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Agricultural expansion requires the deployment of stress-tolerant crops like safflower (Carthamus tinctorius
L.). In safflower breeding, oil improvement in early generations requires indirect selection through simply
inherited traits. The oil quality is mostly related to the fatty acid profile, which is determined by the OL locus.
The aim of this research was to identify simple easy-to-measure traits that indirectly explain oil content varia-
tion and its interaction with yield components, and also to generate an effective tool for genotyping the OL
locus. A field experiment with F5 and pure lines was carried out to correlate the oil content with 18 traits
including yield components, and phenological and morphological characteristics. KASP technology using
primers designed according to the ctFAD2-1 gene sequence was applied for OL locus genotyping and vali-
dated through fatty acids phenotyping. Hull content, the length:width ratio of the grain, and plant height were
identified as the most promising selection tools for increasing oil content, and grains per capitulum was the
best yield component for increasing yield without decreasing the oil content. KASP genotyping successfully
worked as a MAS tool, identifying oleic and linoleic genotypes. These tools enhance options for improving

oil content and quality for safflower breeding.

Key Words: safflower, oil content, fatty acids, yield components, indirect selection tools.

Introduction

Safflower (Carthamus tinctorius L.) is an underutilized and
neglected annual oilseed crop belonging to the Asteraceae
family. It has been cultivated since ancient times in Egypt
and the Near East, where the center of origin is most proba-
bly located. It is a diploid species (Patel and Narayana
1935) mainly self-pollinated, with a variable rate of out-
crossing (5—40%). The deep taproot and the xerophytic
attributes of the plant contribute to heat and drought-stress
tolerance. Originally its colorful florets were used in the
dye industry, as a food coloring and for medicinal purposes
(Li and Miindel 1996). Nowadays it is produced mostly for
its high-quality edible oil (Knowles 1989), but it is also
used as birdseed, industrial oil, and more recently in molec-
ular farming (Markley et al. 2006). Although genetic and
structural male sterility have been discovered in safflower,
commercial hybrid seed production is still rarely used due
to the cost of hybrid breeding (Baydar et al. 2003).

In traditional safflower breeding, visual selection is the
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most utilized tool for choosing the best genotypes (Udall
2003). Breeders gather the best gene combinations avail-
able, with the objective of improving one or more desired
quantitative traits (yield, protein, oil content). Grain and
oil yield are complex traits with low heritability
(Parmeshwarappa et al. 1984), usually with a high geno-
type by environment interaction. In self-pollinated crops,
early selection for yield (F,—F;) is highly inefficient (Knott
1972). In some cases, breeders do the selection for two or
more highly heritable simple traits in order to identify supe-
rior genotypes. High correlation between a complex trait
and an indirect selection tool enhance the expected genetic
gain. Indirect selection can be applied in early generations
when direct selection for complex traits in replicated trials
is inefficient due to segregation and operational incon-
veniences. At early stages of a breeding program selection
is done on individual plants level, so seed for conducting
replicated yield trials is limited. Breeding by indirect selec-
tion has been utilized for improving grain yield, the grain
oil content, and both combined (oil yield) (Golparvar
2011). Some simple closely related attributes have been
recommended for indirect yield selection. For example, the
number of capitula per plant, capitulum diameter and grains
per capitulum (Arslan 2007). Capitula weight, capitula per
plant, and hull (pericarp) content can be successfully used
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for indirect selection for oil yield (Rao et al. 1977).

Grain yield and grain oil content in safflower also
depend on crop phenology, which is related to the genotype
and the environmental conditions. Depending on the type
of cultivar (winter or spring) and the sowing date (autumn
or winter), the grain and oil yield may differ widely due to
the climatic conditions during the critical developmental
stages. In 17 safflower genotypes evaluated in Iran, Vafaei
et al. (2010) observed that when the flowering date was
earlier the length of the reproductive period and grain yield
both increased.

Highly heritable qualitative traits, with a single or a low
number of genes involved, are fairly easy to manipulate and
marker-assisted selection (MAS) is the most useful breed-
ing approach for this task (Ribaut and Hoisington 1998).
The fatty acid profile is the most important commercial oil
quality trait in safflower. Linoleic types contain 70-75%
linoleic acid whereas oleic types contain 75-80% oleic acid
(Fernandez-Martinez et al. 1993). Both fatty acids reduce
LDL cholesterol levels to help prevent cardiovascular dis-
ease (Lunn and Theobald 2006), but oleic acid has higher
oxidative stability for frying at high temperature and for
prolonged storage. This attribute makes it suitable for sev-
eral chemical reactions, increasing its value in the oleo-
chemical industry (Gunstone 2001). High oleic type is
widely studied in safflower (Hamdan et al. 2012, Liu et al.
2013) and is caused by a mutation that consists of a cyto-
sine deletion in the position 727 of the coding region of
the FAD2-1 gene (HM165274.1) (Guan et al. 2012). It is
expressed as a recessive monogenic (olol) trait with simple
Mendelian inheritance, but also present are minor modify-
ing QTLs (Hamdan et al. 2012). In any germplasm collec-
tion or crossing block, when both linoleic and oleic
materials are present, a MAS approach using a KASP
(Kompetitive Allele Specific PCR, LGC Genomics) proto-
col could be used to genotype the OL locus. When applied
in early generations of a breeding program this would opti-
mize time, space and economic resources. The technology
is based on allele-specific oligo extension and fluorescence
resonance energy transfer (FRET) for signal generation
(Kumpatla et al. 2012).

Since early selection for oil content is highly inefficient
due to its low heritability (Camas and Esendal 2006), and
multi-environmental trials are often impractical, easy to
measure and diagnostic traits for indirect selection are
needed. The relatedness between the target breeding popu-
lation and the assayed materials is crucial because the asso-
ciation between traits may be specific for each genetic
material. For this reason, a field assay with Fs segregating
lines and cultivars was performed. Utilizing multivariate
analysis, simple traits closely related to the complex trait
(grain oil content) were identified. Some yield components
gathered from multiple bibliography sources were added to
the analysis. The objectives of the present research were: (i)
to evaluate the genetic variability in oil content and related
traits; (ii) to identify morphological and phenological traits
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that best explain the oil content variation among genotypes,
including yield components, in order to avoid raising the oil
content while decreasing grain yield. Another objective was
(iii) to obtain a MAS method to easily and reliably identify
the oleic acid allele.

Materials and Methods

Plant material and experimental design

In autumn of 2017, nine genetically related Fs lines
and two test cultivars of safflower were grown at the
Asociacion de Cooperativas Argentinas (ACA) experimen-
tal field, located in Cabildo, Buenos Aires, Argentina
(-38.602, —61.974). The segregating Fs lines were de-
rived from simple crosses: WSRCO1 (PI651878) x Ole
(P1537695) (lines 2, 3.2, 6.1 and 6.2); WSRC02
(P1651879) x Ole (PI537695) (lines 11 and 12); and
WSRCO3 (P1651880) x Ole (PI537695) (lines 17.1 and
17.2). The test cultivars were Montola 2000 (PI 651880)
and WSRCO3 (P1651880).

The experiment was arranged in three randomized com-
plete blocks, in plots (experimental units) with three 4 m
rows. The rows were spaced 0.4 m apart, and the distance
between plants within rows was 0.2 m, resulting in a plant
density of 12 plants per m?. Each plot was 0.8 m apart and
the blocks were orientated in a northwest-southeast direc-
tion, blocking over a natural gradient produced by the pre-
dominant wind direction and a minimal field slope (<1%).

Measurements and observations

Crop phenology was recorded according to the BBCH
scale proposed by Flemmer et al. (2015). The phenological
stages were defined when half of the plants of each experi-
mental unit reached a given growth stage.

Data was collected from two plants per plot and then
averaged. Morphological traits (plant height, number of pri-
mary branches, number of capitula per plant, number of
capitula per branch, capitulum diameter) were measured
15 days after anthesis when these traits were already fixed
(Flemmer et al. 2015). The number of grains and grain
weight per capitulum were determined at harvest maturity.

After harvest, grain dimensions were measured with an
electronic caliper (mm). Mean geometric diameter and
sphericity were calculated as given in Ada (2014). Hull
content was determined by manual dehulling of 20 grains
expressed as a percentage of the grain weight. The average
weight of grain was recorded as the mean weight of three
subsamples of 100 and presented as 1000-grain weight. Oil
content was determined by milling 150 g grain samples,
processed by the Soxhlet method (AOCS Ag 1-65, AOCS
2017), and expressed as a percentage of the dry weight.
Then, the fatty acid profile was determined by the quantifi-
cation of the corresponding methyl esters (FAMEs) by
GLC (AOCS Ce 2-66, AOCS 2017).

Temperature data was recorded with an automatic
weather station (EasyWeather, version 2.0) placed in the
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experimental field, and the growing degree days, accumu-
lated in each stage, were calculated as given in Dwyer and
Stewart (1986) ((max T +min T)/2)—base T (10°)) (Tanaka
et al. 1997).

The experimental results were subjected to an analysis
of variance (ANOVA). The relationships between the oil
content, and plant and grain variables were assessed using
correlation, path, and principal components analysis
(INFOSTAT, Di Rienzo et al. 2014).

OL allele perfect molecular marker validation

To distinguish oleic (olol), linoleic (OLOL) and hetero-
zygous (OLol) lines or plants, a set of three primers were
designed according to the FAD2-I gene sequence
(HM165274.1) and its mutant. Hybrids (OLOL x olol:
WSRCO3 x Montola 2000) were sown to check the allele
calling of heterozygous lines at the OL locus. DNA from
Fs, tests, and hybrids (OLOL x olol: WSRCO3 x Montola
2000), was extracted by the CTAB method (Doyle 1990).
30 ng/ul dilutions were required by the KASP (Kompetitive
Allele Specific PCR) assay from KBioscience or LGC
Genomics (http://www.lgcgenomics.com). This assay was
carried out in the GENeTyC lab (CONICET, Bahia
Blanca). Primer sequences were: F1 (5'->3") 5'-GAAGG
TGACCAAGTTCATGCTGAAAGTTGCAGAGACCTTC
T-3'; F2 5'-GAAGGTCGGAGTCAACGGATTGAAAGTT

Table 1.
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GCAGAGACCTTCTG-3' and R 5'-GCAGGCGAAACGG
TTGTAGG-3'".

Oil content and selection traits

The average oil content (Fs+test cultivars) was highly
variable between genotypes (Table 1). The extreme values
of oil content corresponded to WSRCO03 (20.87%) and
Montola 2000 (40.33%) whereas the intermediate values
were observed in segregating genotypes (Fig. 1). The stan-
dard deviation of cultivars (0.64 and 0.85 for WSRCO03 and
Montola 2000, respectively) was lower than that of the
breeding lines (between 1.17 and 1.76), due to the residual
variability within each experimental line (Fig. 1).

The F value for genotypic variance was significant for
all traits except the number of capitula per plant and dura-
tion of anthesis, indicating a strong genetic component
(Table 1).

The grain oil content was negatively correlated with hull
content, grain thickness, mean geometric diameter and
sphericity of the grain (Table 2). On the other hand, posi-
tive correlations between the grain oil content and the
length:width and the length:thickness ratios of grain indi-
cated that longer and thinner grains tend to have higher oil
content. The opposite occurred with more rounded grains

Maximum, minimum, mean and standard deviation of the oil content and other 18 traits measured in nine genetically related Fj lines

and two cultivars of safflower sown in ACA-Cabildo (-38.602, —61.974) in 2017. F-value and the significance of the genetic component (G)
of ANOVA. GDD EA, growing degree days between emergence and anthesis; GDD ESE, growing degree days between emergence and stem

elongation.

TRAITS Min Max Mean SD F-test for G in ANOVA

Oil content 20.5 41.3 28.9 5.66 41.0%*

Morphometric traits of the plant
Plant height (cm ) 88.00 133.00 110.86 9.02 3.7%%
No. of primary branches (first order) 8.00 24.50 18.17 3.47 4.5%*
No. of capitula per branch 3.10 9.60 4.32 1.20 4.4%*
No. of capitula per plant 45.50 133.50 77.59 18.20 1.8 ns
Capitulum diameter (cm) 2.30 3.10 2.62 0.20 6.9%*
No. of grains per capitulum 7.00 52.50 33.30 10.70 4.8%*
Grain weight per capitulum (g) 0.2 1.9 1.2 0.38 2.7%

Morphometric traits of the grain
1000-grain weight (g) 27.70 53.70 40.58 7.00 30.5%*
Hull content (%) 34.40 55.80 47.65 6.20 29.8%*
Length (mm) 6.20 8.30 7.36 0.64 10.2%*
Thickness (mm) 2.90 4.20 3.64 0.37 8.5%*
Length:width ratio (mm/mm) 1.60 2.50 1.70 0.21 12.5%%*
Length:thickness ratio (mm/mm) 1.70 2.40 2.03 0.14 2.6*
Geometric mean diameter (mm) 4.10 5.50 4.47 0.40 16.1%*
Sphericity 0.60 0.70 0.65 0.03 5.2%*

Phenological traits
Duration of anthesis (days) 10.00 24.00 16.79 2.68 1.0 ns
GDD EA 464.8 605.2 522.75 31.40 3.6%*
GDD ESE 38.7 114.4 79.7 20.3 3.3*

ns: non-significant, *: significant at p <0.05; **: significant at p <0.01.
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Fig.1. Oil content (OC) of nine genetically related Fs lines and two
cultivars of safflower (WSRCO3 and Montola 2000) sown in the

ACA experimental field in 2017. Error bars represent the magnitude
of the standard deviation.

Genotype

possessing a greater proportion of hull, indicated by a nega-
tive correlation with grain sphericity (Table2). In other
words, the grain dimensions and shape were the most
meaningful features that affected the hull proportion and
thus the oil content. No significant relationship between
phenology and oil content was observed.

The analysis of the interactions between traits was neces-
sary because indirect selection for higher grain oil content
could result in reduced grain yield, and vice versa. From
the correlation analyses it appeared that a higher 1000-grain
weight was related to an increased grain geometric diame-
ter and hull content, which in turn had a negative impact on
oil content (Table?2). The capitulum diameter was posi-
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tively related to the number of grains and grain weight per
capitulum. On the other hand, the capitulum diameter
showed important negative effects on oil content due to its
positive association with hull content (Table 2). The lack of
correlation between oil content and number of grains per
capitulum suggested that grain yield may be enhanced in
this way without decreasing the oil content. Although there
was no statistical significance, plant height was almost neg-
atively correlated (p <0.076) with the oil content, meaning
that shorter genotypes tend to increase or at least not reduce
the oil content.

In turn, among the traits that were significantly corre-
lated with the oil content, hull content (7= -0.77),
grain thickness (7aniany =—1.22), and the length:width ratio
of the grain (7. = 0.50) had the highest direct effect on
oil content and in the same direction as the global correla-
tions (Table3). For the remaining traits, indirect effects
through the hull content prevailed, and in other cases, the
direct effect was substantial, but with the opposite sign of
the global correlation (). Grain weight per capitulum had a
global negative correlation with oil content, predominantly
through the indirect effect of hull content. Its potentially
negative effect on oil content led to it being discarded as a
selection tool for yield improvement, at least in the genetic
material used in this study (Table 3).

The principal component analysis (PCA) was carried out
with oil content as a dependent attribute and hull content,
grain thickness, grain length:width ratio, number of grains
per capitulum and plant height as independent attributes.
Six traits were reduced to two principal components that
explained more than 78% of the total variability (Table 4).
The six traits were well represented in the model (sum of
squares >0.55) (Table4), meaning that each vector had
enough magnitude to draw conclusions from the graphs.

Table 2. Pearson’s correlation matrix for phenotypic traits. OC, oil content; PH, plant height; 1°B, number of primary branches; CD, capitulum

diameter; CPB, capitula per branch; GWC, grain weight per capitulum;

GPC, grains per capitulum; 1000GW, 1000-grain weight; HC, hull con-

tent; GL, grain length; GT, grain thickness; L:T, grain length:thickness ratio; L:W, grain length:width ratio; MGD, mean geometric diameter;
SPH, sphericity; GDD EA, growing degree days between emergence and anthesis; GDD ESE, growing degree days between emergence and

stem elongation.

ocC PH 1°B CD CPB GWC GPC 1000GW  HC GL GT L:T L:W MGD SPH GDDEA
PH -0.31 ns 1
1°B —0.09ns —0.23 ns 1
CD —0.53** 0.19ns 0.02ns 1
CPB 0.27ns 0.32ns —0.43**  —0.38* 1
GWC -0.42*  -0.04ns 0.04 ns 0.52%%  —(0.45%* 1
GPC -0.07ns —0.02ns 0.0041ns 0.52*%*%  -0.41* 0.75%* 1
1000GW  -0.56**  0.04ns 0.3 ns 0.13 ns 0.0032ns  0.02ns —0.42% 1
HC -0.95%*% 0.26ns 0.15ns 0.6%* —0.34 ns 0.52*%*% 021 ns 0.43*%* 1
GL -0.22ns —0.36* 0.19ns  -0.0lns  —0.0027ns —0.16ns —0.16 ns  0.7** 0.13 ns 1
GT —0.53** —0.1lns 0.16ns -0.0lns —0.02ns —0.05ns —0.05ns 0.75%*%  0.42%* (.75%* 1
L:T 0.51** —0.33ns 0.02ns 0.02ns  —0.02ns —0.1lns 02ns —02ns —046** 0.16ns —0.52%* 1
L:w 0.53 ** —0.54** —0.0lns -0.17ns -0.09ns —0.27ns —0.18 ns —0.25ns —0.48** 0.39*  0.04ns 0.48%* 1
MGD -0.57*%*% -0.09ns 0.2ns 0.06 ns 0.02ns  -0.03ns -0.03ns 0.88** 0.45** 0.84** (091** —03ns -0.11ns 1
SPH —0.58%*  0.48** 0.03 ns 0.14 ns 0.00lns 03ns 03ns 0.27ns  0.54** —0.36* 02ns —0.75*%* —0.88** 0.18 ns 1
GDDEA  025ns —0.18ns 0.19ns  -0.0012ns —0.17 ns 0.12ns  0.12ns —0.44** —0.18 ns —0.32ns —0.34* 0.1ns  0.02ns —0.37** —0.02 ns 1
GDDESE —0.1ns —0.14ns 0.14ns -0.14ns -0.0lns —025ns -0.25ns 0.06ns 0.07ns 0.17ns 0.18 ns —0.09ns 0.08 ns 0.16ns —0.14ns —0.11 ns

ns: non-significant, *: significant at p <0.05; **: significant at p <0.01.
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Table 3. Path analysis for oil content. Direct (in the diagonal) and indirect effects (out of the diagonal) of each significantly correlated trait. At
the bottom, the global » coefficient and the error probability. CD, capitulum diameter; GWC, grain weight per capitulum; 1000GW, 1000-grain
weight; HC, hull content; GT, grain thickness; L:T, grain length:thickness ratio; L:W, grain length:width ratio; MGD, mean geometric diameter;

SPH, sphericity.

CD GWC 1000GW HC GT L:T L:W MGD SPH
CD —0.063 —0.033 —0.008 —-0.038 0.001 —-0.001 0.011 —-0.004 —0.007
GWC 0.033 0.062 0.001 0.032 —0.004 —0.007 —-0.017 —0.002 0.017
1000GW 0.003 0.000 0.025 0.011 0.018 —-0.005 —-0.006 0.022 0.006
HC —0.465 —-0.401 —0.333 —0.769 -0.323 0.356 0.367 —0.347 —0.409
GT 0.018 0.069 —0.908 -0.514 -1.222 0.640 —0.048 -1.117 -0.225
L:T —-0.010 0.060 0.109 0.247 0.279 -0.534 —-0.253 0.158 0.415
L:W —0.086 —0.134 —-0.126 —-0.239 0.020 0.237 0.500 —-0.057 —0.453
MGD 0.044 —-0.022 0.698 0.356 0.722 —0.234 —0.090 0.790 0.144
SPH —0.008 —-0.020 -0.018 —-0.039 -0.013 0.057 0.066 —-0.013 -0.073
Tiotal —-0.533 —0.417 -0.561 —-0.953 —-0.523 0.509 0.530 -0.570 —0.585
Peior 0.00139 0.01566 0.00069 <0.00001 0.00181 0.0024 0.00151 0.00053 0.00035
Table 4. Representation of each trait in the PC system (eigen- 5
vectors). The sum of squares (SS) of each relevant trait reveals the or
relative magnitude of the vector represented in the graph
((EigenvectorPC1)? + (EigenvectorPC2)?). HC, hull content; OC, oil 34 172
content; GPC, grains per capitulum; L:W, grain length:width ratio; WSRCO3 @ (]
GT, grain thickness; PH, plant height. & Lw

& HC
PCl PC2 SS 2 01 Montola2000®

HC -0.91 0.13 0.85 g:J oc
ocC 0.95 -0.23 0.96 PH
GPC -0.19 -0.77 0.63 3
L:W 0.80 0.33 0.75 GPC
GT —-0.35 0.92 0.97
PH —0.64 —-0.38 0.55 -5 : . . .
Variation explained (%) 49 29 78 -5 -3 0 3 5

WSRCO03 and Montola 2000 were very influential data
points (more distance to 0) over the PCI, displaying
extreme characteristics due to their different genetic back-
grounds (Fig. 2). Oil content and the length:width ratio of
the grain were mainly represented by PC1, and the opposite
was the case with hull content and plant height (Fig. 2). A
right angle between number of grains per capitulum and oil
content vectors demonstrated the lack of correlation, and
therefore indirect selection for grain yield improvement
should not trigger a decrease in the oil content (Fig. 2).

OL allele perfect molecular marker validation

The fatty acid profile of the assayed F5 lines and the test
cultivars was perfectly correlated with the genotypic data
from the KASP reactions. Allele calling was consistent
with the phenotypic data. The lines that were homozygous
for the mutant allele were unequivocally high oleic types
(olol) and the lines homozygous for the wild type allele
were linoleic types (OLOL) (Fig. 3).

All the Fj lines assayed were scored as homozygous for
the OL locus, so some hybrids (WSRCO03 x Montola 2000)
were added to the assay to check the efficiency of the pro-
tocol in genotyping heterozygous individuals. The hybrids

562

PC 1 (48,9%)

Fig.2. Biplot of the two more explicative components of the PCA,
showing the interrelationships among traits (grains per capitulum
(GPC), plant height (PH), grain thickness (GT), grain length:width
ratio (L:W), oil content (OC) and hull content (HC)) and genotype
data of nine lines and two cultivars (WSRCO3 and Montola 2000) of
safflower.

were accurately scored with the heterozygous state at the
OL locus (Fig. 4).

Discussion

Through the evaluation of F; lines and test genotypes, this
study generated indirect selection tools for oil content.
Among the 18 traits initially analyzed, the successive mul-
tivariate analyses identified hull content, grain length:width
ratio, number of grains per capitulum, and plant height as
the best diagnostic characteristics. Furthermore, a MAS
tool was developed and successfully validated for early
characterization of the fatty acid profile.

It has been already reported that grain oil content is
negatively related to hull content (Ada 2014, Rao et al.
1977, Sai Santhosh 2015). The grain (botanically fruit) is
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Fig.4. KASP screening of the F; lines, test cultivars and hybrids
(heterozygosity tests). X and Y axis represent the FAM and HET dyes
fluorescent signals, each representing one allele.

composed of the hull, seed teguments, and the embryo, and
in the absence of variability in the oil content of the embryo
itself, a higher proportion of hull results in a lower propor-
tion of embryo, where the fatty compounds are stored. The
hull of the grain is high in fibers whereas the embryo is rich
in lipids and proteins, resulting in a negative relationship
between the hull and the oil contents (Urie 1986). Franchini
et al. (2014) studied grain development in safflower and
determined that the hull growth and lignification end eight
days after flowering. At this point, the potential seed size is
fixed, because the inner parenchyma of the pericarp is
highly lignified and cannot be compressed by the develop-
ing seed. Between that critical point and the grain filling
process, the hull content is finally fixed (Franchini et al.
2014). As stated by Li and Miindel (1996) a commercial
genotype should not exceed 50% hull content. Rao et al.
(1977) also found that hull proportion has a strong and neg-
ative relationship with the oil content (»=-0.83) in a set of
215 safflower genotypes. According to our results, out of a
set of 18 traits, the hull content was the most promising
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characteristic to be used for indirect selection for oil content
in segregating populations. In other safflower studies, the
grain size and geometry had a great effect on hull content
(Ada 2014). In the present work, oil content was negatively
related to the mean geometric diameter, but positively
related with the length:width ratio of the grain. Consistent
with our results, Sai Santhosh (2015) and Wichman (1983)
found a strong negative relationship between grain size and
oil content. But contrary to our findings, Wichman (1983)
established that longer grains have lower oil content. The
explanation for this contradiction is the existence of
huge genetic variability for grain shape and density (Sai
Santhosh 2015). In accordance with this, Wichman (1983)
found varying patterns in grain shape, and its relationship
with oil content varied among genotypes.

If a yield-related trait is used for indirect selection with-
out analyzing its relationships with other aspects of the
crop, undesired effects may be carried into the breeding
process (Bagavan and Ravikumar 2001). Arslan (2007),
Jagtap et al. (2012) and Rao et al. (1977) observed negative
correlations between the oil content and yield. In the same
way, some yield components are negatively correlated with
oil content (Jagtap et al. 2012). Grain weight is one of the
most important yield components (Bidgoli ez al. 2006) and
in this and other studies, it was negatively associated with
oil content (Rao ef al. 1977). In this context, enhancing
yield without decreasing the oil content or increasing the
hull content appears challenging. From the present study,
the relationships between yield components and oil content
were recognized. In this set of genotypes, 1000-grain
weight, grain weight per capitulum, and capitulum diameter
seemed to be unpromising selection tools for improving the
yield in early generations, due to their negative potential
impact on the grain oil content (Table 2). Branch and capit-
ula number per plant were seen to be positively associated
with yield (Moghaddasi and Omidi 2010), but some authors
have emphasized their low heritability and high genotype
by environment interaction (Rao et al. 1977). In addition,
selection for branch and capitula number per plant may
result in extended and desynchronized flowering period
(Bell¢ et al. 2012, Singh and Nimbkar 2016, Tanaka e? al.
1997). Also, the grain shape and size would be more irregu-
lar and the harvest losses much greater, making it agronom-
ically non-viable (Pascual-Villalobos and Alburquerque
1995, Singh and Nimbkar 2016). Moreover, these two fea-
tures can change radically when the crop is taken from
experimental fields to commercial ones, due to plasticity in
plant density and yield in response to environmental condi-
tions.

Some authors found a positive relationship between
grain yield and the number of grains per capitulum (Arslan
2007, Golkar et al. 2011), and in our dataset, the number of
grains per capitulum did not show any significant negative
correlation with the oil content (Table 2). Thus it appeared
to be the yield component that best fits the objectives
of this work. On the other hand, selection for shorter



B S Breeding Science
Vol. 70 No. 5

genotypes is suggested by the negative relationship (p <
0.076) between plant height and oil content, although not
significant at p <0.05 (Table 2). Pahlavani (2005) observed
no relationship between grain yield and plant height while
significant positive relationships have been reported by
other authors (Hussain et al. 2014, Pavithra et al. 2016). If
the tendency towards breeding dwarf genotypes that
improves the harvest index in almost all the major crops is
considered, it may be valuable to select for reduced height
genotypes in safflower (Ashri et al. 1975, Singh and
Nimbkar 2016).

Seker and Serin (2004) established that a close relation-
ship between traits does not ensure selection success, so
many authors have used path analysis to distinguish
between direct and indirect effects of the independent
variables on the important dependent trait (Wright 1921).
Identifying simple characteristics to be used as indirect
selection tools in breeding programs is crucial (Bahmankar
et al. 2014, Mahasi et al. 2006). Among the statically corre-
lated traits, hull content, grain thickness, and the
length:width ratio of the grain were recognized as the most
promising selection tools, given their direct effect on the
main trait (grain oil content) (Table 3). In similar studies
but in contrast to our results, Golparvar (2011) and Karimi
et al. (2013) found that the 1000-grain weight was one of
the most reliable selection tools for oil yield improvement.

The biplot of principal components gives a graphical rep-
resentation that explains the more relevant features of the
analysis and displays the interrelations between characters
and genotypes (Gabriel 1971). The main characteristic was
the grain oil content, and the independent traits were hull
content, grain length:width ratio, grain thickness, plant
height, and number of grains per capitulum (Fig.2). This
model indicated that selecting short plants or lines with
long, thin and low hull content grains could be promising
for oil content improvement, and with a high number of
grains per capitulum, the grain yield may be increased at
the same time. Although grain thickness seemed to be a
promising tool, the high variability between grains from
branches of different order and between differently posi-
tioned grains of the same capitulum (pers. Obs.) led to it
being discarded. A similar situation was reported by Urie
and Zimmer (1970), who found high heterogeneity in the
hull thickness in grain of different branch orders, and dif-
ferent positions in the capitulum. Accordingly, using grain
dimensions as a selection criterion could be inaccurate.
Instead, the wuse of dimension ratios such as the
length:width ratio of the grain could properly represent
genetically determined and stable grain attributes.

Environmental effects on the quantitative traits such as
oil content are well known (Li 1993). The environmental
component plus the genetic variability and the associated
interaction can modify the relation between the indirect
selection tools and the target complex traits. Therefore, in
large scale breeding projects, generating information in a
preliminary population in the same environment (location)
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and using genotypes of similar genetic background may
enhance the accuracy of the decisions regarding breeding
material. The simple field assay may include a few experi-
mental lines or genotypes that represent the genetic
resources selected in the breeding plan. This procedure
potentially recognizes the best tools for indirect selection of
complex traits in early generations (F,—F,). In these stages,
progeny could not be evaluated in replicated field trials due
to the limited amount of seed and the large number of lines.

The main genetic resources used in safflower breeding
activities belong to germplasm collections in gene banks,
where linoleic and oleic accessions are conserved
(Fernandez-Martinez et al. 1993). Breeders often include
linoleic and oleic accessions in their crossing blocks
depending on the oil type required by the specific industrial
application (Li and Miindel 1996). As a result, most breed-
ing populations segregate for the OL locus. So a practical
tool for detecting OL alleles in early generations is highly
useful. Oleic types were distinguished from linoleic
(homozygous and heterozygous) types by the design and
phenotypic validation of a KASP protocol (LGC
Genomics), resulting in a valuable tool for the recurrent
selection for the OL allele.

In conclusion, this study contributed to the knowledge of
the most relevant traits related to oil content and grain yield
in safflower. Simple traits were identified that could be
utilized in the characterization of germplasm accessions,
as indirect indicators of complex traits that could not be
phenotyped in a large-scale collection or breeding project.
These procedures may serve as a model to identify selec-
tion tools for complex traits in safflower and other com-
mercial crops. At the same time, an innovative molecular
tool for distinguishing the fatty acid profile was validated.
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