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Abstract  

 

A number of linkage maps have been previously developed in olive; however, these are mostly composed of markers that have not 

been characterized at the sequence level, supplemented with smaller numbers of microsatellite markers. In this investigation, we 

sought to develop a saturated linkage mapping resource for olive composed entirely of sequence characterized markers. We 

employed genotyping by sequencing to develop a map of a F2 population derived from the selfing of the cultivar Koroneiki. The 

linkage map contained a total of 23 linkage groups comprised of 1,597 tagged SNP markers in 636 mapping bins spanning a genetic 

distance of 1189.7 cM. An additional 6,658 segregating SNPs were associated with the 23 linkage groups identified but their marker 

order was not determined in this investigation. The SNP markers sequences were submitted to NCBI database. The linkage map 

produced will be an invaluable resource for the study of tree habit and vigour traits segregating in the progeny, and will assist to 

anchor and orientate sequencing scaffolds from future genome sequencing efforts. 

 

Key words: F2 progeny, genome anchoring; next-generation sequencing; olive; plant habit; self-compatibility, tree architecture. 

Abbreviations: AFLP Amplified Fragment Length Polymorphism; cM centiMorgan; DArT Diversity Array Technology;  GBS 

Genotyping by Sequencing; LG Linkage group; RADseq Restriction site Associated DNA sequencing; RAPD Random Amplified 

Polymorphic DNA; RFLP Restriction Fragment Length Polymorphism; SNPs Single Nucleotide Polymorphisms; SSR Simple 

Sequence Repeats.  

 

Introduction 

 

Olive (Olea europaea L. subsp. europaea) is one of the most 

extensively cultivated fruit crops in the Mediterranean 

climatic zones of world, and has been of great importance as 

the primary source of fats for the populations of those areas 

for millennia. However, until recently, very few formal olive 

breeding programs existed and the majority of the existing 

cultivated varieties were selected empirically within their 

region of cultivation (Atienza et al., 2014). To date, only a 

very small number of varieties have been released from 

formal breeding programs (e.g. ‘Chiquitita’; Rallo et al., 

2008a). There exists a high degree of natural diversity in 

olive for agronomically important characteristics, and due to 

its long juvenility period, and highly heterozygous nature, 

systematic breeding would benefit greatly from the use of 

markers to assist in the selection of germplasm with superior 

fruit and oil quality, as well as yield, disease resistance 

characteristics, self-fertility, and compact, low vigour tree 

habit suitable for mechanical harvesting and pruning. 

Mature olive trees are usually between 6-8 meters in height, 

but some cultivars are able to grow up to 26 meters and to 

reach a crown diameter of 20 meters under certain 

environmental conditions (‘Ottobratica’ and ‘Sinospolese’ in 

Calabria; Abenavoli and Marcianò 2013). Olive plants also 

have a large canopy diameter, usually between 5-6 meters. A 

reduction in tree size is commercially desirable, in order to 

reduce the cost of production through the mechanization of 

harvesting and pruning, and thus intensive research in olive is 

currently being undertaken to understand and control tree 

vigour and canopy architectural traits (Rallo et al., 2008a, b; 

Hammami et al., 2011; Ben Sadok et al., 2013). Among 

international olive germplasm, ‘Arbequina’ (Rallo et al., 

2008a), ‘Arbosana’ (Del Rio et al., 2005) and ‘Koroneiki’ 

(Androulakis and Loupassaki 1990) have close to the 

commercially ideal habit; they display medium-low 

(‘Koroneiki’) and low vigour (‘Arbequina’ and ‘Arbosana’), 

as well as early and constant bearing, whilst maintaining 

commercially acceptable fruit yield and oil quality. Olive has 

a nuclear DNA content ranging from 2.90 ± 0.020 to 3.07 ± 

0.018 pg/2C (Loureiro et al., 2007), giving an estimated 

genome size in base pairs of ~1.5 Gb, based on the genome 

size of F. vesca of 254 Mb for a DNA content of 0.52 pg/2C 

(Shulaev et al., 2011). Cytological studies have shown that 

the species is diploid and has a chromosome complement of 

(2n = 2× =46) (Breviglieri and Battaglia 1954; Minelli et al., 

2000). Numerous molecular marker classes have been studied 

in olive, but to date they have mainly been applied to 

diversity studies and the characterisation of core collections 

(e. g. Fabbri et al., 1995, Cipriani et al., 2002, Angiolillo et 
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al., 1999, Belaj et al., 2003, Belaj et al., 2012, Marra et al., 

2013, Caruso et al., 2014), and only a few studies have 

employed markers to develop linkage maps for the species.  

The first genetic linkage maps of olive were constructed 

primarily from arbitrarily primed AFLP and RAPD markers, 

enriched with a smaller number of sequence-characterized 

markers such as RFLPs and microsatellites (SSRs) (De la 

Rosa et al., 2003; Wu et al., 2004; Khadari et al., 2010; El 

Aabidine et al., 2010). The linkage maps were developed 

from F1 progenies and spanned between 879 cM and 

3,823.2 cM. More recently, Domínguez-García et al. (2012) 

reported a linkage map composed of diversity array 

technology (DArT) markers. DArT markers exploit reduced-

representation genome enrichment using restriction enzymes, 

and micro-array technology, to produce genotyping assays 

that can interrogate large numbers of polymorphisms found 

in the gene pool from which the genotyping panel was 

developed (Jaccoud et al., 2001). The linkage map of 

Domínguez-García et al. (2012) contained a total of 257 

markers spanning 1,205.1 cM on the female map, and 392 

markers spanning 1,639.3 cM on the male map across 23 

linkage groups on each map.  The linkage map was 

subsequently phenotyped for fruit and vigour traits and QTL 

were identified for a number of economically important 

characters (Atienza et al., 2014). Recently, studies have used 

short read sequencing platforms to characterize the olive 

genome including the sequencing of the olive transcriptome 

(Alagna et al., 2009, Munõz-Mérida et al., 2013, Kaya et al., 

2013), which led to the identification of abundant SNP 

markers that were successfully used to discriminate Turkish 

olive cultivars (Kaya et al., 2013). Additionally, Barghini et 

al. (2014), in the context of a project to develop a whole 

genome sequence for olive, studied the repetitive portion of 

the olive genome and determined that ~31% of the olive 

genome is composed of tandem-repeats. Despite an on-going 

project to sequence the olive genome (Olea 

project;http://genomes.cribi.unipd.it/olive/wordpress/project/)

, there remains a need for a saturated, sequence characterized 

linkage map for the species, and the SNP data that exists in 

public databases for olive have so far not been exploited for 

linkage map development. The emergence of ‘next-

generation’ genotyping tools, such as RADseq (Miller et al., 

2007; Baird et al., 2008) and genotyping by sequencing 

(GBS) (Elshire et al., 2011) has revolutionized the 

development of molecular markers in experimental and 

natural populations. By exploiting restriction enzyme 

recognition sites, reduced representation genomic libraries 

enriched for the coding portions of the genome have been 

generated and sequenced in multiplex using the Illumina 

sequencing platforms to produce datasets containing many 

thousands of sequence characterized SNP markers. This has 

led to the development of saturated SNP-based linkage maps 

of numerous plant species (e.g. Troggio et al., 2007; Ward et 

al., 2013). Using the GBS protocol of Elshire et al. (2011), 

we have developed a SNP-based linkage map of a F2 

population derived from the selfing of the self-fertile, low 

vigour cultivar Koroneiki (Marchese et al., 2016). The 

population was raised primarily in order to investigate the 

genetic control of plant habit. The map and its downstream 

use in QTL analyses of plant vigour traits and genome 

sequence scaffold anchoring are discussed. 
 

Results 
 

Genotyping by sequencing 
 

A total of 85 progeny established as juvenile plants were 

available for genetic analysis. From the 85 progeny and nine 

parental genotype replicates of ‘Koroneiki’ from which the F2 

progeny was raised, sequence data were recovered for a total 

of 81 progeny and eight parental replicates; the datasets 

ranged in size from 1.4 Gbytes to 58 Mbytes. Following 

analysis with Stacks (Catchen et al., 2011), a total of 25,802 

tagged SNPs were called in at least one of the seedling 

progeny. Of the 81 seedlings, 63 returned data for at least 

50% of the segregating SNPs, the remainder of which were 

removed from the analysis and not considered further. This 

number of seedlings can be considered statistically sufficient 

for the construction of a linkage map, since the map of 

Fragaria (Sargent et al., 2011) was successfully built with a 

similar number of progeny and reduced representation bin 

map populations of as little as six individuals have provided 

accurate, if not precise mapping positions for markers 

(Sargent et al., 2008, Howad et al., 2005).  

 

Analysis of SNP segregation 

 

Of the 25,802 tagged SNPs identified, 11,812 loci contained 

data for at least 50% of the 63 progeny and a chi-squared 

analysis was performed on these SNPs to identify those loci 

for which segregation did not deviate significantly from the 

expected 1:2:1 Mendelian segregation ratio. A total of 1,730 

SNPs returned segregation ratios that did not exhibit 

segregation distortion, and these were used for subsequent 

linkage map construction. 

 

Linkage map development 

 

Since the phase of the 1,730 segregating SNPs was initially 

unknown, they were scored as AB×AB markers segregating 

in a F1 population (i.e. in a 1:2:1 Mendelian ratio) and were 

grouped using JOINMAP 4.1. A total of 29 linkage group 

clusters were recovered containing more than ten markers, 

but following removal of groups that contained all markers 

mapping within less than 5 cM of each other within a discrete 

linkage group, a total of 23 linkage groups remained. Marker 

ordering was initially determined using the Maximum 

Likelihood mapping function of JOINMAP 4.1, and 

imputation was used to ‘correct’ any unlikely genotype calls. 

The data were then reanalyzed using regression mapping and 

once marker order was determined, all redundant markers 

were added back to the linkage map using a custom Python 

script provided by D. Michelletti (personal communication). 

The resultant linkage map contained a total of 1,597 tagged 

SNP markers in 636 mapping bins distributed throughout 23 

discrete linkage groups, spanning a total genetic distance of 

1189.7 cM (Fig 1). 

 

SNP marker coverage 

 

Linkage group (LG) 1 was the longest group at 115.2 cM, 

whilst LG23 was the shortest at 14.7 cM. Linkage group 6 

contained the most markers (165) in the most mapping bins 

(58), whilst LG19 contained the fewest (ten markers in five 

mapping bins). Overall, marker density on the map averaged 

one marker every 0.75 cM, and one mapping bin every 

1.87 cM. The 1,597 robustly mapped markers were used as 

seed markers to identify additional SNPs exhibiting 

segregation distortion that were associated with the 23 

identified linkage groups. Screening of all 11,812 markers for 

which data for at least 50% of seedlings was available 

revealed an additional 6,658 segregating SNPs associated 

with the 23 linkage groups identified. The greatest number of 

additional markers was associated with LG2 (659), whilst 

LG23 was associated with the fewest additional markers (59).  

http://genomes.cribi.unipd.it/olive/wordpress/project/
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Table 1. Summary data for the 23 linkage groups of the ‘Koroneiki’ F2 linkage map detailing linkage group length in centi-Morgans 

(cM), the number of markers not displaying segregation distortion mapped on each linkage group, the number of non-redundant 

mapping bins per linkage groups, and the number of additional SNP markers associated with each group. 

Linkage group LG length (cM) No. markers No. mapping bins Additional markers 

G1 115.164 81 50 429 

G2 107.531 115 52 659 

G3 92.266 164 54 493 

G4 91.38 49 29 460 

G5 90.657 97 46 323 

G6 87.041 165 58 363 

G7 63.022 95 36 257 

G8 60.286 49 27 417 

G9 58.889 151 43 338 

G10 55.585 98 33 230 

G11 45.521 82 29 404 

G12 43.888 28 19 207 

G13 36.818 113 30 171 

G14 34.652 22 15 133 

G15 31.713 16 7 221 

G16 27.517 29 17 108 

G17 27.26 29 15 97 

G18 23.121 93 18 168 

G19 21.587 10 5 303 

G20 21.05 54 20 94 

G21 20.184 11 11 84 

G22 19.905 17 10 640 

G23 14.647 29 12 59 

Total 1,189.68 1,597 636 6,658 

 

Table 1 details the lengths of each of the 23 linkage groups, 

the numbers of markers and mapping bins they contain and 

the number of additional markers associated with each 

linkage group. Supplementary Tables S1 and S2 contain all 

SNPs mapped or associated with one of the 23 linkage groups 

recovered, in addition to the sequence tags for each SNP, and 

the position of SNPs within the tags; NCBI accession 

numbers of SNP sequences are reported in the supplementary 

Table S3.  

 

Discussion 

 

Recent advances in ‘next-generation’ genotyping techniques 

that exploit short-read sequencing technology have permitted 

the rapid characterization of many thousands of SNP markers 

in segregating progenies (Elshire et al., 2011) and the 

development of dense, saturated linkage maps (e.g. Ward et 

al., 2013), such technology has shown clear advantages in 

other species and as such, will enable the rapid development 

of genomics resources in olive, that have to date lagged 

behind other plant crop species. In this investigation, we have 

presented the first comprehensive, saturated linkage map for 

olive composed of sequence-characterized SNP markers, 

using the GBS approach. The F2 ‘Koroneiki’ map spans the 

expected 23 chromosomes associated with the base 

chromosome number for the species, and covers a total 

genetic distance of 1,189.7 cM (Fig 1). Previous linkage 

maps for olive described in the literature have been reported 

with varying lengths. The first linkage map of De la Rosa et 

al. (2003), derived from a F1 progeny, spanned a total of 

2,765 cM across 39 linkage groups in one parent and 

2,445 cM across 30 linkage groups in the other. The RAPD-

based map of Wu et al. (2004) contained 23 and 27 linkage 

groups in the female and male linkage maps, covering 

798 cM and 759 cM respectively. More recent linkage maps 

of olive have spanned 36 and 31 linkage groups and 

2,210 cM and 1,966 cM for the female and male maps 

respectively in the study of Khadari et al. (2010), and 40 and 

38 linkage groups, covering 1,547.4 cM and 1,428 cM for the 

female and male maps respectively in the study of El 

Aabidine et al. (2010). The most comprehensive linkage map 

published to date prior to the map presented here was the 

DArT-based linkage map of Domínguez-García et al. (2012). 

In that study, the authors used a genome enrichment approach 

similar to that employed by GBS; however, two enzymes 

were used. The resultant DArTs were scored in the 91 

seedlings and parents of the cross and the data were 

supplemented with some SSR markers. The resultant linkage 

map comprised 23 significant linkage groups for each parent, 

containing 257 markers (24 SSRs and 237 DArT markers) in 

125 mapping bins on the  female map, and 392 markers (23 

SSRs and 369 DArT markers) in 204 mapping bins on the 

male map. The maps covered a genetic distance of 

1,205.1 cM and 1,639.3 cM for the female and male maps 

respectively. The SNP-based F2 linkage map presented in this 

investigation is somewhat shorter than the initial AFLP and 

RAPD based linkage maps for the species, but comparable to 

the more recent maps, and almost identical in length to the 

DArT-based linkage map constructed using similar marker 

technology. The large differences in linkage map lengths 

reported for initial maps for the species is perplexing, but 

speculatively, may be the result of errors in the scoring of 

arbitrarily-primed markers such as RAPDs, which would 

have introduced additional spurious recombination into the 

segregation dataset, and inflated genetic distances. Whilst 

1,189.7 cM likely underestimates the total map length, due to 

our initial criterion for only selecting markers that did not 

exhibit significant segregation distortion for map 

construction, it contains linkage groups with a similar length 

distribution as the DArT map of Domínguez-García et al. 

(2012) and so can be considered to cover the majority of the 

olive genome. Although the DArT linkage map approach 

affords many advantages, it is limited in as much as it is 

based on micro-array technology and probe hybridization. As 

such, whilst mapping DArT markers does not require a priori 

information about informative SNPs for array development, it  
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Fig 1. A genetic linkage map of the ‘Koroneiki’ F2 mapping progeny composed of 1,579 sequence characterized SNP markers in 636 

mapping bins. Marker loci are represented by horizontal lines and linkage group lengths are shown to scale in centi-Morgans. 

 

requires the array-bound SNPs to be present in the genome 

under interrogation. Whilst the use of GBS to score 

segregating SNPs results in a high percentage of missing 

values in the dataset produced, following an imputation 

strategy as has been done here, permits the development of a 

reliable linkage map framework containing a large numbers 

of markers relative to other genotyping methodologies. 

Indeed, the ‘Koroneiki’ map presented herein contains over 

twice as many imputed segregating anchor loci in almost 

twice as many mapping bins in a comparable progeny size to 

the DArT map of Domínguez-García et al. (2012), and ten  

 

times as many potentially useful genetic markers in the full 

dataset, with the advantage that all markers placed on the 

linkage map have a sequence-characterized tag associated 

with them (Supplementary Tables S1 and S2). Thus, the 

‘Koroneiki’ linkage map is likely a representation of the vast 

majority of the olive genome and the research community 

working on the development of olive maps would benefit 

from our sequence-characterized SNP markers, available in 

the Tables S1 and S2 and submitted to NCBI database (Table 

S3). The Olea project aims to sequence the olive genome 

using a strategy of shot-gun sequencing and assembly of 
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short-read sequence data from the Illumina and 454 

sequencing platforms (http://genomes.cribi.unipd.it/olive/ 

wordpress/project/). Recently, Barghini et al. (2014) reported 

that ~31% of the olive genome is composed of tandem-

repeats from six main families, two of which were not 

previously characterized, and it has been estimated that in 

excess of 70% of the olive genome is composed of repetitive 

DNA sequence (Barghini et al., 2015). Thus the central 

challenge of whole-genome shotgun sequence assembly 

using short-read technologies is resolving repetitive 

sequences (Schatz et al., 2010), since often these sequences 

are longer than the read length of the technologies used for 

sequencing. The extent of repetitive DNA sequence within 

the olive genome has resulted in initial assemblies that are 

highly fragmented (Barghini et al., 2015). As such, a genetic 

linkage map resource, enriched for the coding portion of the 

genome (Elshire et al., 2011) and containing thousands of 

markers, would be a valuable resource for scaffold anchoring 

and orientation. The ‘Koroneiki’ linkage map resource 

containing some 6,658 sequence-characterized SNP markers 

associated with the expected 23 linkage groups/chromosomes 

of olive, will be a valuable resource for assisting in making 

sense of the complexity of the olive genome. The genetic 

variability in vegetative habit has been a focus of study in 

olive since genotypes with a compact and upright habit could 

be used in high density planting systems. The traits in olive 

that affect the tree growth habit and vigour are complex and 

believed to be under polygenic control. Although a F1 linkage 

map of the cross ‘Oliviere’ × ‘Arbequina’ (Khadari et al., 

2010) was reported to segregate with a high degree of 

variability for characters related to the  tree form and vigour 

(Ben Sadok et al., 2013), so far no character has been mapped 

regarding the tree architecture and/or vigour in olive. Ben 

Sadok et al. (2013) reported that some ‘Oliviere’ × 

‘Arbequina’ progenies were less vigorous than the low vigour 

parent ‘Arbequina’, and thus useful for future selection 

programs, and that tree form variables presented medium 

broad sense heritability values. The progeny for which we 

present a genetic linkage map in this report segregates for a 

high range of plant habits and for vigour, and 20% of 

offspring seems to have a dwarf or “brachitic habit”, maybe 

due to the effect of transgressive segregation, not previously 

reported in literature, since this is the first F2 progeny so far 

obtained in olive.  

Though at the present time, the plants are still in a juvenile 

phase, it is expected that once they reach maturity, the 

progeny will be useful for the identification of QTL 

associated with plant habit and vigour characteristics. 

 

Conclusion 

 

We have presented the first olive linkage map based on a F2 

population derived from the selfing of the low vigour cultivar 

Koroneiki, developed using GBS, without the use of a 

reference genome. The map contains 1,597 tagged SNP 

markers, covering a total genetic distance of 1189.7 cM over 

23 linkage groups, the expected number for Olea europea (2n 

= 2x = 46) and can be considered the most informative olive 

map so far published. As the sequencing tags and marker 

positions are made available in the NCBI database, 

information can be used for aiding the complex olive genome 

sequencing and assembly and to update other less saturated 

olive maps reported in the literature. For example, 

transforming these SNPs in cleaved amplified polymorphic 

sequence (CAPS) markers could be a cost effective method to 

create anchoring markers between this and other olive maps. 

This map will also form the starting point for a study of tree 

habit, vigour traits and self-compatibility that are expected to 

segregate in the ‘Koroneiki’ progeny. Since this is a F2 

progeny composed of individuals homozygous for different 

loci it would be possible to study how this affects certain 

phenotypes and the phenomenon of transgressive segregation.  

 

Materials and Methods 

 

Plant material 

 

A F2 progeny was raised for linkage map construction 

derived from the self-fertilization of the olive cultivar 

Koroneiki, suitable for the study of the genetic control of tree 

habit. The cultivar was chosen for its medium-low vigour, 

required for developing high density planting systems, self-

compatibility and for good quality oil. Genomic DNA was 

extracted from young fresh leaves of the progeny and nine 

replicates of the parental genotype using the DNeasy mini kit 

(Qiagen) according to the manufacturer’s recommendations. 

DNA was quantified using a Nanodrop spectrophotometer 

and Qubit 2.0 fluorometer according to the manufacturers’ 

recommendations, and diluted to 20 ng / ul for library 

preparation. The genetic correspondence of offspring was 

confirmed using SSR markers and any out-crosses were 

discarded (data not shown).  

 

Library construction, sequencing and SNP identification 

 

Genotyping-by-sequencing (GBS) was performed following 

the protocol described in Elshire et al. (2011) using the 

ApeKI restriction enzyme and adaptor dilutions as described 

by Ward et al. (2013). A total of 100 ng of DNA from eight 

parental replicates derived from independent DNA 

extractions and 85 progeny were digested with ApeKI and 

ligated to 1.8 ng of barcoded adaptor using T4 DNA ligase 

(manufacturer). Ligation reactions for each progeny genotype 

were performed separately, samples were pooled and PCR 

amplification was performed on the pooled library. The 

library was purified using the QiaQuick PCR purification 

system (Qiagen) following which the library was sequenced 

using single-end sequencing on the HiSeq2000 sequencing 

platform (Illumina, San Diego, USA) with 101 cycles. 

Sequenced samples were de-multiplexed as described by 

Elshire et al. (2011) and data were analyzed using Stacks 

(Catchen et al., 2011) running Stacks de novo with default 

settings. The SNP segregation data recovered from Stacks 

were filtered for progeny individuals containing less than 

50% missing data, and SNP loci containing less than 50% 

missing data. 

 

Marker segregation, imputation and linkage map 

construction 

 

Since segregating SNP data were un-phased, markers were 

scored as segregating AB×AB in a F1 progeny and linkage 

mapping was performed using JOINMAP 4.1 (Kyazma). 

Initially only marker data for which segregation data did not 

deviate significantly from a 1:2:1 Mendelian ratio were used 

for linkage map construction. Following an initial round of 

grouping with a minimum LOD threshold of 4.0, markers 

were ordered in linkage groups using the Maximum 

Likelihood mapping function, and imputation was performed 

following the methods of Ward et al. (2013). The imputed 

dataset was used to construct a linkage map using regression 

mapping with the Kosambi mapping function, following 

standard mapping criteria, i.e. marker placement was 

determined using a minimum LOD score threshold of 3.0, a 

http://genomes.cribi.unipd.it/olive/%20wordpress/project/
http://genomes.cribi.unipd.it/olive/%20wordpress/project/
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recombination fraction threshold of 0.35, ripple value of 1.0, 

jump threshold of 3.0, and a triplet threshold of 5.0. Data for 

redundant marker loci removed automatically by JOINMAP 

4.1 were replaced using a custom Python script provided by 

D. Michelletti (personal communication), and the linkage 

map presented was visualised using MapChart 2.0 (Voorrips 

2002). Subsequently, imputed markers were used as seed 

markers to determine the number of markers exhibiting 

segregation distortion could be associated with a linkage 

group on the map. Putative linkage between mapped markers 

and additional segregating SNPs was determined using the 

grouping function of JOINMAP 4.1 (Kyasma). 
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