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Abstract Heterosis is a main force leading the

development of the hybrid seed industry in sunflower.

The purpose of this study is to evaluate if heterosis

effects for morphological traits among sunflower

hybrids can be related to differences in the repetitive

component of the genome of parental lines. The

assumption is that, at least for certain traits, heterosis

results from mutations in the cis-regulatory elements

of genes, largely related to retrotransposon insertions

and/or removals. Our experimental approach consists

of a correlation study between hybrid performance and

retrotransposon-related genetic distances between in-

breds. Six sunflower inbred lines of different origin

were crossed in a half diallel fashion; comparing

parental lines and hybrids, mid parent heterosis of F1

hybrids was evaluated for six traits. We estimated the

parental genetic distances between the six inbreds on

data gathered by the inter-retrotransposon-amplified-

polymorphism (IRAP) protocol. Different

retrotransposons previously isolated in sunflower were

targeted by 11 primer pairs designed on conserved

LTR domains. As a control, genetic distances were

also calculated using 86 genic SNPs. We analysed the

correlation between the mid-parent heterosis for each

of the six traits analysed and the genetic distance

(calculated on data obtained by SNP or IRAP analy-

ses) between the parental lines. Differences between

parents showed to be largely related to variations in the

retrotransposon component of the genome. Retro-

transposon-related genetic distance between parents

resulted to be larger than that related to genic SNPs,

and significantly correlated to seed yield and, at a

lesser extent, to plant height and stem diameter in

hybrids. The hypothesis that variations in the repeti-

tive component of the genome, especially LTR-

retrotransposons, affect the displaying of heterosis is

discussed.
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Introduction

Heterosis, or hybrid vigour, refers to the phenomenon

in which the hybrid F1 offspring exhibit phenotypic

characteristics that are superior to the mean of the two

parents (mid-parent heterosis), or the best of the two

parents (best-parent heterosis) (Springer and Stupar

2007). Heterosis has been exploited in the breeding and
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production of many crop and animal species (Janick

1998; Melchinger and Gumber 1998). For example, in

maize, it is estimated that the use of hybrids and

heterosis increases yields around 15 % per annum

(Duvick 1999) and a number of heterotic groups have

been proposed for this species (Dubreuil et al. 1996).

Heterosis has been the subject of intense research and

speculation for well over a century; however, the basic

mechanisms that cause or contribute to heterosis remain

unclear. The two main genetic hypotheses advanced to

explain this phenomenon are dominance (Davenport

1908; Jones 1917) and overdominance (East 1908; Shull

1908). Also epistasis can have a role (see for example

Melchinger et al. 2007). According to the dominance

model of heterosis, each of the inbred lines contains

slightly deleterious alleles that reduce their fitness. The

hybrid will benefit from the complementation of these

deleterious alleles and will display a superior phenotype.

The overdominance model suggests that the heterozy-

gous combination of alleles at a given locus is pheno-

typically superior to either of the homozygous

combinations for that locus; contributions of overdom-

inant loci thereby result in a superior hybrid.

The cultivated sunflower (Helianthus annuus L.) is

a major oil crop species and, along with soybean and

rapeseed account for approximately 78 % of the world

vegetable oil (Ahmad et al. 2005). Heterosis in

sunflower has been exploited especially after the

discovery of cytoplasmic male sterility and efficient

male fertility restoration system during 1970s. Since

many years, hybrid cultivars account for the majority

of worldwide sunflower production (see Miller 1992).

Heterosis in sunflower has been largely investigated

(see for example Hongtrakul et al. 1997; Cheres et al.

2000; Ahmad et al. 2005; Kaya 2005). Some authors

(Hongtrakul et al. 1997; Cheres and Knapp 1998;

Cheres et al. 2000) proposed a series of heterotic

groups for public inbred lines developed in the US. The

heterotic groups found in sunflower do not seem to be

as rigid as those found in corn. Within-group genetic

distances seem to be greater in sunflower than corn

whereas the opposite is true for between-group genetic

distances (Cheres and Knapp 1998; Cheres et al. 2000).

Genetic distance between inbreds has been proposed

as a parameter for predicting hybrid performance.

Positive trends between inbreds genetic distance and

hybrid seed yield were reported in many species

(Godshalk et al. 1990; Melchinger et al. 1990; Martin

et al. 1995; Zhang et al. 1995; Diers et al. 1996; Cheres

et al. 2000), although hybrid seed yields were not

accurately predicted by genetic distance in any of them.

In sunflower, the correlation between genetic distance

and general combining ability for seed yield was weak

(0.24) in the only predictive study reported thus far

(Tersac et al. 1994).

The significance of correlation between inbreds

genetic distance and hybrid seed yield depends on

DNA markers used in the analysis. Molecular markers

based on DNA analysis are independent of environ-

mental factors and exhibit a high degree of polymor-

phism. Different molecular markers have been used in

this respect, namely RFLP, RAPD, SSAP, AFLP, and

SSR. They have been applied in the prediction of

heterosis in maize (Boppenmaier et al. 1992), rice

(Zhang et al. 1996), wheat (Martin et al. 1995), rape

(Sheng et al. 2002) and oat (Moser and Lee 1994).

In maize, Charcosset et al. (1991) showed that

genetic distance does not accurately predict hybrid

performance unless the DNA markers used in the

analysis are associated with (linked to) genes affecting

the trait. In sunflower a significant correlation between

genetic distances and hybrid seed yield was reported

only if data gathered by neutral multi-locus markers

were analysed, as AFLP fingerprints (Cheres et al.

2000; Darvishzadeh 2012), capable of evaluating a

large number of loci in the genome.

Genetic distance between inbreds is related to genetic

diversity and allelic variation. In maize, genomic

sequencing and transcriptome analysis of maize ger-

moplasm has provided a wealth of information. Maize

intraspecific variation includes sequence polymorphism

and structural diversity at several loci resulting in

extensive sequence non-homologies because of varia-

tion in the number and position of transposons and

repetitive elements and variation in the presence of gene

sequences (Ching et al. 2002; Brunner et al. 2005;

Springer et al. 2009; Lai et al. 2010). These variations

might affect maize phenotype through a variety of

mechanisms. For example, the variation in repetitive

elements may influence the expression level over large

regions, ultimately resulting in altered phenotypes, as

observed at the teosinte branched1 (tb1) locus, which

controls maize architecture, and is influenced in cis by a

region of repetitive elements located at [50 kb

upstream of the gene (Clark et al. 2006).

In sunflower, many retroelements have been

recently described (Natali et al. 2006; Cavallini et al.

2010; Buti et al. 2009; Buti et al. 2011; Staton et al.
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2012) and analysis of intraspecific variation related to

retrotransposons has been performed (Vukich et al.

2009a). With the aim of evaluating if variations in

retrotransposons can be correlated to heterosis effects

for morphological traits among sunflower hybrids, we

have estimated correlations between hybrid perfor-

mance and retrotransposon-related genetic distances

between parental inbreds.

Materials and methods

Plant materials

This research was conducted at Department of Agri-

cultural, Food, and Environmental Sciences (formerly

known as Department of Crop Plant Biology), Uni-

versity of Pisa. Six sunflower inbred lines of different

origin, hereafter called by their codes (reported in

Table 1 along with their characteristics), were crossed

in a half diallel fashion to get F1 seeds in 2009. At least

15 individuals per inbred/cross were planted and then

evaluated during spring–summer 2010. Experimental

plot comprised three 30 m long rows with row to row

distance of 1.00 m and plant to plant distance of

0.30 m. Seeds were germinated on moistened paper

and then transferred to plastic cups (8 cm height 9

8 cm diameter) containing a commercial soil (Technic

Gromix, Free Peat B.V., Vriezenveen, Netherland),

initially enriched with a dose of complete fertilizer

(Osmocote 14–14–14, Sierra Ltd, UK). After 2 weeks,

seedlings were transplanted to open field. Fertilizer

was applied in the form of NPK 11–22–16 at the rate of

250 kg per hectare before transplantation and in the

form of ammonium nitrate 26–0–0 at the rate of

200 kg per hectare 14 days after transplantation.

Water was given through a micro-irrigation system

only when needed to avoid drought stress. Standard

cultural practices were carried out from sowing until

harvesting.

Analysis of heterosis

Data were recorded on sunflower plants starting at the

stage of 3–4 leaves, i.e. 2–3 weeks after transplanta-

tion, to avoid the influence of transplantation stress.

The hybrid nature of each plant was controlled by PCR

analysis (not shown) and some plants were discarded.

For each trait examined, at least five plants per

genotype were used.

The following characteristics were evaluated:

(i) growth rate from 25 to 32 days after germination

(9–16 days after transplantation); (ii) final height of

the plant; (iii) final stem diameter; (iv) final head

diameter; (v) two-hundred seed weight; (vi) number of

seeds per plant.

Data about parents and F1 hybrids were analysed

separately for each trait using Graph-pad Prism

software. Mid parent heterosis for F1 hybrids (see for

example Meyers et al. 2004) was estimated using the

following formula:

Mid parent heterosis ¼ F1 �MPð Þ=MP

where F1 and MP are, respectively, the phenotypic

values of the hybrid and of the mean of its parental

lines. Significant mid-parent heterosis values were

identified by t tests.

SNP analysis

SNPs were analysed in eight genes of sunflower

previously isolated (Ouvrard et al. 1996; Natali et al.

2003; Giordani et al. 2010). In brief, seeds of the six

sunflower inbreds were germinated and, for each

Table 1 Sunflower (Helianthus annuus L.) inbred lines used for analyses

Accession name

(and code)

Country

of origin

Pigmentation

of achene wall

Apical branching Corolla colour of disk

and ray flowers

Onset of

flowering

(day)

Anther

colour

R857 (R8) USA Black striate YES Yellow–orange 67 Black

GB2112 (GB) Russia White YES Yellow–orange 75 Black

EF2 (EF) France Black striate NO Yellow–lemon 55 Black

GIOC111 (GI) Romania Black striate NO Yellow–orange 60 Yellow

HA 383 (383) USA Black striate NO Yellow–orange 75 Black

HA 821 (821) USA Black striate NO Yellow–orange 75 Black
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genotype, leaflets were collected from one plantlet.

DNA was extracted from leaf tissues according to

Giordani et al. (1999).

DNA sequences allelic to eight genes of sunflower

were isolated by PCR on genomic DNAs obtained from

the different genotypes. PCR was performed using

oligonucleotides designed on published DNA sequences

of sunflower and reported in Table 2. Sequences were

amplified using 60 ng of genomic DNA as a template;

thermocycling was performed at 94 �C for 30 s, 58 �C for

30 s and 72 �C for 60 s, for 30 cycles, using Thermosta-

ble DNA polymerase, FIREPol (Solis BioDyne).

Each of the amplified fragments was purified and

directly sequenced by the dideoxy chain termination

method using the PRISM dye terminator cycle

sequencing kit (Perkin-Elmer, Foster City, CA,

USA) according to the manufacturer’s instructions;

sequences were analysed using the SEQUENCING

ANALYSIS 2.1.2 (Perkin-Elmer) and SEQUEN-

CHER 3.0 analysis programs (Gene Codes Corpora-

tion). All sequences are deposited in the GenBank

database (accession numbers FR670620, FR670622,

FR670623, FR670626, FR671161, FR671163-64,

FR671167, FR671177, FR671179-80, FR671183,

FR671185, FR671187, FR671188, FR671191,

FR671193, FR671195-96, FR671199, FR671351,

FR671353-54, FR671357, FR671359, FR671361-62,

FR671365, KC286130-49).

Sequences were aligned using CLUSTAL W (Thomp-

son et al. 1994). Alignments were manually edited and

SNPs among allelic sequences were identified.

IRAP analysis

Helianthus annuus LTR sequences were obtained by

sequencing three BAC clones obtained from a H.

annuus library by CUGI (Clemson University) (Buti

et al. 2011). Primers were designed using OLIGO 4.0

software (Rychlik and Rhoads 1989) and are reported

in Table 2 together with primers used in these

experiments and corresponding to sunflower LTRs

described by Vukich et al. (2009a, b). Genomic DNAs

from the six sunflower inbreds were used as templates.

Primers were used in the combinations reported in

Table 2. PCR reactions for IRAP analyses were

performed as in Vukich et al. (2009b) in a 20 ll

reaction mixture containing: 20 ng genomic DNA,

2.5 mM MgCl2, 0.25 lM primers, 1 U Taq FirePol

(Biodyne) DNA polymerase. Thermocycling was

performed at 94 �C for 30 s, 55 �C for 30 s, and

72 �C for 150 s. PCR products were visualized on

EtBr-stained 2 % agarose gel.

Each electrophoresis was repeated three times and

fingerprints were scored to prepare binary matrices.

Measurement of genetic distances and statistical

analyses

Genetic distances between inbreds were calculated on

data obtained analysing both gene sequences and

IRAP fingerprints.

Within gene sequences, exons, introns, and UTRs

were analysed separately. Intron delimitation within

genomic sequences was carried out by comparing of

the genomic sequences versus the published cDNAs

and confirmed by using the program FEX (Baylor

College of Medicine, TX, USA).

Relationships among gene sequences from differ-

ent inbreds were investigated using the DNADIST

program of the PHYLIP program package version

3.572 (Felsenstein 1989) on the gene alignments.

Genetic distances were measured using the Kimura

two parameters method (Kimura 1980).

IRAP fingerprints were scored by comparing the

occurrence of amplification products among the geno-

types analysed. The value of ‘‘1’’ or ‘‘0’’ was assigned to

each amplification product (visualised on the IRAP-

fingerprint as a single band) respectively if present or not

in the analysed genotype. In this approach each band

was assumed to be representative of a single locus.

Jaccard’s (1908) genetic similarity index was used

to calculate genetic similarity, employing the software

NTSYS (Rohlf 2008). Given two genotypes, A and B,

M11 represents the total number of bands where they

both have a value of 1, M01 represents the total number

of bands whose values are 0 in A and 1 in B, M10

represents the total number of bands whose values are

1 in A and 0 in B, M00 represents the total number of

bands where A and B both have a value of 0. The

Jaccard’s similarity index (J), is defined as

J ¼ M11= M01 þM10 þM11ð Þ
Genetic similarity was also evaluated by means of

Simple Matching index (Sokal and Michener 1958)

that, for multilocus markers is defined as

SM ¼ M11 þM00ð Þ= M11 þM00ð Þ þ M01 þM10ð Þ½ �
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Jaccard similarity index and Simple Matching

index were calculated using the NTSYS software

(Rohlf 2008).

The genetic distance or dissimilarity (GD) was

calculated as

GD ¼ 1� similarity index

In order to compare levels of diversity detected by

different primer combinations, the various parameters

were also calculated for each primer combination

Table 2 Primer pairs used for

gene sequence amplification

and for IRAP polymorphisms

* Vukich et al. (2009a)

** Vukich et al. (2009b)

Primer Sequence Target

HSP? 50-CCAGCAAAAGAAGCAACATA-30 Heat shock protein gene

HSP- 50-ACAACCACCGTCAACACACC-30

DREB2? 50-CGAAGAAGGGTTGTATGAAAG-30 DREB2 gene

DREB2- 50-AAACCAAGACCCAACTCCTC-30

NAC? 50-CACCCAACAGATGAAGAACT-30 NAC-domain protein gene

NAC- 50-ACTTAACAAGATGAGATTACAAAC-30

ABAC5? 50-CAGAACCAGAAAGCAACAAC-30 ABRC5 gene

ABAC5- 50-CATAGCATAGTAATCAACTTTCAA-30

ELIP? 50-CAACCGACGCTTCCAAAAC-30 Early light-induced protein gene

ELIP- 50-AGCACTCTTTGTTTCTATGATTCTT-30

DES? 50-GGCAAGCTGCAGGGTTGGAC-30 f Carotene-desaturase gene

DES- 50-AGACTCAGCTCATCAACTCC-30

DHN? 50-GCAGCATATGGCAAACTACCGAGGA

GATAA-30
Dehydrin gene

DHN- 50-CGAATTCGTGAAACCACATA

CAAAACAAAA-30

LTP? 50-TGGCAAAGATGGCAATGATG-30 Lipid transfer protein gene

LTP- 50-ATCAAAGACACATACACATCCATA-30

RLGA2? 50-ACGTGGAAATCGGGGTGTGAC-30 Gypsy A2 retrotransposon

RLGA2- 50-ACGAAATTTTTCGAGGTGTTACA-30

RLGB4? 50-CTCCTAATACAAGAGGGTTGCTC-30 Gypsy B4 retrotransposon

RLGB4- 50-ATGTGGATTTTGGGGGTGTGAC-30

RLGC3? 50-CTTGCATGAATCAACAAATTGGTC-30 Gypsy C3 retrotransposon

RLGC3- 50-GAATACCGCAGGTTTCCTGTCC-30

RLCC2? 50-GATGGAGGAAACATACCAACTTG-30 Copia C2 retrotransposon

RLCC2- 50-CAAACTGGTTTGGCTGATAACTC-30

RLXA2? 50-GTTTGTTGTTCATTTCCGCTGCAC-30 LARD A2 retrotransposon

RLXA2- 50-GCTTTCATTATCTGTTCCTCTGG-30

RLXB1? 50-CTCGTCAGGTCTCATAACGATC-30 LARD B1 retrotransposon

RLXB1- 50-TGTAGTCGACAGACAACTGCAC-30

U81 50-TAACGGTGTTCTGTTTTGCAGG-30 SURE retrotransposon*

U82 50-AGAGGGGAATGTGGGGGTTTCC-30

U81 50-TAACGGTGTTCTGTTTTGCAGG-30 SURE retrotransposon*

U89 50-TTAACCAGGCTCCGGCGTGAG-30

U105 50-GAGCTGGGTATATATACCCATGC-30 SURE retrotransposon*

U106 50-AAAGTACAGACACAAGTGCACC-30

FFLTR 50-GGTTTAGGTTCGTAATCCTCCGCG-30 Helicopia retrotransposon*

LTR2 50-ACAGACACCAGTGGCACCAAC-30

G-LTR1 50-CTGGTTTTCCTGGGGTGTCA-30 Gypsy retrotransposon**

G-LTR2 50-GGGTTGTCACATTATCCCCAAG-30
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separately. One-way ANOVA, Tukey’s tests, correla-

tion statistics were performed using GraphPad Prism

software.

Results

Phenotypic values of the parental lines

Mean phenotypic values of inbred lines used in crosses

for the analysed morphological traits are reported in

Table 3. A significant variation between lines may be

observed in mean values of all traits (P \ 0.0001).

The largest variation, as indicated by ANOVA, was

observed for final height (R = 0.95), the smallest was

found for growth rate (R = 0.61).

Taking the lowest value for all characteristics as

100, the percentage of variation ranged from 35.7 %

for stem diameter to 130.2 % for seed number per

head.

Line 821 showed the highest values for growth rate,

stem diameter and seed number per head; line EF for

growth rate and stem diameter; line GI for head

diameter and 200-seed weight; line GB for final height

and stem diameter. In some cases, seed weight and

seed number were unpaired (for example, line GI

showed the largest seed weight and the lowest seed

number), in other cases they were paired (line 821

showed high values for both seed weight and seed

number). The performance of inbred lines fully

matched that observed in the previous years, measured

at each cycle of selfing (not shown).

Analysis of heterosis

The six sunflower inbred lines were used in a half

diallel cross to obtain fifteen F1 hybrids. The results of

the phenotypical analysis in the fifteen hybrids are

reported in Table 4. As indicated by the number of

classes distinguished by the Tukey’s test, the largest

variation was observed for the stem diameter, the

lowest for the head diameter and the 200 seed weight.

Heterosis effects were evaluated as the difference

(in absolute value) between the hybrid phenotype and

the mid-parent value (D) and are presented in Table 5.

The significance of such difference was estimated by

t tests. Mid-parent heterosis effects were observed in

all the analysed traits but the degree of heterosis

showed variation from trait to trait (Table 5). The

lowest mean value (24.6 %) of heterosis effects was

observed for final height. The highest value of

heterosis effect (117 %) was found for seed number

per head.

All significant heterosis effects were positive.

Significant heterosis effects for head diameter and

seed number per head were observed in 12 over 15

analysed hybrids; on the other hand, significant

heterosis for growth rate was found in only six out

of 15 hybrids.

The inbred 383 showed the highest general com-

bining ability, estimated by counting the significant

heterosis effects for all traits in the five hybrids

obtained by crossing line 383 to the other inbreds. The

lowest general combining ability was shown by the

inbred 821.

Table 3 Phenotypic analysis of the 6 inbreds used for the half

diallel cross (mean ± standard deviation). ANOVA showed

the occurrence of variability for each trait. For each trait an

independent Tukey test was performed: means followed by the

same letter are not significantly different at the 5 % level

Inbred line

code

Growth rate (cm/

day)

Final height

(cm)

Stem diameter

(cm)

Head diameter

(cm)

200 seed weight

(g)

Seed number per

head

GB 0.83 ± 0.044b 126 ± 1.6f 1.9 ± 0.037c 9.8 ± 0.30a 7.4 ± 0.74a 468 ± 19a,b

EF 1.00 ± 0.032c 95 ± 1.4c 1.9 ± 0.045c 15.0 ± 0.32b 8.8 ± 0.62a,b 688 ± 82c,d

R8 0.91 ± 0.034b,c 112 ± 1.7e 1.7 ± 0.041b 10.0 ± 0.21a 6.2 ± 0.30a 580 ± 29b,c

GI 0.98 ± 0.032c 55 ± 1.2a 1.4 ± 0.036a 16.0 ± 0.30b 13.0 ± 0.56c 338 ± 25a

383 0.67 ± 0.030a 88 ± 1.4b 1.6 ± 0.026b 15.0 ± 0.33b 11.0 ± 1.10b,c 679 ± 44b,c,d

821 1.00 ± 0.034c 102 ± 1.4d 1.9 ± 0.051c 15.0 ± 0.34b 12.0 ± 0.57c 778 ± 35d

P value \0.0001 \0.0001 \0.0001 \0.0001 \0.0001 \0.0001

F 15 220 26 83 16 13

R 0.61 0.95 0.71 0.87 0.88 0.87
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Genetic distances between parents

In a first set of experiments, we isolated and sequenced

eight gene fragments (accounting for a total of

4,305 bp of aligned sequences per genotype) from

the six inbreds used in the half diallel cross. Gene

fragments lengths varied from 338 to 737 bp. We

found a total of 86 SNPs, of which 68 in the coding

portions and 18 in the non-coding (intron and/or UTR)

regions. Considering whole alignments of eight genes

six different haplotypes are observed, confirming that

the six inbreds are different. Gene alignments are

available as additional file one.

Then, we estimated the parental genetic distances

between the six inbreds. A distance matrix was

deduced from pairwise comparisons of sequences

(Fig. 1). The largest distance was observed between

inbreds EF and GI (0.0156), the smallest between

inbreds EF and R8 (0.0028).

In a second set of experiments, we performed the

IRAP protocol and calculated genetic distances

between inbreds based on retrotransposon-related

variability. The IRAP protocol (Kalendar et al. 1999)

can detect genomic loci bounded by retrotransposon

LTRs if elements lie close enough to be amplified by

Taq polymerase. In IRAP, PCR products may be

produced from a single primer if two similar elements

are oriented head-to-tail or from two primers designed

to two different head-to-head oriented LTRs.

Recently, the application of the IRAP protocol has

shown large intraspecific variability in wild and

cultivated genotypes of H. annuus (Vukich et al.

2009a).

Primers involved in this study were designed on

putative LTRs belonging respectively to one Copia

and one unknown element (Vukich et al. 2009a; b),

and to three Gypsy, one Copia, and two LARD

elements (Buti et al. 2011) (see Table 2). Polymorphic

fingerprints with bands ranging from 100 up to

2,000 bp were obtained. Nearly identical patterns

were obtained in three independent experiments. The

rare non-reproducible bands were excluded from

subsequent analyses. Primer pairs RLG-des2_for/

RLG-des2_rev, U105/U106, and CR/G-LTR2, respec-

tively designed on one Gypsy element, one SURE

element (of unknown nature, Vukich et al. 2009a), and

on a combination of Copia/Gypsy retrotransposons

produced the largest number of easily scorable bands.

The electrophoretic patterns using primer pairs U105/

U106 and RLG-des2_for/RLG-des2_rev are reported

Table 4 Phenotypic analysis of the 15 hybrids produced by the

half diallel cross (mean ± SD). Hybrid parents are indicated

by their abbreviation code. For each trait an independent Tukey

test was performed: means followed by the same letter are not

significantly different at the 5 % level

Hybrid Growth rate (cm/

day)

Final height

(cm)

Stem diameter

(cm)

Head diameter

(cm)

200 seed weight

(g)

Seed number per

head

EF 9 GB 1.5 ± 0.068c,d 128 ± 1.8d 1.9 ± 0.044d 19 ± 0.32b,c 14 ± 0.74b,c 1,162 ± 25a,b,c

EF 9 R8 1.2 ± 0.056b,c 117 ± 1.9b,c 1.9 ± 0.074d,e 18 ± 0.49b,c 14 ± 0.66b,c 1,061 ± 38a,b,c

EF 9 GI 1.4 ± 0.039c 109 ± 1.3b,c 1.7 ± 0.047c 20 ± 0.24b,c 14 ± 0.82b,c 881 ± 47a,b

GI 9 R8 1.0 ± 0.044a,b 107 ± 1.6b 1.4 ± 0.041a 20 ± 0.23c 15 ± 0.89c 1,105 ± 43a,b,c

R8 9 GB 0.99 ± 0.054a,b 115 ± 2.8b,c 1.6 ± 0.074b 11 ± 0.47a 7.8 ± 0.2a 708 ± 35a

GI 9 GB 0.91 ± 0.075a 92 ± 1.6a 1.9 ± 0.097d,e 18 ± 0.64b,c 13 ± 0.3b,c 964 ± 75a,b,c

383 9 821 1.2 ± 0.030b,c 111 ± 1.5b,c 2.4 ± 0.071g 17 ± 0.38b,c 13 ± 0.51b,c 1,269 ± 66a,b,c,d

EF 9 821 0.97 ± 0.053a,b 109 ± 2.5b,c 2.2 ± 0.058f 20 ± 0.43c 16 ± 0.67c 1,383 ± 47b,c,d

EF 9 383 1.5 ± 0.083c,d 118 ± 2.2b,c 2.6 ± 0.078g 22 ± 0.48c 16 ± 0.75c 1,444 ± 69b,c,d

GB 9 821 1.8 ± 0.024e 140 ± 4.0e 2.3 ± 0.012f,g 19 ± 0.83b,c 14 ± 1.43b,c 1,539 ± 287c,d

GB 9 383 1.7 ± 0.045d,e 147 ± 2.1e 1.8 ± 0.063d 18 ± 0.35b,c 14 ± 1.00b,c 1,534 ± 132c,d

GI 9 821 1.5 ± 0.063c,d 117 ± 1.1b,c 2.5 ± 0.045 g 21 ± 0.35a,b 10 ± 1.30a,b 1,840 ± 295d

GI 9 383 1.5 ± 0.040c,d 119 ± 1.9c 2.3 ± 0.080f,g 21 ± 0.56a,b 10 ± 1.10a,b 1,547 ± 372c,d

R8 9 821 0.86 ± 0.031a 115 ± 2.1b,c 2.0 ± 0.069e 17 ± 0.66b,c 14 ± 1.00b,c 1,211 ± 68a,b,c,d

R8 9 383 1.2 ± 0.074b,c 128 ± 2.4d 2.1 ± 0.054e 19 ± 0.58c 15 ± 0.89c 1252 ± 26a,b,c,d
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in Fig. 2 as an example. With the exception of primer

pairs RLGC3 ?/RLGC3- and RLCC2 ?/RLCC2-,

each primers combination produced a number of

bands C9. This large number of bands indicated the

repetitiveness of the retrotransposons related to the

primers; the observed polymorphisms evidenced var-

iability in their insertion sites.

Among the six inbreds, IRAP fingerprints produced

166 polymorphic bands out of 265 (Table 6). The

number of polymorphic bands per primer combination

ranged from 1 to 22, and was higher for the U105–

U106 primer pair. The average Jaccard’s and Simple

Matching dissimilarity indices are also reported in

Table 6.

Pairwise comparisons of Jaccard’s and Simple

Matching dissimilarity indices produced two triangu-

lar distance matrices (Fig. 3).

Correlation between parental genetic distances

and hybrid performance

We analysed the correlation between the mid-parent

heterosis for each of the six traits and the genetic

distance (calculated on data obtained by SNP and

IRAP analyses) between the parental lines, using

absolute mid parent heterosis as heterosis measure

(Table 7). The correlation calculated using SNP was

significant (P \ 0.05) only for the stem diameter.

IRAP-based distances showed higher correlation to

heterosis than SNP-based distances: correlation was

positive and highly significant for seed number per

head (P \ 0.001 for both J and SM indices) and

significant for the final plant height (P \ 0.05). The

index for the stem diameter was significant (P \ 0.05)

only when calculated according to Jaccard (1908). The

correlation between seed number per head mid parent

heterosis and IRAP-based genetic distance between

inbred parents is reported in Fig. 4.

To explore if significant correlations could depend

on particular primer pairs and, therefore, on the

variability of particular retrotransposons, correlation

was calculated between mid parent heterosis and the

genetic distance based on IRAP fingerprints obtained

with the three primer pairs giving the highest number

of polymorphic bands (RLG-des2_for/RLG-des2_rev,

Fig. 1 Triangular matrix with genetic distances between the

inbreds used in the half diallel cross calculated on data obtained

by SNP analysis of eight single copy genes of sunflower

Fig. 2 Two examples of

IRAP fingerprints produced

by primer combinations

RLGA2?/RLGA2- and

U105/U106 in the six

sunflower inbreds used in

the half diallel cross. M is

the kilobase molecular

weight marker (Invitrogen

S.R.L., Life Technologies,

Milan, Italy); molecular

weights are indicated in bp
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U105/U106, and CR/G-LTR2), using one primer pair

at once. Positive and significant correlations were

observed only for genetic distances measured after

using primer pair U105-U106, that addresses a SURE

retrotransposon, versus the final plant height

(P \ 0.05, for both J and SM indices) and the number

of seeds per head (P \ 0.01, only for SM index).

Discussion

According to recent theories on molecular bases of

heterosis in maize (Springer and Stupar 2007), our

experiments were designed to verify if the variability

in the retrotransposon component of the genome can

be related to heterosis in hybrids of sunflower.

The study was carried out using inbred lines

showing phenotypic variability. Though the number

of lines is small, however they were chosen because

showing different origin and large phenotypic varia-

tions in order to ensure a consistent genetic variability

to the experiment. Heterosis was evaluated in 15

hybrids, a number allowing a statistical treatment of

data. We decided to evaluate heterosis growing plants

in controlled, optimal field conditions as to irrigation

and fertilization. The half diallel cross produced

hybrids that showed heterosis although, as expected,

the extent of heterosis was different depending on the

hybrid and the analysed trait. This variability confirms

the well-known fact that the occurrence of the

heterotic effect in relation to one of the traits does

not have to be equivalent to the occurrence of the

heterosis in relation to other traits (Krystkowiak et al.

2009).

Our data confirm the occurrence of heterosis in

sunflower for certain traits as head diameter and seed

Table 6 Number of bands, percentage of polymorphic loci, and average Jaccard’s (J) and Simple Matching (SM) dissimilarity

indexes in the six inbreds of H. annuus used in the half diallel cross, measured for each primer pair (see Table 2)

PCR primers Total bands Polymorphic

loci (n)

Polymorphic

loci (%)

Average J

dissimilarity index

Average SM

dissimilarity index

RLGA2?/RLGA2- 20 16 80.00 0.57 0.48

RLGB4?/RLGB4- 9 6 66.67 0.50 0.36

RLGC3?/RLGC3- 5 2 40.00 0.83 0.57

RLCC2?/RLCC2- 4 1 25.00 0.53 0.53

RLXA2?/RLXA2- 10 7 70.00 0.66 0.52

RLXB1?/RLXB1- 13 9 69.23 0.72 0.50

U81/U82 15 10 66.67 0.52 0.46

U81/U89 18 10 55.56 0.50 0.43

U82/U89 16 13 81.25 0.64 0.53

U105/U106 30 22 73.33 0.57 0.43

FFLTR/G-LTR1 19 8 42.11 0.51 0.41

G-LTR1/G-LTR2 18 9 50.00 0.59 0.53

G-LTR1/CR 15 9 60.00 0.67 0.46

G-LTR2/CR 25 14 56.00 0.77 0.47

RLGA2?/RLGB4? 19 14 73.68 0.47 0.40

RLGA2-/RLGB4- 14 11 78.57 0.65 0.45

RLXA2?/RLXB1? 15 5 33.33 0.60 0.45

Mean 15.59 9.76 60.08 0.61 0.47

SD 6.33 4.99 16.50 0.10 0.06

Fig. 3 Rectangular matrix with genetic distances between

inbreds calculated on data obtained by IRAP analyses. In the

upper part dissimilarities according to Jaccard index, in the

lower part according to Simple matching index were reported
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weight (see Ahmad et al. 2005). It is worth noting that

in a previous work (Cheres et al. 2000), lines 383 and

821 have been described as belonging to the same

heterotic group, i.e. their hybrid should show reduced

heterosis. Actually, in our experiments, the hybrid

383 9 821 showed heterosis effects for some traits,

confirming that, in sunflower, the heterotic groups do

not seem to be as rigid as those found in corn and that

heterosis can be obtained also crossing inbreds

belonging to the same heterotic group.

To verify if genetic distances between parental

inbreds can be used as predictive of heterosis, we have

calculated the genetic distances between inbreds based

on both genic SNPs and IRAP. Obviously, the

efficiency of a marker in measuring genetic distances

between genotypes depends on the number of loci that

are surveyed. The SNP revealed in this study were 86.

Though this number should ensure a correct estima-

tion of genetic distances between genotypes, they are

referred only to eight different genes (loci), hence such

genetic distances should be subjected to certain

reservations. The IRAP markers used in this study

are specifically related to variations occurring in loci

occupied by LTR retrotransposons. IRAP markers

should be especially efficient for studies of genetic

diversity, being multilocus markers and given the

large redundancy of retrotransposons in sunflower

genome. In fact, retrotransposons account for more

than 50 % of the sunflower genome (Cavallini et al.

2010; Staton et al. 2012) and, even if no major

retrotransposon subfamilies occur in the genome, the

retrotransposons selected for this study are medium

redundant (Vukich et al. 2009a; Buti et al. 2011).

On the whole 265 IRAP bands were surveyed, that

can be considered as 265 loci, i.e., considering

sunflower genome size of 3.3 Gbp, near one locus

per 12 Mbp. Of these loci, 166 proved to be

polymorphic, i.e. 1 every 20 Mbp. Such a large

number of loci should ensure a valid estimation of

genetic distances between inbreds.

Our results on sunflower hybrids indicate that

predictive value of genetic distances for heterosis is

low, because correlation was significant (P \ 0.05)

only for one to three over six characteristics analysed,

Table 7 Correlations (r) between mid-parent heterosis in 15 hybrids and genetic distance (calculated on data obtained by SNP and

IRAP analyses) between the two parents

Trait SNP IRAP (Jaccard index) IRAP (simple matching index)

r Sig. r Sig. r Sig.

Growth rate 0.38 ns 0.42 ns 0.40 ns

Final height 0.51 ns 0.63 * 0.54 *

Stem diameter 0.53 * 0.53 * 0.49 ns

Head diameter 0.22 ns 0.51 ns 0.52 ns

200 seed weight 0.30 ns 0.43 ns 0.29 ns

Seed number per head 0.31 ns 0.81 *** 0.77 ***

Sig. significance level, ns not significant

*** Significant at P \ 0.001; * significant at P \ 0.05

Fig. 4 Correlation between number of seeds per head mid-

parent heterosis in 15 hybrids and genetic dissimilarity between

parents calculated on data obtained by IRAP analyses according

to Jaccard
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depending on the method used to measure genetic

distance. However, our goal was to evaluate if

variations in the retrotransposon component of the

genome can correlate mid parent heterosis. This

proved to be true, at least for three traits, the seed

number per head, the final plant height, and the stem

diameter.

Cheres et al. (2000) reported that genetic distance

was significantly correlated with seed yield and plant

height of sunflower hybrids (Cheres et al. 2000).

However, genetic distance was a poor predictor of

hybrid vigour because hybrid performance varied

tremendously among hybrids with similar genetic

distances (Cheres et al. 2000). This result was

expected and was consistent with results reported in

other crop species (see Charcosset and Gallais 2003).

Charcosset and Gallais (2003) reviewed numerous

studies of correlation between heterosis and genetic

distances, and concluded that results are largely

dependent on materials evaluated (see also Melchi-

nger 1999). In general, the knowledge on the rela-

tionship between genetic distance based on molecular

markers and heterotic effects is insufficient for the

development of a methodology of the choice of

parents for crossing.

Springer and Stupar (2007) proposed a general

model to explain the genetic and molecular bases of

heterosis. According to these authors (i) the level of

heterosis varies in different species, for example,

heterosis has much stronger effects in maize than in

Arabidopsis (Zanoni and Dudley 1989; Meyers et al.

2004); (ii) the heterosis levels for specific traits vary

and are not correlated in different hybrids of the same

species, suggesting that heterosis is not the result of

action at a single locus; on the contrary, many of the

complex phenotypes that are often assessed for

heterosis, such as yield, height and other, are influ-

enced by many genes (see for example Frascaroli et al.

2007); (iii) there appears to be a relationship between

genetic diversity and heterosis; however, the correla-

tion is not strong enough to be used as an accurate

predictive tool (Melchinger 1999); within a certain

threshold, as the genetic distance between the parental

inbreds increases, there is generally an increase in

heterosis (Moll et al. 1962).

Our data sunflower as experimental system is in

accordance to the above described model: (i) the

extent of heterosis in sunflower appears reduced

compared to maize; (ii) heterosis level for various

characteristics is different among hybrids; (iii) the

relationship between genetic distance and heterosis is

more significant using IRAP-based distances (that

account for multiple loci and are referred to sequences

that are prone to insert in different loci in the genome)

than SNP-based ones (that are referred to a relatively

low number of loci, that might not be directly involved

in the analysed traits); moreover, the correlation is

significant only for some characteristics (seed number

per head, final plant height, and stem diameter),

therefore it cannot be considered as predictive of

‘‘general’’ hybrid vigour.

Concerning the molecular bases of heterosis,

recent data have pointed out that hybrid vigour is

at least in part related to differences in transcrip-

tome content: in fact, the suite of expressed genes in

heterotic hybrids is greater than that of either of the

parental inbred lines (see Buckler et al. 2006;

Messing and Dooner 2006). In analyses of gene

expression in two maize lines and their F1 hybrid, a

number of genes that are differentially expressed

between parents were identified, and, all of these

genes were expressed in the hybrid leading to a

larger number of transcripts in hybrids than in the

inbred parents (Stupar and Springer 2006; Guo et al.

2006; Paschold et al. 2012). The combination of

inbred-specific sequences in the hybrids allows

novel trans-interactions that would not occur in

either parent, potentially leading to non-additive

expression levels that could be related to heterosis

(Springer et al. 2009; Paschold et al. 2012).

Different gene expression levels in hybrids com-

pared to either parents, are related to variations in

genome structure between inbreds (Brunner et al.

2005) especially in non-coding, regulatory regions.

There is evidence that a primary source of variation in

genome structure (and, consequently, in transcriptome

content) is the activity of transposable elements. For

example, helitrons, DNA transposons and retrotrans-

posons can include genic fragments and increase gene

copy number (Morgante et al. 2007). Transposable

element insertion events may also cause a reduction in

the expression level of genes through disruption or

alteration of coding regions but also non-coding,

regulatory regions as reported for example in Vitis

vinifera (Kobayashi et al. 2004). Alternatively, trans-

posons and retrotransposon activity can determine

increase or decrease of gene expression levels provid-

ing novel cis-regulatory sequences (Stam et al. 2002;
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Guo et al. 2004; Clark et al. 2006; Stupar and Springer

2006).

The polymorphisms observed in our analyses are

actually related to the occurrence of LTR-retrotrans-

poson activity by which new sequences are inserted in

the genome. When these insertions occur in the

intergenic regions, they possibly modify the regula-

tory pattern of neighbour genes. Sunflower appears

especially prone to retrotransposon activity as shown

by the extremely large IRAP variability observed in

both wild and cultivated genotypes (Vukich et al.

2009a). If such structural, retrotransposon-related

variability parallels with variation in gene activity,

then the genetic distance between lines, calculated on

data obtained by IRAP, would be related to differences

in gene expression, and, on its turn, on the occurrence

of heterosis in hybrids.

In conclusion, there are several potential mecha-

nisms through which genomic variation could com-

bine to produce a heterotic phenotype; each of these

mechanisms could occur at a subset of genes, at both

gene sequence and gene expression level, and the

combination of effects will result in heterosis

(Springer and Stupar 2007). Our data in sunflower

support the hypothesis that variations in the retro-

transposon component of the genome can be involved

in generating heterosis, as proposed for maize.
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