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LAUR, leaf auricles; LBLIS, leaf blistering; LCROS, leaf shape of cross-section; LD, linkage disequilibrium; 
LGCOL, leaf green color; LSDIS, shape of the distal part of the leaf; LSIZ, leaf size; LTIP, height of the tip of the 
leaf blade compared with insertion of petiole; LWIN, leaf wings; MAT, maturity groups; NCRPIS, Northcentral 
Regional Plant Introduction Station; NO, non-oil lines; O, oil lines; OPV, open-pollinated variety; PC, principal 
component; PHE, plant height; QTL, quantitative trait locus/loci; RHA, restorer lines; RIL, recombinant inbred line; 
SCOL, seed color; SSCO, seed stripes color; SSHP, seed shape; SSIZE, seed size; SSTR, seed stripes; UPOV, 
International Union for the Protection of New Varieties of Plants. 

ABSTRACT 

The production of the first permanent, publicly available sunflower (Helianthus annuus L.) association mapping 
population (UGA-SAM1) provided material to test the usability of morphological descriptors for discriminating 
germplasm accessions. The objective of this study was to evaluate the phenotypic diversity in the UGA-SAM1 
population and evaluate the usefulness of qualitative traits for the discrimination of genotypes. The SAM1 
population consists of 285 accessions characterized for 20 morphological traits. The Shannon–Weaver diversity 
index (H) was used to determine phenotypic diversity, whereas HOMALS (homogeneity analysis by alternating 
least squares) and association statistics were used to determine discriminative power of the descriptors. Phenotypic 
diversity was moderately high for the traits (0.74). The highest diversity was found in the less developed genotypes 
followed by non-oil genotypes. Pronounced associations in individual genotype groups and category traits, most 
notably for the maturity trait in the restorer line (RHA) oil group, resulted in both high association and diversity 
index values. The association test proved to be a useful addition to HOMALS analysis for determining the trait 
discriminative power. Adequate selection of traits used in germplasm evaluation can improve the efficiency of 
breeding programs, whereas the loss of variability could be lowered if diversity focused traits were used including 
leaf, seed, and certain flower traits, instead of only focusing on yield and quality. 

Sunflower (Helianthus annuus L.) is one of the major oil crops in the world, but also a model 
species for research on plant speciation (Whitney et al., 2015). Use of mapping populations has 
greatly increased the available genotypic data and made identification of quantitative trait loci 
(QTL) possible for important traits (Bowers et al., 2012). For traditional QTL mapping in 
biparental crosses, recombinant inbred lines (RIL) with high levels of homozygosity are 
developed, allowing comparison of performance of genotypes between sites (Baack et al., 2008). 
Some sunflower RIL populations are in the process of being made available for distribution from 
the USDA, National Plant Germplasm System (NPGS), Northcentral Regional Plant Introduction 
Station (NCRPIS), such as RHA280  RHA801 (confectionary  oilseed), HA89  ANN1238 
(oilseed  wild), and Hopi RIL (oilseed  landrace) (Tang et al., 2002; Baack et al., 2008; 
Bowers et al., 2012). 
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Germplasm collections or natural populations can also be used to associate genotype with 
phenotype using linkage disequilibrium (LD) between closely linked loci. The advantage of LD 
vs. biparental QTL mapping is that analysis of a larger and more representative gene pool is 
possible. Depending on the available genotypic data, either “candidate gene approach” can be 
used, or a whole-genome analyses in search of LD between known marker genes and the desired 
trait (genome-wide association study; Neumann et al., 2011; Álvarez et al., 2014). 

The usual approach in plant breeding for introducing a new trait is to exploit the existing 
variability and select pure lines. The desired trait can be introduced from cultivars, landraces, or 
crop wild relatives, if not found within elite inbred material (Atlagić and Terzić, 2014). Using 
exotic germplasm to introduce a novel trait usually implies costly evaluation of many genotypes 
because the amount and distribution of genetic diversity is not known. To increase efficiency of 
finding the source of desired genes in large collections and promote their use, Frankel (1984) 
proposed a “core collection” approach, where the genetic diversity of a large collection is 
evaluated by including only accessions with a minimum of repetitiveness. 

For a crop species, a core collection consists of a limited number of accessions chosen to 
represent the genetic diversity of the whole crop species and its crop wild relatives. It is 
assembled cooperatively by national and international genebanks and supplemented where 
needed to fill the gaps (Brown, 1995; Van Hintum et al., 2000). The first large synthetic core 
collection was the international Barley Core Collection (Knupffer and van Hintum, 1995). The 
first cultivated sunflower core collection was based on selected accessions from the USDA-ARS-
NCRPIS gene bank (Brothers and Miller, 1999). Since then, the first international sunflower core 
collection (UGA-SAM1) was described by Mandel et al. (2011). UGA-SAM1 represents 90% of 
the allelic diversity in the cultivated sunflower gene pool (Mandel et al., 2011). It is, as such, an 
invaluable resource for further research and improvement of cultivated sunflower using mapping 
techniques appropriate for large populations. 

The choice of mapping technique depends on the available genotypic data, but also the 
diversity of the desired trait (McKhann et al., 2004). The genotypic data for the UGA-SAM1 
population are increasing (Hübner et al., 2019) and are mostly available through the sunflower 
genome database (https://sunflowergenome.org/). 

Evaluation of a large numbers of phenotypic traits is labor intensive and time consuming. 
Using subsamples of the whole collection can reduce the time and number of people involved in 
phenotyping but increases the risk of missing allelic diversity for specific traits as the number of 
accessions in the subsample is reduced (Foulley and Ollivier, 2006). 

Validating the diversity in core collections is important, since they are also attractive as a 
starting material for discovering desired traits and genotyping (Mandel et al., 2013; Nambeesan 
et al., 2015). Phenotyping is predominantly used in the evaluation of heterotic potential, whereas 
relationships between plant morphological traits and disease intensity are of increasing 
importance in crops like sunflower (Schwanck et al., 2016). Proper evaluation of morphological 
traits is thus important for all breeding steps from early line development to comparison of 
hybrid performance. 

The objectives of this study were (i) to evaluate the present phenotypic diversity in the first 
publicly available association mapping population (UGA-SAM1) using the Shannon–Weaver 
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diversity index (H) according to the frequency of genotypes in each descriptor category; (ii) to 
determine whether association test or HOMALS (homogeneity analysis by alternating least 
squares)-based analysis is more informative for determining trait discriminative power; and (iii) 
to assess the usefulness of individual qualitative traits for the discrimination of sunflower 
accessions. 

MATERIALS AND METHODS 

Plant Materials 

The sunflower population used in this study was composed of 285 lines from a total of 288 lines 
previously described as a core collection of the cultivated sunflower gene pool (Mandel et al., 
2011). This population is composed of accessions from the collections held by both the USDA-
ARS-NCRPIS, and the French National Institute for Agricultural Research (INRA) 
(Supplemental Table S1). 

All accessions were assigned to specific categories based on their breeding history 
(maintainer [B] lines = HA; restorer [Rf] lines = RHA) and agronomic use (oil vs. non-oil). The 
following categories were defined: HA non-oil = HA-NO (48 lines), HA oil = HA-O (80), RHA 
non-oil = RHA-NO (25), RHA oil = RHA-O (77), and less developed (29) containing 
introgressed lines, landraces, open-pollinated varieties (OPVs), cultivars, and populations. An 
“all other” category (26) was created for lines classified as “other oil” and “other non-oil” by 
Mandel et al. (2011), where B (HA maintainer lines) vs. Rf (RHA restorer lines) designation 
could not be made, including accessions with no breeding background information. Mandel et al. 
(2013) designated accessions as “non-oil” when they were either confectionery types or could 
not be clearly defined as being oil types. The “introgressed” category included accessions with a 
recent history of introgression from wild Helianthus species. The OPV category included named 
sunflower accessions that represent OPVs of the pre-hybrid era of sunflower breeding, along 
with two Native American landraces, Hopi and Mandan. 

Field Design 

The study was established during 2013 near Novi Sad in Rimski šančevi, Serbia (451934.46 N 
194939.50 E) on dark chernozem soil (81 m asl). The genotypes were tested in an 
unreplicated grid plot design (Müller et al., 2010). All genotypes were considered as 
unreplicated, except the inbred lines HA89 (Miller et al., 1992) and HA26 (IFVCNS, inbred 
line). These lines were replicated in systematic arrangement throughout the experimental grid. 
The design grid size was 20 rows  16 columns. Plants were grown in rows 3.6 m long with 12 
plants per plot. The distance between rows was 70 cm and between plants was 30 cm, which 
provided a plant density of 47,000 plants ha−1. Plants were irrigated and fertilized to minimize 
effects of selection in the field. Locally recommended sunflower agricultural practices were 
applied. 

Phenotyping 

Phenotypic diversity of the tested material was determined using distinctness, uniformity, and 
stability (DUS) test guidelines (UPOV, 2000). The selected qualitative traits are nominal and 
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ordinal categorical variables referred to in the paper as descriptors and each of the trait categories 
as descriptor categories. The traits where International Union for the Protection of New Varieties 
of Plants (UPOV) descriptor categories did not cover the present variability or were less precise 
(did not have defined ranges for trait categories like plant height [PHE]) were described using 
the International Board for Plant Genetic Resources (IBPGR, 1985) descriptor list (Table 1). 

Visual ratings were performed in the field for each genotype on a whole-plot basis. 
Observations of leaf traits were made at the flowering stage R5.5 according to Schneiter and 
Miller (1981). Branching type and plant height (cm) were rated at the R9 stage regarded as 
physiological maturity, whereas the seed traits were evaluated after harvest. Days to 50% 
flowering were recorded as days from sowing to 50% of plants having begun flowering, whereas 
maturity groups (MAT) were determined based on days to maturity (sowing to 90% of plants at 
the R9 stage (Table 1). 

Statistical Analysis 

Diversity Index 

Since the variables collected throughout the experiment are categorical nominal traits, the 
Shannon and Weaver (1949) diversity index (H) was used to estimate the morphological 
diversity of the genotypes for a particular trait. The estimated H value was normalized by 
dividing it by its maximum value (log2n), which ensured that all H values were in the range of 
0–1. 

Multivariate Analysis of Categorical Traits 

The estimation of the diversity of sunflower genotypes was performed by multivariate 
homogeneity analysis by means of alternating least squares (HOMALS) procedure, also known 
as principal component analysis (PCA) for categorical nominal data. The HOMALS procedure is 
based on contingency tables, in which principal results of decomposition are the coordinates of 
lines and columns, further used for visualization of the results by a two-dimensional plot. The 
HOMALS plots enable close grouping of objects (genotypes) of the same category, whereas 
different objects are located at a certain mutual distance. The distance between points 
representing two objects depends on the similarities of their profile. Categories divide objects 
into homogenous groups, so that each object is in close proximity to the points, which represent 
the object category (Michailidis and De Leeuw, 1998). 

Association among Categorical Traits and Genotype Groups 

To further clarify the associations among the categorical traits and genotype groups defined by 
Mandel et al. (2013), the two-way contingency or I  J tables were created for each particular 
trait with observed genotype frequencies (nij). The contingency tables were created so that rows 
contain genotype classification with i = 1, …, I categories, whereas columns of the tables contain 
j = 1, …, J categories of the nominal traits. Under the H0 that the rows and columns of the 
contingency table are independent, the expected cell frequencies are mij = nij, i = 1, ..., I, j = 1, 
..., J, where n is the total sample size (n = i,jnij) and i (j) is the ith row (jth column) marginal 
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of the underlying probabilities matrix  = (ij). The hypothesis of independence is tested through 
the chi-square test statistic: 
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The distribution of the 2 statistics under the H0 of independence is closely approximated by 
a 2 distribution with (I− 1)(J− 1) degree of freedom, assuming that the expected cell 
frequencies are larger than five. 

The 2 values were further examined by contingency coefficient to measure the strength of 
the association of two categorical variables. The observed contingency coefficient is defined by 
the following formulae:  
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Since the contingency coefficient vary from 0–1, which depends on the number of rows and 
columns of the table, we used the following relationship: 
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For cases where the number of rows and columns are equal, the Cmax value can be estimated as 
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Finally, we used the ratio among the observed and maximum value of the contingency 
coefficient for the interpretation of the strength of the association of the categorical variables. 
The standardized coefficient (Cstand) of the contingency defined as Cstand = Cobs/Cmax ranges from 
0 (complete independence) to 1 (complete dependence). To quantify the effect size based on 
value of the contingency coefficient, the w index (Cohen, 1988) was estimated using the 
following equation:  

2

21
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w
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Since there is no general recommendation in the literature, the w index was estimated for both 
types of the contingency coefficient (i.e.,wCobs and wCmax). According to Cohen (1988), the 
following scale was proposed for the interpretation of the effect size: small effect size from 0.1–
0.3, medium effect size from 0.3–0.5, and large effect size >0.5. 

After conducting a formal test of the independence, detailed information about the 
associations in the contingency table can be gathered by direct visual display of Pearson 
residuals, such as  
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which are standardized raw residuals. In an association plot (Cohen, 1988), each cell is 
represented by a rectangle that has a height that is proportional to the corresponding Pearson 
residuals (rij) and a width that is proportional to the square root of the expected counts ( ˆ

ijm ). 

The area is proportional to the raw residuals nij − ˆ
ijm . The sign is visualized by its position 

relative to the baseline of the association plot. 

All statistical analyses and data visualizations were performed using the vcd and homals 
libraries from the R computing environment (R Core Team, 2018). 

RESULTS 

Genotype Diversity 

Diversity index (H) is determined by the number of categories and evenness in the distribution 
of genotypes in each category of a descriptor (Shannon and Weaver, 1949). Uniform 
distributions of genotypes within the descriptor categories are revealed by higher values of the H 
index, while an unbalanced distribution and a lack of diversity is indicated by a low H index 
(Moreno et al., 2013). Morphological descriptor categories, genotype distribution and diversity 
indices of the analyzed population are presented in Table 1. 

The mean diversity index of all trait groups was 0.74 and varied from 0.39–0.98. The index 
value was the lowest for flowering time (FLO), seed color (SCOL), leaf shape of cross-section 
(LCROS) and branching (BRAN), whereas it was highest for a group of leaf descriptors (leaf 
size [length  width, LSIZ], height of the tip of the leaf blade compared with insertion of petiole 
[LTIP], leaf wings [LWIN]) and MAT. Moderately high to high diversity index (0.72–0.79) was 
found for most of the seed traits (Figure 1). 

Discriminative Power 

The diversity for a trait (descriptor) in a population can be high according to the Shannon index, 
but it does not necessarily imply high discriminative power. To further check discrimination 
power, distance of descriptors from the biplot origin was analyzed using HOMALS analyses to 
detect descriptors with unique profiles. 

The HOMALS plot revealed that the first two dimensions accounted for 37.9% of total 
variability (Figure 2a). The first dimension was related to descriptors differentiating genotypes 
according to BRAN, seed stripes color (SSCO), seed stripes (SSTR), MAT, LTIP, LWIN, and 
seed size (SSIZE) (Figure 2a). The second dimension was also related to SSCO, SSTR, BRAN, 
and LTIP. Besides those, leaf blistering (LBLIS) and leaf auricles (LAUR) were most 
informative for genotype discrimination, together with LSIZ, shape of the distal part of the leaf 
(LSDIS), leaf serration (LSERR), and SCOL. Morphological descriptors with shorter vectors, 
positioned close to the plot origin (PHE, LCROS, leaf green color [LGCOL], lateral veins angle 
[LATV], petiole length [PET], FLO, and seed shape [SSHP]), were less variable among 
genotypes, less informative, and thus had lower discriminative power for identification of 
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sunflower genotypes (Figure 2a). The best eight traits analyzed accounted for 58.7% of the 
variability, whereas BRAN, SSCO, SSTR, LBLIS, and MAT were positioned furthest from the 
origin (Figure 2b). 

Association Statistics 

Association statistics were used to check for the association between trait categories and 
genotype groups as an indication of traits most useful for genotype discrimination (Supplemental 
Table S2, Figure 1). Interpretation of the effect size in the association test was performed 
according to interval values defined by Cohen (1988) for social sciences but was used in the 
current study as guidance and can be regarded as a suggestion. The highest association between 
descriptor categories and genotype groups was for BRAN, SSCO, MAT, and SSIZE (Table 2). 

Each rectangle in the association plots is shaded according to the value of the Pearson 
residual, so that higher residuals are marked with a darker color using the scale shown in the 
legend (Figures 3–6). The highest positive association in BRAN was found for the RHA-O group 
and overall branched plants, whereas the highest negative association was for the same group 
and nonbranched plants. Similar but less significant associations were found for RHA-NO group. 
Opposite associations were found for the HA-O and HA-NO groups, with positive associations 
for nonbranched plants and negative associations for branched plants (Figure 3). Seed stripes 
color is a trait important in non-oil sunflowers as confirmed by residuals >4 for white stripes in 
HA-NO and brown stripes in RHA-NO, whereas most of the RHA-O genotypes had no stripes 
on seeds (Figure 4). Maturity group is similar to branching, a trait where fertility restorer lines 
RHA-O and RHA-NO differ from all other groups. The RHA-O group had a high positive 
association with early maturity that gradually declined to a significant negative association with 
late maturity (Figure 5). Considering SSIZE, both fertility restorer groups are positively 
associated with smaller seeds, but only significantly in the RHA-O group. The highest positive 
association for very large seed was seen in the HA-NO group, which also had a negative 
association for small seeds (Figure 6). 

If the association values are presented as an exponential trend line, a negative correlation is 
visible in comparison with the diversity index (Figure 1). Except partly for SSIZE, SSHP, and 
MAT descriptors, the association between descriptor categories and genotype groups was less 
pronounced with the increase of morphological diversity and more uniform distribution of 
genotypes across descriptor categories (Figure 1). A chi-square test of independence showed the 
strongest associations between descriptor categories and genotype groups for BRAN, SSCO, 
MAT, and SSIZE, implying that those descriptors have the highest discriminative power among 
genotypes. To visualize grouping effect of each of those descriptors, separate association plots 
are presented for each (Supplemental Figure S1a–S1d). 

Genotype Grouping and Distribution 

Relationships between genotypes were examined based on HOMALS analysis of 20 
morphological descriptors. The present variation resulted in a wide dispersion of genotypes in 
the HOMALS distribution plot. The first dimension explained 24.97% of the total variability, 
whereas the second explained 12.96% in the original dataset (Figure 7). 
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A study of the distribution of 286 genotypes revealed their division along the first dimension 
into two large groups of HA and RHA lines, whereas the division of oil and non-oil was less 
pronounced, but still present in the second dimension. Most of the genotypes were clearly 
separated, indicating their distinct grouping pattern. No complete overlapping was found, 
whereas partial overlaps were mostly found in the upper left quadrant including genotype pairs 
such as 62 and 213, 90 and 240, 52 and 269 (Figure 7). 

Descriptor categories for BRAN were clearly separated from lower left to upper right 
quadrant, starting with nonbranched HA lines that included only several lines with basal 
branching, and continuing with the fully branched and upper stem branching, typical for RHA 
lines (Supplemental Figure S1a). Seed stripes color was distributed from lower right to upper left 
quadrant starting with seeds without stripes, followed by a mixed group of white and gray 
stripes, whereas brown and black were positioned furthest along the second dimension 
(Supplemental Figure S1b). The MAT biplot was specific as it revealed each of the four 
genotype groups—HA-NO (including less developed and other), HA-O, RHA-NO and RHA-
NO—had all maturity categories represented, whereas they were most distinctly grouped in the 
RHA-O followed by RHA-NO (Supplemental Figure S1c). Seed size again contributed to the 
basic four groups as restores were found to have smaller seeds. The RHA-O and RHA-NO 
groups had no genotypes in Category 9 and only two in Category 7. On the other hand, HA-O 
had all categories represented, whereas the greatest variability was found in the expanded HA-
NO group (Supplemental Figure S1d). 

DISCUSSION 

Diversity 

Morphological traits important for sunflower vegetative growth and yield include plant height; 
size and position of the head; leaf number, size, and position; days from sowing to maturity; stem 
diameter; and seed size and weight, among others (Fick and Miller, 1997; Škorić, 2012b). Since 
plant breeding is focused on improving plant heredity in relation to its economic utility (Fehr, 
1987), it is important to have adequate starting material and selection methods. 

Proper selection of progenitor is the key to successful breeding, both in advanced cultivars 
and exotic germplasm from gene banks. Qualitative traits play an important role in the cultivar 
development process, depending on the desired phenotype as the ultimate breeding goal. They 
are codified by one or a few genes whose phenotypic expression is under little influence by the 
environment. Evaluation of qualitative traits is thus frequently used as a tool to confirm the 
effectiveness of crosses made between selected germplasm (de Jesus Vernetti and de Jesus 
Vernetti, 2017). Since the material selected for the current study is expected to contain high 
diversity, it was used to check the applicability of selected traits as tools in germplasm 
discrimination, as well as phenotypic diversity for each of the descriptor categories. 

The mean diversity index value was moderately high for the material studied. Some 
descriptor categories were nonetheless underrepresented with frequencies of <0.5% of the total 
analyzed genotypes as defined by Cavalli-Sforza and Bodmer (1981). Descriptor categories of 
specific genotype groups with such low frequencies were not used for the calculation of 
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association statistics to avoid misleading results. Lines with such traits are, on the other hand, 
practically important as sources of variability. 

Diversity for most of leaf traits was high in the current study, even though they are simply 
inherited depending on one up to several genes (Škorić et al., 2012b). Diversity was not only 
high at the population level, but also within most of the genotype groups. Leaf size was small to 
medium in the group of restorer lines mostly due to their branching habit, whereas slightly 
increased presence of plants with medium-sized leaves was found in the HA-O group resulting 
from the change in breeding goals since the introduction of hybrids to avoid very tall or very late 
material (Panković et al., 1991; Vear, 2016). A higher proportion of genotypes with large leaf 
size was found in the less developed group, and to some extent in HA-NO, resulting from the 
presence of old cultivars with tall leafy plants and confectionary lines. Lower plant density of 
confectionary hybrids results in plants with larger leaf area, but such ideotypes are not desired in 
some programs that are trying to obtain maximum leaf area faster by producing a larger number 
of smaller leaves (Yang et al., 2010). 

The full extent of variation is visible in the populations and its subgroups as each contains 
plants with very low to very high leaf tip position. Distinctiveness between the categories was 
highest in the RAH-NO group when the HOMALS plot used all 20 traits. However, category 
distinction was highest between HA lines when only eight most discriminative traits were used 
for plot construction. This result shows how selection of descriptors can affect efficiency (lower 
number of evaluated traits) and precision of selection, leading eventually to better breeding 
results. 

There were no plants with sessile leaves, even though it would be a beneficial trait for 
increasing the number of plants per hectare (Breton et al., 2010), while extremely long petioles 
were rarely present since such plant types have been eliminated in modern, high-density 
cultivated sunflower. 

For maximum photosynthetic activity, corrugated leaves oriented downward are preferable 
(Škorić, 2012a). Leaf blistering was present, but categories of absent and weak dominated the 
UGA-SAM1 population, except for a slightly higher frequency in HA lines and the less 
developed group. Considering shape, leaves of sunflower are generally optimized for 
maximizing photosynthetic rate, which is why most of the genotypes had flat and wide leaves 
with broad triangular to rounded distal parts. 

Leaf serration was mostly fine to medium, as expected for cultivated sunflower (Miller and 
Fick, 1997). Leaf auricles were mostly small to medium, with only oil lines (both RHA and HA) 
having a higher frequency of large auricles that may be a consequence of increasing leaf area. 

Plant height is important for production stability, since an improper balance with stem 
diameter increases the chance of lodging (Škorić, 2012b; Kaya, 2015). Most of the plants in the 
current study were in the medium height category. The HA lines and the less developed 
categories were taller than the RHA lines, similar to the findings of Hladni et al. (2017) where 
plant height did not have high discriminative power because of the high variability in each of the 
genotype groups. 

Branching was one of traits with lowest diversity (0.58), including three out of five 
categories with <0.7% of total genotypes. On the other hand, discriminative power was high, as 
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HA lines were clearly separated from branched RHA lines. Branching is determined by dominant 
genes in wild species, whereas in cultivated lines it is under control of recessive genes (Miller 
and Fick, 1997). Primarily apically branched RHA-O and RHA-NO genotypes were also visible 
as a group corresponding most probably to the b3 recessive gene action (Hockett and Knowles, 
1970). 

Seed shape and color traits are most important in non-oil confection sunflower breeding, but 
the current study confirmed that other seed traits can also be used as good descriptors of diversity 
(Hladni et al., 2017). The diversity index was only low for SCOL. In the current study, seeds 
were mostly black, small to medium size, with stripes both on margins and intermarginal. 
Anthocyanin seed color was only found in one RHA-O line as the rarest category, indicating lack 
of pigments in the first layer (Putt, 1940). Since only confectionary sunflower lines were 
intentionally selected to have seed stripes together with larger seeds (Miller and Fick, 1997; 
Škorić, 2012b), there was a significantly higher frequency of lines without seed stripes in both 
HA-O and RHA-O lines, whereas those two groups also contained the highest number of 
genotypes with small seeds. 

The highest frequency of rounded seed was found in HA and less developed lines, whereas 
on the other hand, highest frequency of elongated was found in the group of RHA-O lines. That 
could be a side effect of restorer line selection where seed size and shape were less important 
than the restorer genes and the desired oil content. Seed size depends on the seed number per 
head, determined by genotype and environment, whereas a clear difference exists in the 1000-
seed weight between oil (40–100 g) and non-oil (>100 g) cultivars (Miller and Fick, 1997; 
Škorić, 2012b). 

Understanding phenological development is important for breeding since cultivated 
sunflower is under environmental control. Days to flowering and maturity shows how various 
genotypes react and adapt to specific environments. Earliness is a trait that also implies a 
changed ideotype (reduced plant height, leaf number, etc.) so that the plant is adapted to achieve 
an acceptable yield in a shorter time (Connor and Hall, 1997). Similar to other traits, variability 
of the initial material is very important when selecting for earliness (Škorić, 2012a). Wild species 
as progenitors of cultivated sunflower have longer vegetative periods and are generally 
photoperiod sensitive, but occasionally insensitive plants can be found (Rogers et al., 1982; 
Terzić et al., 2012). 

Diversity in the UGA-SAM1 population was very low for days to flowering because >80% 
of lines were in the medium category (50–59). Only the HA-O category contained one very early 
genotype with <40 d to flowering. Extension of the preanthesis phase does increase yield 
(Connor and Hall, 1997). The concentration of genotypes in the medium category is most likely 
a result of compromise between the desired shorter phase length and less significant yield 
decrease (Kirichenko, 2005; López Pereira et al., 2008). 

Days to maturity trait was specific but at the same time showed high diversity (0.91) and 
distinctive grouping of genotypes. Medium late genotypes were the most frequent, followed by 
medium and late. The most uniform distribution and best grouping was found for RHA-O 
genotypes, which had a significantly higher proportion of early maturing genotypes. The RHA 
lines are branched, have longer flowering time than single-headed cytoplasmic male sterile 
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(CMS) lines, but also shorter grain-filling period that results in smaller seed size and weight, all a 
consequence of optimizing RHA lines for Rf genes, and less seed yield (Radić et al., 2013). 

Trait Discriminative Power 

The HOMALS analysis explained a high proportion of the variability for the first two principal 
components (PCs) of the biplot (Da Silva and Padovani, 2006). The first component was 
positively associated with branching type (BRAN), grouping nonbranched genotypes to the 
negative and branched (mostly restorer lines) to the positive side of PC1. The PC2 was closely 
related with SSTR and SSCO, grouping lines along the axis from the lower right (black seeds no 
stripes) to upper left corner of the biplot (striped seed), similar to the findings of Hladni et al. 
(2017). Discriminative power of BRAN, SSCO, and SSTR is even more obvious when the 
HOMALS biplot is made using only eight descriptors positioned furthest from the biplot origin. 
Maturity and seed size descriptors were closer to the biplot origin, but they influenced wider 
genotype dispersion and facilitated discrimination, as they were positioned on the opposite side 
of BRAN- and SSTR-related traits. 

The test of association provided a clear separation of traits that had more distinctive grouping 
than HOMALS-based estimation (Bertin, 1981). Besides BRAN, SSCO, and SSTR, the 
association analysis revealed that MAT, SSIZE, and SSHP were the most discriminative. 
Discrimination power (association) was negatively correlated with the increase of morphological 
diversity and more uniform distribution of genotypes. The lowest discrimination power was in 
the uniform distribution among genotype groups as in LATV, or among both genotype groups 
and trait categories as in LWIN, LSDIS, and LGCOL. Maturity group had high diversity with 
close to uniform distribution across trait categories, but pronounced differences between 
categories in individual genotype groups, most noticeably visible in RHA-O, resulting in high 
association values. Branching on the other hand, also had high discriminative power, but 
significantly lower H, as genotype distribution was not homogenous according to descriptor 
categories. Like MAT, it was significantly related to genotype groups (HA vs. RHA lines). 

Genotype Grouping 

The phenotype of sunflower inbred lines depends on the goal of the selection and the desired 
ideotype (Vear, 2016). Early selection for increased oil content and hybrid sunflower 
development resulted in recognizable divergent groups, confirmed in the current study. The 
source materials for the development of sunflower are local populations and landraces together 
with OPVs and materials introgressed from the crop wild relatives (Atlagić and Terzić, 2014). As 
the source material, genotypes from the less developed group had the largest diversity and were 
positioned in the upper left part of the HOMALS biplot. The selection for increased oil content 
and introduction of another dark seed layer for resistance to sunflower moth (Homoeosoma 

electellum, Hulst) resulted in a separation of HA-O lines with black seeds and no stripes that 
were high in oil (Carlson et al., 1972). The HA-NO group is positioned together with the less 
developed group, having mostly lighter color, striped seeds (Dedio, 1995). The position of HA-
NO can also be a result of less intensive selection than for the oil type (Hladni, 2016), resulting 
in a larger proportion of retained diversity for the analyzed traits, as in the less developed 
material. 
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Distinctive groups of HA and RHA lines were observed in the current study with the RHA 
genotypes branched with smaller elongated seeds. The positioning of HA and RHA lines on the 
opposite sides of the first PC confirmed the desired heterogeneity of parental lines. Similar 
grouping of RHA and CMS confectionary sunflower lines was found by Hladni et al. (2017). 
Traits like LBLIS and LSIZ were less variable and less expressed in Rf lines, pointing to 
increased selection pressure and loss of variability compared with HA lines. On the other hand, 
all five MAT categories were clearly visible only in RHA-O (and to some extent RHA-NO) 
group. Such result can be attributed to the requirement for higher yield in HA line seed 
production and negative correlation of yield and short vegetation cycle (Connor and Hall, 1997). 
Therefore, HA lines have low percentage of genotypes in the early MAT categories to maximize 
seed yield, whereas RHA lines were under lower selection pressure for late MAT and probably 
exhibit different breeder strategies in crosses between CMS and Rf lines (Siniša Jocić, personal 
communication, February 2018). 

Appropriate Descriptor Traits 

Sunflower inbred lines are developed from genetically divergent populations including 
interspecies hybrids and certain gene pools (Škorić, 2012a). During the early generations of 
inbreeding (S0–S1 or F2–F3), nondesirable material is eliminated based on a set of yield-, plant 
architecture-, and disease resistance-related traits, where higher diversity of the starting material 
usually leads to higher proportion of eliminated material. Elimination of lines is also due to 
lower combining ability, which is tested in F4–F5 again by evaluating desirable traits (Miller, 
1987). 

The current study confirmed how increased selection pressure increasingly changed 
population structure (Supplemental Table S2) and resulted in lower variability (Mandel et al., 
2011). The loss of variability in breeding programs could be lowered if, in addition to the yield 
and quality, diversity-focused traits were also included. Leaf traits (LTIP, LAUR, and LBLIS) 
are relatively easy to evaluate and are among the most informative together with seed coloration 
traits (SMC, SSTR, and SSCO), even though they are more related to confectionary sunflower 
breeding programs. Hladni et al. (2017) also found LBLIS informative for genotype 
discrimination together with floret array and anthocyanin coloration of stigma. Evaluation of 
genetic diversity based on allelic richness is useful, as it allows expectation of selection limits 
determined by the initial allelic composition more than by heterozygosity (Foulley and Ollivier, 
2006). The lack, or very low frequencies, of genotypes in certain trait categories should be 
further investigated to determine if it represents a consequence of selection or a natural 
occurrence requiring trait category modification. 

The use of appropriate qualitative traits is important, even though efficient molecular marker 
selection techniques are now in regular use. Most of the modern breeding programs use several 
parallel approaches for material evaluation (Cheres et al., 2000). Classical evaluation of 
combining abilities is the most used method for predicting hybrid sunflower performance (Yao et 
al., 2013; Reif et al., 2013), although molecular tools are in development for sunflower 
(Dimitrijevic and Horn, 2018). Phenotype traits are thus used for both early line selection and the 
choice of hybrid parents. 

The current, most widely adopted test for DUS is based mostly on phenotype traits (UPOV, 
2000). Improvement of the guidelines involving methods of observation, types of trait expression 
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(trait categories), etc., is a constant effort led by the Community Plant Variety Office (CPVO). 
Preparations for the use of biomolecular techniques in DUS testing has started but is still under 
development. One of the main concerns is the increased distinctness discoverable by genetic 
analysis of individual plants and not visible by field phenotypic observation. One of the proposed 
solutions is to “translate” genetic distances to UPOV characteristics and add them to the current 
DUS guideline with existing phenotype traits (UPOV, 2016). Such a solution should be viable, 
as it resembles the current state of the art in the evaluation of heterotic potential of parental lines 
where phenotype analysis after line crosses (general and specific combing ability) is still the 
most used approach supplemented by molecular marker screening (Darvishzadeh, 2012). 

In summary, phenotypic diversity was moderately high for the studied traits and confirmed 
the UGA-SAM1 as a valuable resource for sunflower research. The highest phenotypic diversity 
was found in the less developed group, followed by non-oil genotypes, resulting from less 
intensive selection compared with oil lines and even more compared with the RHA-O group, 
which had the lowest diversity. On the other hand, the RHA-O group had the highest diversity 
for specific traits like days to maturity, resulting from the optimization of HA lines for 
pollination and less intensive exclusion of early genotypes due to lower yields. Some descriptor 
categories were nonetheless underrepresented, pointing to the possible need to supplement the 
population when working on specific traits. 

Discriminative power based on association between genotype groups and category traits was 
generally negatively correlated with the increased uniformity in distribution of genotypes among 
groups and/or trait categories (H). On the other hand, close-to-uniform distribution across trait 
categories (H) but pronounced differences between categories in individual genotype groups, 
most visible for MAT, resulted in both high association values and index of diversity (H). 
Branching also had high discriminative power, but significantly lower uniformity (H), as 
genotype distribution was not homogenous according to descriptor categories, but instead to 
genotype groups. The association test proved to be a useful tool, in addition to HOMALS-based 
analysis, for determining trait discriminative power. 

Selection for increased oil content followed by hybrid sunflower development, grouped 
genotypes to oil vs. non-oil and HA maintainer group vs. RHA restorer group. Overlapping of 
HA-NO and less developed categories is most likely a result of less intensive selection than for 
the oil type, resulting in a larger proportion of retained diversity for the analyzed traits. The 
lowest variability found in the RHA oil group suggests the strongest selection pressure. 
Nonetheless, RHA-O had the most uniform and distinctive grouping according to MAT 
categories due to specific breeder requirements for restorer lines. Distinctiveness between trait 
category groups was also affected by the number of traits used for the HOMALS analysis, 
signifying the importance of descriptor selection for germplasm evaluation. 

Appropriate descriptor evaluation is important both during early inbred line development and 
during evaluation of combining abilities. The loss of variability in breeding programs could be 
lowered if, besides focusing on yield and quality, diversity-focused traits were used including 
leaf, seed, and certain flower traits. Efficient molecular techniques are now in regular use, but 
sunflower breeding programs are still based on phenotyping with markers mostly used for 
disease resistance testing. The combined use of pheno- and genotyping seems to also be the 
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future of UPOV DUS test, where genetic distances translated to UPOV characteristics are 
proposed as an addition to existing phenotype traits. 
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FIGURE 1. Morphological diversity index (H) compared with the chi-square association test 
for independence of descriptor categories and genotype groups. Higher contingency coefficient 
indicates a higher association. C.standarized, standardized coefficient. For definitions of 
morphological descriptors, see Table 1. 

FIGURE 2. Discriminative power of (a) all analyzed traits and (b) eight traits furthest from the 
biplot origin. For definitions of morphological descriptors, see Table 1. 

FIGURE 3. Association between descriptor categories and genotype groups for BRAN 
(branching). Less dev. (less developed), RHA-NO (restorer [Rf] line, non-oil), HA-O (maintainer 
[B] line, oil), HA-NO (maintainer [B] line, non-oil), P. basal (predominantly basal), P. apical 
(predominantly apical). 

FIGURE 4. Association between descriptor categories and genotype groups for SSCO (seed 
stripe color). Less dev. (less developed), RHA-NO (restorer [Rf] line, non-oil), HA-O 
(maintainer [B] line, oil), HA-NO (maintainer [B] line, non-oil). 

FIGURE 5. Association between descriptor categories and genotype groups for MAT (maturity 
group). Less dev. (less developed), RHA-NO (restorer [Rf] line, non-oil), HA-O (maintainer [B] 
line, oil), HA-NO (maintainer [B] line, non-oil). 
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FIGURE 6. Association between descriptor categories and genotype groups for SSIZE (seed 
size). Less dev. (less developed), RHA-NO (restorer [Rf] line, non-oil), HA-O (maintainer [B] 
line, oil), HA-NO (maintainer [B] line, non-oil). 

FIGURE 7. Homogeneity analysis in R (HOMALS) genotype distribution plot based on 20 
analyzed morphological traits. LD (linkage disequilibrium), Less dev. (less developed), RHA-
NO (restorer [Rf] line, non-oil), HA-O (maintainer [B] line, oil), HA-NO (maintainer [B] line, 
non-oil). 

TABLE 1. Morphological descriptor categories and codes, genotype distribution and diversity index of a 

UGA-SAM1 population. 

No. Descriptor Trait code IBPGR† trait code 
UPOV‡ trait 

code 

Category nam

ranges, and un

      

Vegetation      

 1 Flowering time FLO IBPGR 4.2.1 continuous 
Trait 14 
(1,3,5,7,9) 

1, very early, <40 

     
3, medium early, 4 –
49 d 

     5, medium, 50–59

     
7, medium late, 60–
d 

     9, very late, >70 d

 2 Maturity groups MAT IBPGR 4.2.3 continuous – 1, early, <90 d 

     
3, medium early, 9 –
99 d 

     5, medium, 100–1

     
7, medium late, 11 –
119 d 

     9, late, >120 d 

Leaf      

 3 Leaf size (length  width) LSIZ IBPGR 4.1.1 (1,3,5,7,9) Trait 3 (3,5,7) 3, <500 cm2 

     5, 500–1000 cm2 

     7, >1000 cm2 

 4 Petiole length PET IBPGR 6.1.17: (0,1,5,9) – 1, <10 cm 

     3, 10–14 cm 

     5, 15–19 cm 

     7, 20–25 cm 

     9, >25 cm 

 5 Lateral veins angle LATV IBPGR 6.1.15 (3,5,7) Trait 11 (1,2,3) 1, acute 

     2, right 

     3, obtuse 

 6 
Height of the tip of the leaf blade 
compared to insertion of petiole 

LTIP IBPGR 6.1.16: (1,3,5,7,9) Trait 12 (3,5,7) 1, extremely low 

     2, low 

     3, medium 
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     4, high 

     5, extremely high 

 7 Leaf green color LGCOL IBPGR 6.1.7 (3,5,7) Trait 4 (3,5,7) 3, light 

     5, medium 

     7, dark 

 8 Leaf blistering LBLIS IBPGR 6.1.10 (1,3,5,7,9) Trait 5 (1,3,5,7) 1, extremely weak

     3, weak 

     5, medium 

     7, strong 

     9, extremely stron

 9 Leaf serration LSERR (IBPGR 6.1.11-Leaf margin) 
Trait 6 
(1,3,5,7,9) 

1, very fine 

     3, fine 

     5, medium 

     7, coarse 

     9, very coarse 

 10 Leaf, shape of cross-section LCROS 
IBPGR 6.1.13 (3,5,7) Concave, 
flat, convex 

Trait 7 
(1,2,3,4,5) 

1, strongly concav

     3, weakly concave

     5, flat 

     7, weakly convex 

      

 11 Leaf, shape of distal part LSDIS (IBPGR 6.1.5-leaf shape) Trait 8 (1–9) 1, lanceolate 

     3, narrow triangular

     5, broad triangular

     
7, broad triangular
rounded 

     9, rounded 

 12 Leaf, auricles LAUR (IBPGR 6.1.14-leaf base) 
Trait 9 
(1,3,5,7,9) 

1, none or very sm

     3, small 

     5, medium 

     7, large 

     9, very large 

 13 Leaf, wings LWIN – Trait 10 (1,2,3) 1, none 

     2, weak 

     3, strong expressio

Stem      

 14 Plant height PHE IBPGR 4.1.3 (1–9) Trait 28 1,3,5,7 2, 40–80 cm 

     3, 80–120 cm 

     4, 120–160 cm 

     5, 160–200 cm 

     6, >200 cm 
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 15 Branching BRAN IBPGR 4.2.9–10 (0,1,2,3,4) 
Traits 29, 30 
0,1,2,3,4,5 

0, none 

Seed     1, only basal 

     2, pred. basal 

     3, overall 

     4, pred. apical 

     5, only apical 

 16 Seed color SCOL IBPGR 4.3.1 (1–5) Trait 38 (1–8) 1, white 

     2, gray 

     3, brown 

     4, black 

     5, anthocyanin 

 17 Seed stripes SSTR IBPGR 6.3.6 (1,2,3) Traits 39 and 40 0, none 

     1, marginal 

     2, lateral 

     3, both 

 18 Seed stripes color SSCO IBPGR 4.3.3 (1,2,3) Trait 41 1–4 0, none 

     1, white 

     2, gray 

     3, brown 

     4, black 

 19 Seed size SSIZE IBPGR 6.3.1 (3,5,7) Trait 35 3,5,7,9 1, <9 mm 

     3, 9–10 mm 

     5, 11–12 mm 

     7, 13–14 mm 

     9, >14 mm 

 20 Seed shape SSHP IBPGR 6.3.2 (1,2,3,4) Trait 36 1,2,3,4 1, elongated 

     2, narrow ovoid 

     3, broad ovoid 

     4, rounded 

† IBPGR, International Board for Plant Genetic Resources. 

‡ UPOV, International Union for the Protection of New Varieties of Plants. 

§ H index, The Shannon–Weaver diversity index 

TABLE 2. The chi-square test of independence presenting association between evaluated categorical 

variables (as described in the Materials and Methods section). 

 Variable† 

Trait‡ 2
 P Cobs Cmax Cstand wCobs wCstand 

FLO 27.85 .113 .298 .904 .330 .312 .349 

MAT 95.02 .000 .500 .904 .553 .577 .664 

LSIZ 25.08 .005 .284 .863 .329 .296 .348 

PET 25.22 .193 .285 .904 .315 .297 .332 
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LATV 23.42 .009 .276 .863 .320 .287 .337 

LTIP 26.12 .162 .290 .904 .321 .303 .339 

LGCOL 12.61 .246 .206 .863 .239 .211 .246 

LBLIS 24.31 .229 .280 .904 .310 .292 .326 

LSERR 33.55 .029 .325 .904 .360 .344 .385 

LCROS 22.64 .307 .271 .904 .300 .282 .314 

LSDIS 22.79 .299 .272 .904 .301 .283 .316 

LAUR 25.83 .171 .288 .904 .319 .301 .336 

LWIN 6.64 .759 .151 .863 .175 .153 .178 

PHE 53.45 .000 .397 .904 .439 .433 .489 

BRAN 201.47 .000 .644 .913 .705 .842 .995 

SCOL 86.10 .000 .482 .904 .533 .550 .631 

SSTR 63.577 .000 .427 .889 .480 .472 .548 

SSCO 124.38 .000 .551 .904 .610 .660 .769 

SSIZE 91.575 .000 .493 .904 .546 .567 .651 

SSHP 67.993 .000 .439 .889 .494 .489 .568 

† Cobs, observed contingency coefficient; Cmax, maximum contingency coefficient; Cstand, standardized coefficient; 
wCobs, W index of effect size based on the value of Cobs; wCstand, W index of effect size based on the value of Cstand. 

‡ For definitions of morphological descriptors, see Table 1. 
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