike length ratio, number of seeds 

per plant, weight of 1000 seeds (g) and grain yield per plant (g). The flowering date was 

determined for each population as the percentage of plants come to earing in one survey on 10 

June 2013. 

 

Molecular Analysis 

For molecular analysis we used 12 microsatellites markers already successful in describing 

the populations structure of Sardinian barley landraces (Bellucci et al., 2013). Primer 

sequences, DNA extraction and PCR conditions were as described in Bellucci et al. (2014).  

Analysis was performed on 240 individuals collected in 1926 together with 12 individuals 

representing a core collection  of the Sardinian barley landraces. This set comprised five 

individual belonging to the “Northern gene pool” of the he Sardinian landraces, five 

belonging to the southern and two individual that were admixed between the two gene pool  

(Bellucci et al. 2014). 

 

Statistical analysis 

The differences between populations were assayed using analysis of variance (ANOVA) 

considering the individuals of the population as “replicates”. To compare population means, 

the Tukey-Kramer multiple comparison test was used. The relationships between populations 
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were studied by principal component analysis (PCA) using the means of the populations for 

all the nine phenotypic traits. Analyses were performed with the software JMP ver. 7.00 (SAS 

Institute, 2007).  Population genetic analyses were conducted using Arlequin vers. 3.5.1 and 

Structure software.  
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Results 

The analysis of variance showed that in 2013 the differences between populations were highly 

significant (P<0.0001) for five traits and with lesser extent (P<0.01) for plant height and spike 

length. Population differences did not reach significance for number of kernel per plant 

(P=0.07) and yield per plant (P=0.10) (Table 1.1).  

The Table 1.2 shows averages for all the nine characters and for all populations. In particular, 

it must be noted the high degree of variation among population in the number of plants that 

did not flower. The Sardinian barley landraces are mainly of intermediate type (Papa et al, 

1999), thus variation for this trait might be particularly informative to discriminate between 

potential “old relatives” of the recent SBLs.   
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Table1.1 – Comparison (by one-way ANOVA) among the eight populations collected 

in 1926 for the nine phenotypic traits recorded in 2013. d.f. = degree of freedom; M.S. = 

Mean Square. 

Trait d.f. M.S. F P   d.f. M.S. F P 

% of 

flowered 

plants 
    

Awns 

lenght/spike 

lengh 
    

Population 7 1.6 8.62 
2.33E-

09 
Population 7 5.1 7.27 

2.22E-

07 

Error 225 0.2 
  

Error 134 0.7 
  

Flowering 

date 

(days) 
    

N. of 

kernels     

Population 7 1.7 11.8 
1.04E-

11 
Population 7 4224.7 1.92 0.0711 

Error 136 0.1 
  

Error 132 2199.8 
  

Plan 

hight     

Yield per 

plant     

Population 7 311.3 2.79 0.0095 Population 7 6.5 1.74 0.1046 

Error 136 111.5 
  

Error 132 3.7 
  

Spike 

lenght     

1000-seeds 

weigth      

Population 7 8.5 3.33 0.0027 Population 7 530.9 4.60 0.0001 

Error 134 2.6 
  

Error 132 115.4 
  

Awn 

lenght     

     
Population 7 42.7 6.16 

2.97E-

06 

     Error 134 6.9 
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Table 1.2 – Means of the eight populations for each of the nine phenotypic trait 

recorded in 2013. For each trait, means that do not share the same letter are 

statistically different at the Tukey-Kramer HSD test for multiple comparisons.  

Population 

 

% of not 

flowered 

plants 

Flowering 

time 

(% at the 

10 of 

june) 

Culm 

length 

(cm) 

Spike 

Lenght 

(cm) 

Awn 

lenght 

(cm) 

Awn 

lenght 

/ 

spike 

lenght 

N. of 

kernel  

per 

plant 

Yield 

per  

plant 

(g) 

1000-

seeds 

weight 

(g) 

8819 33.0 BD 0.0 D 52.6 

AB 

5.7 

AB 

8.3 C 1.5 B 23.1 0.7 30.3 C 

8825 41.2A-D 10.0 BD 58.6 

AB 

6.9 A 9.9 

A-C 

1.5 B 50.1 1.9 37.7 

A-C 

8815 15.2 CD 82.1 A 54.0 

AB 

4.8 B 12.1 

A 

2.8 A 47.9 2.1 43.4 A 

8822 3.0 D 34.4 BC 50.3 

AB 

5.8 

AB 

10.9 

AB 

2.1 B 41.8 1.7 41.3 

AB 

8832 36.4A-C 33.3 BD 46.6 

B 

5.6 

AB 

9.0 

BC 

1.7 B 70.5 2.4 32.8 

BC 

8813 61.5 AB 0.0 D 59.8 

A 

7.2 A 8.4 

BC 

1.2 B 33.7 1.4 36.9 

A-C 

8827 64.5 A 0.0 D 46.7 

B 

5.5 

AB 

7.8 C 1.5 B 21.9 0.8 31.6 

BC 

8836 60.0 AB 50.0 AB 50.6 

AB 

5.5 

AB 

10.0 

A-C 

2.0 B 43.1 1.4 31.3 

BC 

Minimo 3.00 0.00 46.62 4.79 7.80 1.22 21.90 0.71 30.31 

Massimo 64.50 82.14 59.80 7.15 12.11 2.83 70.45 2.42 43.37 

 

  



 

 

Maria Leonarda Murgia 

Two case studies on plant genetic diversity:comparison of two historic collections of barley landraces and characterization of a 

common bean segregant population for domestication traits 

Tesi di dottorato in Produttività delle Piante Coltivate, Università di Sassari Pag 

The principal component analysis applied to average population suggest that accessions 

collected in the 1926 can be grouped into three main groups (Figure 1.3). The Figure 

1.3 shows also the correlation the original variables and the first two principal 

component. 
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Figure 1.3 – A) Relationships among the populations collected in 1926 based on nine 

phenotypic traits; sowing: February 2013. Loadings of the traits on the principal 

components.
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In particular the first principal component (PC1) captures more than 50% of the 

phenotypic variance, and separated the populations 8832, 8822 and 8815 and to a lesser 

extent the population 8836, from the remaining four population 8813, 8825, 8819 and 

8827. In particular the populations with high values for the PC1 showed a low 

percentage of not -flowered plants (i.e. they did not require vernalization and have low 

photoperiodic sensitivity), tend to be early. Moreover, these plants showed long awns 

and high awns length/spike length ratio. These populations tended to have higher yield, 

that was achieved  with more seeds and with a high weight of 1000-seeds. The second 

principal component (PC2) explained more than 20% of the total variance and it 

separated populations mainly based on plant height spike length. The PC2 also 

reflected, although to a lesser extent, some productive characteristics such as weight of 

1000-seeds and yield per plant. The biggest difference for PC2 is that between 8827 

versus 8825 and 8813; the populations 8815, 8819, 8822, 8832 and 8836 occupy an 

intermediate position for PC2 (Figure 1.3) 

 

Microsatellite genotyping 

The analysis conducted with SSR markers showed that the populations collected in 

1926 possess diversity levels quite variable (Figure). One population (8819) was 

monomorphic while the population 8832, the most diverse, showed 25 haplotypes 

out of 30 individuals analyzed with an expected heterozygosity of 0.626. A similar 

level of diversity was observed for the population 8822. 

Figure 1.4 – Descriptive diversity statistics for the populations collected in 1926 and 

the core collection of Sardinian  barley landraces of 1990 and 1999 . 

Population 

Sample 

size  Haplotypes 

Haplotype/Sampe 

size HE 

8819 30 1 0.03 0 

8825 30 16 0.53 0.505 

8815 30 17 0.57 0.527 

8822 30 24 0.80 0.613 

8832 30 25 0.83 0.626 
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8813 30 20 0.67 0.535 

8827 30 15 0.50 0.443 

8836 30 20 0.67 0.482 

Core 12 12 1.00 0.592 

 

The lack of genetic diversity for the population 8819 could be explained, given the 

strong autogamy of barley (selfing >99% Briggs, 1975) , assuming that for this this 

population the conservation units was likely the single spike.  

The analysis conducted with the software STRUCTURE using a240 individuals 

collected in 1926 and the core collection SBLs and the method of Evanno et al., (2005) 

determined K = 2 as the most likely number of genetic groups within the collection of 

individuals. This solution is represented in (Figure 1.5). Overall, the coefficient of 

membership of the individuals ins quite high indicating well-defined population 

structure. Indeed the 161 individuals ( 67%) were attributed to one of the two groups 

(Cl.1 or Cl.2) with  qi > 0.80. Among the two groups identified by STRUCTURE the 

one also comprise the SBL of 1990 and 1999 (Cl.1) was characterized by a higher 

genetic diversity as compared to C1.2 (0.650 versus 0.300) as also by a much lower FK 

estimate (0.135 versus 0.694). The parameter FK represents the estimated drift from the 

inferred common ancestor of all populations, thus similar to FST but specific for each 

cluster is expected to be proportional to the divergence from a common ancestral 

population. A low FK value indicates little drift away from the ancestral state. 

From this picture it was evident that three populations 8822, 8832 and 8815 were 

more similar to SBL than the other populations collected in 1926. This was 

corroborated by the inspection of the pairwise FST matrix between populations (Table 

1.3). Moreover, the FST between the core collection and these tree populations, is 

very close to the average FST among SBL populations estimated by using different 

marker system (Papa et al., 1998; Rodriguez et al., 2012; Bellucci et al., 2013). Other 

populations  (8819, 8827, 8813 and 8836) were not seen in close relationship with 

the recent Sardinian Landraces being the FST around 0.300. 
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Table 1.3 – pairwise distance matrix (FST) between samples. Bold: the three lowest 

distance between the core collection and the populations collected in 1926. 

Underlined: FST between the three populations collected in 1926  

 

  8819 8825 8815 8822 8832 8813 8827 8836 Core 

8819 0.000 
        8825 0.431 0.000 

       8815 0.638 0.329 0.000 
      8822 0.543 0.166 0.203 0.000 

     8832 0.584 0.267 0.156 0.110 0.000 
    8813 0.471 0.181 0.316 0.240 0.263 0.000 

   8827 0.593 0.276 0.407 0.297 0.367 0.277 0.000 
  8836 0.592 0.310 0.371 0.203 0.275 0.323 0.104 0.000 

 Core 0.609 0.200 0.165 0.096 0.148 0.287 0.349 0.277 0.000 

 

Moreover, at K=3, the individuals of the SBL core collection divided according to 

their provenance (Northern gene pool, Southern gene pool and admixed; Figure 1.5 

and 1.6). At the same time, among the five populations of 1926 more similar to the 

SBL, there was the separation of 8813, 8825 and 8822 from 8815 and 8832. Thus, 

the North/South structure that in characterized Sardinian barley landraces in the ’90 

(Papa et al., 1998; Rodriguez et al. 2012; Bellucci et al. 2014) might have a long 

history and might had persist for decades until nowadays. 
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Figura 1.5 – Genetic structure of the eight populations collected in 1926 (240 

individuals, 30 per population). For comparison, a core collection (12 individuals) of 

the Sardinian barley landraces (SBL) collected in 1990 and in 1999.was also 

included in the analysis. The core collection included five individuals belonging to 

the “Northern gene pool” of SBL, five to the “Southern gene pool” and two admixed 

(see Rodriguez et al. 2012; Bellucci et al., 2013). 
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Figure 1.6 – Relationships between the individuals of the core collection of SBLs. 

The scatterplot represents the result of the Principal Component Analysis (PCA) 

using the qi coefficient of membership calculated by STRUCTURE. The different 

color represent the Color keys: Light blue : SBL belonging to the Southern gene 

pool; individuals belonging to the “Northern gene pool” are in blue, those belonging 

to  the  Southern gene pool in light blue and the admixed in yellow. 

 

 

Comparison between the phenotypic and molecular characterization 

of the populations collected in 1926.  

It was detected a correspondence between phenotypic and molecular 

structure. Indeed, the phenotypic group composed by the populations 

8836, 8832, 8822 and 8815 also tend to be genetically different for the 

other groups of populations collected in 1926 ([8827,8819] and [8825 e 

8813]) and with a gene pool more similar to that of the SBL. In particular 

three populations, 8832, 8822 and 8815appeared related to the SBL 

collected in 1990 and 1999. 
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 Figure 1.7– The figure synthesizes the relationship between the eight 

population collected in 1926 for the year 2013. Populations are separated 

based on the first two principal component (PC1 and PC2) calculated on 

using the  mean of nine phenotypic traits recorded in 2013, Each 

population is represented by a pie which reported the average 

contribution (qi) of each genetic group identified by STRUCTURE to the 

gene pool off the population.  

 

Overall these results stress the biological significance for the population 

structure identified within the collection of 1926 by microsatellite 

analysis and led us to hypothesizes that some the populations collected in 

1926 can be regarded with interest, as the likely are “progenitors” (and in 

particular three of them) of the SBL collected about 70 year after in 1990 

and 1999. opening the possibility in the next future to conduct analysis of 

allele frequency variation in time This could allow a better understanding 

of the genetic bases of plant adaptation to the agro-ecosystem. 
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CHAPTER II 

Characterization  of a collection of introgression lines of common bean  

(Phaseolus vulgaris L.) for the study of the genetic bases of the 

domestication syndrome at pod level and a close up on the pod 

shattering trait 
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Introduction 

 

The domestication of plants 

The transition from a nomadic life style dedicated to hunting and gathering of food to a 

settled civilization based on agriculture has marked a turning point in human history 

defined as the "Neolithic Revolution" (Smith, 2006). Several approaches have been 

followed to study this transition such as, among others, archaeological botanical, and 

genetic. The first prehistoric communities began to cultivate wild plants about 10,000 

years ago in various regions of the world (Gepts 2004; Cohen 2009) giving birth to their 

domestication. Te domestication of plants is the evolutionary process by which genetic 

modification of wild species has led to new forms of plants, modified to satisfy human 

needs (Doebley et al., 2006). Considerable efforts have been made to investigate the 

processes involved in domestication. These studies in factallow to understand the 

genetic basis of crop adaptation to the agro-ecosystem having an impact on evolutionary 

biology studies, conservation biology and plant breeding (Lenser and Theißen, 2013; 

Olsen and Wendel 2013a,b; Dong and Wang 2015).  

Charles Darwin, the founder of the theory of evolution presented in the book "The 

Origin of Species by Means of Natural Selection" (1859), has devoted the first chapter 

to the changes occurred between wild and domesticated organisms during the process of 

domestication. One of the main observations made by Darwin was that morphological 

changes selected during domestication were such that the growth of many crops was 

completely dependent on human action. For many crops this meant losing entirely the 

ability to spread naturally, as for example in corn and cauliflower (Doebley et al., 

2006). Although the “birth” of the domesticated forms on a millennial time scale has 

been relatively rapid (Purugganan and Fuller, 2011), the process was long and very 

complex and it was characterized by random events (mutation, genetic drift) as also by 

natural and human mediated selection, being this latter both conscious (Ladizinsky, 

1987; Kerem et al., 2007; Abbo et al., 2009, 2011, 2012, 2014), or unconscious 

(Purugganan and Fuller, 2011; Kluyver et al., 2013).  



 

 

Maria Leonarda Murgia 

Two case studies on plant genetic diversity:comparison of two historic collections of barley landraces and characterization of a 

common bean segregant population for domestication traits 

Tesi di dottorato in Produttività delle Piante Coltivate, Università di Sassari Pag 

 

Sites of Origin 

Today there are about a dozen of recognized centres of domestication (Doelby et al., 

2006) differing in geographical location, size, number and diversity of domesticated 

species. These were localized in South East Asia (The Fertile Crescent), Africa 

(Ethiopia and the Sahel), Mesoamerica, the Andes and South America, West Asia and 

South China (Hawkes 1983; Harlan et al., 1992; Smartt and Simmonds 1995) (Figure 

2.1).  

 

Figure 2.1. – Distribution of the recognized independent centers of crop domestication 

(Doelby et al., 2006). 

 

Other areas, such as Africa, North America, India, New Guinea, East-North America 

and Europe were less relevant than previously thought (Kluyver et al., 2013). Different 

events occurred independently in different sites as parallel selection was exerted on 

similar traits across different species (Olsen and Wendel, 2013). 

 

Domestication Syndrome 
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The phenotypic changes occurred during the domestication process were substantial, 

and many of these were in common among different domesticated plants. The set of 

common traits that characterize the species domesticated from their wild ancestors is 

known as domestication syndrome (Harlan et al., 1973; Hammer, 1984; Zohary, 1989; 

Fuller, 2007; Brown et al., 2009).  

These traits include:  

a) loss of the seed dispersal mechanism. The domesticated plants have lost the ability to 

disperse the seeds at maturity. This was achieved in different ways by the different 

species. For example in cereals, this was due to the loss of the “fragile rachis” trait 

which produces the disarticulation of the spike and the release of the seeds (Gepts, 

2004); 

b) increased number of seed and, fruit and seeds size size. The fruit and the seeds 

produced by domesticated plants are usually bigger than those of the wild progenitors. 

For example, wheat kernels are from 5 to 10 times bigger than those of the wild 

relatives (Gepts, 2004);  

c) reduction of seed dormancy. The seeds of the domesticated plants are characterized 

by a reduced dormancy while wild ancestors usually have highly dormant seeds. The 

seed dormancy prevents premature germination and this can be particularly important 

under environmental conditions that may prevent the growth of seedlings. On the other 

hand, the lack of seed dormancy allow the growth of more uniform populations as all 

plants show similar developing stage (Gepts, 2004); 

d) compact growth habit. Corn represents a fitting example as teosinte, its wild relative, 

shows a branching growth habit, which sharply contrasts with the uniculm architecture 

of the domesticated crop (Gepts, 2004). A compact growth habit allows more uniform 

growing conditions within the field, this reduces the competition among plants for 

resources such as water, soil nutrients and solar radiation and finally allows an increase 

in productivity and a non-scalar maturation and harvest (Evans 1993); 

e) a decrease in the number (Kluyver et al., 2013) and angle of tillers (Jin et al., 2008): 

the wild species of Oryza rufipogon shows a prostrate growth habit with a wider tiller 

angle and short stature with many tillers. This plant architecture increases leaf shade 
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and therefore decreases photosynthetic efficiency, prohibiting dense plantings (Jin et al., 

2008). Such undesirable plant architecture was targeted and continuously selected 

against by ancient humans, which gradually resulted in the more desirable plant 

architecture of domesticated rice (O. sativa). Domesticated rice shows relatively erect 

growth (a narrow tiller angle) and fewer tillers, which allows for effective high-yield 

cultivation. Therefore, plant-architecture selection was a pivotal event in rice 

domestication. 

 

Effects of domestication 

The greatest effect of domestication in crops has been the reduction of the genetic 

diversity compared to wild progenitors (Gepts, 2004; see Bitocchi et al., 2012 and 2013 

for a comparison of bean with other species). Only a portion of the variability of the 

wild gene pool is today present in the gene pool of the domesticated species, especially 

in the improved varieties. However, the extent of this reduction varies depending on 

crop species. The initial agricultural practices led inevitably to variations in the levels of 

genetic diversity of the cultivated wild populations (Frankel, 1974). Moreover, the early 

farmers probably have selected a limited number of individuals for the cultivation; this 

lead to both demographic and selection bottleneck (Doelby et al., 1989; Glemin and 

Bataillon, 2009). The loss of diversity was a function of the size of the populations and 

the length of domestication (Eyre-Walker et al., 1998). In particular, the loss of 

diversity was not evenly distributed along the genome: it was much stronger for the 

selected loci (and for physically linked “neutral polymorphisms” due to hitchhiking) 

than for neutral loci that do not influenced the selected phenotypes (called genes 

neutral) (Wright et al., 2005; Doelby et al., 2006) (Figure 2.2). 
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Figure 2.2 – The effects of the domestication bottleneck (Doelby et al., 2006)

 

 

 

The common bean 

Phaseolus vulgaris belongs to the genus Phaseolus that comprises 70 

species; it is one of the five species of the genus, which have been 

domesticated (P. dumosus, P. coccineus, P. acutifolius, P. lunatus, 

P.vulgaris) (Delgado-Salinas et al., 2006). Both wild and domesticated 

forms of P. vulgaris are self-pollinating, diploid, with 2n = 2x = 22 

chromosomes. The common bean (Phaseolus vulgaris L.) is the most 

important legume crop of the world for human consumption; it is a source 

of complex carbohydrates, protein, fiber and minerals (Broughton et al., 

2003). The bean seeds contain about 20-25% protein, of these the highest 

percentage is constituted by the seed storage protein named phaseolin (Ma 

and Bliss, 1978). 

Like other legumes, beans are a good source of micronutrients, more than cereals 

(Welch et al., 2000), as well as an important source of iron, phosphorus, magnesium; to 

a lesser extent, they are a source of zinc, copper and calcium (Broughton et al., 2003). 

For these reasons, in the last decades the cultivation of Phaseolus vulgaris showed a 

significant increase (Akibode and Maredia, 2011). The production is about of 12 million 
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tons per year (http://faostat3.fao.org/home/E), and the major production areas are Latin 

America and sub-Saharan Africa (Akibode and Maredia, 2011).  

 

The domestication of Phaseolus vulgaris 

The common bean is characterized by a particular evolutionary history. This species is 

native to South America and most likely its centre of origin is Mexico (Bitocchi et al., 

2012). Several evidences lead to this outcome: the geographical distribution of the 

closest relatives, the highest genetic variability of wild Mesoamerican related species 

than wild species from South America, the occurrence of a heavy bottleneck in the 

Andes prior to domestication, and finally the presence of wild beans in Mesoamerica 

closely linked to the wild beans from South America both from the Andes and Ecuador-

Peru (Bitocchi et al., 2012). The expansion in South America led to the development of 

two major wild gene pools: the Mesoamerican and the Andean (Figure 2.3). 

 

  

http://faostat3.fao.org/home/E
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Figure 2.3 – Domestication routes in common bean. 

 

Domestication occurred afterwards with two independent events one in Mesoamerica 

and the other in the Andes (Bitocchi et al., 2012). The occurrence of these two events 

are supported by different studies based on different approaches: morphological traits 

(Delgado-Salinas et al., 1988; Sing et al., 1991), agronomic data (Sing et al., 1991), 

protein seed (Gepts et al., 1986), alloenzymes (Koening et al., 1989) and molecular 

markers (Bitocchi et al., 2013). The two independent domestication events have given 

rise to two domesticated gene pools sharply differentiated both at morphological, 

biochemical and molecular level (Papa et al., 2006; Acosta-Gallegos et al., 2007; 

Schmutz et al.,2014). The existence of these two geographically distinct and isolated, 

evolutionary routes of common bean is a unique pattern among the crops of particular 

interest. 
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Domestication syndrome in Phaseolus Vulgaris 

Domesticated and wild forms show marked phenotypic differences (Hawkes et al., 

1983; Harlan et al.,1992). Two main characters selected during the domestication 

process are the reduction of seed dormancy and the loss of dehiscence of the pods; both 

these traits were crucial for adaptation to cultivated environments (Koinange et al., 

1996). Other selected characters are: the determinate growth habit, the increase in size 

of the seeds and the pods and the reduced sensitivity to photoperiod. In general, it was 

also observed that the domesticated forms mature earlier than wild progenitors 

(Koinange et al., 1996). 

 

The domestication of indehiscent fruit in legume crops  

The fruit of the Leguminosae is called legume or pod. In the Leguminosae, seed 

dispersal occurs as a consequence of the shattering (or dehiscence) of the pod. 

In Lotus corniculatus pod shattering is a major problem as high seed loss occur 

due to the scalar flowering and pod maturation (Grant et al., 1996) and at present, 

management practices have not been successful to control pod shattering. It has been 

observed that the orientation of the cells in the pericarp and the degree of lignification 

may affect this process. Environmental conditions are also implicated, having the 

relative humidity (between 35% and 49%) a major role at the time of harvest (Grant et 

al., 2006). Pod dehiscence under greenhouse and open field condition are uncorrelated. 

The trait is probably controlled by more than one gene and, despite it has a high 

heritability, in Lotus breeding the attempt to reduce shattering through recurrent 

selection has been unsuccessful. However, interspecific hybridization is suggested as a 

promising approach (Grant et al., 2006). 

In cultivated soybean [(Glycine max Merr. (L.)] , the indehiscent pod is a major 

domestication trait that has been targeted by selection under domestication (Hymowitz, 

1970; Harlan, 1992;Dong et al. 2014; Funatsuky et al., 2014). Pod shattering happens 

after the maturation stage, i.e., when humidity levels are low and dehydration of tissues 

occurs (Tiwari and Bhatia, 1995). Indeed, pod dehiscence is due to the formation of an 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4478375/#B32
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4478375/#B32
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4478375/#B29
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4478375/#B81
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abscission layer along the suture between the two pod valves. After the maturation, 

dehydration leads to the distortion of pod tissues that accumulated elastic energy. When 

this latter overcomes the force that binds the two valves along the ventral suture, 

shattering occurs (Liljegren et al., 2004; Mitsuda and Ohme-Takagi, 2008; Ogawa et al., 

2009). 

Cultivated soybean is more resistant to shattering than wild soybean (Glycine soja Sieb. 

and Zucc.). In a previous study, the genetic analysis conducted using a mapping 

population derived from the cross between wild and domesticated soybean did not allow 

the identification of major QTLs (Quantitative Trait Loci) for the shattering trait (Liu et 

al. 2007). However, more recently, a domestication shattering gene SHATTERING1-5 

(SHAT1-5) has been mapped on chromosome 16 of soybean (Dong et al., 2014). This is 

an homolog of the A. thaliana AtNST1/2 that acts as a master transcriptional activator of 

secondary cell wall biosynthesis and it promotes the thickening of the “fiber-cap cells” 

along the ventral suture of the pod valves (Dong et al., 2014). The expression of 

SHAT1–5 is specifically localized in the developing fiber cap cells. Interestingly, the 

abscission layer is functional in both cultivated and wild soybeans (Dong et al., 2014) 

but SHAT1-5 is differentially expressed in wild and cultivated soybeans, being up-

regulated in the wild, so that in indehiscent pods the fiber cap cells in the ventral suture 

show an extreme lignification which hinders pod shattering after maturation (Figure 2.4; 

Dong and Whang, 2015). 

 

Figure 2.4 – Ventral section of soybean pod and tissues where SHAT1-5 and PDH1 act 

(from Dong and Wang, 2015). 

 

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4478375/#B14
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4478375/#B14
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In Arabidopsis double mutants plants (nst1-1 and nst3-1) characterized by indehiscent 

pods were developed (Mitsuda et al., 2005, 2007). These mutants are not able of 

thickening the secondary cell walls in the interfascicular fibers. But, when both the wild 

and the domesticated alleles of soybean SHAT1-5 are used to transform these 

Arabidopsis mutants, this ability is restored. Moreover, wild and domesticated soybeans 

did not show fixed amino acid difference between protein products of this gene. This 

suggests that the differential expression of SHAT1–5 could be due to regulatory 

changes. In addition, it has also been shown that up-regulation of SHAT1–5 is due to the 

disruption of a repressive cis-regulatory element in the 5′-promoter region (Dong et al., 

2014). It has also been argued that selection under domestication favored changes in 

this part of the gene as null-mutants show undesirable pleiotropic effects. 

Variability for the degree of shattering was also documented within the cultivated gene 

pools of soybean. The cultivated varieties less resistant to shattering were more resistant 

than the wild species though these were also not well adapted to the cultivation under 

conditions of low humidity, particularly for the mechanical harvest (Tsuchiya, 1987). 

In the cultivated soybean a major QTL (qPDH1, QTL for Pod Dehiscence 1) on 

chromosome 16 has been identified (Kang et al., 2009; Yamada et al., 2009). Anatomic 

analysis on NILs (near-isogenic lines) for this QTL did not evidence differences in the 

morphology of ventral suture included the formation of secondary cell wall (Suzuki et 

al., 2009). Moreover, the genomic region corresponding to this QTL did not contain 

homologs to Arabidopsis associated with pod dehiscence (Suzuki et al., 2010). 

Recently, the QTL qPDH1 has been cloned (Funatsuki et al. 2014) and it has been 

shown that it codifies for a “dirigent-like” protein whose expression is correlated with 

the lignin deposition in the inner sclerenchyma of the pod valves. This gene regulates 

the dehiscence increasing the twisting force in the pod wall at low humidity (Funatsuki 

et al., 2014). Moreover, the study of the geographical distribution of the allele 

conferring shattering resistance showed its relevance for the global expansion of 

soybean crop (Funatsuki et al. 2014). 

A SNP that leads to a premature stop codon in PDH1 generates a truncated and 

non-functional protein and is responsible of the indehiscence of fruit in cultivated 

soybean (Funatsuki et al., 2014). However, molecular mechanisms leading to 

indehiscent pod by qPDH1 remain not fully resolved. 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4478375/#B14
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4478375/#B14
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4478375/#B21
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4478375/#B21
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4478375/#B21
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The results of Dong et al. (2014) and Funatsuki et al. (2014) as a whole suggest that 

domestication and breeding when acted to reduce shattering also indirectly acted upon 

several underlying genes, among which SHAT1–5 and PDH1. This suggests that the 

interaction among genes might be relevant to fine-tune the indehiscence degree of 

cultivated soybean that is adapted to different environments. 

Similar to other legume crops, the reduction of pod dehiscence represents a key 

domestication syndrome in the domesticated common bean. Indeed, as for soybean and 

other crops the natural seed dispersal of the common bean became an undesirable trait 

when the plant was brought under cultivation. Pod dehiscence mechanism has been 

attributed to the presence of fibers surrounding the vascular bundle in the pod walls as 

well to the oblique orientation of the fiber in parchment layer lining the pod cavity 

(Roth, 1977). Decreased fiber content in the pod walls would reduce or retards the 

dehiscence (Wilke, 1972). After domestication selection for reduced pod fiber content 

pursued even further, eventually leading to fibreless pod type (“snap” or “stringless” 

bean in English, “mangetout” in French, “habichuela” or “ejote “ in Spanish) which do 

not open at all, even after maturity. 

The first studies (sometimes contradictory) on the genetic control of pod wall 

characteristics in common bean can be traced back to more than one-hundred years ago. 

These studies distinguished two main types of pod wall 1) tough, parchment or fibrous, 

and 2) tender, non-parchment or fibreless. 

Tshemark (1901, 1902) mentioned dominance of tough, parchment or fibrous over 

tender, non-parchment or fibreless. On the other hand, Emerson (1904) reported on 

crosses between stringy and stringless podded varieties. The pod of F1 progenies were 

sometimes intermediate between the two parents but overall found a strong tendency 

toward dominance of tenderness (stringless). Wellensiek (1922) crossed the stringy 

variety Wagenaar with three different stringless varieties. In all of the three F1 

generations, stringless appeared to be dominant with clear-cut monohybrid segregation 

in F2. Tjebbes and Kooiman (1922) suggested the dominance of the parchment type. 

Joosten (1924) examined many stringless varieties and the degree of their stringlessness 

and point out the high variability of the character and the probable influence of external 

factors. Currence (1930), in crossing stringy and stringless varieties reported that 

crosses between fibrous and fibreless types gave F1 stringless in two case and 

intermediate in an another one. He explained his results on the basis of a model with 
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two genes interacting epistatically. Specifically, it assumed that the dominant gene “S” 

produces stringlessness and a second factor, T, when present inhibits the action of the 

first factor, i.e. only “SStt” and “Sstt” are stringless. 

Lamprecht (1932) distinguished two main types “einfach gewolbt” (tough, parchment or 

fibrous) and “eigenshnurt” “tender, non-parchment or fibreless Lamprecht (1932) 

suggested that the quantity of fibers in pods valves (parchment) is controlled by a major 

gene (termed FA) and three additional genes with minor effects. The progressive 

accumulation of recessive alleles at these genes would be correlated to the reduction of 

shattering ability. (Figure 2.5) 

 

Figure 2.5 – Left: the two main types of common bean recognized by Lamprecht 

(1932) based on pod wall characteristics. Right: schematization of the hypothesis of 

Lamprecht (1932) on the genetic control of pod shattering in common bean. 

 

 

 

 

 

 

Subsequently, Prakken (1934) hypothesized that the genetic control of the traits 

parchment and stringness (i.e. absence of filamentous fiber along the pod ventral suture) 

is independent. More in particular the study of Prakken (1934) provided several insights 

on the string strenght and toughness of the pod wall. 

String strenght 

Prakken (1934) observed that the strength of string mainly depends upon the percentage 

of fibers in the sheath of the vascular bundles in dorsal and ventral sutures. In all the 

analyzed plants a) the ventral sheath consisted of 4-to-7, the dorsal of 5-to-8 cell layers, 

b) in each sheath occured parenchymatic cells, wood cells and fibers; c) these three cell 
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types always have the same relative position. He observed that in the pure stringy type 

variety Wagenaar (Figure 2.6, n. 8) the sheath consists entirely of fibres, except for a 

narrow part in the middle. In the stringless type (Fijne tros) (Figure 2.6, n. 2 and 3) the 

sheath mainly consists of wood cells with the fibers forming four small groups. The F1 

generation (Figure 2.6, n. 4, 5 and 6) was intermediate, though similar to the stringless 

type. In F2 the pure stringy Wagenaar type (“stst”) reappeared in a clearly unifactorial 

way. The percentage of fibres and the strength of string in homozygous and 

heterozygous “St” plants were influenced by other factors. In a sheath without or nearly 

without fibers the percentage of wood cells may slightly influence the strength of string. 

Toughness of the pod wall  

A tough or parchmented pod wall was due to a fibrous layer between inner and outer 

parenchyma. In the stringless type Fijne tros variety the fibrous layer was totally 

lacking; the dry pod is conspicuously constricted and shrivelled. The stringy Wagenaar 

variety had a rather weak fibrous layer; only parts of its cells were lignified. In F1 the 

fibrous layer was extremely thick and hard; all its cells were lignified. The dry pod was 

not constricted or shrivelled at all. The segregation into non-parchmented (“toto”) 

versus parchmented (“ToTo”) was unifactorial. Prakken also provided the genotype for 

Fijne tros (stringless/non-parchmented) “StSt toto” and Wagenaar (stringy/parchmented) 

“stst ToTo”. 

 

 

 

Figure 2.6 – Picture showing the distribution of the different cell types in the dorsal and 

ventral sheaths of the pod valves in common bean as a function of the different degree 

of stringlessness (from Prakken, 1934). 
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Overall the data collected by Prakken (1934) suggests some parallelism with what has 

been observed in soybean (Dong et al. 2014; Funatsuki et al., 2014). 

More than forty years later Drijfhout (1978) analysed string formation in F1, F2 and F3 

generations of crosses between cultivars without string, with incomplete string and with 

complete string, and in BC1 and BC2 generations of the hybrid between a stringless and 

a stringy cultivar backcrossed to the stringless parent. Segregation ratios suggested that 

two genes were involved in string development: 

- stringlessness being controlled by the dominant alleles of “St” (“StSt”; “Stst”) 

Stringy

Stringless

Intermediate
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- complete string being controlled by the recessive alleles of “St” (“stst”) 

- incomplete string development, at high temperature and in genotypes with the 

dominant St allele, being controlled by the dominant allele of the second gene 

(“Ts”) (“StSt” or “Stst” with “TsTs” or “Tsts”). These results are somewhat 

similar to those found from Currence (1930). 

Shelmidine and Hartmann (1984) collected evidences for two recessive genes and two 

dominant genes controlling string development in one bean population. 

Taken all together, the data point toward a relatively simple determination of shattering 

in bean with probably not less than 2 and up to 3-4 genes involved. 

It has been affirmed that the indehiscent fruit results from the loss of fibers in the 

sutures (“stringless”), which is under the control of a major QTL, St locus on linkage 

group 2. (Koinange et al., 1996). 

Nanni et al. (2011) characterized a genomic sequence in Phaseolus vulgaris of 1,200 bp 

(PvSHP1) that is homologous to SHATTERPROOF-1 (AtSHP1), a gene involved in the 

control of fruit shattering in Arabidopsis thaliana. The gene AtSHP1 is involved with 

the Arabidopsis thaliana, INDEHISCENT gene (AtIND) in silique shattering. However, 

the PvSHP1 fragment was mapped to chromosome Pv06 in P. vulgaris (nor on 

chromosome Pv02 like the St locus) and it is linked to gene V, responsible for flower 

and seed color. Moreover, the polymorphisms in this gene are not associated with the 

shattering (Nanni et al. 2011). In Arabidopsis thaliana, the gene INDEHISCENT (IND) 

is the primary factor required for silique shattering. More recently, Gioia et al. (2012) 

mapped PvIND1, a homolog of AtIND, in common bean in a region near to the St locus 

on chromosome Pv02. Although PvIND maps near the St locus, it do not completely co-

segregates with the St trait nor with the dehiscent/indehiscent phenotype. Gioia et al. 

(2012) concluded that PvIND may not be directly involved in pod shattering and may 

not be the gene underlying the St locus. These authors also called for a more precise 

phenotyping method to characterize shattering in common bean. 

Recently, Dong and Whang (2015) underlined that while Gioia et al. (2012) postulated 

PvIND as the AtIND homolog based on sequence homology in the conserved b-HLH 

domain and it is possible that polymorphisms in other AtIND homologs in common 

bean may be associated with pod indehiscence. They based their two observations on: a) 

the IND-related transcription factors are specific to Brassicaceae; b) the role of AtIND in 

the shattering of A. thaliana may have been acquired since the duplication event 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4478375/#B35
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recently occurred in the Brassicaceae HECATE3 (HEC3) gene clade (Liljegren et al., 

2004; Girin et al., 2011). However, as fibers are mainly composed of sclerenchyma cells 

with well-developed secondary cell walls, it is also likely that genes involved in the 

regulation of secondary cell wall deposition or fiber cell differentiation may have 

contributed to control pod dehiscence in the St locus (Dong and Whang, 2015). 

 

  

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4478375/#B43
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OBJECT 

 

The main objectives of the present activity were:  

1) the phenotypic and molecular characterization of a collection of introgression 

lines of common bean (Phaseolus vulgaris L.), developed ad hoc to study the 

domestication syndrome in particular for pod and pod-related traits. 

2) to specifically focus on the study of pod shattering trait in common bean to 

decipher its genetic bases. 

The achievement of the first task will allow building phenotypic and molecular datasets 

that will serve marker-traits association studies that ultimately will lead to the 

identification and the cloning of genes underlying very important agronomic traits. 

The second task wants to directly assess the potentiality of the collection for gene 

mapping studies focusing on pod shattering, one among the most relevant domestication 

traits in common bean. Deciphering its genetic bases is important for both evolutionary 

studies and breeding purposes. Indeed, the comparisons with other plant species will 

allow answering questions about the existence and the relevance of molecular 

mechanisms of parallel evolution in the Leguminosae species. A detailed understanding 

of the shattering mechanism and the identification of the underling genes will also 

provide breeders with key information to manipulate this trait and reduce yield losses. 
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MATERIALS AND METHODS 

 

Plant materials: the collelction of introgression lines (ILs) 

 

A population of 287 introgression lines (ILs) was phenotyped. This is a representative 

fraction of a larger set of about 600 ILs developed by the research group supervised by 

Prof. R. Papa from the Università Politecnica delle Marche (Ancona, Italy) in 

collaboration with the research group supervised from the Prof. G. Attene from the 

Università degli Studi di Sassari (Sassari, Italy).  

The population has been developed starting from the cross between the line 

MG38 and the Andean variety MIDAS. The line MG38 is a Recombinant Inbred Line, 

RIL, obtained from the cross between a wild Mesoamerican genotype, G12873, and the 

Andean variety MIDAS (Figure 2.7). The genotype MG38 was selected to have a wild 

phenotype for growth habit (climbing) and pod (small size, curved shape, pigmented 

valves and not-shattering) and seed characteristics (very small size). Based on AFLP 

analysis MG38 possess 55% of the genome attributable to the wild Mesoamerica parent 

G12873 (Papa, personal communication). To obtain the ILs, MG38 was backcrossed 

with MIDAS as recurrent parent. MIDAS is characterized by big and relatively straight, 

yellow and not-shattering pod with big seeds. 

To obtain the introgression lines, different cycles of backcross and selfing were 

accomplished together with the selection for wild characteristics of the pod and seeds 

(Figure 2.8). Among the 287 lines analyzed in this study, 70 belong to BC3/F4:F5 

families while 217 to BC3/F6:F7 families. For these latter, based on AFLP marker it was 

estimated that about 5-10% of the genome can be attributed to the wild line G12873 

(Papa, personal communication). Thus, it is expected a high homozigozity level within 

each family. However, it should be also expected that within each family some genetic 

segregation is detectable because of the residual heterozigosity (expected lower in 

BC3/F6:F7 than in BC3/F4:F5). 
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Figure 2.7 –Differences between MG38 (on the left) and MIDAS (on the right) for pod 

traits (photos by M.L. Murgia and D. Rau). 

 

 

The characteristics of the ILs are of particular interest as they were obtained to 

allow overcoming some of the most important and common problems that limit the use 

of wild germplasm into breeding programs: 1) the dominance of the majority of the wild 

alleles at domestication loci, and 2) the presence of deleterious mutations that can mask 

the useful variant (Rick, 1974; Eshed and Zamir, 1994; Dwivedi et al., 2008). 

Moreover, the relatively high number of generations of recombination should allow 

mapping of the genes with an acceptable resolution. This would facilitate the 

valorization of the diversity present in the exotic germplasm for bean breeding as also 

the identification of useful genes. 
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Figure 2.8 – Scheme used to develop the bean introgression lines analyzed in this 

study.  

.  

 

 

Phenotyping under field conditions 

The phenotyping under field conditions was conducted in 2014 between May and 

October (sowing date May 19th). Per each line, a seed rate of two seeds per hole was 

used. A field scheme of eight rows with 35-38 holes per row was chosen, with a 

distance between rows of 1.5 m and 0.8 m between holes within row. The positions of 
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the lines in the field were randomized. Along each row, a plastic sheet was used to 

facilitate weeds control (Figure 2.9). 

 

Figure 2.9 – Field trial design. 

 

The following traits were collected in the field: number and orientation of the 

cotyledonary leaves, stem color, flower color; growth habit, flowering ad pod setting 

time (days from the 26th of June), plant height (cm), plant vigor (as product of the 

height x width, cm
2
) and pod color.  

 

Precision phenotyping of pod traits 

At maturation stage, 10 randomly sampled not-shattered pods were colleccted per line. 

These were then scanned, and the acquired image (600 dpi) was processed with the 

Tomato Analyzer software (Rodriguez et al., 2010) to determine the following traits: 

perimeters, area, curved height, maximum height and maximum width (Figure 2.10). 

We also calculated the ratio curved length/maximum height, to synthetically describe 

the shape of the pod: a ratio = 1 indicates a perfectly straight pod while ratios < 1 
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indicate a “C” shape, more or less pronounced according to the curvature. All these 

variables must be referred to the projection area of the pod on the scanner glass. 

We first set the procedure on the parental lines MG38 and MIDAS which are 

markedly different between each other. When different “readings” of the same image 

were consistently stable we extended this analysis to all of the other bean lines. 

Statistical analyses were performed on the mean data obtained from 10 pods per line. 

 

Figure 2.10 – Step of pod precision phenotyping. In the order: scan of 10 pods per bean 

genotypes and automatic determination of five pod traits by tomato analyzer software. 

.  

 

 

A zoom on pod shattering traits 

For each plant we counted the number of naturally shattered and non-shattered pods. 

Shattered pods were further classified into different typologies as exemplified in Figure 

2.11.  

Figure 2.11 – Method used to classify the pods produced by each plant in order to 

phenotype the shattering trait. 
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We considered four categories: indehiscent, with valves “fissured” along the 

ventral suture between the pod valves, dehiscent with not-twisting valves and dehiscent 

with twisting valves. It should be noted that the last categories were sometimes difficult 

to call because of the presence of intermediate cases. At the end of this classification, 

for each plant the number of pods falling into each category was counted (Figure 2.12). 

For statistical analyses the number of pods was referred to the number of fertile pods 

produced by the plant. 

All pods of 
a plant

Fertile pods

Pods with valves separated with 
some degree

Dehiscent 
pods

Twisting
Not-

twisting

Pods with valves
slightly separated

(fissured)

Pods completely 
indehiscent

Sterile pods
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Figure 2.12 – Example of pod classification for a bean line  

 

Furthermore, indehiscent pods were trashed by hands per each line; this allowed 

evaluating the “resistance to manual shattering” based on a scale from 1 (very low 

resistance = valves separated and abruptly shuttered after a very light pressure on the 

distal part of the pod) to 9 (very strong resistance = valves did not separate and it is 

necessary “to break” them). To avoid bias when scoring resistance, this resistance to 

manual shattering was recorded independently from the pod classification and after that 

the pods of all of the plants were classified. 

After that seeds were separated from the valves, the following traits were 

determined per plant: pods weight per plant (g), valves weight per plant (g), seeds 

weight per plant (g), pods per plant (n.), seeds per plant (n.), average pod weight (g), 

weight of 100 seeds (g), seeds per pod (g), average valves weight (g), seeds per pod 

(no.), H.I. at pod level (as g of seeds per pod/average pod weight). 

  

«Fissured»Twisting Not-twisting «fissured»               Indehiscent
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Chemical characterizations 

 

This was endeavoured to understand if pod shattering mechanism is correlated to the 

chemical characteristics of the pod valves  

Elementary composition analysis (Carbon, Hydrogen and Nitrogen) of pod valves. 

For each bean line 2g of dried pod valves were considered pod valves were weighted. 

Valves were pulverized mechanically using a grinder at a speed of 18000 rpm for 1 min. 

The pulverized tissues were transferred in FALCON tubes (50 ml) and stored for few 

days at room temperature in a dry and cool place. The analysis was performed using 

0.080 g of pulverised tissue per each line. The samples were combusted at 1000 °C in 

an excess of oxygen using the LECO CHN 628 (Leco Corporation, St. Joseph, MI) 

instrument to determine carbon (C), hydrogen (H) and nitrogen (N). This was calibrated 

using the forage standard “oat meal 502276” with a percentages of 46.43 and 2.64. For 

every run, three different samples of the standard were included.  

The analysis was first performed considering the two parental lines MG38 an MIDAS, 

for which three biological replicates (i.e. three plants for each of them were available). 

For each biological replicates, three technical replicates (i.e. three independent analyses) 

were performed.  As we observed highly significant differences between the two parents 

(See Results section), the analysis was then extended to all the lines. For each lines we 

analysed  

 

Fiber Analysis 

For each plant 6g of dried valves were ground using the Retsch SM 100 mill for 10 

minute. Then, the procedure proposed by Van Soest  (Van Soest and Wine, 1967)  was 

used.  
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NDF 

To obtain the Neutral Detergent Fiber (NDF), for each sample, 0.50 g of pulverized 

tissue was used and placed into filter bags. The bags were then accommodated in the 

ANKOM220 Fiber Analyzer. This instrument performs the digestion at 100 ± 0.5°C at a 

pressure between 10 and 25 psi. After adding 2 litres of neutral detergent solution, 

samples were agitated in this solution at 100°C for 80 minutes. The neutral solution is 

composed by sodium lauryl sulphate and EDTA, with a pH 7.0. This allows the 

removal of the soluble fractions present in the plant cell (pectins, sugars and starch, 

proteins and lipids) retaining the insoluble fraction of the vegetable cell wall. After 

agitation, samples were washed twice with hot water and twice with deionized water, 

dried at 100°C and weighted. They were finally incinerated at 500°C. The NDF was 

expressed as percentage (%) of dried organic matter after subtracting the weight of the 

ashes. The NDF thus represents the total content in cell wall of the analysed sample. 

ADF 

To obtain the Acid Detergent Fiber, for each sample, 0.50 g of pulverized tissue were 

used and placed in another filter bag to be analysed with ANKOM220 Fiber Analyser. 

In this case, 2 litres of acid detergent solution were added [20g cetyl 

trimethylammonium bromide (CTAB) added to 1 liter 1N of H2SO4]. Samples were 

agitated at 100°C for 60 minutes. After that, samples were washed twice with hot water 

and twice with deionized water, dried at 100°C and weighted. The ADF was expressed 

as percentage (%) of dried organic matter. The ADF is mainly ad intermediate step 

necessary to obtain the ADL (see here below). However, the difference NDF-ADF 

roughly estimates the content in hemicelluloses of the analysed sample (Van Soest and 

Wine, 1967). 

 

ADL 

To obtain the Acid Detergent Lignin (ADL) The ADF is treated with sulphuric acid 

72% for 3 hours mixing every 30 minutes. The samples were washed twice in hot water 

twice with deionized water, dried at 100°C and weighted. They were finally incinerated  

at 500°C. The ADL was expressed as percentage (%) of dried organic matter after 
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subtracting the weight of the ashes. The ADL was expressed as percentage (%) of dried 

organic matter and it is an estimation of the lignin content of the analysed sample. 

Moreover the difference ADF-ADL represent an estimation of the cellulose content of 

the analysed sample (Van Soest and Wine, 1967). 

The determination of the content in cell wall, hemicellose, cellulose and lignin was first 

obtained for theMG38 and MIDAS for both of which three biological replicates were 

available. For each biological replicates, three technical replicates were obtained. As the 

analysis of variance showed clear-cut differences between the parent lines, the analysis 

was extended to 15 indehiscent  lines and 15 lines characterize by a very high shattering 

level. 

 

Anatomical and histological study of pod valves 

This investigation had the specific aim to investigate, in particular differential pattern in 

cell wall characteristics, with emphasis for lignin deposition. 

This analysis was conducted considering five- and 20-days-old pods. Fresh pods were 

kept in a solution 5:2 of EtOH 95% and glacial acetic acid for three days, and then 

stored at 4°C in EtOH 70%.Cross-sections of pod bean ventral and dorsal structure were 

obtained. They were treated Javell water for approximately 10 minutes to eliminate 

cellular content an maintain cell walls. After washings, cross-sections are immersed in 

sections Acetic Acid 50% for a few minutes. Cross-sections were the stained with 

different methods. 

 

Toluidine Blue O staining 1% 

The Toluidine Blue O (TBO) is used to differentially stain polysaccharides and lignin 

(Mitra et al., 2014).It has been used 1g of toluidine blue O in 100 ml of water. 

Thickened wall of lignin that has not taken up the toluidine blue stain and appears sky 

blue, the cellulose and hemicellulose to the contrary are stained dark blue (Mitra et al., 

2014). 
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Cochineal carmine and iodine green 

Sections were first treated for 2 minutes  with green iodine acidified before the use. 

Sections were then washed several times with ethanol 70% and, finally, with water. 

Then sections were treated with the cochineal carmine for 30 minutes. Three washes of 

10minutes each with ethanol 75%, ethanol 95% and ethanol 100% were performed. 

Sections are then subjected to a treatment with xylene for 10 minutes is. Lignin is 

coloured of green by iodine green while cellulose is coloured of pink by cochineal 

carmine. 

 

Paraffin inclusions  

To allow paraffin to penetrate into plant tissues it is first necessary to dehydrated with 

three treatments with ethanol (at 50%, 75%, and 100%) Ethanol was then replaced by 

an organic solvent (BioClear, xylene) with three treatments (3/4 ethanol and 1/4 

BioClear, 1/2 Ethanol and 1/2 BioClear, and 1/4 ethanol and 3/4 BioClear) each of 30 

minutes. Tissues were then treated with BioClear over-night. The BioClear was 

gradually replaced by the paraffin with three treatments (3/4 BioClear and 1/4 liquid 

paraffin, 1/2 BioClear and 1/2 liquid paraffin, 1/4 BioClear and 3/4 liquid paraffin) each 

of 1 hour, finishing with pure paraffin for 1 hour. The samples were included in paraffin 

over-night. Paraffin inclusions were then cut and sections of 10µm were obtained using 

a sliding microtome (Reicher). Paraffin was then removed with three treatments with 

ethanol (ethanol 100%, ethanol 95%, ethanol 75%, Et-OH 50%) and final washing with 

water. Sections were stained with Toluidine Blue O at concentration of 1%. 
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Statistical analysis  

For each of the registered variable we determined the frequency distribution. The 

association between variables was quantified by the Pearson ‘r’ coefficient (quantitative 

traits) or by contingency analysis (qualitative traits). Differences among groups of lines 

for the various phenotypic and chemical traits were tested using one way analysis of 

variance, considering each line as a replicate of the group. The correlations structure 

among the phenotypic quantitative variables was studied by using Principal component 

analysis and by clustering correlations based on their pairwise correlation matrix. 

To investigate the relationships between  resistance to manual shattering and other 

measure of shattering we adopted the method of recursive partitioning also known as 

decision trees analysis. This is particularly indicated to investigate relationship among 

variable without having an priori model. to find combinations of genes whose 

expression distinguished the samples based on histology. In medicine it has been show 

it is particularly useful to convert a series of symptoms data (X variable) and diagnoses 

(Y variable) of diseases into a hierarchal system of (dycotomic) questions to be asked to 

new patients in order to make possible an early and rapid diagnosis. This analysis is 

particular powerful as it consider a very high number of possible partitions take into 

consideration only the best one (rif). In our case the categorical x variable was the 

degree “resistance to manual shattering” while all the other 5 indicators of shattering 

were considered as possible explanatory Y variables. Differences among group of 

genotypes were tested using the one-way Analysis of Variance. Statistical analysis on 

phenotypic data were performed using JMP ver. 7 software (SAS Insitute, Inc., 2012).  

 

Molecular analysis  

 

DNA extraction 

The genomic DNA was extracted from young leaves by taking approximately 100-300 

mg of tissue from each plant for a total …(Inserire numero individui). The frozen leaf 

tissue was grinded with a TissueLyserII (Qiagen s.r.l., Milano, Italy) and DNA 

extracted using the DNeasy 50 Mini Plant Kit (Qiagen GmbH, Hilden, Germany). The 

quantity and purity of DNA were assessed by spectrophotometric measurement 



 

 

Maria Leonarda Murgia 

Two case studies on plant genetic diversity:comparison of two historic collections of barley landraces and characterization of a 

common bean segregant population for domestication traits 

Tesi di dottorato in Produttività delle Piante Coltivate, Università di Sassari Pag 

(GENEQUANT II, Pharmacia Biotech LTD, Cambridge, England). DNA stocks were 

stored at -20°C. 

Pool-seq analyisis 

Construction of segregating pools 

Two DNA pools for sequencing were made by selecting extreme individuals from the  

mapping population of 267 plants with the percent of pod shattering ranging from 0–

80%. The pool with not shattering individuals (PoolSH) was made by mixing equal 

amounts of DNA from 27 completely indehiscent  plants (with percent shattering equal 

to zero).The second pool (PoolSH) was made by mixing equal amounts of DNA from 30 

highly shattering  plants (more than MG38) i.e. with a percent of shattering from 65% 

up to 80%. DNA quality and concentration were measured by 0.8% agarose gel 

electrophoresis, and adjustments were made for a final DNA concentration of 100 

ng/mL. Genomic DNA digestion and amplification Fragment selection, extraction and 

amplification and sequencing were performed by NGS Service of the center of 

functional genomics of the University of Verona. Divergence between pool was 

estimated by the using the  SNPs index = SNP index of the pool of the highly 

shattering lines minus the SNP index of the pool of not-shattering lines. The SNP index 

is calculated as fraction of reads per position that are attributable to the MG38 (highly 

shattering parental line). 

 

GBS analysis  

Library preparation and raw data of sequence (Hiseq3000, 2 x 150 bases) were 

obtained at NG6, INRA, Monpellier,France, as services. Ro calling variants the Tassel 

5 GBS v2 Pipeline was used. Assoiation mapping was perfomed by Using Tassel ver.5, 

with or without considering kinship. As we retained 4913 SNPs for the analysis with a 

20 X coverage, we correct the level of significance byusing Bonferroni method (0.05/n. 

of markers = 0.5/4913 10
-5

). To further investigate the geneti bases of shattering traits 

we also adopted the  multi-locus mixed-model approach of Segura et al. (2012).  As a 

complement of the associatin analysis we also investigate the co-ooccurence of 

candidate gene involved in shattering process (table) or in lignin bosythstes within the 

mapped QTLs. 

https://bitbucket.org/tasseladmin/tassel-5-source/wiki/Tassel5GBSv2Pipeline
https://bitbucket.org/tasseladmin/tassel-5-source/wiki/Tassel5GBSv2Pipeline
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 (AP2) cter 

 

 

 

 

Referen

ces 

Species Gene(s) Molecular 

function 

Specie Numbe

r 

homolo

gs 

Ortolog

ues 

Chromoso

me 

 Arabidop

sis 

Thaliana 

At5g09330 Transcriptio

nal regulator 

(NAC) 

Phaseol

us 

vulgaris 

22 1 (9) 

 Arabidop

sis 

Thaliana 

AT5G13180 

 
Transcriptio

nal regulator 

(NAC) 

Phaseol

us 

vulgaris 

33 4 (2,8,9) 

 Zea mais Pal3a 

GRMZM2G074

604 

 

Phenylalanin

e ammonia-

lyase 

Phaseol

us 

vulgaris 

6   

 Zea mais Pal3b 
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Phenylalanin

e ammonia-

lyase 
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us 
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6   

 Zea mais Pal3c 
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6   
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6   
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6   
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RESULTS 

 

Phenotyping under field conditions 

 

Qualitative traits 

The results obtained for the eight qualitative traits examined are summarized in 

Figure 2.7. Overall, it has been observed high diversity levels for the traits “angle 

formed by cotyledonary leaves” and “leaf lobatures type”, for “flower color” and 

“pod color”, and with lesser extent for “growth habit” and “double pod”. The 

remaining two traits (“number of cotyledonary leaves” and “stem color”) were 

almost monomorphic with nearly all the plants showing two cotyledonary leaves and 

green stem.  

The majority of lines, 71.1%, showed a 180° angle formed by the cotyledonary 

leaves while 25% of the plants showed an angle between 90°and 180°, with only six 

plants having three cotyledonary leaves forming 120°; the most frequent lobature 

type was the intermediate one (68.8%), followed by “deep lobature” (21.4%) and 

“absence of lobature” (8.6%).  

Three flower colors were observed: white (as in MIDAS, 70.0%), light purple 

(8.9%), and purple (as in MG38, 20.3%) For the variable “pod color” two main types 

were recognized: uniform yellow (as in MIDAS; 72.7%) and yellow with red stripes 

(27. 3%). However, it was also noted that plants differed for the number and intensity 

of the stripes from low (4.8%), to medium (18.8%) and high stripped (3.7%). 

The vast majority (82.6%) of the plants was classified as “non-climbing” (as 

MIDAS); however climbing types cumulatively represented the 18%, with 10% of 

the individuals classified as intermediate and 7.4% as climbing (as MG38). The 

11%of plants displayed at least one double pod. 
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Figure 2.7 – Frequencies and diversity of eight qualitative traits recorded within the 

collection of bean lines. *traits that were mapped 

 

 

The association between variables was tested. It was observed a strong association 

between flower color and pod color (Pearson 
2
=206.5, d.f.=6, P<10

-4
; R

2 
= 0.47).The 

majority of uniform yellow pods derived from white flowers while almost all with 

stripes pods were from purple and light purple flowers. The classification into light 

purple and purple was not predictive of the pod colors. Other associations of small 

strength were detected between : 

1) “lobature of the cotyledonary leaves” and “flower color” (Pearson 
2
=14.0, d.f.=6, 

P=0.030; R
2 

= 0.03) with the sample of plants with deep leaf lobature enriched for light 

purple flowers; 

2) “growth habit” and “variable angle formed by cotyledonary leaves” (Pearson 
2
 = 

12.24, d.f. = 4; P = 0.016; R
2
=0.038) with the class of plant having a 180° angle 

between cotyledonary leaves enriched for non-climbing types and the other two classes 

enriched for climbing types; 
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3) “stem color” and “flower color” (Pearson 
2
=11.9, d.f.=2, P=0.003; R

2 
= 0.02) and 

“stem color” with “pod color” (Pearson 
2
=79.2, d.f.=3, P < 10

-4
; R

2 
= 0.05). 

Specifically, plants with colored stem always produced purple flower and pods with a 

high number of stripes. Figure 2.8 

4) “double pod” and “growth habit” (Pearson 
2
=9.4., d.f.=2, P=0.009; R

2 
= 0.04) with 

the climbing types enriched for double pod compared to the non-climbing type. 

 

Figure 2.8 – Association between flower and pod color. 

 

 

The successive mapping analyses will concentrate on pod color, “double pod”. This 

decision is based upon the observed level of genetic variation, the pattern of correlation 

among variables and the a priori decision of focusing the present research on the effects 

of domestication on pod characteristic. It will be also mapped “growth habit” to 

investigate the role of this trait when studying the genetic bases of the pod related traits. 

 

Quantitative traits 

The 15 morpho-phenological and productive quantitative traits showed a strong 

correlation structure (Figure 2.9). Indeed, among the 105 pairwise correlations among 

variables, 68 were significant with P < 0.0001, nine with P < 0.001, eight with P <0.01, 

two with P < 0.05 and only 18 (17.1%) were not significant (P>0.05). After correcting 

for a false discovery rates of 5% (Benjamini and Hochberg, 1995), 85 variables were 

still significant. Moreover, principal component analysis resulted in five PCs with 

eigenvalue > 1 that cumulatively explained the 89.6% of the total variance, with PC1 
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alone explaining 46.8% of the total variance. The clustering of the variables based on 

pairwise-correlations resulted in two main groups, G1 and G2, which further split into 

two (G1A and G1B) and three (G2A, G2B and G2C) subgroups for a total of five 

clusters (Figure 2.9). The majority of the significant correlations was positive in sign. 

Negative correlations (in general quite weak; Figure 2.9) were almost exclusively found 

for the phenological variables (G2C) versus plant vigor (G1A) and plant vigor-related 

traits (G1B) indicating that earlier lines tended to be more vigorous than the later ones. 

The other groups of variables, G2B and G2C, mainly comprised pod-related traits that 

were not significantly influenced by phenology. 

 

Figure 2.9 – Correlation structure among the 15 morpho-phenological and productive 

traits recorded across 267 bean lines. Left: cluster analysis of the variables based on 

correlations. *traits that were mapped. Right: color map representing the pairwise 

correlation matrix among the variables. 

 

 

Considering the present results and the objectives of the PhD thesis, the mapping 

analyses will be limited to the following four traits: average pod weight, weight of 100 

seeds, number of seeds per pod, harvest index at pod level. It has been decided to also 

map plant vigor and flowering time to take into account these more general 

characteristics of the plant when studying the genetic bases of the pod-related traits. In 

Figure 2.10 are reported the distribution of these six quantitative traits. 
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Figure 2.10 – Frequency distribution for the six quantitative traits subjected to QTL 

analysis.  

 

 

 

 

 

Precision phenotyping of pod size and shape  

As expected the two parental lines showed contrasting characteristics for all of the six 

traits (Table 2.3). We observed good levels of variation for both shape and size (Table 

2.3).  
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Table 2.3 – Results of the precise phenotyping of pod shape (measures are in pixels) for 

the two parental lines MG38and MIDAS. For each of them 10 pods of the three 

replicates were measured. The t tests were conducted considering for each replicate the 

means of 10 pods. *traits that were mapped 

 
MG38 MIDAS  

 

 
mean 

St. 

dev. mean 

St. 

dev. 

Rang

e 

P (t 

test) 

Perimeter 1600.6 20.6 3255.2 35.6 1654.6 10
-4

 

Area* 

38149.

0 2044.6 

120873.

0 1990.6 82724 

10
-4

 

Maximum Width 226.3 26.6 274.2 54.2 47.9 0.046 

Maximum Height 617.2 21.2 1445.3 38.1 828.1 10
-4

 

Curved Height 667.6 7.8 1437.4 37.5 769.8 10
-4

 

Maximum/curved 

height* 0.9 0.0 1.0 0.005 0.1 

0.005 

 

Based on the coefficient of variation (CV, Table 2.4) the trait that showed the lowest 

variation was the ratio maximum/curved height while the remaining five traits displayed 

relatively similar levels of variation.  

 

Table 2.4 – Results of the precise phenotyping of pod shape (measures are in pixels). 

For each of the 267 lines, 10 pods were measured the means obtained.  

 Mean St. dev. Min. Max. Range C.V. 

Perimeter 2351 286 1331 3218 1887 12.2 

Area 72220 12040 21854 108928 87074 16.7 

Maximum width 286 51 132 494 363 17.9 

Maximum height 937 135 444 1290 846 14.5 

Curved height 974 123 524 1318 794 12.6 

Maximum/curved height 0.96 0.04 0.79 1.00 0.21 4.6 

 

The highest values were observed for pod area that also displayed the largest difference 

between the minimum and the maximum values. The comparison between the ranges of 

variation observed for the parental lines with and the introgression lines evidenced that 

the parental lines occupy the opposite tails of the frequency distributions for all of the 

traits except for maximum width and maximum/curved height. However, these six 

variables showed a high level of redundancy. Indeed, the two principal components 

with eigenvalues > 1 capture the 94.5% of the total variance (PC1=64.7% and 
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PC2=29.8%). The PC1 was strongly and positively correlated with perimeter, area, 

maximum height and curved height (r > 0.95 and P<10
-4 

in all of the cases). The PC2 

was positively correlated with the pod maximum width (r=0.89, P<10
-4

) and negatively 

correlated with the ratio maximum/curved height (r = -0.81; P<10
-4

).Among the 

precision traits it has been decided to limit the mapping to pod area (as a measure of 

size) and maximum/curved height ration (as a measure of shape). 

 

A close up on pod shattering 

The percentage (%) of pods with valves that were, to some degree, separated was on 

average 49.6% with a range between 0% and 96.1% (Figure 2.11; Table 2.5). The 

indehiscent pods was on average 50.4%, varying from a minimum of 3.9% to a 

maximum of 100%. Twenty-nine individuals (about 10% of the total) had a percentage 

of non-shattering pods of 100%. It also appeared that the distribution of these two 

variables tends to be bimodal. The level of shattering (as % of shattered pod per plant) 

was on average 31.6% with a very high variation being comprised between 0% (all pods 

of the plant not shattered) and 82.6% (almost all pods shattered). The % of fissured pods 

was on average 18.0 % spanning from 0% to 71.7%. Dehiscent pods were further 

subdivided into twisting and not-twisting with mean values of 11.1% for the former and 

20.1% for the latter though showing similar ranges of variation (from 0% to about 60% 

in both cases). 
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Figure 2.11 – Frequency distribution of the variables used to measure shattering in the 

analyzed population of common bean. All variable are expressed as percentage (%) of 

pod the fertile pods. Sample size is n=267 for all of the distributions. 
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Table 2.5 – Descriptive statistics for the variables used to measure pod shattering trait 

in the population of bean lines. All variables were expressed as percentage of the fertile 

pods. 

 

 

Percentage of pods Mean 

Std.  

dev. 

Mean  

SE L95% U95% 

Completely indehiscent 50.4 26.7 1.6 53.6 47.2 

Valves separated to some degree 49.6 26.7 1.6 52.8 46.4 

Valves very slightly separated 18.0 13.4 0.8 19.7 16.4 

Dehiscent 31.6 21.3 1.3 34.1 29.1 

Twisting 11.5 10.9 0.7 12.8 10.2 

Not-twisting 20.1 14.3 0.9 21.8 18.4 

 

The % of shattered pods was more strongly correlated with the frequency of the not-

twisting than with the frequency of the twisting types (Figure 2.12). However, in both 

cases the correlations were highly significant (P<10
-4

). In particular, it has been noted 

that while a low number of twisting corresponded to quite different level of shattering, a 

low number of non-twisting pods was less predictive of an overall low level of 

shattering. 

 

Figure 2.12 – Relationships between level and modality of shattering. Left: relationship 

with the frequency of twisting pods. Right: relationship with the frequency of not-

twisting pods. Either linear and smoothing spline (  = 10000) fits are presented. These 

analyses were performed excluding completely indehiscent plants. 
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Figure 2.13 emphasizes that the analyzed segregant population was highly variable not 

only for the level but also for the modality of pod shattering and that bean lines with the 

same level of shattering could display very different proportion of twisting/not-twisting 

types. In particular, it was evident that with very high % of shattering (>70%) the ratio 

between not-twisting and twisting varied from 25:50 (1:2) to 60:15 (4:1). Moreover, the 

figure also suggests that transgressive variation occurred as about 10% of lines 

displayed higher shattering compared to MG38, the strongly shattering parental line. 

 

Figura 2.13 – Relationship between level of shattering and frequency of twisting and 

not-twisting types. The color represents the level of shattering: deep blue = absence of 

shattering; red = high shattering. The dotted line separates bean lines with a level of 

shattering lower than or higher than MG38, the highly shattering parental line ( 65%). 
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The traits “resistance to manual shattering” was characterized by the distribution 

depicted in Figure 2.14. The mean value for the trait was 4.12 (St. Dev. = 1.96; Mean 

S.E.=0.12). About 15% of the genotypes belong to the classes 1 and 2 (i.e. equal or even 

lower than MG38, strongly dehiscent) while about the 10 % of the genotypes fall in the 

classes 8 and 9 (equal to or even higher than MIDAS, completely not dehiscent). It is 

also interesting to note that this distribution appears bimodal. 

 

Figure 2.14 – Frequency distribution of the resistance classes to manual shattering. 

Classes are from 1 (very low resistance) to 9 (very high resistance). 

 

We also modeled the resistance to manual shattering based on the frequency and the 
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low or medium-high resistant to manual shattering was based on a frequency of 

shattered pods higher or lower than 10% (Figure 2.15). This partition explained 65.0% 

of the variance for the manual resistance to shattering trait. 

The second partition indicated a role for the variable frequency of twisting pods. Indeed, 

among the genotypes with more than 10% of shattered pods, the analysis showed that a 

second criterion for the classification of the bean lines into very low or medium-low 

resistant to manual shattering was to have a level of twisting pods higher than or lower 

than 9.2%, respectively. This partition explained an additional significant but small 

portion (6%) of the resistance to manual shattering. 

The third partition indicated a role for the variable frequency of not-twisting pods. 

Indeed, among the genotypes with less than 10% of shattered pods, a third criterion for 

the classification of the bean lines into medium or highly-very highly resistant to 

manual shattering was based on a level of not-twisting pods respectively higher than or 

lower than 4.3%. In this case, the partition explained an additional 4% of the total 

variance for the manual resistance to shattering. Cumulatively, the three partitions 

explained 75% of the total variance. The fourth partitions (not shown) explained only 

0.8% of the total variance indicating that considering more complex models to explain 

the manual resistance to shattering was not necessary. 
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Figure 2.15 – Results of the recursive partition analysis Resistance varies from 1 (low 

resistance) to 9 (high resistance). 
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Relationships between pod shattering and other plant characteristics 

In Table 2.6 were reported the correlations between the % of shattered pods with the 8 

recorded qualitative traits and 15 quantitative traits of which 2 phenological and 13 

morpho-productive. Overall, shattering was very poorly correlated with all of the 23 

traits. Significant associations were detected for four qualitative traits (stem, flower and 

pod color and double pod) and for four productive traits namely valves weight per plant, 

average valves weight, weight of 100 seeds, and harvest index at pod level. After 

sequential Bonferroni correction for a FDR of 0.05 (Benjamini and Hochberg, 1995) all 

associations remained significant except for the color of the stem. 

Specifically, for what concerns the associations with qualitative traits  

- plants with red stem had higher shattering than those with green stem (59.6% ± 

S.E. 12.66%  vs 31.25% ± 1.30). 

- plants with white flowers had higher shattering (36.52 ± 1.44) than those with 

purple (22.85 ± 2.67) and light purple (13.66 ± 3.96) color 

- yellow pod was associated to high shattering (35.89 1.44) compared to 

stripped/yellow (17.58 ± 2.8), with stripped (30.55 ± 6.33) and yellow/stripped 

(24.92 ± 5.77) in an intermediate positions. 

- the 30 plants characterized by the occurrence of double pod showed higher 

shattering (43.1 ± 3.81) than the others (30.11 ± 1.36) 

For what it concerns the associations with the quantitative traits, despite the effects are 

overall weak, it was observed that the valves weight per plant and the average valve 

weight tended to increase with shattering levels while the weight of 100 seeds and the 

harvest index at pod level tended to decrease with the increase of shattering levels. 

More specifically, the contrasts between the 236 dehiscent and the 29 indehiscent plants 

evidenced that the first group had a production of valves per plant and an average valve 

weight respectively 35.4% (t test: P=0.0085) and 26.2% (P=0.0004) higher than the 

second; to the opposite, the weight of 100 seeds and the harvest index at pod level were 

respectively 15.9% (P=0.0002) and 8.9% (P<0.0001) lower in the dehiscent than in 

indehiscent plants. 
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Table 2.6 – Correlations (Pearson r) between the percentage (%) of shattered pods of a 

plant with 23 morphological and productive traits. In bold are indicated the traits 

selected for mapping analyses. **P<0.01; ****P<10
-4. 

TRAITS ASSOCIATIONS 

QUALITATIVE TRAITS R
2
adj M.S. F P 

No. of cotyledonary leaves 0.000 106.86 0.235 0.628 

Angle of the cotyledonary leaves 0.000 99.21 0.21 0.81 

Lobature of the cotyledonary leaves 0.012 672.75 1.481 0.229 

Stem color 0.020 2446.21 5.50 0.02 

Growth type 0.000 15.59 0.035 0.95 

Flower color 0.140 8396.23 21.45 <10
-4

 

Pod color 0.120 4708.32 11.75 <10
-4

 

“double pod” 0.037 4473.24 10.25 0.0015 

QUANTITATIVE TRAITS R
2
 r n P 

Plant height 0.010 0.102 264 0.099 

Plant vigor 0.010 0.099 263 0.107 

Flowering time 0.000 0.00 266 0.998 

Pod setting 0.001 0.034 264 0.058 

Pods weight per plant
1
 (g) 0.003 0.056 267 0.366 

Valves weight per plant
2
 (g) 0.029 0.169 264 0.0061 

Seed weight per plant
3
 (g) 0.000 -0.003 265 0.949 

No. of pods per plant
4
 0.014 0.117 265 0.055 

No. of seeds per plant
5
 0.010 0.100 266 0.103  

Average pod weight
1/4

  0.001 -0.031 267 0.611 

Average valves weight
 2/4

 0.071 0.267 264 <10
-4

 

Weight of 100 seeds
3/5x100

 0.045 -0.212 265 0.0005 

g. of seeds per pod
3/4

 0.014 -0.119 265 0.0523 

No. of seeds per pod
5/4)

 0.006 0.77 266 0.211 

Harvest index at pod level
3/1

 0.106 -0.327 265 <10
-4

 

Average across traits 0.028    
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Correlations between shattering and pod size and shape.  

All correlations between the % of shattered pods and the six morphometric variables 

describing size and shape of the pod were negative in sign and, despite not particularly 

strong (r between -0.132 and -0.452), they were all significant (P comprised between 

<0.05 and P<10
-4

; Table 2.7). Thus, when shattering levels increased, pods tended to 

become smaller (with lower area, perimeter, shorter and narrower) and more curved 

(lower ratio curved/maximum height). Accordingly, when shattering level increased 

pods tended toward the characteristics of MG38, the parental lines carrying wild derived 

pod traits. 

 

Table 2.7 – Correlations between the % of shattered pods of a plant and other pod traits 

measured with  the software Tomato analyser. 

Trait R
2
 r n P 

Perimeter 0.089 -0.298 259 <0.0001 

Area 0.022 -0.148 259 0.0171 

Maximum Width 0.181 -0.425 259 <0.0001 

Maximum Height 0.020 -0.143 259 0.0213 

Curved Height 0.071 -0.266 259 <0.0001 

Maximum/curved height 0.120 -0.347 259 <0.0001 

 

Chemical elementary composition analysis of pod valves (CHN) 

 

The analysis of variance (ANOVA), evidenced that the pod valves of the two parental 

lines MG38 and MIDAS had a different carbon content and that this difference was 

statistically highly significant (P<0.0001; Table 2.8 and 2.9). In particular, MG38 

(highly dehiscent) had a carbon content (43.87 % of dry weight) that was on average 

6.6% higher than for the indehiscent MIDAS (41.01; Table 2.9). The analysis also 

evidenced a marginally significant difference for hydrogen content (P<0.047; Table 

2.8), again in favor of MG38 (6.69) compared to MIDAS (6.53; Table 2.9). The 

difference was not significant for nitrogen content albeit in favor of MIDAS (P=0.502; 

0.58 vs 0.64 for MG38 and MIDAS, respectively; Table 2.8 and 2.9). 
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Table 2.8 – Results of ANOVA performed on chemical elementary analysis (CHN) 

data obtained for the pod valves of the two parental lines MG38 (dehiscent) and 

MIDAS (indehiscent). 

  Mean Square F1,4 P  

Carbon 12.304 256.00 <.0001 

Hydrogen 0.037 8.08 0.047 

Nitrogen 0.004 0.54 0.502 

 

Table 2.9 – Mean content (% of dry weight) of carbon, hydrogen and nitrogen 

determined for the pod valves of the two parental lines (MG38) (dehiscent) and MIDAS 

(indehiscent). 

  Level Number Mean Std Error L95% U95% 

Carbon MIDAS 3 41.01 0.13 40.66 41.36 

 

MG38 3 43.87 0.13 43.52 44.22 

Hydrogen MIDAS 3 6.53 0.04 6.42 6.64 

 

MG38 3 6.69 0.04 6.58 6.80 

 Nitrogen MIDAS 3 0.64 0.05 0.50 0.77 

 

MG38 3 0.58 0.05 0.45 0.72 

 

These differences were tested and the same analyses were extended to the 

introgression lines (Table 2.10 and 2.11). The contrast indehiscent vs. dehiscent lines 

was highly significant. More in detail the ILs with shattering displayed 6.92% more 

carbon than those characterized by no shattering. Moreover, the group of shattering 

lines always showed a carbon content 2% higher than MG38 while the difference 

between MIDAS and indehiscent or “nearly” indehiscent lines was lower. In Figure 

2.16 the frequency distributions for carbon, hydrogen and nitrogen content are given. It 

is apparent that the distribution for carbon content was bimodal. 

 

Table 2.10 – Results of one way ANOVA performed on chemical elementary analysis 

(CHN) data obtained for the comparison indehiscent vs. dehiscent lines. 

  Indehiscent vs. dehiscent 

 

Mean 

Square 
F1,227 P R

2
adj 

Carbon 191.93 105.22 <.0001 0.31 

Hydrogen 0.72 6.69 0.01 0.02 

Nitrogen 0.1 2.34 0.13 0.01 
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Table 2.11 – Mean content (% of dry weight) of carbon, hydrogen and nitrogen 

determined for the contrasts indehiscent vs. dehiscent lines.  

  Level Number Mean   S.E. L95% U95% 

Carbon Not-dehiscent 26 41.68 6.92 0.26 41.15 42.21 

 
dehiscent 203 44.57 

 

0.1 44.38 44.75 

Hydrogen Not- dehiscent 26 6.33 2.79 0.07 6.19 6.47 

 
dehiscent 203 6.51 

 

0.02 6.46 6.55 

 Nitrogen Not- dehiscent 26 0.54 -11.91 0.04 0.45 0.63 

 
dehiscent 203 0.48 

 

0.01 0.45 0.5 

 

The study of the relationship between carbon content and frequency of shattered 

pods per plant (Figure 2.17) revealed that there was an abrupt transition in carbon 

content between 5% - 10% of shattered pods per plants (Figure 2.17 A). 

 

 

 

Figure 2.16 – Frequency distribution for carbon, hydrogen and nitrogen content (% of dry 

weight) within the population of bean introgression lines. 

 

 

 

 

 

 

 

 

 

 

Figure 2.17 – A) Relationships between carbon content and frequency of shattered pods 

per plant. The green area comprises individuals for which shattering is ≤7.14% while 

the orange area those individuals for which shattering is > 7.14%. B) Relationship 

between carbon content and shattering level excluding individuals with low or no 
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shattering, also distinguishing between twisting (B1) and not twisting (B2) pods. R
2
 

values are given for smoothing spline (  = 10000) (red) and for linear fits (green). 

 

 

Partition analysis revealed that this value is indeed 7.14%. The classification of 

the bean lines into < 7.14% vs. ≥ 7.14% of shattering pods lead to an increase of the 

variance explained for carbon content, from 31% (Table 2.10) to 47% (Table 2.12) as 

also to an increase of the differences between groups from 6.92 (Table 2.11) to 6.97 

(Table 2.13). Furthermore, if the lines with <7.14 of shattering pods are excluded from 

the analysis, a weak but significant negative correlation between shattering level and 

carbon content was observed (Figure 2.17 B). Moreover this tendency was stronger for 

the % of not-twisting than for the % of twisting pods (Figure2.17 C and D). 

 

Table 2.12 – Results of one way ANOVA performed on chemical elementary analysis (CHN) 

data obtained for the lines with <7.14% of shattered pods vs. lines with > 7.14% of shattered 

pods. 
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  <7.14% vs. ≥ 7.14% of shattered pods 

  
Mean 

Square 
F1,227 P R

2
adj 

Carbon 286.04 202.92 <.0001 0.47 

Hydrogen 0.29 2.63 0.11 0.01 

Nitrogen 0.05 1.34 0.25 0.00 

 

 

Table 2.13 – Mean content (% of dry weight) of carbon, hydrogen and nitrogen 

determined for the pod valves of 240 introgression lines. 

  Level Number Mean   S.E. L95% U95% 

Carbon < 7.14% 41 41.84 6.97 0.19 41.48 42.21 

 
> 7.14% 188 44.76 

 

0.09 44.59 44.93 

Hydrogen < 7.14% 41 6.41 1.44 0.06 6.3 6.53 

 
> 7.14% 188 6.51 

 

0.02 6.46 6.55 

 Nitrogen < 7.14% 41 0.52 -7.81 0.03 0.46 0.58 

  > 7.14% 188 0.48 

 

0.01 0.45 0.51 

 

 

Fiber analysis of pod valves. 

The analysis of variance (ANOVA), evidenced that the pod valves of the two parental lines 

MG38 and MIDAS had a different fiber content (NDF) and that this difference was statistically 

very highly significant (P<0.0001; Table 2.14 and 2.15). In particular, MG38 (highly dehiscent) 

had a fiber content (62.0%) that was on average 48% higher than for MIDAS (indehiscent) 

(42.0%; Table 2.15). The analysis also evidenced strong differences for the three cell wall 

components, in the decreasing order: lignin > hemicelluloses > cellulose again in favor of 

MG38 compared to MIDAS (Table 2.14 and 2.15). 
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Table 2.14 – Results of ANOVA performed on data from fiber analysis of pod valves of the 

two parental lines MG38 (dehiscent) and MIDAS (indehiscent). 

Cell wall components Mean Square F1,4 P R
2

adj 

NDF (fibers) 600.20 98.74 <10
-3

 0.95 

ADF 172.40 173.06 <10
-3

 0.97 

ADL (lignin) 9.51 163.04 <10
-3

 0.97 

NDF-ADF (emicellulose) 129.25 14.01 0.02 0.72 

ADF-ADL (cellulose) 100.91 134.07 <10
-3

 0.96 

 

 

Table 2.15 – Mean content (% of dry weight) of neutral detergent fiber (NDF), acid 

detergent fiber (ADF), ADL (lignin), hemicellulose, cellulose, determined for the pod 

valves of the two parental lines (MG38) (dehiscent) and MIDAS (indehiscent). 

 Cell wall components Level Number Mean   S.E. L95% U95% 

NDF (fibers) (%) MIDAS 3 42.01 
 

2 33.41 50.62 

 

MG38 3 62.01 47.62 0.23 61.03 63.00 

ADF (%) MIDAS 3 30.33  0.47 28.3 32.37 

 

MG38 3 41.06 35.34 0.66 38.2 43.91 

ADL (lignin) % MIDAS 3 3.08 
 

0.19 2.25 3.92 

 

MG38 3 5.6 81.68 0.03 5.47 5.73 

NDF-ADF (emicellulose) % MIDAS 3 11.68 
 

2.32 1.68 21.68 

 

MG38 3 20.96 79.5 0.87 17.23 24.69 

ADF-ADL (cellulose) % MIDAS 3 27.25 
 

0.3 25.95 28.55 

 

MG38 3 35.45  30.1 0.64 32.7 38.21 

 

The analysis was then extended to two groups each constituted of 12 lines one 

completely indehiscent and one with a % of shattered pods higher than MG38 (> 65%). 

Again, it was observed that the two groups were different for all of the chemical 
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fractions (Table 2.16). However, compared to the two parental lines (Table 2.15) 

differences in NDF, hemicellulose and cellulose were all strongly reduced. In sharp 

contrast, the difference in lignin content registered a sharp increase (Table 2.17). 

 

Table 2.16 – Results of ANOVA performed on data from fiber analysis of pod valves. Two 

groups of 12 lines one completely indehiscent and one with a % of shattered pods higher than 

MG38 (>65%) were compared. 

  Cell wall components Mean Square F1,22 P R
2

adj 

NDF (fibers) 825.15 273.04 <.0001 0.92 

ADF 269.61 102.00 <.0001 0.81 

ADL (lignin) 115.74 305.35 <.0001 0.93 

NDF-ADF (emicellulose) 151.43 140.95 <.0001 0.86 

ADF-ADL (cellulose) 32.05 14.64 0.0009 0.37 

 

Table 2.17 – Mean content (% of dry weight) of neutral detergent fiber (NDF), acid detergent 

fiber (ADF), ADL (lignin), hemicellulose, cellulose, determined for two groups of 12 lines one 

completely not dehiscent (ND) and one highly dehiscent (HD; with a % of shattered pods higher 

than MG38). 

 Cell wall components Level Number Mean   S.E. L95% U95% 

NDF (fibers) (%) ND 12 45.33 
 

0.5 44.29 46.37 

 

HD 12 57.05 25.87 0.5 56.01 58.1 

ADF (%) ND 12 30.52 
 

0.47 29.54 31.49 

 

HD 12 37.22 21.97 0.47 36.25 38.19 

ADL (lignin) % ND 12 2.43 
 

0.18 2.06 2.8 

 

HD 12 6.82 180.84 0.18 6.45 7.19 

NDF-ADF (emicellulose) % ND 12 14.81 
 

0.3 14.19 15.43 

 

HD 12 19.84 33.92 0.3 19.21 20.46 

ADF-ADL (cellulose) % ND 12 28.09 
 

0.43 29.51 31.28 

 

HD 12 30.04 7.6 0.43 27.2 28.97 
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Figure 2.18 – Comparison between two groups of 12 lines one completely not dehiscent and one 

highly dehiscent (with a % of shattered pods higher than MG38) for cell wall components. Green: 

MIDAS; Red: MG38. Ligh blue: introgression lines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.18 clear-up the relationships between parental lines and introgression lines for 

cell wall components: the achievement of very high pod shattering (even higher than 

MG38) is characterized by a high ADL/NDF ratio, i.e. a strong fraction of lignin in the 

cell wall. Furthermore, the frequency of twisting pods and of not-twisting pods 

responded to the variation in NDF, cellulose and lignin in opposite directions. In 
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particular, it resulted that the frequency of not-twisting pods, but not the frequency of 

twisting pods, was associated with the reduction of cellulose content (Figure 2.19). 

 

 

Figure 2.19  – Dependency of shattering modality from cell wall composition. 

 

 

Finally we also found that carbon content is strongly correlated with the total 

fiber content (NDF) of pod valves (Table 2.18). Moreover, among the three components 

(lignin, hemicellulose and cellulose) the strongest correlation is with lignin.  
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Table 2.18 – Correlation between elementary composition (CHN) and cell-wall fiber 

content in  pods valves (N=30). 

 
%C %H %N 

NDF (fibers) (%) 0.745**** 0.108 0.122 

ADL (lignin) % 0.697**** 0.097 0.19 

NDF-ADF (hemicellulose) % 0.682**** 0.15 0.029 

ADF-ADL (cellulose) % 0.577*** 0.022 0.141 

 

When a stepwise multiple regression analysis was performed considering carbon 

content as dependent variable and lignin, hemicellulose and cellulose as independent 

variables, the only variable entering in the model was lignin content (Table 2.19). This 

indicates that hemicellulose and cellulose are correlated to carbon content mainly 

because of their correlation with lignin content. 

 

Table 2.19 – Results of the stepwise multiple regression (method: forward selection) 

considering carbon content as dependent variable and lignin, hemicellulose and 

cellulose as independent variables.(d.f.= degree of freedom, S.S. Sum of Square) 

Parameter Estimate d.f. S.S. F P 

Intercept 40.545 1 0 0 1 

NDF-ADF (hemicellulose) % 0 1 2.63 2.60 0.118 

ADF-ADL (cellulose) 0 1 3.25 3.29 0.081 

ADL (lignin) % 0.459 1 28.31 26.51 1.85x10
-5

 

 

 

Anatomical and histological analysis of pod valves 

The analysis was conducted with five-days and 21-days old pods. 

 

Five-days-old pods (Figure 2.20– Panel n.1). The ventral sheath did not display very 

evident lignin deposition. Only few cells showed modest levels of lignification. 

Similarly there was not lignin deposition on the fiber along the inner layer of pod 

valves. No obvious differences between the two parental lines were observed, albeit the 

size and the shape of the cell of the future ventral sheath were bigger and rounded in 

MG38 than in MIDAS.  
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20-days-old pods. The ventral sheath displayed very evident lignin deposition (Panel 2 

and 4). The proportion between the number of lignified fiber and number of wood cells 

was clearly in favor of MG38 compared to MIDAS. In MG38 wood cells were limited 

to the external part of the ventral sheath and to the dehiscence zone, while in MIDAS 

almost all of the cells of the ventral sheath were wood cells. In MG38 the thickness of 

the cell-wall tended to reduce when moving from the sheath to the dehiscence zone 

(Panel n. 2 and Panel n. 5), where an easy tendency to “fracture” was also observed 

(Panel n. 3). A difference in the number of fibers compared to wood cells was also 

observed for the dorsal sheath (Panel n. 7). A clear-cut difference among the two 

parental lines was observed for the degree of lignification in the inner layer of fibrous 

cell with very strong lignification in MG38 and the complete absence of lignin 

deposition in MIDAS. 

Coherently, similar patterns were observed when two introgression lines (one 

with no shattering ability and one with a shattering ability higher than MG38) were 

compared (Panel n. 6, n. 7 and 8). 

It has been difficult to obtain good sections at the maturation stage because of 

the fragility of the tissues. However, it has been noted that at this stage the ventral 

sheath of MIDAS had more mechanical resistance while that of MG38 appeared very 

fragile (Panel n. 9). 

Overall this indicates that the differences in carbon content and more in 

particular in fiber content (as measured by NDF), and lignin content (as measured by 

ADL) were attributable to a differential degree of lignification of the structures in the 

correspondence of the ventral (and the dorsal) sheath and, even more evidently, in the 

inner layer of the pod valves. 
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Figure 2.20 – Panel 1-9. Results of the anatomical and histological study. Legend: 

C=collenchyma; DS= dorsal sheat; DZ= dehiscence zone; E =epidermis; FL = fibrous 

layer; LF= lignified fibers LFL = lignified fibrous layer; NLFL= not lignified fibrous 

layer; P= parenchyma; Ph=phloem; VB = vascular bundle; VS=ventral sheath; WC= 

wood cells; X = xilem;  
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Mapping the shattering locus in Phaseolus vulgaris 

We first compared two pools of lines with very contrasting level of shattering; the first 

pool (PoolSH) comprised 29 genotypes that were completely not-dehiscent while the 

second pool (PoolSH) comprises 30 individuals with a shattering level equal or even 

higher than MG38 (≥65%).  

The analysis revealed four genomic regions that are highly divergent between 

pools, i.e. are associated with the occurrence/not-occurrence of shattering (Figure 2.21. 

These regions were located one chr.1, one on chr.3 and two on chr.5. These were 

designated as QTLs affecting the shattering trait: qPD1-Pv (QTL for pod dehiscence on 

chr.1 of Phaseolus vugaris), qPD3-Pv, qPD5.1-Pv, and qPD5.2-Pv, respectively. Two 

of these genomic regions were characterized by positive values of the SNP index 

(qPD1-Pv and qPD5.1-Pv), while two by negative values (qPD3-Pv and qPD5.1-Pv). 

Positive values meant that the pool composed by shattering lines (PoolSH) inherited the 

genomic segment from MG38 (the parent characterized by high shattering) and, 

similarly, the pool containing non-shattering lines (PoolSH) inherited the genomic 

segment from MIDAS (the parent characterized by completely absence of shattering). 

Differently, negative values indicated that lines of PoolSH inherited the segment from 

MIDAS (not-shattering) while the lines of PoolSH  inherited the segment from MG38 

(highly shattering). Based on the delta SNP index represented in the plot depicted in 

Figure2.21, the most impacting QTL was qPD5.2-Pv for which the SNP index almost 

reached the maximum value of 1, fFollowed by qPD1-Pv (SNP index  0.9), qPD3-Pv 

(SNP index  -0.75) and qPD5.1-Pv (SNP index  -0.6). On average, the size of the four 

identified QTLs was of 3282500 bp. The longest segment was that of qPD1-Pv 

(4400000bp) followed, in decreasing order, by qPD5.2-Pv (4140000 bp), qPD3-Pv 

(3560000 bp) and qPD5.1-Pv (1030000 bp). The segments contained 326 genes (qPD1-

Pv), 191 genes (qPD3-Pv), 103 genes (qPD5.1-Pv) and 491 genes (qPD5.2-Pv), 

respectively. The number of SNP was 14493 (Chr1), 11787 (chr3) and 9785 (Chr5), 

respectively. 
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Figure 2.21 – Genetic divergence (  SNPs index) along chromosomes 1, 3 and 5 

between shattering and not-shattering pools of lines.  SNPs index = SNP index of the 

pool of the highly shattering lines minus the SNP index of the pool of not-shattering 

lines. The plot represents the average values of sliding windows of 2Mb with a step of 

10Kb. The SNP index is calculated as fraction of reads per position that are attributable 

to the MG38 (highly shattering parental line. Lines of PoolSH inherited the segment 

from MG38f (red) or from MIDAS (green). 
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Among all of these 36065 SNPs, 33213 were classified as “modifier”, 1657 of 

“low” impact, 1178 of “moderate impact”, and 17 of “high” impact. Variants with high 

impact were distributed seven on chr.1, four on chr.2 and six on chr.5. All these 17 

variants were in transcript and in coding region and 12 were attributed to annotated 

genes. They can be classified in six variant types among which the prevalent was “stop 

gained” that was also observed across the three chromosomes. 

 

Figure 2.22 – Number, distribution across QTLs, and types of the variants with high 

impact on the shattering/highly shattering phenotypes based on pool-seq analysis. A = 

annotated. 

 

Mapping by using GBS 

A first run of mapping was conducted considering shattering as a qualitative trait with 

two possible states: shattering and non-shattering without correcting for kinship. A QTL 

with a major effect popped up on chromosome 5 (Figure 2.23A). This was characterized 

by  very high probability level (P<10
-28

) and a notable R
2 

of 0.68. We repeated the 

analysis by contrasting the lines with a level of pod shattering < 7.14% against those 

having ≥ 7.14% of shattered pods (Figure 2.23B). The evidences in favor of this QTL 

on chr.5 were strongly reinforced with a sharp increase of its statistical significance 

(from 10
-28

 to 10
-325

) and with a maximum R
2
 = 0.99 (data not shown). The association 

0

1

2

3

4

5

6

7

8

Chr01 Chr03 Chr05

N
u

m
n

b
e

r 
o

f 
V

ar
ia

n
ts

Stop lost AND splice
region variant

Stop lost

Stop gained

start lost

Splice donor variant AND
intron variant

Splice acceptor variant
AND intron variant

A

A

A

A

A

A

A

A

A A

A

A



 

Maria Leonarda Murgia 
Two case studies on plant genetic diversity:comparison of two historic collections of barley landraces and characterization of a 

common bean segregant population for domestication traits 
Tesi di dottorato in Produttività delle piante Coltivate, Università degli studi di Sassari  
 

remained significant at permutation test (P<10
-4

) and after Bonferroni correction (P < 

0.05/4913). Ather significant (P <10
-5

) peaks were also identified on chr.1 with an R
2
 

value for the best associated markers of 0.42 (P<10
-4

 at permutation test).  

Figure2.23 A-B – Manhattan plots for the pod shattering trait using 143 bean lines. The 

negative log10-transformed p-values of each test are plotted against the marker position 

in the genome for the shattering as qualitative trait (above) and the shattering level <> 

7.14 (below). Dotted line: P = 10
-5

. Embedded: quantile-quantile plots for general linear 

model  (GLM)  (without correction for kinship). 
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When the analysis took into account kinship, the statistical significance of the 

observed peaks was reduced albeit it remained significant (P<3.65x10
-13

 and 

P<3.65x10
-19, 

respectively; (Figure 2.24) also after Bonferroni correction (P<10
-5

), with 

the overall picture substantially unchanged. Indeed, the analysis identified a genomic 

region spanning 1044648 bp containing 41 markers with an average R
2 

of 0.95. In 

particular, there were nine markers with R
2
 between 0.80 and 0.90 which belong to a 

single genomic stretch of 72221 bp; 17 markers with R
2
 between 0.91 and 0.95; and 23 

markers with an R
2
 > 0.99. The 23 with R

2
>0.99 were organized in four distinct 

segments that summed up to 199425 bp. Moreover, another significant (P<10
-5

) peak 

was identified in the terminal part of the chr.2 with an R
2
 = 0.23 (P < 8.48x10

-6
). A peak 

marginally not significant (P=1.51x10-
5
) was also observed at the proximal end of chr.1. 

Figure 2.24 – Manhattan plots for the pod shattering trait using 143 bean lines. The 

negative log10-transformed p-values of each test are plotted against the marker position 

in the genome for the shattering as qualitative trait (above) and the shattering level <> 

7.14 (below).. Dotted line: P= 10
-5

. Embedded: quantile-quantile plot for MLM 

(including correction for kinship). 
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In a further step we mapped the trait “frequency of shattering pods” (per plant) 

using all 143 lines. The GLM association mapping analysis evidenced eleven peaks of 

which four (two on chr.5, one on chr.1 and one on chr.3) had higher significance levels 

compared to the others. These four peaks roughly corresponded to the four QTLs 

previously identified by pool-seq analysis. The other QTLs, in decreasing order of 

relevance, were on chrs.1, 6, 2, 9, 10, 4 and 7. Moreover, when the MLM was applied, 

none of these seven QTLs reached the significance after Bonferroni correction. In this 

case only the peaks corresponding to qPD1-Pv, qPD3-Pv and qPD5.2-Pv of the pool-

seq analysis were significant (P<10
-5

). 

Figure 2.25 – Manhattan plots for the trait “frequency of shattered pods” when using 

143 bean lines and for both GLM (above) and MLM (below) analyses. The negative 

log10-transformed p-values of each test are plotted against the marker position in the 

genome. Dotted line: P= 10
-5

. Embedded: quantile-quantile plots. 
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Taken into account the results of the MLM analysis, and adopting a more 

conservative approach to reduce the risk of false positives, from here after only the 

results of association mapping conducted correcting for kinship (MLM approach) are 

presented. 

When the trait “carbon content” of the valves was considered, a single major 

locus explaining the 45% of the total variance for the trait, was mapped on chr.5 (Figure 

2.26). 

 

Frequency of shattering pods (GLM)

Frequency of shattering pods (MLM)
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Figure 2.26 – Manhattan plot for the trait carbon content (% of dry weight) using 143 

bean lines. The negative log10-transformed p-values of each test are plotted against the 

marker position in the genome. Dotted line: P= 10
-5

. Embedded: quantile-quantile plot 

for MLM (including correction for kinship). 

 

 

This co-mapped with the peak found for presence/absence of shattering and for 

the level of shattering (Figure 2.27). It was also evident a fitting overlap between the 

results of pool-seq analysis and GBS analyses for this locus (figura 2.27). Indeed, all the 

six high impact variants found at the qPDH5.1-Pv locus (of 4 Mb) also belong to the 

genomic stretch (of  1 Mb) where shattering and not-shattering individuals are 

differentiated by GBS analysis. 

 

Figure 2.27 – Relationships between the positions associated to pod shattering variables, 

carbon content and candidate genes (see legend). Dashed boxes and the arrow indicate 

the genomic regions deserving further analyses for the cloning of the shattering gene in 

Phaseolus vulgaris. 

Carbon content (% of dry matter)
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We observed that this region on chr.5, includes 130 genes; among these, 106 are 

annotated and, as also emphasized in the Figure 2.27, eleven can be considered as 

promising candidates involved in the shattering processes and/or  in the cell-wall 

biochemistry (see table2.1 an 2.2 of the materials and methods section). However, this 

genomic segment did not contain orthologs nor homologs of the shattering genes found 

in soybean.  Moreover, the detected genomic region did not contain any genes with a 

NAC domain (which characterize the soybean SHAT1-5) nor genes for proteins 

belonging to the dirigent-like family (which is the protein family encoded by the 

soybean PDH1). 

As a further step, we focused on the lines displaying a variation from 7.14% to 

82% for the level of shattering. Thus, mapping was performed excluding lines with a 

shattering level < 7.14%. Any significant associations was found (P>10
-5

) (Figure 2.28) 
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Figure 2.28 – Manhattan plot for the trait frequency of shattered pods per plant using 

115 bean lines. The negative log10-transformed p-values of each test are plotted against 

the marker position in the genome. Embedded: quantile-quantile plot for MLM 

(including correction for kinship). 

 

 

 

Moreover, in regard to  the modality of shattering, none of the associations 

observed for the frequency of not-twisting pods reached the significance threshold 

(P>10
-5

), albeit a locus “stand up” in pericentromeric position on Chr.2. Differently, for 

the percentage of shattering pods six regions across four different chromosomes were 

found (Figure 2.29). The most impacting locus for the frequency of twisting pod was 

mapped on chr.4 (R
2
 = 0.28). Other QTLs (P<10

-5
) were identified on chr.10 (R

2
 = 

0.28), two on chr.5 (R
2
 = 0.20 and R

2
 = 0.19, respectively), one on chr.6 (R

2
 = 0.16) and 

one on chr.2 (R
2
 = 0.20). 

 

Figure 2.29– Manhattan plots for the percentage (%) of not-twisting and twisting pods. 

using 115 bean lines (143-28 with <7.14% of shattering). The negative log10-

transformed p-values of each test are plotted against the marker position in the genome. 

Frequency of shattered pods

(exluding lines with < 7.14%)
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Dotted line: P= 10
-5

. Embedded: quantile-quantile plot for MLM (including correction 

for kinship). 

 

The genetic bases of the tuning of shattering were also studied using a 

multilocus mixed-model approach (MLMM). This method indicated that the level of 

shattering depended by three loci that were on chr.4 (P=1.0x10
-08

), chr.5 (P=2.2x10
-7

) 

and chr.8 (P=8.5x10
-7

) that cumulatively explained the 55% of the total variance. The 

frequency of not-twisting pods was also explained by three loci that were on chr.2 

P=4.0x10
-12

), chr. 8 (P=1.1x10
-06

) and chr. 4 (P=5.71x10
-6

) that cumulatively explained 

56% of the total variance for the trait. The frequency of sigaroids is best explained by a 

% of not-twisting

% of twisting pods
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single locus on chr.4 (P=9.9x10
-08

) that accounted for 35% of the phenotypic variance. 

The locus on chr.4 was the same for the three traits.

Figure 2.30 – (A) The posterior probability of association scan after the Bayesian 

MLMM has included from one to three loci in the model (orange circles). (B) Partition 

of phenotypic variance for each forward inclusion (nine, 15 and 20 steps, respectively) 

and backward elimination (nine, 15 and 20 steps, respectively after the dashed black 

line). The vertical dashed white line marks the number of loci entered in the model 

(three, three and one, respectively) with the Bonferroni correction. 

 

 

Finally, for comparative purposes with the pod shattering QTLs, we have 

mapped six pod traits together with plant vigor, flowering time and growth type traits. 

Results are presented in Table 2.20 and Figure 2.31. Overall, it appeared that pod 

characteristics likely depends on several genes distributed all across the bean 

chromosomes, with a lower relevance for chr.10 and chr.11 (Table 2.20). 
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Table 2.20  – Distribution of the significant associations (P>10
-3

) obtained by applying 

the MLM model on six pod traits and three others plant life history traits (vigor, habitus 

and flowering time). Color key is the same used for figure 2.31. 

 Chromosomes 

Trait 1 2 3 4 5 6 7 8 9 

1

0 

1

1 

Tota

l 

Pod color 0 0 1 0 0 0 

24

2 1 0 0 0 244 

Average pod weight  0 

12

8 0 0 0 0 20 0 2 0 2 154 

N. of seeds per pod 0 1 0 3 0 0 0 0 0 0 0 4 

100-seeds weight 

12

1 5 4 4 53 0 2 0 

17

5 0 0 366 

Harvest index (pod 

level) 3 1 0 0 42 0 0 0 1 0 0 47 

Pod area 3 1 2 

1

4 0 3 6 0 16 0 0 45 

Maximum/curved 

length 1 0 

1

6 1 8 0 0 2 0 0 0 28 

Plant vigor 0 28 1 0 1 0 0 3 1 1 0 35 

Habitus 1 0 

3

5 0 0 0 0 1 0 0 0 37 

Flowering 3 0 1 1 1 0 1 0 0 0 0 7 

Total 

13

2 

16

4 

6

0 

2

3 

10

5 3 

27

1 7 

19

5 1 2 967 

 

In several cases, it has been observed an overlapping of the QTLs for pod 

shattering with regions associated to other traits (Figure 2.31). The qPD5.2-Pv 

overlapped with loci associated to 100-seeds weight, harvest index at pod level and the 

maximum/curved length. However the significance levels observed for these traits 

(P<10
-5

) in this region were much below those observed for pod shattering (P=10
-19

; 

Figure 2.31). The qPD1-Pv and qPD5.2-Pv also overlapped with loci for 100-seeds 

weight other  than with flowering time (qPD1-Pv) and plant vigor and harvest index at 

pod level (qPD5.1-Pv). The level and the modality of shattering on chr.4 were 

associated with pod area and n. of seeds per pod. Minor overlaps were observed also in 

other cases (such as with the plant habitus) except for pod color. 
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Figure 2.31 – map of the loci controlling six pod related traits and plant vigor, habitus 

and flowering time. Empty boxes represent the genomic region detected by pool-seq 

analysis. Dashed lines represent the loci for shattering: occurrence (yes/no), level 

(percentage of shattered pods), and modality (sigaroids not sigaroids) as identified by 

MMLM approach. For color key refer to Table 2.20.  
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DISCUSSION 

 

The first objective of the present study was to conduct the phenotypic and molecular 

characterization of a collection of introgression lines of common bean (Phaseolus 

vulgaris L.) that was developed ad hoc to study the domestication syndrome in 

particular for pod and pod-related traits. This objective was fulfilled. The collection of 

introgression lines was analyzed for 27 phenotypic traits including quantitative, 

qualitative and chemical traits; most of them, particularly those related to pod 

characteristics, showed good level of variation. Moreover, a Genotype by Sequencing 

approach (Elshire et al.,2011; Poland et al.,2012; Sonah et al.,2013). was pursued to 

genetically characterize 143 of the phenotypically studied lines. This allowed building a 

phenotypic and molecular dataset that in the next future will serve marker-traits 

association studies that may ultimately lead to the identification and the cloning of 

genes underlying very important agronomic traits. 

To investigate the potentiality of the analyzed plant materials and the built 

dataset, we specifically focused on the study of pod shattering, one of the most relevant 

domestication traits in common bean, with the aim to decipher its genetic bases. With 

this purpose we completed the GBS analysis with a bulked segregant analysis using a 

pool sequencing approach (Kofler et al.,2011; Rellstab et al., 2013).  

Deciphering the genetic bases of pod shattering is important for both 

evolutionary studies (Lin et al., 2012; Dong and Wang, 2015) and breeding (Sing, 2001; 

Santalla et al.,2004) purposes. We have demonstrated that it is indeed possible to dissect 

the genetic bases of this trait determining the number and the genomic locations of the 

QTLs, either conditioning the indehiscent/dehiscent phenotype as also the tuning of the 

level and the modality of the trait. Moreover, we drafted the genomic map of the 

domestication syndrome at pod level. This allowed to discuss the identified QTLs in 

relation to QTLs for other plant traits and therefore investigate possible pleiotropic and 

linkage drag effects.  

 

 



 

Maria Leonarda Murgia 
Two case studies on plant genetic diversity:comparison of two historic collections of barley landraces and characterization of a 

common bean segregant population for domestication traits 
Tesi di dottorato in Produttività delle piante Coltivate, Università degli studi di Sassari  
 

Phenotyping of pod shattering 

Overall, the analyzed collection displayed a good level of variation for both the 

intensity and the mechanism of pod shattering. Within our set of bean lines we 

distinguished all the different shattering modes described in previous studies 

(Lamprecht et al., 1932; Prakken, 1934), varying from completely indehiscent to 

“twisting”. This latter is characterized by very strong distortion of pod valves, passing 

through two supposed (Lamprecht, 1932) “intermediate” states as “fissured” and 

shattered but not-twisting pods. We characterized each line by counting and classifying 

its pods into the above cited four categories as also, independently measuring the degree 

of resistance to manual shattering.  

A first outcome, as showed by partition analysis, indicated that to model the 

resistance to manual shattering it is better to consider the frequency of shattered pods, 

and only secondarily the modality of shattering (twisting/ not-twisting). Moreover, a 

low threshold (10%) of shattered pods is sufficient to distinguish low and medium-high 

resistance. All this indicates that the mechanism of shattering might be first determined 

by a major factor controlling the separation/non separation of the valves along the 

sutures, while the modality of shattering (twisting/not twisting) can be further 

modulated. This result also suggests that for association studies other than to consider 

all the lines simultaneously it could be more informative 1) to contrast indehiscent vs. 

dehiscent lines (regardless of the degree of shattering); 2) to deepen the analysis into the 

dehiscent lines only (regardless of the modality); 3) among dehiscent, to map separately 

the traits twisting and non-twisting. These steps would help dissecting the shattering 

trait into its components. As a corollary, it should also be noted that the variable 

“fissured” was not considered useful to predict manual resistance to shattering; this 

suggests that fissured pods should be investigated separately from dehiscent and 

indehiscent pods in association studies. 

Shattering level was very poorly correlated with the other morpho-phenological 

traits and productive characteristics of the plants. This suggested that a (relatively) 

limited “overlap” was to be observed between QTLs for pod shattering and other QTLs 

for pod characteristics (i.e. relatively limited linkage drag and / or pleiotropic 

confounding effects). However, from the correlation study another interesting 

consideration stemmed from the observation that shattering (albeit poorly) is 

significantly associated with low 100-seeds weight, low harvest index at pod level and 
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small pod size. Indeed, this suggests that pod shattering might have an “energy cost” 

(Mcginley et al., 1988, Chiariello et al.,2000), i.e. the synthesis of biomolecules needed 

for shattering might reduce the resources available for seed and pod development. 

Alternatively, the same results might be explained by pleiotropic effects (genes for 

shattering might exert minor effects on other pod traits); it would be also possible that 

shattering gene(s) are physically closely linked to genes involved in the partition of 

photosynthetsis at pod level (linkage drag). 

Concordant with the hypothesis of an “energy cost” for dehiscence, we observed 

that carbon content of the pod valves is strongly and positively correlated with the level 

of shattering. Interestingly, an abrupt increase in carbon content was observed for a 

level of shattering of about 7.14%; this value is similar to the threshold of 10% of 

shattered pods needed to explain the largest portion of the variance for resistance to 

manual shattering. This suggests that in association studies it would be useful to 

compare lines with less than 7.14% of shattering against those with more than 7.14% of 

shattering. This is also corroborated by the fact that carbon content is strongly 

correlated to lignin content (see below). 

The content in C, H and N is expected to be stoichiometrically correlated to the 

amount of organic matter of the tissues (Chiariello et al., 2000) and thus to the 

cumulative content of, carbohydrates, protein, lipids and all others organic compounds. 

However, in plant differences in carbon content were frequently correlated to 

differences in lignin content (Loader et al.,2003). Coherently, when we compared two 

groups of genotypes strongly contrasting for shattering level and carbon content we 

observed a clear-cut difference in the content of cell wall fibers, higher in shattering 

types than in not-shattering type. More in particular, the passage from indehiscent to 

dehiscent types was characterized by an abrupt change in lignin content followed by 

those in hemicellulose and cellulose content. Moreover, carbon content was best 

correlated with lignin content than with hemicellulose and cellulose content. 

Interestingly, we also observed that lines characterized by a shattering level higher than 

MG38, consistently have lower carbon content, lower hemicellulose and cellulose but 

higher lignin content. This indicates that not only the overall content of lignin but also 

its relative incidence compared to other cell wall components might play a role in 

modulating the level of shattering in bean. All this pointed towards the hypothesis that 

some histological and/or anatomical differences attributable to differential patterns of 
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fiber deposition and/or lignification might underlay the shattering/ non shattering 

phenotypes. 

The results of the anatomical and histological investigation fitted these expectations. 

Indeed, clear-cut differences between MG38 and MIDAS were found either in the 

ventral and dorsal sheaths as also in the layer between the inner and the outer 

parenchyma of the pod wall.  

Specifically, the ventral sheath of MG38 was characterized by a very high ratio 

thickened fiber cells/wood cells, while the opposite was observed for MIDAS where 

almost all cells were wood cell types. This observation is consistent with that made by 

Prakken (1934) (see fig 1 of the introduction of this chapter) comparing “stringy” and 

“stringless” varieties. Indeed, he considered this anatomical difference at the basis of 

the presence/absence of pod strings. Moreover, it has been suggested that the 

indehiscent fruit result from the loss of fibers in the sutures (“stringless”), which is 

under the control of a major QTL, St locus (Koinange et al., 1996). Contrary to the 

observations obtained in common bean in the present, in soybean no differences 

between shattering and non-shattering types were observed for cell types or degree of 

lignification in the lateral part of the ventral sheath (Dong et al. 2014). Indeed, in 

soybean the difference between wild shattering and cultivated non-shattering types was 

limited to the dehiscent zone (Dong et al. 2014); specifically in soybean it has been 

observed an excessive lignification of the fiber cap cells in non-shattering genotypes 

compared to shattering genotypes. Furthermore, a major gene, SHA1-5, has been 

identified as responsible of this phenotype (Dong et al., 2014). Our survey did not 

evidence clear differences in the dehiscence zone where only wood cells with relatively 

low wall thickness are present both in MG38 and MIDAS . Thus, albeit we cannot 

exclude that in bean differences in the dehiscence zone are present that we did not 

detect in our anatomical-histological survey, all these data suggest that bean and 

soybean are at least partially different in the mechanism of pod dehiscence.  

It has been observed that MG38 has a strong fibrous and lignified layer between 

the inner and the outer parenchyma of the pod wall, while these was completely absent 

in MIDAS. This difference was also noted by Prakken (1934) comparing “stringy” and 

“stringless” types. Interestingly, Funatsuki et al. (2014) also noted that a differential 

lignification in the lignin-rich inner sclerenchyma of pod walls is at the basis of the pod 

shattering in cultivated germplasm of soybean. Furthermore, they show that the twisting 
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ability of the pod is under the control of a major gene, (PDH1) involved in lignin 

deposition in this layer. We point out here that in Funatsuki et al. (2014) the difference 

between shattering and non-shattering types is in the degree of lignification of the layer 

while in the present study in bean is in the presence/absence of the lignified layer. This 

strongly suggests that in common bean the role of this lignification might be more 

relevant or have a different role when compared to soybean. 

However, not all anatomical or histological differences between the wild-like 

parent (MG38) and the cultivated varieties (MIDAS) are necessarily correlated with 

shattering traits. However, encouragingly, the difference found between MG38 

(dehiscent) and MIDAS (not dehiscent) were also confirmed when considering two 

lines with very contrasting level of shattering, indicating that the differences found in 

the ventral sheath and in the lignin-rich inner sclerenchyma of pod walls might be 

indeed responsible of the shattering/non-shattering phenotype. 

Interestingly, Prakken (1934) suggested that in bean the control of the traits 

“stringlesness” (that depends on the characteristics of the ventral sheaths) and 

“parchment” (that depends on the layer between the inner and the outer parenchyma of 

the pod wall) was independent and in both cases under a simple monogenic control. 

Other authors suggested the existence of an oligogenic control for the stringless trait 

with the contribution of either environmental effects or epistatic interactions (Dong and 

Wang,. 2015). Thus, it is apparent that in bean, artificial selection might have targeted 

multiple cellular mechanisms and the controlling genes to minimize seed loss during 

soybean domestication. 

This somewhat evokes the scenario resulting from jointly considering the results 

obtained by Dong et al. (2014) and Funatsuki et al (2014). 

A further and relevant conclusion of the phenotyping characterization is that 

given the observed parallelism with other systems (in particular with soybean) it might 

be useful to map on the bean genome all of the gene homologs known to be involved in 

the shattering process (see table 2.1 of Dong and Wang, 2015). Indeed, it might be 

possible that polymorphisms in other homologs of the shattering genes are also 

associated with pod indehiscence in the common bean genome. Additionally, given the 

results of our chemical analyses and the anatomical-histological survey as also 

considering that the fibers are mainly composed of sclerenchyma cells with well-

developed secondary cell walls, it is likely that genes involved in the regulation of 
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secondary cell wall deposition or fiber cell differentiation may underlay St locus 

(Koinange et al. 1996) or to other QTLs controlling pod dehiscence detected from the 

present association mapping study. 
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Gene analisys 

As a “proof of concept”, the mapping study of pod shattering trait conducted in this 

work showed that this population can be a valid tool to assist gene mapping. Indeed, we 

showed that it was possible to map with an adequate resolution a major QTL underlying 

the pod shattering in Phaseolus vulgaris, in a region of 200.000 bp on chr.5. We also 

dissect the trait into its different components to decipher the genetic bases of the 

“tuning” of the trait (as proportion of shattered pods per plant and proportion of the 

different mode of shattering). Complementarily, we also drafted in common bean the 

map of the genomic region underlying the genetic control of the domestication 

syndrome at pod level and we showed that several regions scattered across the genome 

were involved with any evident genomic “hot spot” of domestication. 

The main result of the present study is that consistently for pool-seq and GBS 

analyses, a major QTL for pod dehiscence on the distal part /sub-telomeric region; mary 

guarda su phytozom) of the long arm of chromosome 5. This is in contrast to what has 

been previously suggested by Koinange et al. (1996) which mapped “pod string” on 

chromosome 2. Two hypotheses can be made to explain the lack of congruence between 

the present study and that of Koinange et al. (1996). First, it is conceivable that St locus 

was erroneously mapped on chromosome 2 because the phenotyping of the pod string 

trait might be not reliable. Indeed, while Koinage et al. (1996) recognized that the loss 

of dispersal ability is conditioned by the presence of fibers in the pods, both in their 

sutures ("string") and their walls, they simply determined “the presence of fibers in pod 

sutures and pod walls […] by breaking the pod beak or pod wall, respectively, and 

examining the break surface for the presence of fibers”. 

A second hypothesis is that this phenotyping address a component of pod 

shattering that is not necessarily the “main trait”. Based on our genetic data, this 

hypothesis seems realistic because when we compared the lines with < 7.14% vs. those 

with ≥ 7.14% a secondary QTL was detected on chr. 2 in position 44603427 (figure xx 

or results section). Using the bean genome as a reference, we observed that this marker 

is 10
-6 

bp from the ortholog of the AtIND gene of Arabidopsis mapped in bean by Gioa 

et al. (2012), that is also quite close to the St locus (Gioa et al. 2012). Thus, the St locus 

might represent a gene with a certain (slight) impact on bean shattering and not 

consistent with the major role of qPD5.2-Pv as observed in the present study. 
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In common bean, Prakken (1934) after crossing stringless and stringy bean 

varieties concluded that stringness (the absence of string along the valves suture) is 

under the control of a single dominant locus. This author also hypothesized that the 

character ‘parchment’ (the lack the membraneous coating on the inside of the pod 

(parchment layer) is under the control of a second (recessive) gene independent form 

the first. Albeit with some contradictory results, a simple genetic control of this trait 

was also proposed by Tshemark (1901, 1902), Emerson (1904), Wellensiek (1922) and 

Tjebbes and Kooiman (1922), and in some cases more complex models including 

epistatic interaction and gene-environmental interactions were hypothesized (Currence 

1930). The data presented in the present work, however, also indicate that while the 

determination of the shattering/not-shattering phenotype is conditioned by a single 

QTL, the control of its mechanism could instead be more complex with several QTLs 

involved and with some of them specifically underlying twisting and not twisting types. 

This seems to evoke Lamprect (1932) who hypothesized that a major factor influences 

the shattering trait while three other genes additively act to tune the expression of the 

trait. More specifically, the multilocus model used in the present study indicates that the 

same locus on chr.4 is associated to both the level and the mode of shattering. Two 

other loci act specifically on the level of shattering and two on the frequency of not-

twisting pods. Thus, the model arising from this study can be hereafter summarized: 

- a major QTL seems to play a “switching” role and is almost completely 

associated with the occurrence of the shattering; 

- a second important locus on chr.4 correlates with the level and mode of the 

shattering; 

- four other loci have some additional effect and act only on the mode of 

shattering. 

Based on the histological and the genetic analyses of this PhD thesis, it can be 

hypothesized that the first two genes have different roles (that might interactor not):  

one determine the characteristics of the ventral sheath and the other the pattern of the 

inner layer of lignified fiber in the pod wall. This would be similar to the two-genes 

system described for soybean (Dong et al., 2014;Funazuki et al., 2014; Dong et al. 

2015). 
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However, overall it is apparent that artificial selection might have targeted 

multiple cellular mechanisms and different controlling genes, to minimize seed loss 

during bean domestication. Meanwhile, these findings also raise an intriguing question 

on the way these genes genetically interact to fine-tune the indehiscence degree. Future 

analysis in particular devoted to the elucidation of the role of epistatic interaction 

among genes will probably shed some light on these aspects. 

Major QTLs controlling the seed shattering were also found in soybean, the 

closest bean crop relative (Dong et al., 2014; Funatzuki et al. 2014). However none of 

the two genes cloned in soybean co-map with the QTL identified on chr5. This suggests 

that in bean the control of shattering might be different, at least partially, from that of 

soybean. This hypothesis is reinforced by the observation that the QTL found on bean 

chromosome 5 did not contain any genes with a NAC domain (which characterizes the 

soybean SHAT1-5; Dong et al., 2014) nor genes for protein belonging to the dirigent-

like family (which is the family of the protein encoded by the soybean PDH1; Funatsuki 

et al., 2014). Thus, it could be inferred that between these two Leguminosae species 

parallel or convergent responses to selection under domestication might be limited to 

the phenotypic level while the underlying molecular mechanisms might be different for 

relevant aspects. However, it must be acknowledged that this assertion needs to be 

validated by the cloning of the bean shattering gene and the elucidation of the relative 

molecular mechanism. 

The clarification of this aspect will be of great interest as this will allow the 

comparison between the Legume and cereal crops where convergent evolution has been 

described at molecular level in particular for Sh1 under parallel selection during 

sorghum, rice and maize domestication. (Lin et al. 2012; Dong and Wang, 2015). 

Finally, with the limited intent to contextualize the observation made for pod shattering 

we also preliminary mapped the genomic region underlying the genetic control of this 

domestication trait. It emerged: the first is.: the first is that several regions scattered 

across the genome are involved without any very evident genomic “hot spot” for pod 

domestication, albeit some regions, such as the one on chromosome 1, seems to have a 

preeminent role. This was also previously noted by Koinange (1996). The second is that 

this analysis evidenced a certain degree of overlap among the QTLs for the different 

traits as also between shattering and other traits. However, pleiotropy and linkage drag 

with the examined traits cannot be invoked to explain the results obtained for qPD5.2-
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Pv. Indeed, the magnitude of this QTL is much bigger than that for all of the others 

examined traits. The QTLs for the level and mode of shattering on chr.4 and chr8 are 

also stronger than their overlapping counterparts, while the QTL on chr2 did not overlap 

with other QTLs. 

In perspective the present work represents a key step in the cloning of the genes 

involved in pod shattering of common bean. To this regard, the co-mapping of the 

major QTL for carbon content, considering that the fibers are mainly composed of 

sclerenchyma cells with well-developed secondary cell walls, suggested that genes 

involved in the regulation of the secondary cell wall deposition or in fiber cell 

differentiation may underly the major QTL found in this work on chromosome 5. 
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