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Abstract Pre-breeding and elite breeding are two

steps in creating high yielding sunflower hybrids that

differ in well established procedures and selection

methods. However, a methodology that bridge effi-

cient use of introgression lines as product of pre-

breeding procedures and their crossing to elite inbreed

lines, is not yet very well established. Therefore, the

development of cost- and time-efficient methods for

the determination of best parent heterosis and the use

of best inbred lines in crosses with introgression lines

for obtaining high-yielding and stable hybrids is

highly desirable. In this regard, sixteen Cytoplasmic

Male Sterile (CMS) inbred lines (A) derived from four

heterogeneous interspecific lines originating from

three annual: H. debilis silvestris (DEB-SIL), H.

praecox runyoni (PRA-RUN), H. deserticola (DES)

and one perennial H. resinosus (RES) wild species

were evaluated. Seven agronomic traits were mea-

sured over a period of 2 years and 38 DNA loci were

analysed, in order to compare four different methods

for the estimation of best parent heterosis (BPH). New

inbred lines were characterized by Principal Compo-

nent Analysis (PCA) of morphological traits and

Principal Coordinate Analysis (PCoA) of molecular

marker data. Line 9 tester mating design was used to

evaluate General Combining Ability (GCA), while

Genetic Distance (GC) estimated by markers was

evaluated as a predictor of BPH by Locally Weighted

Sequential Smoothing (LOESS). Analysis of combin-

ing ability is one of the most important tools breeders
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use to identify superior inbred lines on the basis of

their performance in hybrid combinations. Results

obtained in this research show that PCA of morpho-

logical and PCoA of molecular marker data on

parental lines are generally in agreement with GCA

effects for examined traits. GD versus BPH relation-

ships indicate that intermediate to high GD between

parental lines was optimal for best heterotic effects of

most traits. In this study, we show that the combination

of the PCA of morphological data, PCoA of molecular

marker data and GD between parental lines is fast and

affordable, giving the most important information for

parental choice of introgression and elite lines in

sunflower breeding programs.

Keywords Helianthus annuus L. � Interspecific
hybridization � Pre-breeding � Wild species � SSRs �
Genetic diversity � Genetic distance � GCA � PCA �
LOESS

Introduction

Sunflower has been transformed into a hybrid oilseed

crop through the complex evolutionary history, begin-

ning with domestication in North America more than

4000 years ago (Blackman et al. 2011; Smith 2014).

Breeding for oilseed traits, self-compatibility, self-

pollination and hybrid seed-production resulted in

significantly reduced genetic polymorphism in com-

parison to the wild germplasm. In extensive analysis of

genetic population of 433 cultivated accessions from

North America and Europe, including a wide-range

collection of 24 wild sunflower populations, Mandel

et al. (2011) have shown that the cultivated sunflower

gene pool nowadays harbors approximately two-thirds

(67%) of the total genetic diversity present in wild

sunflower. Genetic diversity, assessed by SSR mark-

ers, progressively decreased from 0.82 for wild

populations, to 0.64 and 0.51 for exotic lines and elite

inbreds respectively (Tang and Knapp 2003). Even

greater loss of genetic diversity was found on linkage

groups that were target of selection. The percentage of

retained genetic diversity of LG6, that contains major

oil-related QTL cluster, was about 70% for exotic

lines versus wild populations, however it decreased to

less than 30% for elite versus wild and elite versus

exotic lines (Burke et al. 2005).

The phenomenon of heterosis has been widely used

in agronomy despite scarce knowledge of the molec-

ular basis and underlying genes. The superiority of F1
hybrids over their inbred parents is manifested as

increased yield, biomass, growth rate, and/or resis-

tance to biotic and abiotic stresses. Recent research on

sunflower heterosis at proteome level indicated that

improved carbon fixation, chlorophyll stability and

efficiency and less photorespiration could contribute

to hybrid vigor (Mohayeji et al. 2014). The heterotic

potential of different crosses is very variable. General

combining ability (GCA) test (Sprague and Tatum

1942) is still the major method for evaluation of

inbreed lines for their potential in hybrids (Yao et al.

2013; Reif et al. 2013). As this approach is costly and

time consuming there are many efforts on defining the

conditions for a priori choice of hybrid parents, based

on parental distance by means of agronomic and

molecular data. However, the resulting correlation

between genetic distance between parents and hetero-

sis was positive, but also negative and sometimes

inconclusive, depending on the plant material and

measured agronomic traits (Dias Dos Santos et al.

2004; Reif et al. 2013; Krishnamurthy et al. 2013).

GDs were not so often used for predicting sunflower

hybrid performance (Tersac et al. 1994; Cheres et al.

2000), but rather to describe patterns of genetic

diversity between lines (Berry et al. 1994; Hongtrakul

et al. 1997). Though GD was correlated with seed

yield it was a poor predictor of hybrid performance in

sunflower (Cheres et al. 2000). However, the use of

GDs for predicting sunflower hybrid performance was

mostly examined on adapted (Cheres et al. 2000) and

elite sunflower lines (Reif et al. 2013) with a narrow

genetic base, which could be the cause of the lack of

GD-heterosis association (Dias Dos Santos et al.

2004.). Sunflower inbred lines carrying introgression

fragments, due to higher genetic diversity and a lower

recombination rate in comparison to elite inbreed

lines, are very suitable genetic material to examine the

dependence of heterosis on GDs and to predict crosses

with better heterotic potential.

Sunflower genome is complex, with different

genome structures of sections in Helianthus genus

which is causing difficulties in chromosome pairing in

interspecific crosses (Atlagić and Terzić 2014). Nev-

ertheless interspecific crosses are often employed in

pre-breeding procedures for the purpose of improve-

ment of cultivated sunflower (Hladni and Miklič
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2012). Seiler et al. (2017) have identified wild species

as sources of pest and disease resistance, abiotic

factors resistance, CMS and Restorer fertility (Rf)

genes and herbicide resistance. The use of wild species

to improve sunflower breeding was quite successful,

however the major challenge is to keep targeted alleles

from the donor wild species with minimum linkage

drag in the offspring of interspecies crosses (Warbur-

ton et al. 2017). Progeny of interspecies crosses is the

pre-breeding gene pool, a source for the production of

new inbred lines that have to be screened for their

utility for future breeding programs. Production of

new inbred lines from interspecies crosses is itself

cumbersome and time consuming and imposes the

need for the development of cost- and time-efficient

methods for the determination of best parent heterosis

and the use of best inbred lines in crosses with

introgression lines for obtaining high-yielding and

stable hybrids.

One of the preferred tools for analysis of divergence

in plant material is multivariate statistics technique

Principal Component Analysis (PCA). PCA has been

used to create relationships between cultivar traits and

provide grouping of cultivars in a 2D or 3D space,

based on morphological (Syafii et al. 2015), physio-

logical (Ambachew et al. 2015), biochemical (Abid

et al. 2016), and molecular marker data (Zimisuhara

et al. 2015; Teich et al. 2014; Wu et al. 2014).

The development and application of molecular

techniques and genomics have dramatically improved

characterization and deployment of plant genetic

resources (Van et al. 2011). Recent results on genomic

prediction of Sclerotinia resistance (Livaja et al. 2016)

and sunflower hybrid oil content (Bonnafous et al.

2016; Mangin et al. 2017) are promising. However, as

methods of genomic selection are expensive for small

breeding programmes, SSR markers are still very

popular among breeders and geneticists due to high

informative content, co-dominant nature, abundance

and reproducibility (Moreno et al. 2013; Usatov et al.

2014; Fillipi et al. 2015).

The aim of this study was to define cost- and time-

efficient method(s) for the determination of best parent

heterosis and the use of best inbred lines in crosses

with introgression lines for obtaining high-yielding

and stable hybrids. For that purpose new divergent

sunflower inbred lines were developed from inter-

specific crosses with three annual (H. debilis silvestris,

H. praecox runionii and H. deserticola) and one

perennial wild species (H. resinosus) and used as a

model to examine the potential of GD, estimated by

SSR markers, as a predictor for BPH. In order to

compare methods for evaluation of breeding material

results of BPH prediction based on morphological

traits and molecular marker data of new lines was also

analyzed by PCA and PCoA. Finally, the potential of

evaluated methods is compared to the traditional GCA

test of lines and their hybrids using morphological

traits.

Materials and methods

Plant materials and field experiments

Interspecific sunflower (Helianthus ssp.) germplasm

lines were kindly provided by Dr. Gerald Seiler

(USDA-ARS, Fargo ND, USA) who developed them

by crossing wild species with cultivated sunflower

inbred lines. Line RES-834-1 (PI 539897) was devel-

oped by Seiler (1991a) using wild perennial speciesH.

resinosus (cms HA 89*2/H. resinosus (Acc 834) F5

(50 pl.) bulk). Line PRA-RUN-1329-1 (Pl539883) was

developed by Seiler (1991b) using wild annual species

H. praecox runyoni (nms P21*3/H. praecox ssp.

runyoni (ACC 1329) F3 sibbed one generation, selfed

one generation). Line DEB-SIL-367-2 (PI 539908)

was developed by Seiler (1991c) using wild annual

species H. debilis silvestris (cms HA 89*3/H. debilis

ssp. silvestris (Acc 367) F3 (32 pl.) bulk). Line DES-

1474-2 (PI 539913) was developed by Seiler (1991b)

using wild annual speciesH. deserticola (cms 89*2/H.

deserticola (ACC 1474)//RHA 274 F4 sibbed two

generations).

The received interspecific lines were found to be

heterogeneous in height and branching type. The

heterogeneity allowed developing a larger number of

inbred lines by selection and selfing. In the first year

individual non branched plants were chosen from the

interspecific lines and the following year the pedigree

method was used with the head to row sowing.

Pedigree method includes choosing individual plants

from the source material and following the pedigree of

the chosen plants until homozygous lines are obtained.

For 3 years, plants were selected based on the

phenotypic estimation on the plot and the laboratory’s

estimates [seed yield per plant (SYP), seed oil content

(SOC), total leaf area per plant (TLA), plant height
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(PH), head diameter (HD), total seed number per head

(TSN) and 1000 seeds weight (TSW)].

After S3 generation, male sterility was introduced

to selected B lines by hybridization with commercial

CMS inbred line L98 (single source of cytoplasmic

male sterility, Helianthus petiolaris (CMS) PET1

gene; Leclercq 1969) from the breeding program of

the Institute of Field and Vegetable Crops (IFVCNS),

Novi Sad, Serbia. All the plants were sterile in the F1

generation and the back crosses with B lines were

continued up to BC8. On the other hand, B lines were

self-pollinated at each generation until they showed

complete fixation. After that, an A line is obtained

which contains all the properties of the fertile line plus

the property of the CMS.

From this program 16 new CMS lines originating

from interspecific lines were included in this study

(1RES, 2RES, 5RES-H. resinosus; 8DEB-SIL, 9DEB-

SIL 10DEB-SIL-H. debilis silvestris; 11PRA-RUN,

12PRA-RUN, 13PRA-RUN, 14PRA-RUN-H. prae-

cox runyoni;16DES, 17DES D, 18DES D, 19DES D,

20DES-H. deserticola). Three Rf restorer lines: RHA-

T-1, RHA-T-2, RHA-T-3, with good GCAwhich were

utilized as testers, were selected from the sunflower

breeding program of the IFVCNS.

A 2-year trial was set up at the Rimski šančevi

experimental field at the IFVCNS (45�1905100N;
19�5005900E; altitude-84 m), with soil type calcareous

chernozem on the loess terrace, using the line 9 tester

method with three replicates. The trial included in total

67 genotypes (16 inbred lines, 3 restorer lines and 48

F1 hybrids) sown in 4.2 m rows, spaced 0.7 m apart.

The analysis of examined traits was performed in three

replications, with 10 plants per replication, which

were sampled from the middle row of each block.

Following traits were assessed: plant height (PH),

head diameter (HD), total leaf area per plant (TLA),

Seed yield per plant (SYP), total seed number per head

(TSN), 1000 seeds weight (TSW) and seed oil content

(SOC). TLA per plant (cm2) was measured using a leaf

area meter (LI-300- LiCOR, USA) at the flowering

stage. PH and HD were measured (cm) in the field at

the stage of physiological maturity. Yield components

were determined after manual harvest. SYP was

normalized to 11% of seed moisture content. The

total seed number per head (TSN) was counted. TSW g

was determined in a random sample of cleaned and air-

dried seed. The analysis of SOC was carried out non-

destructively on pure air-dried seed samples, in a

nuclear magnetic resonance (NMR) analyzer.

Molecular analysis

Genomic DNA was extracted from leaf samples of

plantlets, frozen in liquid nitrogen according to

Panković et al. (2007). PCR amplifications were

carried out with 40 ng of genomic DNA in the

presence of 0.2 mM of each dNTP, 1 U of Taq DNA

polymerase (Fermentas), 1XTaq polymerase buffer,

0.3 lM of each primer, 3 mM MgCl2, 10 lg/ll BSA
(Panković et al. 2007). Touch-down PCR was per-

formed under the following conditions: 3 min at

95 �C, 7 cycles for 30 s at 94 �C, 30 s at 64 �C
(primer annealing) with temperature increment

- 1 �C, 30 s at 67 �C (primer extension), 33 cycles

for 30 s at 94 �C, 30 s at 58 �C (primer annealing),

30 s at 67 �C (primer extension), and 20 min of final

extension at 67 �C (Tang et al. 2002). PCR products

were separated using 2% TBE high-resolution agarose

gel electrophoresis.

In total 38 primers, 37 SSRs and one STS, were

used for molecular marker analysis of DNA polymor-

phism (Table 3). SSR primers were selected as either

highly polymorphic between wild and cultivated

sunflowers (Tang and Knapp 2003), or the closest to

previously estimated EST/QTL associations (Lai et al.

2005) and distributed on all linkage groups (Tang et al.

2002, 2003).The position of STS on composite linkage

maps of three mapping populations developed in

IFVCNS, revealed its proximity to Cleaved Amplified

Polymorphic Sequences (CAPS) marker for Pl6 resis-

tance gene to downy mildew (Saftić-Panković et al.

2008).

Data analysis

Agronomic traits were analyzed using ANOVA

model, PCA and GCA effects. Molecular marker data

were analyzed by PCoA. Both sets of data, agronomic

and molecular markers, were used in combined

analysis of relationship between genetic distances

between parental lines and heterosis for each of the

examined yield component.
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Agronomic traits

According to the field experimental design, agronomic

traits were measured as explained in plant materials,

and analyzed using the linear model for the random-

ized complete block design with fixed effects (Chris-

tensen 2015). The analysis was performed for each

season independently. Subsequently, the mean values

of the genotypes for each agronomic trait were used to

test the differences among the groups using one-way

fixed effect ANOVA model. Tukey’s honest signifi-

cant differences (HSD) test was used to test null

hypothesis li = lj for every i = j (Christensen 2015).

The GCA effects were calculated according to the

line 9 tester method (Singh and Chaudhury 2001) for

traits which showed statistically significant differ-

ences among crosses.

The PCA (Yan and Rajčan 2002) as a multivariate

visualization tool was used to study relationships

among sunflower inbred lines and traits for each

particular year. A symmetric preserving scaling

method was used prior to construction of the biplots

(Yan 2002). The interpretation of the biplot is based on

the ‘inner-product’ principle (Kroonenberg 1995). A

positive correlation between two sunflower traits is

represented by an acute angle between them and an

obtuse angle represents a negative correlation, accord-

ing to the following simple rules, e.g.: cosine 0� = 1 is

a maximum positive correlation; cosine 180� = - 1 is

a maximum negative correlation and; cosine 90� = 0

is an absence of correlation.

Molecular markers

The polymorphic information content (PIC) was

estimated in accordance with formulae published by

Powell et al. (1996). The proportion of shared alleles

distance (DPSA) between pairs of sunflower genotypes

was estimated using PowerMarker v3.23 software (Liu

2002). The DPSA distance matrix was suprimosed into

two dimensions using the Principal Coordinates

Analysis (PCoA) method.

If not stated differently all data analyses were

accomplished within R computing environment (R

Core Team 2016).

GD versus heterosis

Robust locally weighted sequential smoothing

(LOESS) of the curves was used to examine relations

between genetic distances of parental lines and best

parent heterosis (Cleveland 1979). LOESS is non-

parametric simple method used to fit the smooth

curves to empirical data. The relationship between

heterosis for each examined agronomic and genetic

distance between parental lines was examined as

individual model. The goodness of fit of the individual

models was measured by estimating the Pearson’s

linear correlation coefficient between the dependent

variable and fitted values of the individual models.

The relationship between pairs of variables is not

expressed by equation, whereas the value of the

correlation coefficients reported as r2 indicates the

quality of the non-parametric regression models.

Results

Mean values and analysis of variance

Seven traits of new CMS inbred lines and Rf lines

were measured on one location in three block-based

replications on 30 plants during 2 years. Mean values

for seed yield per plant (SYP), seed oil content (SOC),

total leaf area per plant (TLA), plant height (PH), head

diameter (HD), total seeds number per head (TSN) and

1000 seeds weight (TSW) were calculated per inter-

specific line (Table 1). SYP of CMS inbred lines

developed from RES, DEB-SIL and PRA-RUN inter-

specific line were significantly higher than mean

values from DES CMS inbred lines and Rf lines, in

both years. However, average SOC was the highest in

Rf lines, over 50% in both experimental years. Mean

SOC of new CMS lines was the lowest for PRA-RUN

interspecific line (36.0% year I; 34.6% year II) and the

highest for RES interspecific line of origin (48.2%

year I; 45.7% year II). In tester lines mean SOC was

50.8% for year I and 50.2% for year II. Average PH

from DEB-SIL CMS inbred lines was consistently

higher in both years in comparison to other lines. HD

of Rf lines was the lowest in both years of the

experiment. New CMS inbred lines originating from

DEB-SIL and RES interspecific line had the highest

mean values for TSN. The highest mean values for

TSW was observed in PRA-RUN CMS inbred lines
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and the lowest average TSW was found in tester lines

for both years.

New CMS lines were characterized by: the highest

SOC in RES group; highest PH and TSN in DEB-SIL

group, and the highest TSW in PRA-RUN group.

Analysis of variance revealed that the effect of

genotype was significant (p\ 0.05) for all examined

traits in each year of the experiment (Table 2). The

effect of genotype was split to effects of parents,

parents versus crosses, crosses, line L, tester T and

L 9 T. Only in case when tester lines were examined

as a source of variance, the effects were not significant

for TLA and HD. For all other traits, the effects were

significant (p\ 0.05).

PCA analysis

PCA was used to compare new CMS lines on the basis

of examined traits, and eventually identify lines that

are desirable in terms of multiple traits. First two

principal components covered 74.3 and 75.2% of total

variability for year I and year II, respectively (Figs. 1,

2). Generally all lines formed groups according to the

interspecific line they originated from, for both

examined years. New lines from the initial cross with

interspecific line PRA-RUN and restorer lines formed

two most distinguished groups. In other cases there

was some overlapping between groups of origins.

Lines from the RES group overlapped with DEB-SIL

and DES group. CMS lines from PRA-RUN group had

the highest TSW and HD in both years, in particular

line 13A PRA-RUNwith high and stable TSW. In both

years, two lines from DEB-SIL interspecies back-

ground 8A and 9A exhibited the highest values of two

traits: PH and TSN. Restorer lines, especially RHA-T-

2, had high and stable seed oil content. PCA indicates

that there was a very strong positive correlation

between PH and TSN in both years. Strong positive

correlation was observed between PH and SYP; SYP

and TSW. TLA was in strong correlation with three

traits: SOC, TSN and PH. Negative correlation was

observed between SOC and three traits: HD, TSW and

SYP. The correlations among traits, calculated

directly, partly support the PCA data. High positive

correlation coefficients of 0.67 and 0.58 (p\ 0.01)

among TLA and SOC were observed in the first and

second year respectively. Strong positive correlation

(0.7; p\ 0.01) among SYP and TSW was observed

for both years. Positive correlation was also observed

between TSW and HD (0.5; p\ 0.05 and 0.65;

p\ 0.01). Negative correlation coefficients of

- 0.61 and - 0.71 (p\ 0.01) between HD and SOC

and TSW and SOC (- 0.74 and - 0.64; p\ 0.01)

were observed for the first and second year

respectively.

Genetic variability and PCoA based on SSR

markers

Among 38 markers used in this investigation, 37 were

SSRs and one was a STS marker linked to downy

mildew resistance gene HAP2, on LG8 (Table 3).

Fifteen linkage groups were covered with at least one

marker. Almost half of the selected markers were

Table 1 Mean values for seven agronomic traits (AT), mea-

sured on one location and two seasons (years I and II) of new

cms inbred lines calculated per interspecific line (RES—H.

resinosus; DEB-SIL—H. debilis silvestris; PRA-RUN—H.

praecox runyoni; DES—H. deserticola) and restorer lines (Rf).

The significance of differences was tested across the year by

Tukey’s test (p\ 0.05)

New CMS inbred lines Rf lines

AT RES DEB-SIL PRA-RUN DES

Seed yield per plant (g)

I 50.5a 56.1a 58.1a 35.1b 28.9b

II 69.1a 78.6a 70.8a 39.8b 32.5b

Seed oil content (g/100 g)

I 48.2ab 44.2b 36.0d 40.7c 50.8a

II 45.7b 42.0bc 34.6d 38.4c 50.2a

Total leaf area per plant (cm2)

I 5475b 5982ab 4339c 4556c 6445a

II 7114a 7181a 6199b 5949b 7529a

Plant height (cm)

I 97.9b 113.1a 105.0ab 81.1c 115.5a

II 100.0b 114.1a 106.2ab 87.8c 104.2ab

Head diameter (cm)

I 20.8ab 19.6b 21.0a 21.4a 15.4c

II 22.6a 22.2a 23.0a 22.7a 17.5b

Total seed number per head

I 936a 1001a 731b 787b 760b

II 984a 1006a 743b 772b 836b

1000 seed weight (g)

I 51.4bc 56.2b 85.4a 47.7c 35.7d

II 69.7b 73.2b 95.1a 51.0c 36.3d
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Table 2 Mean squares

from ANOVA for

agronomic traits of 16

interspecific sunflower lines

and 3 testers. Seven

agronomic traits were: seed

yield per plant (SYP), seed

oil content (SOC), total leaf

area (TLA), plant height

(PH), head diameter (HD),

total seed number per head

(TSN) and 1000 seeds

weight (TSW)

ns no significant

*, **significant at 0.05 and

0.01 probability levels,

respectively

SOV Df MS

SYP SOC TLA PH HD TSN TSW

Year I

Replicates 2 ns ns ns ns ns ns ns

Genotypes 66 ** ** ** ** ** ** **

Parents 18 ** ** ** ** ** ** **

Parents versus crosses 1 ** ** ** ** ** ** **

Crosses 47 ** ** ** ** ** ** **

Line L 15 ** ** ** ** ** ** **

Tester T 2 ** ** ns ** ns ** **

L 9 T 30 ** ** ** ** ** ** **

Error 132 ns ns ns ns ns ns ns

Year II

Replicates 2 ns ns ns ns ns ns ns

Genotypes 66 ** ** ** ** ** ** **

Parents 18 ** ** ** ** ** ** **

Parents versus crosses 1 ** ** ** ** ** ** **

Crosses 47 ** ** ** ns ** ** **

Line L 15 ** ** ** ** ** ** **

Tester T 2 ** * ns ** ns ** **

L 9 T 30 ** ** ** ns ** ** **

Error 132 ns ns ns ns ns ns ns

Fig. 1 PCA based on genotype by trait standardized data in the first year
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previously mapped in vicinity of loci important for

stress response, plant development, carbohydrate

metabolism, nitrogen metabolism, and photosynthe-

sis. Several were located near QTLs for different

growth parameters, such as relative growth rate, leaf

area, stem diameter, seed weight, and head diameter.

PIC values of the used SSRs were high and resembled

the published values (Tang and Knapp 2003). Only in

case of ORS 1159, 546, and 437 the values were lower.

Average PIC value was 0.590 (Table 3). Unique

haplotypes were revealed by 8 and 9 SSR markers for

all restorer lines and CMS inbred lines originating

from interspecific line cross with H. deserticola,

respectively. The highest number of unique haplo-

types was 6, and was observed for restorer line RHA-

T-2. Two unique haplotypes were observed for one

new inbred line from interspecific line cross with H.

debilis silvestris (10A DEB-SIL). ORS1021, ORS499

and HAP2 were among the most polymorphic and

informative markers revealing unique haplotypes for

two lines. HAP2 was used to explore Pl6 locus on LG

8. It revealed the presence of gene for downy mildew

resistance in restorer line RHA-T-1 (Fig. 3), which

was confirmed by resistant haplotype obtained by

ORS166 in the same line (results not shown). Similar

haplotypes were observed in CMS lines with PRA-

RUN background.

Based on molecular data, Dpsa was calculated for

all pairs of parental lines used in this experiment.

Minimum value was 0.00, for 3 pairs of lines: 1A RES;

2A RES; 5A RES. Maximum value reached 0.92 for 2

pairs of lines: 10ADEB-SIL/11APRA-RUN and

10ADEB-SIL/12APRA-RUN. The average Dpsa

value considering all sunflower lines was 0.6. On the

other hand, minimum Dpsa—distance between lines

and each tester ranged from 0.50 to 0.60, maximum

varied from 0.76 to 0.84, with average of 0.67–0.71.

Dpsa values calculated for all pairs of lines were

analyzed using the PCoA method as explained in

Materials and methods (Fig. 4). Both principal coor-

dinates explained 58.4% of total variability. Lines

have generally formed groups according to the wild

parental species in initial interspecies cross. New CMS

lines, developed after initial cross with interspecific

line PRA-RUN and DES, formed clear distant groups.

Male RHA lines grouped around the center of the

graph. Lines from DEB-SIL and RES groups were

close, one line 10A DEB-SIL was closer to three lines

of RES group, which could not be differentiated by the

set of markers used in this investigation.

Fig. 2 PCA based on

genotype by trait

standardized data in the

second year
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Table 3 SSR primers used for the DNA polymorphism analysis of 19 sunflower parental lines including PIC values. Mapping

positions close to QTL, gene or EST loci, involved in listed processes are presented where the data is available (Lai et al. 2005)

Linkage

group

Primer Haplotypes PIC Gene or EST

locus/function

QTL Unique

haplotype

1 ORS 662 2 0.465

ORS552 4 0.693 RHA-T-2

2 ORS 423 4 0.593

ORS453 5 0.695 20A DES

ORS 653 5 0.742 RHA-T-1

3 ORS 1021 5 0.638 10A

DEB-

SIL

RHA-T-3

ORS 432 4 0.647 10A

DEB-

SIL

ORS 545 4 0.72 HT107/carbohydrate

metabolism

4 ORS 785 4 0.699

ORS 620 3 0.644 HT239/stress

response

ORS 334 5 0.742 18A DES

ORS 499 6 0.77 RHA-T-2

RHA-T-3

ORS 558 4 0.626 16A DES

ORS 681 6 0.781 HT221/stress

response

ORS 644 3 0.654

5 ORS 1159 2 0.189

ORS 546 2 0.388

ORS 555 4 0.716

6 ORS 381 2 0.499 HT185/abiotic stress

tolerance

ORS 725 3 0.654

7 ORS 1041 2 0.499

ORS 400 3 0.421

8 HAP 2 5 0.715 Pl6/disease resistance RHA-T-1

RHA-T-2

ORS 166 4 0.582 RHA-T-2

9 ORS 1265 3 0.571

10 ORS 437 2 0.267

ORS 380 3 0.544 HT103/plant

development

Relative growth rate; leaf area; stem diameter,

initial seed weight

RHA-T-2

ORS 613 3 0.547 HT227/transport

mechanism

Relative growth rate; leaf area; stem diameter,

height; peduncle length

18A DES
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General combining ability (GCA)

The analysis of GCA values for examined traits

showed that the A lines descending from interspecific

line and RHA testers differed significantly in both

years (Tables 4, 5). CMS lines developed from RES

interspecific line had highly significant (p\ 0.01)

positive GCA values for SOC and highly significant

negative values for PH in both years. However, CMS

lines from DEB-SIL background had high significant

positive GCA for TSN and significant negative values

for TSW in both years. The best positive GCA for

SYP, TLA, PH and TSW in both years were observed

in most lines that originated from PRA-RUN inter-

specific line. Only one line, 12A PRA-RUN, had a

highly significant negative GCA value for SYP and

TLA. Lines from interspecific line PRA-RUN had a

highly significant negative GCA value for SOC and

TSN. Positive highly significant GCA effects for HD

were observed in lines from interspecific line DES in

both years. Genotypes with highly significant negative

GCA values, for SYP, PH and TSW originated from

interspecific line DES in both years. The best line from

interspecific line DEB-SIL is 8Awhich demonstrates a

highly positive GCA for multiple traits (SOC, TLA,

PH and TSN) in both years. Highly significant positive

values for five traits (SY, TLA, PH, HD and TSW)

were found in line 11A PRA-RUN, which was the best

in this group. Significant positive values of GCA for

SOC, HD, TSN were found in CMS inbred line 18A

DES (Tables 4, 5).

Table 3 continued

Linkage

group

Primer Haplotypes PIC Gene or EST

locus/function

QTL Unique

haplotype

ORS 691 3 0.587 Relative growth rate; leaf

area; stem diameter,

height; peduncle length

11 ORS 621 5 0.615 RHA-T-1

ORS 733 3 0.461 Leaf length, stem diameter RHA-T-2

12 ORS 502 3 0.578 HT182/abiotic stress tolerance

13 ORS 317 5 0.738 HT058/carbohydrate metabolism 20A DES

14 ORS 307 3 0.497 HT269/plant defense and senescence

HT251/nitrogen metabolism

19A DES

15 ORS 687 4 0.676 HT056/photosynthesis 18A DES

ORS 7 3 0.421 HT220/abiotic stress tolerance Head diameter

Fig. 3 Amplification profiles obtained with HAP2 primer with

genomic DNA isolated from CMS lines developed from

interspecies populations RES (lines 1–3), DEB-SIL (lines

4–6), PRA-RUN (lines 7–11), DES (lines 12–16), and restorer

lines RHA-T-1 (line 17), RHA-T-2 (line 18), RHA-T-3 (line

19). Lane M 1/4 1 kb DNA ladder (Pharmacia Biosciences).

Fragments of 1000 and 2500 bp are marked with arrows.

Fragments were separated using 1% agarose gel
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Inbred lines demonstrating the highest significant

positive GCA value for SYP were 11A, 14A PRA-

RUN; for SOC were lines 1A, 2A, 3A RES; for TLA

were lines 11A, 13A PRA-RUN; for PH were lines

14A,11A PRA-RUN; for HD were lines 19A, 20A

DES; for TSN were lines 8A,10A DEB-SIL and for

TSW were lines 12A, 13A PRA-RUN.RHA-T-2 line

had high significant positive GCA values for multiple

traits (SYP, SOC, PH, HD and TSN) and was the best

among Rf lines in both years.

Genetic divergence and heterosis

Mean values of best parent heterosis (BPH) were

calculated through each restorer line for seven exam-

ined traits (Table 6). Almost all hybrid combinations

exhibited significant BPH (t C 0.05) for following

traits: SYP, PH, HD and TSN. The best BPH values for

almost all traits were obtained for hybrid combinations

with RHA-T-2. Hybrids with RHA-T-1 had the

highest BPH for TLA only.

The relationship between best parent heterosis and

genetic distance, based on molecular markers, was

examined for each of the yield traits by LOESS

nonparametric technique (Fig. 5). Basically, the indi-

vidual models for the relationship from experimental

data were tested by estimating the Pearson’s linear

correlation coefficient between the dependent variable

and fitted values of the individual models. The value of

the correlation coefficients reported as r2 indicates the

quality of the non-parametric regression analysis. It

ranged from about r2 * 0.4 for SYP, HD and TSN, to

r2 * 0.7 for SOC. Generally the fitted curves exhib-

ited polyphasic kinetics and differed among examined

yield traits. For most examined traits, such as SY,

SOC, TLA, TSN and TSW heterosis decreased in the

range of GD from about 0.5 to about 0.6. When GD

between parental lines was higher than 0.7, the

heterosis of SYP, SOC and TSW decreased further,

while heterosis for TLA and TSN increased signifi-

cantly. However, the best parent heterosis for PH and

HD increased with GD between parental lines in

similar manner (Fig. 5).

Discussion

Cultivated sunflower generally has limited genetic

variability, especially for major agronomic traits

(Zambelli et al. 2015), therefore the creation of a

new sunflower ideotype demands broadening of the

genetic diversity of sunflower and requires an

increased use of wild Helianthus species in breeding

programs (Škorić et al. 2012). The fact that sunflower

Fig. 4 Plot of the first and

second principal coordinate

analysis (PCoA) based on

DSA distance matrix
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is among the leading crops of major importance for

global food security in the use of traits from crop wild

relatives (Seiler et al. 2017) emphasize interspecies

hybridization as an effective approach for the increase

of genetic variability of cultivated sunflower and its

improvement. However, the process is long and

cumbersome. For example, the starting plant material

for this study was obtained after the progeny of the first

interspecies cross was back-crossed twice with sun-

flower inbred lines and then selfed for 3–5 generation

and some of lines were also sib-crossed for 1–2

generations (Seiler 1991a, b, c). In this study, lines

from the starting plant material were selfed for three

generations, which was followed by eight backcrosses

as explained in detail in Materials and methods. Cost-

and time-efficient methods for the determination of

best parent heterosis and the use of best inbred lines in

crosses for obtaining high-yielding and stable hybrids

are generally desirable, but in case of introgression

lines it becomes a must.

Morphological traits of parental inbred lines, PCA

and GCA effects

The PCA used to compare new CMS lines on the basis

of examined traits, indicated that all lines grouped

according to their origin generally, however lines

originating from PRA-RUN interspecific line and

restorer lines formed two most distinguished groups

(Figs. 1, 2). Both PCA and correlation coefficients

between traits indicate a strong positive correlation

between SYP and TSW, which is in agreement with

the results of Yalcin et al. 2007 and Behradfar et al.

2009. Mean values of studied traits observed for the

Table 4 GCA values for seven agronomic traits (SYP seed

yield per plant, SOC seed oil content, TLA total leaf area, PH

plant height, HD head diameter, TSN total seed number per

head and TSW 1000 seeds weight) of sunflower inbred lines in

the first year. Lines were developed from interspecies

populations with annual wild species: H. debilis silvestris

(DEB-SIL), H. preacox ssp. runionii (PRA-RUN) and H.

deserticola (DES); and perennial wild species H. resinosus

(RES). Lines 17–19 are restorer lines-testers

No. Lines SYP SOC TLA PH HD TSN TSW

1 1A RES - 11.24 2.90** - 426.8 - 8.82 - 2.37 117.77** - 10.34

2 2A RES - 14.44 2.85** - 241.1 - 3.48 - 1.86 81.96** - 12.07

3 5A RES - 14.86 2.53** - 494.1 - 6.37 - 1.39 - 9.90 - 9.90

4 8A DEB-SIL - 0.11 0.72** 361.5** 11.91** - 0.71 52.03** - 2.21

5 9A DEB-SIL 5.11** - 0.22 - 697.1 10.57** - 1.31 142.57** - 2.16

6 10A DEB-SIL 7.59** 1.12** - 59.2 - 0.32 0.03 214.79** - 2.86

7 11A PRA-RUN 16.65** - 1.55 1882.3** 14.41** 1.39** - 97.76 10.83**

8 12A PRA-RUN - 2.29 - 3.40 - 604.9 12.14** - 0.89 - 227.71 17.35**

9. 13A PRA-RUN 12.52** - 1.82 1867.3** 12.02** - 0.87 - 107.90 7.71**

10 14A PRA-RUN 16.63** - 1.49 387.2** 16.85** - 0.20 - 146.34 14.13**

11 15A PRA-RUN 14.58** - 3.97 1274.4** 4.85** 1.71** - 109.98 13.09**

12 16A DES - 10.86 - 2.00 20.4 - 19.04 1.00** - 186.84 - 0.81

13 17A DES - 10.73 1.47** - 471.7 - 11.43 0.65** - 49.70 - 7.07

14 18A DES - 2.96 1.04** - 754.2 - 8.76 0.59** 195.41** - 3.49

15 19A DES - 2.14 - 0.09 - 641.1 - 9.15 2.19** 51.42** - 2.92

16 20A DES - 3.46 1.92** - 1402.8 - 15.37 2.05** 80.19** - 9.31

LSD 0.05 1.335 0.166 97.77 0.888 0.207 12.219 0.338

LSD 0.01 2.002 0.249 146.66 1.332 0.310 18.928 0.512

17 RHA-T-1 - 1.69 - 0.68 178.0 1.38 - 0.50 - 147.82 3.66**

18 RHA-T-2 5.81** 0.62** - 159.1 4.79** 0.53** 253.37** - 4.43

19 RHA-T-3 - 4.12 0.05 - 18.9 - 6.17 - 0.03 - 105.55 0.77**

LSD 0.05 0.578 0.072 42.338 0.385 0.090 5.291 0.147

LSD 0.01 0.867 0.108 63.506 0.577 0.134 7.94 0.220

*B 0.05; **B 0.01
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examined populations and Rf testers were higher in the

second year, except for SOC. However, in this

experiment the interaction between genotype and

environment was low, i.e. the ranking of lines

according to origin for most traits was similar in both

years (Table 1). Restorer lines had the highest mean

values of SOC, especially RHA-T-2, and grouped near

the SOC vector in both years (Figs. 1, 2). Highly

significant positive values of GCA for SOC for the

same restorer line was also observed. (Tables 4, 5).

SOC of CMS lines originating from perennial wild

species H. resinosus was only about 6% lower than in

Rf, while GCA for SOC was also highly significant

positive. According to Breton et al. (2010), perennial

species have a high potential to breed sunflower for

any trait, but progenies of sunflower line x perennial

usually have low oil content that requires several years

of improvement. Our results showed that SOC can be

improved during the prebreeding process and the early

generations of inbred lines. In the literature, there is

little research data on oil content with lines obtained

through interspecies hybridization with perennial

sunflower species, since it is difficult to obtain such

crosses in order to improve agronomic traits such as

SOC. CMS lines with annual wild background had

from 14% up to 30% lower SOC than Rf lines, with

mostly negative and insignificant GCA for SOC

except the lines 10A DEB SIL, 17A and 20A DES

which had highly positive significant GCA values.

These results are in agreement with the findings of

Seiler (2012) who reported that the cultivated sun-

flower shows a significant variability in oil content,

although its amount is generally low in wild species.

Table 5 GCA values for seven agronomic traits (SYP seed

yield per plant, SOC seed oil content, TLA total leaf area, PH

plant height, HD head diameter, TSN total seed number per

head and TSW 1000 seeds weight) of sunflower inbred lines in

the second year. Lines were developed from interspecies

populations with annual wild species: H. debilis silvestris

(DEB-SIL), H. preacox ssp. runionii (PRA-RUN) and H.

deserticola (DES); and perennial wild species H. resinosus

(RES). Lines 17–19 are restorer lines-testers

No. Lines SYP SOC TLA PH HD TSN TSW

1 1A RES - 3.93 0.67** 678.3** - 8.64 - 0.58 10.91 1.50**

2 2A RES 3.88** 2.78** 142.4** - 5.25 0.56** 130.20** - 0.39

3 5A RES - 8.30 1.62** - 338.0 - 4.58 - 1.58 - 140.96 1.78**

4 8A DEB-SIL 13.37** - 1.53 112.9** 7.08** - 1.10 241.13** - 1.21

5 9A DEB-SIL 8.95** - 0.94 - 1904.4 11.25** - 0.87 92.87** - 6.10

6 10A DEB-SIL - 1.26 1.47** - 259.1 2.92** - 0.93 84.61** 0.72

7 11A PRA-RUN 24.92** - 3.52 2562.4** 12.64** 0.01 59.92** 14.47**

8 12A PRA-RUN - 13.92 - 1.21 - 1161.3 13.31** - 1.39 - 211.40 8.44**

9 13A PRA-RUN 26.82** - 2.14 2113.3** 6.64** - 0.57 38.20** 17.61**

10 14A PRA-RUN 18.10** - 2.68 280.0** 16.47** - 0.97 - 118.96 9.48**

11 15A PRA-RUN 3.23** - 1.66 750.8** 6.99** 0.20** - 110.98 2.59**

12 16A DES - 24.78 0.05 - 645.4 - 16.38 0.52** - 177.34 - 10.97

13 17A DES - 15.67 2.17** - 476.5 - 11.64 0.19* - 51.70 - 8.89

14 18A DES - 5.30 0.99** - 333.9 - 10.47 1.50** 170.97** - 7.75

15 19A DES - 10.67 1.52** - 457.2 - 11.25 2.31** 18.61* - 10.76

16 20A DES - 15.43 2.41** - 1064.6 - 9.08 2.67** - 36.08 - 10.53

LSD 0.05 0.898 0.178 41.01 1.328 0.128 15.308 0.831

LSD 0.01 1.347 0.268 61.51 1.992 0.192 22.962 1.247

17 RHA-T-1 1.83** - 1.12 191.2** 0.83 - 0.10 - 52.89 4.01**

18 RHA-T-2 3.68** 0.63** - 338.20 3.17 0.22** 186.22** - 5.24

19 RHA-T 3 - 5.50 0.49** 147.0** - 3.99 - 0.11 - 133.324 1.24**

LSD 0.05 0.389 0.077 17.756 0.575 0.055 6.629 0.360

LSD 0.01 0.583 0.116 26.634 0.863 0.083 9.943 0.540

*B 0.05; **B 0.01
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The highest values of PH were observed in lines of

DEB-SIL background, that grouped at PH vector in both

years (Figs. 1, 2) and had highly significantGCA for this

trait (Tables 4, 5).PHplays amajor role in thecreationof

new hybrids with high genetic potential for seed yield,

but it is strictly linked to total leaf area andpetiole length,

which are relevant for seed yield per plant (Hladni 2010).

PCA indicates strong positive correlation between PH

and SYP (Figs. 1, 2), but significant positive correlation

coefficient was found between PH and TLA. PH is

important trait because it influences the stability of the

plant via tolerance to lodging and certain diseases (Kaya

2016). Producing short sunflowers with increased yield

was proposed by Vear (2016), who reported that short

sunflowers could be sown at higher density, with a crop

with numerous small heads, which covers the ground

more quickly in spring and matures more rapidly,

thereby permitting earlier harvest. If the goal is the

change of sunflower plant architecture, genotypes orig-

inating from DES interspecific line with shorter PH

(Tables 1, Figs. 1, 2) and negative GCA values for PH

(Figs. 4, 5) could be desirable in breeding programs.

Strong positive correlation coefficients between

TSW and HD was observed in both years and the lines

of originating from PRA-RUN grouped between these

vectors (Figs. 1, 2). This was also confirmed by GCA

values determined for the same plant material. Beside

these traits PRA-RUN lines were the best general

combiners for SYP, TLA and PH. Highly significant

positive GCA value for five traits (SYP, TLA, PH, HD

and TSW) were present in line 11A PRA-RUN and it

was the best from this group.

It is very difficult to combine all positive traits in

one crossing combination. The inbred line 8A and 9A

from DEB-SIL interspecies background showed a

highly significant positive GCA value for PH and TSN

and were the best in a PCA for those two traits in both

years. As expected the parents with higher mean

values are better general combiners, and lines with

lower mean values lower general combiners. For

example, CMS inbred line originating from DES with

the best GCA for HD has the highest mean values for

that trait, while the line with the worst GCA for PH and

TSW has the lowest mean value for that trait. Highly

significant positive GCA values for SYP were

Table 6 Mean values and

standard deviations of best

parent heterosis (BPH) over

each restorer line for seven

traits (SYP seed yield per

plant, SOC seed oil content,

TLA total leaf area, PH

plant height, HD head

diameter, TSN total seed

number per head and TSW

1000 seeds weight)

The number of hybrids

showing significance over

best parent heterosis

(t C 0.05) is also presented

(H*). In total 48 sunflower

hybrids were analysed

RHA-T-1 RHA-T-2 RHA-T-3

SYP/plant (g)

BPH ± SD 126.69 ± 61.97 134.31 ± 76.27 109.53 ± 46.72

H* 14 16 16

SOC (g/100 g seed)

BPH ± SD - 7.07 ± 4.70 - 8.30 ± 3.81 - 2.52 ± 4.05

H* 7 7 2

TLA (cm2)

BPH ± SD 34.19 ± 20.79 14.84 ± 14.83 5.55 ± 17.07

H* 5 1 1

PH (cm)

BPH ± SD 27.32 ± 10.41 45.41 ± 10.80 23.48 ± 11.87

H* 15 16 15

HD (cm)

BPH ± SD 27.45 ± 10.72 42.04 ± 14.86 24.74 ± 10.23

H* 15 13 15

TSN

BPH ± SD 110.80 ± 33.82 132.54 ± 26.17 80.44 ± 15.14

H* 16 16 16

TSW (g)

BPH ± SD 7.46 ± 14.76 - 2.56 ± 14.70 2.84 ± 13.88

H* 6 4 6
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observed in lines 11A, 14A PRA RUN; for SOC 2A

RES for TLA 11A, 13A PRA RUN; for PH 14A, 11A

PRA RUN; and for HD 19A, 20A DES, 16A DES.

PCoA of molecular marker data of parental inbred

lines

In this paper, the genomic DNA polymorphism was

investigated by limited number of SSRs, which were

distributed on all linkage groups and carefully selected

either for their previously estimated high polymorphic

values (Tang et al. 2003; Tang and Knapp 2003) or

expressed sequence tags/quantitative trait loci (EST/

QTL) associations (Lai et al. 2005). Fillipi et al. (2015)

have compared analysis of genetic variability obtained

on 42 SSR loci and/or 384 SNPs. Though the number

of SSR markers was a lot smaller than SNPs, both

types of markers revealed moderate genetic variability

of germplasm collection composed of sunflower

inbred lines, open-pollinated and composite popula-

tions. High levels of differentiation among accessions

of sunflower open-pollinated and composite popula-

tions were reported by Moreno et al. (2013). The pair-

wise genetic distance up to 0.8, was detected for RILs

derived from the initial cross of two inbred lines with

interspecies background (Darvishzadeh 2012).

We have observed maximum genetic distance of

0.92, between two pairs of inbred lines: 10A DEB-SIL

and 11A PRA-RUN and 10A_DEB-SIL/12A_PRA-

RUN. Line 10A_DEB-SIL which originates from the

wild sunflower species H. debilis is considered to be

the most primitive of the annual sunflowers (Rieseberg

and Soltis 1987). Its subspecies silvestris is endemic to

Texas, USA. Molecular phylogenetic evidence indi-

cates that H. praecox is derived from H. debilis

(Rieseberg 1991). Line 10A_DEB-SIL grouped with

lines from RES-1 interspecies population, rather than

with other DEB-SIL lines (Fig. 4). RES-1 lines are

Fig. 5 Relationships between best parent heterosis and genetic

distance based on molecular markers for each of the examined

traits (seed yield-SYP, seed oil content-SOC, total leaf area-

TLA, plant height-PH, head diameter-HD, total seed number per

head-TSN and 1000 seeds weight-TSW). Hybrids from crosses

with new CMS lines of the same interspecies origin (RES, PRA-

RUN, DES and DEB-SIL) are presented with different symbols.

Curves were fitted to empirical data by LOESS nonparametric

technique. On each graph r2 indicates the quality of the

nonparametric regression models

123

Euphytica  (2018) 214:108 Page 15 of 19  108 



descending from H. resinosus, the only perennial

hexaploid wild species used in this investigation.

Several crosses, first for the production of the inter-

specific lines (Seiler 1991a, b, c) and the following for

the development of new CMS lines, changed the GDs

of new lines in comparison with the phylogenic

relations of their wild progenitors. The lowest GDs

between cultivated Rf H. annuus lines and new CMS

lines was determined for DES lines (0.62), developed

from H. deserticola, which is a natural diploid hybrid

of H. annuus and H. petiolaris (Seiler 2007).

Out of the 37 SSR primers, in total 17 revealed

unique haplotypes for restorer inbred lines and new

CMS inbred lines originating from DES interspecific

line. However, it was not possible to distinguish inbred

lines with RES background by selected SSR primers,

though all linkage groups were covered and nearly

50% of them were mapped near genes important for

stress response, plant development, carbohydrate

metabolism, nitrogen metabolism and photosynthesis.

Pl6 locus on LG8 was among most polymorphic loci.

Its analysis confirmed the presence of typical profile of

Pl6 downy mildew resistance gene in restorer line

RHA-T-1 (Panković et al. 2007). On the other hand,

restorer line RHA-T-3 and CMS lines from PRA-RUN

interspecific line had similar profile for this locus.

Since this restorer line is resistant to downy mildew

race 730, the obtained results indicate firstly the

presence of genes from wild species in this line, and

secondly that CMS lines from PRA-RUN population

should be included in downy mildew resistance

program (Škorić, personal communication).

GD versus BPH

It is generally accepted that by crossing of genetically

similar lines, it is not possible to get high heterosis, and

that higher genetic distance between parental lines is a

precondition for the expression of good specific

combining ability (SCA) (Badu-Apraku et al. 2011,

Kane et al. 2013). It was observed that the correlations

of marker distances of the parents with both mid-

parent and best-parent heterosis for agronomic traits

were too low to be of predictive value in maize

(Wegary et al. 2013; Ndhlela et al. 2015). This

relationship is not so often studied in sunflower.

Darvishzadeh (2012) has found significant positive

correlation between GD of sunflower lines and mean

parent heterosis for SYP and chlorophyll contents in

well-watered conditions. However, in water-stress

significant negative correlations with leaf number,

head weight, aerial part dry weight and plant height

were observed. In this study, the relationship between

GD based on molecular marker data and best parent

heterosis for each of the seven yield traits, was

examined by LOESS nonparametric simple strategy

used to fit the smooth curves to empirical data. It is

beneficial fitting technique as it does not require

specification of the relationship between the depen-

dent and independent variables. It is particularly

valuable in case of the presence of outliers, like

extreme parameter values. Mostly, it is used as a

scatter plot smoother, but also, it can be generalized

very easily to multivariate data (Jacoby 2000).

According to our results the kinetics of polyphasic

fitted curves differed among the yield traits. BPH for

SYP, SOC and TSW generally decreased with GD. For

these traits the best parental lines would be with GD of

about 0.5. However BPH for HD and PH generally

increased with GD. The relationship between BPH for

TLA and TSN and GD was more complex, the

decrease up to 0.6 is followed by the increase up to 0.9.

So for HD, PH, TLA and TSN the best would be to

select parental lines with bigger GD. Yet intermediate

to high GD between parental lines was optimal for best

heterotic effects of most traits. Higher number of

parental combinations would be necessary for LOESS

analysis followed by determination of correlation

coefficients in separate ranges of GDs. Similar results

were obtained on chilli by Krishnamurthy et al.

(2013). Nonlinear regression of mid parent heterosis

versus total genetic divergence of parental chilli lines

revealed intermediate parental divergence as best for

the occurrence of higher frequencies of heterotic

crosses.

Genomic selection is the most precise in predicting

the breeding values of wheat lines (Heffner et al.

2011). However, recent results on genomic prediction

of sunflower hybrid performance are only partially in

accordance to this. For example, Reif et al. (2013)

used 572 AFLP markers in the best linear unbiased

prediction model for genomic prediction of sunflower

hybrid performance and observed that genomic pre-

diction was accurate only in the group of related

sunflower lines. Reif et al. (2013) concluded that

prediction accuracy of hybrid performance based on

GCA effects was high and could not be increased by

genomic prediction. Similarly, Mangin et al. (2017)

123

 108 Page 16 of 19 Euphytica  (2018) 214:108 



have shown that genomic predictions using whole

genome sequencing, increased breeding efficiency in

comparison to the classical GCA modeling for oil

content, only in case when either one or both sunflower

parental lines were not well-characterized. Genomic

selection with several hundreds or thousands of

markers is suitable for regular crosses with a regular

recombination frequency. In case of prediction of

heterotic potential of lines derived from interspecies

crosses there are some specificities in comparison to

the elite lines. The size of the introgressed regions

slowly decrease in the crossing cycles since the

number of recombination events is lower. Therefore,

SSR markers specific for introgressed regions stay

stable for many breeding cycles. In such way, limited

number of molecular markers, or even only one

diagnostic marker per introgressed fragment could be

sufficient in selection procedure, as observed by

Perovic et al. (2009) for Sbm1 introgression in wheat.

Therefore, fewer specific markers are needed for

investigation of introgressed genomic regions. In this

study we observed many unique haplotypes for lines

analysed with only 38 SSRs and PCoA, illustrated

grouping of lines according to the wild parental

species in initial interspecies cross.

Conclusions

In this study four different methods were applied to

test breeding performance of inbreed introgression

lines derived from crosses to four wild sunflower

relatives. Results show that in the interspecific

hybridization of cultivated sunflower high number of

unique haplotypes obtained by SSR markers could be

useful for fast and cheap selection in breeding

schemes. Pl6 locus was one of the most variable and

informative loci among examined sunflower lines

indicating that lines with PRA RUN background

should be involved in breeding programs for downy

mildew resistance. Lines originating from the same

wild parent were the best general combiners for SYP,

TLA, TSW and PH. CMS lines derived from perennial

wild speciesH. resinosus background were the best for

SOC. Lines of DEB-SIL background would be the best

choice if high PH and correlated high SYP are

targeted. In case the target is changed sunflower plant

architecture towards shorter PH, genotypes originat-

ing from H. deserticola would be appropriate.

Results obtained in this research show that PCA of

morphological data on parental lines are generally in

agreement with GCA effects for examined traits.

Lower costs and needed time makes the first method of

choice for the parental choice of introgression and elite

lines in sunflower breeding programs. PCoA of

molecular marker data showed broad genetic diversity

between lines. GD versus BPH relationships indicate

that intermediate to high GD between parental lines

was optimal for best heterotic effects of most traits.

GDs between parental lines over 0.7 could diminish

heterosis for SOC and TSW. The combination of the

PCA of morphological data, PCoA of molecular

marker data and GD between parental lines is fast

and affordable and in the same time gives the most

important information for parental choice.
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