
 

 

 

 

Construction of a microsatellite based genetic 

linkage map of almond 
 

 

 

 

 

 
By 

Iraj Tavassolian 

 

 

 

Thesis submitted in fulfilment of the requirements for the degree of 

Doctor of Philosophy (PhD) 

 

 

 

Discipline of Wine and Horticulture 

School of Agriculture, Food and Wine 

 

 

 

May 2008



 

i 

Table of Contents 
 

Table of Contents ...................................................................................................... i 

List of Figures ..........................................................................................................iv 

List of Tables ............................................................................................................vi 

Abstract ...................................................................................................................vii 

Declaration...............................................................................................................xi 

Abbreviations.......................................................................................................... xii 

Acknowledgments...................................................................................................xvi 

Chapter 1...................................................................................................................1 

1.1 General introduction.......................................................................................................... 1 

1.2 Botanical classification of almond ................................................................................... 2 

1.3 Economic importance and uses ........................................................................................ 3 

1.4 Genetic diversity and origin of almond........................................................................... 5 

1.5 Almond breeding ................................................................................................................ 6 

1.6 Genetic markers.................................................................................................................. 8 
1.6.1 Morphological markers................................................................................................................9 
1.6.2 Biochemical markers ...................................................................................................................9 
1.6.3 DNA markers .............................................................................................................................10 

1.6.3.1 Hybridisation-based polymorphism..................................................................................10 
1.6.3.2 PCR-based polymorphisms ...............................................................................................11 

1.7 Application of the saturated linkage map in plant breeding ..................................... 14 

1.8 Morphological traits in Almond..................................................................................... 16 

1.9 Development of an Australian almond linkage map, prior to the ............................ 18 
1.9.1 Introduction ................................................................................................................................18 
1.9.2 Mapping population ...................................................................................................................20 

1.9.2.1 Introduction ........................................................................................................................20 
1.9.2.2 Australian almond mapping population ...........................................................................20 

1.9.3 Molecular and morphological markers used to develop the first generation of.....................23 
1.9.4 Aims of study and expected outcome.......................................................................................24 

Chapter 2.................................................................................................................32 

2.1 Introduction....................................................................................................................... 32 

2.2 Material and Methods ..................................................................................................... 38 
2.2.1 Survey of published and unpublished microsatellites .............................................................38 
2.2.2 Genomic DNA extractions ........................................................................................................38 

2.2.2.1 Introduction ........................................................................................................................38 
2.2.2.2  Extraction method.............................................................................................................40 
2.2.2.3 Modified Lamboy and Alpha (1998) protocol macrotechnique .....................................41 

2.2.3 DNA quantification and PCR amplification ............................................................................42 
2.2.4 Segregation analysis and polymorphism detection..................................................................43 

2.2.4.1  Fluorescent labelled microsatellite detection..................................................................43 
2.2.4.2  Agarose gel electrophoresis .............................................................................................44 
2.2.4.3  PAGE gel electrophoresis ................................................................................................45 

2.3 Results ................................................................................................................................46 



ii 

2.3.1 Microsatellites isolated from almond .......................................................................................46 
2.3.2 Microsatellites isolated from peach ..........................................................................................48 
2.3.3 Microsatellites isolated from other Prunus species .................................................................48 

2.4 Discussion........................................................................................................................... 50 

Chapter 3.................................................................................................................55 

3.1 Introduction....................................................................................................................... 55 
3.1.1 Shell hardness.............................................................................................................................57 
3.1.2 Kernel size ..................................................................................................................................58 
3.1.3 Testa colour and smoothness.....................................................................................................59 
3.1.4 Kernel taste.................................................................................................................................60 
3.1.5 Percentage of doubles ................................................................................................................61 

3.2 Materials and Methods.................................................................................................... 63 
3.2.1 Plant material and pomological traits measurement................................................................63 

3.2.1.1 Shell hardness and kernel weight assessment ..................................................................64 
3.2.1.2 Kernel size and shape ........................................................................................................64 
3.2.1.3 Testa characteristics...........................................................................................................65 
3.2.1.4 Kernel taste and amygdalin quantification.......................................................................65 
3.2.1.5 Percentage of doubles........................................................................................................66 
3.2.2 Statistical analysis.................................................................................................................66 

3.3 Results ................................................................................................................................69 
3.3.1 Shell hardness.............................................................................................................................69 
3.3.2 In-shell weight............................................................................................................................69 
3.3.3 Kernel weight .............................................................................................................................70 
3.3.4 Kernel length ..............................................................................................................................70 
3.3.5 Kernel thickness.........................................................................................................................70 
3.3.6 Kernel width...............................................................................................................................71 
3.3.7 Kernel shape ...............................................................................................................................71 
3.3.8 Testa colour and pubescence.....................................................................................................71 
3.3.9 Kernel taste and amygdalin quantification...............................................................................72 
3.3.10 Double kernel ...........................................................................................................................76 

3.4 Discussion........................................................................................................................... 76 
3.4.1 Shell hardness.............................................................................................................................85 
3.4.2 In-shell weight............................................................................................................................86 
3.4.3 Kernel weight .............................................................................................................................87 
3.4.4 Kernel size and shape ................................................................................................................89 
3.4.5 Testa colour and pubescence.....................................................................................................90 
3.4.6 Kernel taste and amygdalin quantification...............................................................................92 
3.4.7 Percentage of double kernels.....................................................................................................94 

3.5  Conclusion ........................................................................................................................ 95 

Chapter 4.................................................................................................................98 

4.1 Introduction....................................................................................................................... 98 
4.1.1 Marker assisted selection...........................................................................................................99 
4.1.2 Map-based cloning and physical mapping .............................................................................100 
4.1.3 Comparative mapping..............................................................................................................101 
4.1.4 Construction of genetic linkage maps.....................................................................................101 

4.1.4.1 Mapping population.........................................................................................................101 
4.1.4.2 Population genotyping.....................................................................................................102 
4.1.4.3 Linkage analysis...............................................................................................................102 

4.1.5 The Prunus linkage maps ........................................................................................................104 
4.1.5.1 The almond maps.............................................................................................................105 

4.2 Materials and Methods..................................................................................................108 
4.2.1 Mapping population and DNA extraction ..............................................................................108 
4.2.2 Microsatellites marker analysis...............................................................................................109 
4.2.3 Verification of microsatellites as MAS for self-compatibility..............................................109 



iii 

4.2.4 Linkage analysis and map construction..................................................................................109 

4.3 Results ..............................................................................................................................111 
4.3.1 Construction of the second Australian linkage maps for almond .........................................111 

4.3.1.1 NP linkage map................................................................................................................111 
4.3.1.2 LA linkage map................................................................................................................111 
4.3.1.3 The integrated linkage map .............................................................................................112 
4.3.2 Comparison among the new maps and previous Australian almond maps.....................112 
4.3.3 Marker assisted selection test for S-alleles........................................................................113 
4.3.4 Comparative mapping with other Prunus maps................................................................113 

4.4 Discussion.........................................................................................................................114 

Chapter 5...............................................................................................................134 

5.1 Polymorphism detected by microsatellites .................................................................136 
5.1.1 Comparison of microsatellite detection systems....................................................................136 
5.1.2 Genotyping of mapping population by microsatellites..........................................................137 

5.2 Pomological analysis of the mapping population ......................................................138 
5.2.1 Phenotypic and inheritance studies of the shell hardness, kernel size and weight ..............139 
5. 2.2 Analysis of kernel flavour inheritance and amygdalin contents ..........................................140 
5.2.3 Phenotypic variation of double kernels ..................................................................................141 
5.2.3.1 Benefit of double kernels in genetic studies .......................................................................142 

5.3 Almond saturated map ..................................................................................................143 
5.3.1 Comparative mapping of the integrated map with Prunus reference map...........................144 
5.3.2 Marker assisted selection for S-alleles....................................................................................144 
5.4 Future Prospect of the almond map ...........................................................................................146 

References .............................................................................................................148 

APPENDIX ...........................................................................................................179 



 

iv 

List of Figures 
Fig. 1.1 Almond world production during 2000-2006.................................................4 

 

Fig. 1.2 The world top producers of almond...............................................................4 

 

Fig. 1.3 main almond production area in Australia .....................................................5 

 

Fig. 1.4 Map of the world showing the origin for almond [Prunus dulcis (1)] and 

different relative Prunus species. ................................................................................6 

 

Fig. 1.5 The controlled cross hybridisation between NP and LA in Waite Campus 

within the bird cage and branches sealed in insect proof nets....................................22 

 

Fig. 1.6 A linkage map of the diploid almond, developed from the markers present in 

the male parent ‘Lauranne’ ......................................................................................28 

 

Fig. 1.7 A linkage map of the diploid almond, developed from the markers present in 

the female parent ‘Nonpareil’ ..................................................................................29 

 

Fig. 1.8 Integrated linkage map of the diploid almond cross of LA � NP..................31 

 

Fig.  2.1 Microsatellite polymorphism in some progeny amplified by marker 

EMPA004 ................................................................................................................49 

 

Fig.  2.2 Electrophorogramme of fluorescent labelled alleles detected by loci 

BPPCT013 ...............................................................................................................51 

 

Fig.  3.1 Birds are very problematic, mostly in paper / soft-shell cultivars ................58 

 

Fig. 3.2 Variation of testa colour in almond..............................................................60 

 

Fig. 3.3 Average of traits over three year’s measurements (2005-2007). A. Percentage 

of double kernels, B. Shell hardness; C. In-shell weight and D. Kernel weight. ........74 

 

Fig. 3.4 The graphs depict the correlation between in-shell and kernel weight among 

the mapping population of cross ‘Nonpareil’ � ‘Lauranne’ in the average value of 

three years................................................................................................................75 

 

Fig. 3.5 The graph shows the high correlation between kernel width and length and 

low correlation between kernel thickness and the other kernel size traits in a 

segregating population. ............................................................................................75 

 

Fig. 3.6 A. B. C  Percentage of progeny traits over three years for A. Shell Hardness, 

B. Kernel Thickness and C. Kernel Shape ................................................................77 

 

 



 

v 

Fig. 3.7  A. B. C Distribution of percentage frequency of the population NP � LA 

grouped into two classes for A. Testa colour, B. Testa pubescence and C. Kernel taste

.................................................................................................................................78 

 

Fig. 3.8 Frequency of total progeny showing 0-100% doubles in 10% increment 

categories over three years (2005-2007) ...................................................................80 

 

Fig.  3. 9 Percentage of double kernels in two categories over three years (2005-2007)

.................................................................................................................................80 

 

Fig. 3.10 Double Kernel produced in almond. Compared with single kernel, 

(illustrated on right) double kernels are deformed and misshapen. ............................82 

 

Fig.  3.11 The variation of morphological traits in nuts and kernels of the segregating 

population of NP � LA.............................................................................................82 

 

Fig. 3.12 Chromatogram of amygdalin in slightly bitter kernels ...............................83 

 

Fig.  3.13  Chromatogram of amygdalin in sweet kernels .........................................83 

 

Fig. 4.1 Approximate position of 28 major genes mapped in different populations of 

Prunus. ..................................................................................................................106 

 

Fig. 4.2 Segregation of microsatellite UDP98-412 on Self-compatible and 

incompatible almond cultivars ...............................................................................114 

 

Fig.  4.3 Genetic linkage map of Nonpareil. ..........................................................117 

 

Fig.  4.4 Genetic linkage map of Lauranne. ............................................................119 

 

Fig.  4. 5 Comparison of the IN map with almond RxD and Prunus reference map.  

...............................................................................................................................126 



 

vi 

List of Tables 
 

Table 1.1 Objectives of Almond Breeding Programs .................................................7 

 

Table 1.2 Polymorphic SSR markers used by Gregory, (2004).................................26 

 

Table 1.3 Polymorphic SSR markers screened by Mnejja (2004). ............................27 

 

Table 2.1 Microsatellites: designation, number of screened markers and origin........39 

 

Table 2.2 Microsatellite name and fluorescine label.................................................44 

 

Table 2.3  Summary of microsatellite marker analysis results ..................................47 

 

Table 3.1 Descriptor list for ten traits scored over the three years on the F1 progeny. 

.................................................................................................................................68 

 

Table 3.2 Morphological characters measured on F1 hybrid population of cross 

between 'Nonpareil' � 'Lauranne', mean value for data collected for three years (2005-

2007)........................................................................................................................73 

 

Table 3.3 Chi-square test (�
2
) for expected frequency 3:1 or 1:1 of kernel taste, 

colour, smoothness and double kernels in the population NP � LA...........................79 

 

Table 3.4 Broad sense heritability of traits in the population NP � LA for three years 

(2005-2007) .............................................................................................................79 

 

Table 4.1 Distribution of mapped markers and their coverage across linkage groups 

of ‘Nonpareil’ (NP), ‘Lauranne’ (LA) and Integrated (IN) maps.............................116 



 

vii 

Abstract 

 
Almond (Prunus dulcis) is the most important nut crop in terms of world 

production. Due to its health benefit and high nutritional value the consumption and 

world supply of almond is increasing. To remain competitive in the world market, the 

Australian almond breeding program was established to produce cultivars with better 

adaptation to Australian conditions. As part of this program an almond mapping 

population consisting of 93 F1 progeny derived from a cross between the American 

cultivar ‘Nonpareil’ (NP) and the European self-compatible cultivar ‘Lauranne’ (LA) 

was produced to construct the genetic linkage maps. The first almond linkage map 

developed prior to the commencement of this project failed to produce the eight 

linkage groups similar to the basic chromosome number of almond (x = 8) and many 

large gaps were also observed on the linkage groups. Therefore, more markers were 

needed to saturate the maps.  

 Microsatellite markers are considered one of the best choices for mapping 

studies. 195 microsatellite markers isolated from Prunus species were obtained from 

published papers or by personal communication. Polymorphism was revealed by three 

different methods, and in general, polyacrylamide gel electrophoresis (PAGE) 

compared to the fluorescent labelled marker detection using an automated DNA 

sequencer or agarose gel electrophoresis, showed the most efficient and cost effective 

method of genotyping. A subset of 54 markers which produced reliable and easily 

interpretable polymorphic bands was selected to screen the whole mapping 

population. Microsatellites originally isolated from almond species showed the 

highest rate of amplification and polymorphism followed by peach microsatellites and 

the least informative markers were isolated from cherry. It seems that the level of 
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transportability and usefulness of microsatellite markers is related to the genetic 

distance of the closely related species. Almond and peach belong to the same 

subgenus (Amygdalus) and other Prunus species are classified in Prunophora 

subgenus.    

The nut, or kernel, is the commercial part of the almond tree, thus to improve 

the quality of fruit an understanding of environmental influence, heritability and 

correlation of traits is required. Pomological and quality characters such as: shell 

hardness, kernel size, shape, taste, pubescence, colour, and percentage of doubles 

were measured during three consecutive years (2005-2007) on the total mapping 

population, but data analysis (ANOVA) was performed only on trees that survived for 

all three years. Most of the traits showed high broad-sense heritability and kernel 

shape showed the highest heritability of H
2 

= 0.92 suggesting high genetic control of 

this trait. Occasionally larger kernels than either parent were found in the progeny 

indicating potential for improvement of this trait even with smaller kernel size parent 

that encompass many desirable characters. High correlation was also found between 

the in-shell and kernel weight (r = 0.74), kernel length / kernel width (r = 0.67), kernel 

weight to kernel length (r = 0.78) and kernel width (r = 0.80). This correlation 

estimation pointed out in this study indicates that the improvement of one character  

may result the progress in another trait. Neither of the parents in the mapping 

population had bitter or obvious slightly bitter taste but slightly bitter kernels were 

observed among the progeny. Amygdalin was assumed to be responsible for bitter 

taste in almond; therefore we measured the amount of amygdalin in sweet and slightly 

bitter kernel progeny by HPLC. However, the results showed that amygdalin exists in 

sweet kernels as well. Although the average amount of amygdalin in slightly bitter 

kernels (20.34 mg kg
-1

 FW) was higher than sweet kernels (3.67 mg kg
-1

 FW), some 
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sweet kernels had higher amounts of amygdalin suggesting the impact of other 

components on slightly bitter kernel. The highest variability within the traits was 

observed in the percentage of double kernel, which showed the highest standard error. 

Strong environmental effects, particularly low temperature at pre-blossom time is 

speculated to produce much higher double kernels.  

Three genetic linkage maps, one for each parent and an integrated map were 

constructed by the addition of 54 new microsatellite markers to the previous dataset. 

All the data was scored and coded according to the coding system necessary by 

JoinMap3 which was used for map construction. 131 markers including microsatellite, 

ISSR, RAPD, SCAR and S-allele markers were placed on the integrated map covering 

590.7 cM with the average density of 4.5 cM/marker. The minimum number of six 

microsatellite markers was placed on linkage group 8 and the linkage group 1 which 

is the longest linkage group has 14 microsatellite markers. Comparative mapping 

study with other Prunus maps, especially with the highly saturated reference map 

showed complete synteny and minor changes in the order of four markers on linkage 

groups compared with Prunus reference map. The conservation of molecular marker 

order observed in this study supports the idea of looking at Prunus genome as a single 

genetic system and practical application of this similarity would be in cross-

transportability of microsatellite markers from well developed linkage maps to the 

less studied species in Prunus. Ten microsatellite loci placed on our map have not 

been reported before and could be used to improve the density of other Prunus  maps, 

especially the reference map. 

This study contributed to the better understanding of the mode of inheritance 

and environmental effect on morphological traits and the effect of amygdalin on 

kernel taste. The most saturated microsatellite based almond linkage map developed 
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in this study can serve as a framework for future almond breeding program in 

Australia and benefit Prunus improvement programs internationally.  
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