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Abstract: Interest in oilseed crops for agro-industrial research and development projects has increased
in the Mediterranean area, in recent years. Safflower (Carthamus tinctorius L.) is of potential interest
for agriculture mainly due to fatty acid content variability in the seed oil. The aim of this study was
to assess the agronomic performance of 16 new safflower accessions together with safflower variety
Montola 2000, used as a reference, in a semi-arid environment. Research was carried out in Sicily
(Italy) from 2013–2014. Hierarchical cluster analysis carried out on the fatty acid composition of
safflower accessions resulted in their division into four main groups. Linoleic, oleic and palmitic acids
were the main fatty acids present in the accessions. Seed yield was 1.11 t ha−1 on average and seed oil
content was found to be approximately 35.01% of dry matter on average. Positive and significant
relationships between seed/oil yield and other tested traits were found. The carbon, hydrogen and
nitrogen content as a percentage of dry matter varied greatly both for the above- and belowground
plant parts on average. This study confirms the interest of safflower for both food and non-food
applications, offering interesting prospects in semi-arid regions.

Keywords: Carthamus tinctorius; fatty acid composition; high linoleic safflower; high oleic safflower;
semi-arid climate; Sicily

1. Introduction

Safflower (Carthamus tinctorius L.) is an annual oilseed crop belonging to the Asteraceae family.
It is a xerophilous species native to Asia and the Mediterranean basin and grown in arid and semi-arid
regions in the world [1,2]. It is a minor, underutilized oilseed crop, once grown for its dye called
carthamin, extracted from dried, ground petals and used in fabric dyes [3–5]. Safflower is mostly
used for cosmetic, food and medicinal purposes [6]; however, it may have potential as a fodder crop
in Mediterranean cropping systems [7]. Nowadays, scientific interest in this species is mainly due
to its high-quality vegetable oil for nutritional and industrial applications [8–10]. The nutritional
value of safflower oil is, in fact, similar to that of olive oil [11] and, for this reason, the species
has gained importance in recent years as a result of human consumption in arid and semi-arid
regions. However, there is some evidence that safflower seeds oil might be suited to the production
of biodiesel as the oil chemical characteristics would seem to be favourable when compared to those
of other oils commonly used for biodiesel production [12]. As regards seed oil quality, safflower
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is amongst those crops which vary the widest in fatty acid composition [13–15]. The oil contains
two main unsaturated fatty acids: Oleic and linoleic acids, which represent 90% of the total fatty
acid content, while the remaining 10% corresponds to saturated fatty acids, such as palmitic and
stearic acids [16–18]. In recent years, safflower has been widely investigated by the fields of genetic
breeding and engineering through the manipulation and combination of the major genes that control
fatty acid levels in the oil [19,20]. We are able, therefore, to distinguish two types of safflower
varieties: A high oleic type, with an oleic acid content of up to 90.60%, and a high linoleic type
(linoleic acid content of up to 88.80%) [21]. Traditional safflower oil, rich in polyunsaturated linoleic
acid is valued for human health reasons as the high linoleic content leads to significant reductions
in blood cholesterol levels [15,16] although not suitable for prolonged frying due to low oxidative
stability at high temperatures. On the contrary, oil which is rich in monounsaturated oleic acid shows
high oxidative stability, which makes it suitable for food purposes and an alternative to olive oil in
arid and semi-arid regions in the world [2,11,22,23]. Moreover, oleic acid is characterized by a high
single point of unsaturation and this represents an attractive characteristic to industry due to the
large range of potential chemical products. Oleic-rich safflower oil can be used in the production of
varnishes, alcohols, paints, lubricants, cosmetics, detergents and bio-based plastics [16]. It is clear from
literature that the genotype factor significantly affects fatty acid synthesis and proportions of oleic
and linoleic acids during oil formation in the seed. However, at the same time, the ratio of oleic to
linoleic acid in the seed oil is also dependent upon environmental variables, such as moisture and
temperature during seed maturation [20]. As a consequence, genotype–environment interactions
greatly influence the composition of safflower oil, as confirmed by various authors [21,24–26]. On the
basis of this, the introduction of safflower into rainfed cropping systems in the Mediterranean area
requires preliminary evaluation of the germplasm in order to verify the adaptation capacity of the
species to specific climate conditions prior to its introduction into a cropping system. In Italy, safflower
species were the subject of intense study in the 1990s as part of the Oilseed Project financed by the
Italian Ministry of Agriculture and Forestry, which led to test trials in various areas of the country.
The species was found to be highly adaptable, producing satisfactory yields compared to average
yields produced in those areas of the world where the crop is commonly grown. Previous test trials
generated valuable information on the yield and quality of the safflower oil. The high oleic and linoleic
acid content made safflower a viable alternative to other oilseed crops for the marginal cropland
in central-southern Italy; it was also considered for farm yield diversification in traditional cereal
cropping systems. However, these findings did not result in any renewed interest or applications in
successive years, which in turn led to the gradual disappearance of safflower from Italian research
programs. Some authors [22] suggested that the main reason for the lack of safflower cultivation in
central-southern Italy was the length of cropping cycle—approximately 240 days as a winter crop from
November to July, or 145 days as a spring crop from February to July—together with low seed yield
potential, approximately 1.00 t ha−1. Another reason given was the absence of financial support by
the European Union, which was available, however, for the cultivation of major oilseed crops such
as maize, rapeseed, soy and sunflower. In recent years in Italy, interest in oilseed crops in general
for application in the non-food sector has increased, especially regarding industrial and research
development projects [27–33]. In this context, safflower is a species of potential interest for agriculture
and industry due to its high adaptability to soil and climate conditions and fatty acid variability in the
seed oil. This paper reports the results, in the framework of the “BIT3G” Italian project, of two-year
trials on 16 new safflower accessions, different in origin and never tested before in Italy. The aims of
this study were: (i) To assess the agronomic performance of 16 new safflower accessions compared to
the variety Montola 2000, used as a reference, in a semi-arid environment of Sicily (Italy); and (ii) to
evaluate the fatty acid composition and qualitative characteristics of oils and biomasses.
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2. Materials and Methods

2.1. Site Characterization and Main Cultivation Practices

Tests on the agronomic assessment of 16 safflower accessions, see Figure S1, were performed
during the cropping seasons 2012–2013 and 2013–2014 at the “Calogero Amato Vetrano” Agricultural
Technical Institute (Sciacca, 37◦30′43” N, 13◦07’32′08” E, 110 m a.s.l.) in South West Sicily. This site
is characterized by a Mediterranean climate with mean annual rainfall of approximately 500 mm,
mainly distributed between October and April. With reference to time series 2000–2017, the average
annual temperature is 18.60 ◦C. The soil, classified as Aric. Regosol by the United States Department
of Agriculture (USDA), is sandy clay loam soil. Data on rainfall and air temperature were recorded by
a weather station belonging to the Sicilian Agro-Meteorological Information Service [34] located 500 m
from the experimental field. The station was synchronized with Greenwich Mean Time (GMT) in order
to operate using synoptic forecast models. It was equipped with an MTX datalogger and various
sensors for the measurement of air temperature, global solar radiation, leaf wetness, relative humidity,
total rainfall and wind speed. Safflower seeds were obtained from the Regional Plant Introduction
Station Washington State University (WRPIS) of the USDA. A total of 16 spiny accessions of safflower
(code CTI), different in origin, were tested, as seen as in Table 1.

Table 1. List of safflower germplasm accessions in the study.

Code Spiny/Spineless Origin

CTI 1 Spiny Bangladesh
CTI 2 Spiny Bangladesh
CTI 3 Spiny Bangladesh
CTI 4 Spiny USA
CTI 5 Spiny Bangladesh
CTI 6 Spiny USA
CTI 7 Spiny USA
CTI 8 Spiny Canada
CTI 9 Spiny USA
CTI 10 Spiny Bangladesh

CTI 11 1 Spiny Italy
CTI 12 Spiny India
CTI 13 Spiny USA
CTI 14 Spiny Bangladesh
CTI 15 Spiny India
CTI 16 Spiny USA
CTI 17 Spiny Italy

1 Montola 2000.

The accessions were compared to safflower variety Montola 2000, used as a reference.
The experimental design was a randomized complete block design with three replications and
the test was conducted on plots each measuring 13.5 m2. The accessions were evaluated under dry
(no irrigation) conditions. The previous crop was durum wheat. Soil was ploughed and harrowed
beforehand. Safflower was sown on 7 January in 2013 and on 4 January in 2014. A density of 50 viable
seeds m−2 was used and row spacing was 50 cm. Before sowing, 80 kg ha−1 of inorganic phosphorus
was distributed. A total of 100 kg ha−1 of nitrogen fertilizer was applied, 50 kg ha−1 at sowing time,
and 50 kg ha−1 prior of stem elongation. Fluazifop-p-butyl 13:40% at a rate of 1.00 L ha−1 was applied
at the emergence stage for graminaceous weed control, whilst dicotyledonous weeds were controlled
mechanically. Insect control was carried out by dimethoate 98.00% at a rate of 1.50 L ha−1 at the
beginning of the flowering stage. Harvest was carried out (using a combine harvester equipped with
a wheat-cutting bar at an interval of 10 days between 20 and 30 July both in 2013 and 2014) at seed
ripening, when seed moisture content was below 8.00%.
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2.2. Agronomic and Chemical Parameters

The main growth stages of the safflower accessions were determined according to an extended
BBCH-scale [35]. Seed yield was determined at the time of harvest, considering a harvest area
of 7 m2. Plant height, number (no.) of branches per plant, number (no.) of capitula per plant
and 1000-seed weight (TSW) were measured on a pool of 20 plants. For each accession, a total
of three seed samples were analysed to determine the qualitative characteristics. After harvesting,
seeds were cleaned, partially dried, ground to 10 mm and analyzed for their main components
using the following procedures. The humidity content was determined by oven-drying the defatted
seed meal (DSM) at 40 ◦C until constant weight and evaluating the difference in weight before and
after treatment. The residual oil content was determined with an E-816 ECE extraction unit, by the
continuous Twisselmann extraction method using hexane as solvent [36]. Carbon (C), hydrogen (H)
and nitrogen (N) total contents were determined by dry combustion through an Elemental analyser
LECO CHN TruSpec. The crude protein content was expressed as a percentage of dry matter (DM) and
calculated from nitrogen using the conventional factor of 6.25 [37,38]. The fatty acid composition was
determined by extracting the oil from ground seeds using hexane and trans-methylated in 2NKOH
methanol solution [39]. Subsequently, fatty acid methyl ester composition was evaluated by gas
chromatography equipped with a flame ionisation detector (Carlo Erba S.p.a., Milan, Italy. HRGC 5300
MEGA SERIES) and a capillary column Restek RT × 2330 (30 m × 0.25 mm × 0.2 µm), following the
internal normalisation method [40].

2.3. Statistical Analyses

Statistical analyses were performed using the software MINITAB Release 17 for Windows,
and included analysis of variance, correlation and linear regression analysis. The difference between
means was carried out using the Tukey test. Principal Component Analysis (PCA) and Hierarchical
Cluster Analysis (HCA) using average linkage with squared Euclidean distance were also used in
this study. PCA was used to reduce the high number of variables to low variables and to determine,
in particular, how some variables, such as seed yield, oil yield and fatty acid composition of the oil,
contribute to the total variation in the principal components.HCA was used to identify homogeneous
groups of safflower accessions with similar fatty acid composition of the oil. These analyses were
carried out with the software SPSS for Windows (version 17.0, Chicago, IL, USA). The values of C-H-N
content of seeds and biomasses are shown as mean ± standard deviation of calculations.

3. Results

3.1. Analysis of Rainfall and Temperature Trends in the Test Site

Rainfall and temperature trends during 2013 and 2014 are shown in Figure 1.
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In the study area, the rainfall distribution was not uniform throughout the growth stages of the
plants in both years, and rainy days were more concentrated in the winter season than in the spring and
summer. This influenced the plant growth trend due to effects of rainfall frequency on safflower water
needs. Total rainfall was higher in 2013 (639 mm) than 2014 (596 mm). The highest rainfall (72 mm)
occurred in the second 10-day period of January 2013, subsequent to the sowing date. Despite this
event, safflower plantlings and soil were not seriously damaged. Temperature trends were consistent
with the ten-year average, with values never falling below zero. In both of the years, maximum and
minimum temperatures decreased progressively from November to February and then increased up to
June, when ripening occurred. The lowest minimum temperature (2.31 ◦C) was recorded in the third
10-day period of February 2013, when the plants were in the rosette growth stage and no damage or
injuries were observed due to higher frost resistance of the plants in this stage. Mean minimum and
maximum temperatures in the two growing seasons were similar and consistent with the ten-year
average temperature. In summer, maximum temperatures ranged from 29 to 36 ◦C and affected
ripening and senescence stages. The highest maximum temperature (39.31 ◦C) was recorded in the
third 10-day period of July 2013. Safflower plants did not show any heat damage when the maximum
daily temperature rose to 30 ◦C and rainfall was absent, confirming the high drought tolerance of
this species.

3.2. Growth Stages

The main phenological stages observed in the study period are shown in Figure 2.
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Figure 2. Phenological stages of safflower germplasm accessions in the study.

The phenological stage order was found to be similar for both years in all the safflower accessions.
In general, the growth cycle length of the safflower germplasm was found to be close to the field
average (193 days). CTI 6 and CTI 12 completed the growth cycle faster (184 days on average) than
others. Germination stage occurred within 10 days and leaf development stage continued for the
following 29 days on average during the test period. The formation of side shoots was recorded at
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the end of the winter season and it was not uniform for all the accessions. Stem elongation stage
occurred between 8 and 17 days, when air temperature increased and extended internodes were
visible. The length of the inflorescence emergence stage differed for all of the accessions. CTI 2 showed
the earliest flowering compared to others. The flowering stage, as shown in Figure S2, was 36 days
on average and the length of this growth stage influenced capitula development in the accessions.
The shortest “days to ripening” was found in 4 accessions (127 days). Ripening stage lasted on average
44 days. Senescence stage, see in Figure S3, occurred when the plants became dry and the seeds were
white and hard, see in Figure S4. Capitula browning occurred between 12 and 17 days on average.
The growth cycle of the accessions was completed before the first 10-day period of July.

3.3. Morphological and Yield Components Performance

Results of analysis of variance revealed no significant differences between the two years for all the
parameters tested. Concerning the accession factor, variations were highly significant for all parameters
examined, as shown as in Table 2.

Table 2. Main morphological and yield traits of safflower germplasm accessions in the study.

Factors Plant
Height (cm)

No.
Branches

No.
Capitula TSW (g) Seed Yield

(t ha−1)
Oil Yield
(t ha−1)

Oil Content
(%)

Year

2013 122.65 A 13.41 A 13.47 A 39.29 A 1.13 A 0.40 A 35.65 A
2014 118.41 A 12.86 A 12.72 A 39.02 A 1.07 A 0.37 A 34.90 A

Accession

CTI 1 105.83 DE 13.83 AB 13.00 AB 38.33 B 1.17 ABC 0.42 ABC 35.66 BCD
CTI 2 137.83 AB 13.51 AB 12.00 AB 38.05 B 1.15 ABC 0.32 BC 27.50 EF
CTI 3 127.67 BC 14.62 A 14.33 A 39.80 AB 1.33 AB 0.40 ABC 29.83 EF
CTI 4 120.50 BCDE 14.28 A 14.48 A 40.75 AB 1.37 AB 0.45 ABC 33.01 CDE
CTI 5 105.83 DE 12.05 AB 10.65 B 38.15 B 0.92 BC 0.39 ABC 42.17 A
CTI 6 109.83 CDE 13.11 AB 12.58 AB 39.16 AB 1.23 ABC 0.51 AB 41.17 AB
CTI 7 103.83 E 11.01 B 11.45 AB 36.66 B 0.95 BC 0.38 ABC 39.67 AB
CTI 8 128.67 BC 14.50 A 16.00 A 41.10 AB 1.45 AB 0.40 ABC 27.33 EF
CTI 9 120.01 BCDE 13.50 AB 13.63 AB 38.00 B 1.25 ABC 0.50 AB 40.16 AB
CTI 10 101.16 E 11.66 B 11.50 AB 39.33 AB 0.91 BC 0.38 ABC 41.83 A
CTI 11 113.67 CDE 13.31 AB 12.66 AB 39.65 AB 1.20 ABC 0.46 ABC 38.17 ABC
CTI 12 149.17 A 12.66 AB 12.73 AB 39.83 AB 1.10 ABC 0.29 C 26.50 F
CTI 13 118.83 BCDE 13.50 AB 13.75 AB 38.33 B 0.83 BC 0.31 BC 37.83 ABC
CTI 14 124.01 BCD 11.93 B 11.83 AB 37.41 B 0.83 BC 0.23 C 28.01 EF
CTI 15 127.17 BC 14.25 A 14.50 A 38.13 B 1.25 ABC 0.54 A 43.16 A
CTI 16 117.83 BCDE 11.00 B 11.00 B 40.78 AB 0.70 C 0.22 C 31.83 DEF
CTI 17 137.67 AB 14.65 A 16.00 A 43.25 A 1.64 A 0.59 A 35.83 BCD

The values followed by the same letter are not significantly different for p ≤ 0.01 according to the Test of Tukey.

In particular, safflower accessions were significantly different as regards plant height, ranging from
101.16 (CTI 10) to 149.17 cm (CTI 12), with an average value of 121.07 cm. Plant height is a morphological
parameter under genetic control; however, its manifestation could depend on environmental factors,
such as altitude, air temperature, solar radiation and percentage of moisture in the air and in the
soil. It is reasonable to suppose that the varying origins of the safflower accessions affected the value
of this trait. Accessions showed significant differences regarding the number of branches per plant.
The maximum and minimum values of the number of branches per plant were 14.65 (CTI 17) and 11.01
(CTI 7), respectively, with an average value of 13. Significant differences among the accessions were
recorded for number of capitula per plant. CTI 17 and CTI 8 showed the highest number of capitula per
plant (16) while CTI 16 showed the lowest on average (11). The average value of number of capitula
per plant was 13.06. The maximum value for TSW (43.25 g) was recorded in CTI 17. Accessions CTI 7
and 14 produced the minimum value (37.03 g, on average) for TSW. The average value of TSW was
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39.21 g. In Particular, CTI 17 yielded the highest values for number of capitula per plant and TSW.
As regards yield parameters, significant differences were found for seed yield, oil content and oil yield.
The highest value for seed yield (1.64 t ha−1) was recorded for CTI 17 while the lowest (0.70 t ha−1)
for CTI 16; average seed yield was 1.11 t ha−1. Seed oil content was around 35.02% of dry matter
on average, ranging from 26.51% (CTI 12) to 43.22% (CTI 5). Oil yield was 0.39 t ha−1 on average.
CTI 17 gave the highest seed oil yield (0.59 t ha−1) while CTI 16 the lowest (0.22 t ha−1). The ability of
accessions CTI 17 and CTI 15 (0.54 t ha−1) to produce maximum oil yields was due to higher significant
values of seed yield and oil content percentage.

3.4. Fatty Acid Composition and Qualitative Characteristics of Oils and Biomasses

Hierarchical cluster analysis carried out on fatty acid composition of safflower accessions in the
study resulted in their division into four main groups, see in Table 3.

Table 3. Fatty acid composition of the four groups of safflower accessions obtained by cluster analysis.
Average ± standard deviation values are shown.

Fatty Acids Group 1 (n = 4) Group 2 (n = 4) Group 3 (n = 8) Group 4 (n = 1)

Arachidic acid 0.15 ± 0.17 0.29 ± 0.03 0.44 ± 0.04 0.40 ± 0.02
Behenic acid 0.13 ± 0.15 0.15 ± 0.11 0.32 ± 0.04 0.30 ± 0.01
Gadoleic acid 0.05 ± 0.10 0.10 ± 0.10 0.26 ± 0.06 0.20 ± 0.00
Linoleic acid 58.79 ± 6.06 73.88 ± 3.90 19.02 ± 3.77 32.10 ± 0.02

Oleic acid 32.41 ± 5.83 17.13 ± 3.70 72.00 ± 3.80 58.80 ± 0.01
Palmitic acid 5.95 ± 0.26 5.96 ± 0.21 5.26 ± 0.15 5.40 ± 0.03
Stearic acid 2.26 ± 0.14 2.32 ± 0.12 2.27 ± 0.24 2.30 ± 0.01

Others 0.26 ± 0.08 0.16 ± 0.10 0.42 ± 0.20 0.50 ± 0.03

Group 1: CTI 4, CTI 3, CTI 14, CTI 7; Group 2: CTI 2, CTI 12, CTI 8, CTI 16; Group 3: CTI 5, CTI 9, CTI 15, CTI 17,
CTI 1, CTI 6, CTI 11, CTI 10; Group 4: CTI 13.

This division was based on the different quantitative relationships between the seed oil fatty acids,
such as arachidic, behenic, gadoleic, linoleic, oleic, palmitic, stearic and other acids. The first cluster
(Group 1) consisted of 4 accessions, the second (Group 2) of 4, the third (Group 3) of 8 and the fourth
(Group 4) of only 1 accession. Group 1 contained accessions with a medium content of linoleic acid
(58.80 ± 6.06%) and oleic acid (32.41 ± 5.83%). Accessions belonging to Group 2 were characterised by
a higher linoleic acid content (73.88 ± 3.90%) and a lower content of oleic acid (17.13 ± 3.70%). The third
Group contained the largest number of accessions (8), all of which showed the highest percentage
content of oleic acid (72.00 ± 3.80%) and the lowest content of linoleic acid (19.02 ± 3.77%). The single
accession belonging to Group 4 (CTI 13) was characterised by a medium percentage content of linoleic
acid (32.10 ± 0.02%) and oleic acid (58.80 ± 0.01%). In general, most of safflower accessions showed
a high percentage content of oleic acid. The evaluation of C-H-N content as a percentage of dry matter
obtained from DSM showed that the highest fraction was found for carbon and the lowest for nitrogen
in all the accessions, see in Table 4.
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Table 4. C-H-N content and protein as percentage of dry matter in seeds of safflower germplasm
accessions in the study. Average ± standard deviation values are shown.

Accession C (% DM) H (% DM) N (% DM) Protein (% DM)

CTI 1 61.17 ± 0.83 8.51 ± 0.44 2.89 ± 0.25 16.40 ± 1.84
CTI 2 59.45 ± 0.15 7.93 ± 0.24 2.78 ± 0.27 18.61 ± 1.58
CTI 3 59.55 ± 0.14 8.22 ± 0.30 2.55 ± 0.04 15.72 ± 0.08
CTI 4 60.94 ± 0.46 8.44 ± 0.28 2.13 ± 0.12 13.71 ± 0.92
CTI 5 64.65 ± 0.26 8.94 ± 0.52 3.45 ± 0.22 21.20 ± 1.52
CTI 6 61.01 ± 0.01 8.50 ± 0.33 2.66 ± 0.15 16.31 ± 0.99
CTI 7 62.43 ± 0.16 8.61 ± 0.30 2.89 ± 0.11 19.11 ± 0.77

CTI 8 60.90 ± 0.41 7.76 ± 0.29 2.36 ± 0.24 14.71 ± 0.02
CTI 9 61.94 ± 0.24 8.81 ± 0.35 2.91 ± 0.15 17.41 ± 1.44
CTI 10 63.48 ± 0.25 8.99 ± 0.29 3.04 ± 0.10 19.72 ± 0.92
CTI 11 61.90 ± 0.09 8.71 ± 0.36 1.99 ± 0.05 12.31 ± 0.38
CTI 12 58.65 ± 0.73 8.01 ± 0.24 2.53 ± 0.10 16.31 ± 0.01
CTI 13 61.28 ± 0.01 8.20 ± 0.18 2.82 ± 0.27 18.50 ± 1.91
CTI 14 61.13 ± 0.12 8.09 ± 0.17 2.69 ± 0.06 17.31 ± 0.39
CTI 15 62.27 ± 0.05 8.92 ± 0.37 3.65 ± 0.10 22.11 ± 0.36
CTI 16 60.80 ± 0.40 8.20 ± 0.23 2.39 ± 0.11 15.91 ± 0.07
CTI 17 61.23 ± 0.20 8.46 ± 0.28 2.44 ± 0.03 15.13 ± 0.19

Considering seed protein content, CTI 15 had the highest value (22.11%), showing an interesting
potential both for oil production (0.55 t ha−1) and feed/functional food applications. The lowest value
(12.31%) was, instead, found in CTI 11. The average seed protein content of all the accessions was
17.11% of dry matter.

Regarding biomass, above- and belowground parts showed the highest carbon content and the
lowest nitrogen content as a percentage of dry matter, see in Table 5.

Table 5. C-H-N content as a percentage of dry matter in aboveground and belowground biomass of
safflower germplasm accessions in the study. Average ± standard deviation values are shown.

Accession
C (% DM) H (% DM) N (% DM)

AG 1 BG 2 AG BG AG BG

CTI 1 47.33 ± 1.20 48.43 ± 0.36 6.88 ± 0.62 6.21 ± 0.17 1.01 ± 0.12 0.60 ± 0.16
CTI 2 47.73 ± 0.32 48.10 ± 0.71 6.66 ± 0.01 6.17 ± 0.07 0.91 ± 0.01 0.49 ± 0.03
CTI 3 49.11 ± 0.86 47.44 ± 0.32 6.83 ± 0.24 6.15 ± 0.01 0.89 ± 0.15 0.59 ± 0.11
CTI 4 48.43 ± 0.31 46.40 ± 0.11 6.72 ± 0.03 6.09 ± 0.01 0.83 ± 0.02 0.55 ± 0.01
CTI 5 48.17 ± 0.01 45.68 ± 0.75 6.75 ± 0.02 5.82 ± 0.21 1.23 ± 0.10 0.81 ± 0.01
CTI 6 47.55 ± 0.32 48.84 ± 0.61 6.55 ± 0.17 6.35 ± 0.06 0.86 ± 0.05 0.64 ± 0.04
CTI 7 47.97 ± 0.39 44.46 ± 0.69 6.68 ± 0.03 5.95 ± 0.28 0.91 ± 0.05 0.44 ± 0.08
CTI 8 48.13 ± 0.69 45.89 ± 0.51 6.59 ± 0.09 6.01 ± 0.07 0.65 ± 0.04 0.36 ± 0.01
CTI 9 48.08 ± 0.07 48.81 ± 0.96 6.67 ± 0.03 6.35 ± 0.06 1.02 ± 0.17 0.61 ± 0.03
CTI 10 48.28 ± 0.36 47.46 ± 0.39 6.52 ± 0.15 6.12 ± 0.07 0.94 ± 0.04 0.66 ± 0.08
CTI 11 48.27 ± 0.94 42.74 ± 0.59 6.57 ± 0.11 5.56 ± 0.09 0.56 ± 0.02 0.43 ± 0.07
CTI 12 47.57 ± 0.37 47.29 ± 0.51 6.51 ± 0.05 6.27 ± 0.02 0.97 ± 0.01 0.59 ± 0.01
CTI 13 48.40 ± 0.37 48.27 ± 0.73 6.29 ± 0.20 6.12 ± 0.10 1.02 ± 0.01 0.68 ± 0.02
CTI 14 47.85 ± 0.16 46.75 ± 0.81 6.39 ± 0.08 6.08 ± 0.10 0.96 ± 0.18 0.59 ± 0.01
CTI 15 48.46 ± 0.75 44.54 ± 0.75 6.70 ± 0.10 5.71 ± 0.08 1.12 ± 0.01 0.77 ± 0.13
CTI 16 48.20 ± 0.69 47.08 ± 0.07 6.53 ± 0.09 6.18 ± 0.01 0.80 ± 0.03 0.36 ± 0.01
CTI 17 48.67 ± 0.85 48.22 ± 0.44 6.45 ± 0.10 6.25 ± 0.04 0.87 ± 0.01 0.47 ± 0.06

1 Aboveground biomass; 2 belowground biomass.
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3.5. Correlation and Linear Regression Analysis

The relationships between morphological and yield parameters of the accessions were identified
based on the findings of correlation and linear regression analysis carried out on all agronomic traits in
the study.

Correlation analysis, as seen as in Table 6 showed how seed yield was positively and significantly
correlated with number of branches per plant (r = 0.90), number of capitula per plant (r = 0.96),
TSW (r = 0.79) and oil yield (r = 0.73).

Table 6. Pearson correlation coefficients for morphological and yield traits of safflower
germplasm accessions.

Traits No.
Branches

No.
Capitula TSW (g) Seed Yield

(t ha−1)
Oil Content

(%)
Oil Yield
(t ha−1)

No. branches (n) 1.00
No. capitula (n) 0.89 ** 1.00

TSW (g) 0.57 ** 0.79 ** 1.00
Seed yield (t ha−1) 0.90 ** 0.96 ** 0.79 ** 1.00

Oil content (%) −0.16 −0.21 −0.21 −0.13 1.00
Oil yield (t ha−1) 0.67 ** 0.67 ** 0.54 ** 0.73 ** 0.52 ** 1.00

** Means are highly significant at 0.01 level of probability.

In addition, the oil yield was positively and significantly correlated with number of branches per
plant (r = 0.67), number of capitula per plant (r = 0.67), TSW (r = 0.54) and oil content percentage
(r = 0.52). Linear regression analysis, see in Table 7, highlighted that a positive increase in morphological
and yield parameters determined a positive and significant increase in seed and oil yields.

Table 7. Regression equation and coefficient of determination (R2) for response of dependence variables
(Y) to independence variables (X) of 17 safflower germplasm accessions.

Independence Variable (X) Dependence Variable (Y) Regression Equation R2 (%)

Plant height Seed yield Y = 0.82 + 0.09X 17.61 **
Oil yield Y = 4.00 − 0.00X 0.01

Number of branches
Seed yield Y = −6.90 + 1.39X 81.90 **
Oil yield Y = −1.81 + 0.45X 45.10 **

Number of capitula Seed yield Y = −4.87 + 1.24X 91.91 **
Oil yield Y = −0.87 + 0.38X 44.92 **

TSW
Seed yield Y = −41.77 + 1.35X 62.82 **
Oil yield Y = −11.74 + 0.40X 29.20 **

Oil content
Seed yield Y = 13.33 − 0.06X 1.81
Oil yield Y = 0.23 + 0.10X 27.32 **

Oil yield Seed yield Y = 0.45 + 0.31X 53.81 **

Seed yield Oil yield Y = 4.39 + 1.68X 53.82 **

** Means are highly significant at 0.01 level of probability.

Seed yield increased linearly with plant height (R2 = 17.61%), number of branches per plant
(R2 = 81.90%), number of capitula per plant (R2 = 91.91%), TSW (R2 = 62.82%) and oil yield (R2 = 53.82%).
No significant linear regression was found between oil content percentage and seed yield. Concerning
oil yield, as a dependence variable, it increased linearly with number of branches (R2 = 45.10%),
number of capitula per plant (R2 = 44.92%), TSW (R2 = 29.20%), oil content (R2 = 27.32%) and seed
yield (R2 = 53.81%). However, no significant linear regression was found between plant height and
oil yield.



Agronomy 2019, 9, 468 10 of 16

3.6. Principal Component Analysis

PCA was applied to both morphological and yield traits, plant phenological stages and fatty
acid composition of safflower germplasm accessions. Six principal components were identified,
which explained 90.49% of the total variation, all with eigenvalues greater than one, see in Table 8.

Table 8. Eigenvectors and eigenvalues generated by PCA carried out on morphological and yield traits,
plant phenological stages and fatty acid composition of safflower germplasm accessions.

Variable
Eigenvectors

PC1 PC2 PC3 PC4 PC5 PC6

Plant height (cm) 0.41 0.49 0.63 −0.05 0.05 0.33
No. branches 0.86 −0.07 0.28 0.23 −0.16 0.06
No. capitula 0.94 0.15 0.09 0.18 0.60 0.11

TSW (g) 0.89 0.17 −0.12 −0.01 0.22 0.03
Seed yield (t ha−1) 0.98 −0.02 0.08 0.10 −0.01 0.03
Oil yield (t ha−1) 0.80 −0.54 −0.11 0.23 −0.18 0.09
Oil content (%) −0.10 −0.80 −0.43 −0.15 −0.26 0.03

Days to germination (n) −0.20 0.75 −0.11 0.01 0.88 −0.23
Days to leaf development (n) 0.29 −0.22 −0.13 −0.49 −0.35 0.65

Days to formation of side shoots (n) −0.41 0.10 0.88 −0.07 −0.14 0.24
Days to stem elongation (n) −0.49 0.41 −0.10 0.18 0.59 0.20

Days to inflorescence emergence (n) 0.08 −0.70 0.07 0.10 0.45 −0.14
Days to flowering (n) −0.07 0.38 −0.15 −0.46 0.09 0.94
Days to ripening (n) 0.32 0.09 −0.15 0.83 0.20 0.05

Days to senescence (n) 0.10 0.05 0.88 0.28 −0.02 −0.17
Oleic acid (%) 0.13 0.95 −0.19 −0.10 −0.08 0.08

Linoleic acid (%) −0.13 0.95 0.20 0.09 0.07 −0.09
Palmitic acid (%) 0.25 0.82 −0.25 0.13 0.11 −0.06
Stearic acid (%) 0.14 0.14 0.37 0.83 −0.13 −0.09

Eigenvalues

Total eigenvalue 5.27 5.18 2.51 2.04 1.14 1.05
Percent of total variance explained (%) 27.73 27.30 13.20 10.74 5.98 5.52

Cumulative percent of total variance explained (%) 27.73 55.03 68.24 78.98 84.96 90.49

The first principal component (PC1) explained 27.73% of the total variation, showing the highest
contributions from the proportions of morphological and yields variables. The second principal
component (PC2) contributed to 27.30% of the total variation and received higher contributions from
oil content and fatty acid composition. Among the eigenvectors of PC2, the proportions of oil content,
oleic, linoleic and palmitic acid had the highest values. The third (PC3), fourth (PC4), fifth (PC5) and
sixth (PC6) principal components explained 13.20%, 10.74%, 5.98% and 5.52% of the total variation,
respectively. Plant phenological stage variable was more influential in these latter principal components.
In fact, PC3 was characterised by the highest values for days to formation of side shoots and days to
senescence. Among the eigenvectors of PC4, days to ripening and stearic acid percentage had the
highest values. PC5 received higher contributions from days to germination, whilst PC6 showed
highest contributions from days to flowering. PCA identified number of capitula, seed yield, oleic acid,
linoleic acid and days to flowering as the most important variables responsible for variation in the 17
safflower germplasm accessions. It is important to note that the best safflower accessions could be
selected based on these principal components.

4. Discussion

In agricultural experiments, the evaluation of any new plant germplasm in a cultivation area
usually aims to verify the adaptation capacity of the accessions/varieties to specific climate conditions
and to determine their potential yield and performance in the area. Based on these results, farmers are
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able to plan the introduction of new germplasm into cropping systems in order to improve and diversify
the variety selection and increase their income. In this research, 16 new safflower accessions of different
origin were tested for the first time in an area where cereal crops, such as durum wheat and barley,
are traditionally cultivated. All the accessions showed high capacity to adapt to the semi-arid climate
conditions in the study area and few differences were recorded for each phenological stage during the
two years. High tolerance to the lowest minimum temperatures was observed in all the accessions
at rosette growth stage, whilst an excellent capacity of the species to exploit the winter rainfall and
resistance to water stress conditions was detected in the spring and summer seasons. However,
significant differences in terms of morphological and yield parameters were found between accessions
during the test period. These differences can be explained considering both genetic and environmental
factors. Various authors [41] have found that genetic variation occurring in safflower germplasm
grown in rainfed, cold, drylands greatly affects seed yield. Others [42] have said that environmental
factors, such as solar radiation, soil moisture and water, air temperature, and soil nutrient content can
significantly influence yield performances of safflower varieties, therefore, the same variety is able to
produce different yields under different climate conditions. In our study, all safflower accessions were
compared under the same climate conditions and cultivation practices, therefore, the main seed and oil
yield differences were due to genotype response to environmental conditions. Literature highlights the
fact that an evaluation of morphological and yield parameters and the way in which they are related is
fundamental in order to fully understand how the direct components of the yield are related to the
various morphological parameters of the species and vice versa. Plant height, number of branches per
plant, number of capitula, thousand seed weight and oil content percentage are considered the most
important morphological and yield parameters concerning seed yield because of the direct correlation
between these characteristics and seed yield [13]. However, there seems to be no agreement in previous
studies on which are the most important yield components and how each morphological parameter
can affect the seed and oil yields of safflower. In a study of 10 safflower populations, it was found
that the number of capitula per plant was the most important yield parameter and it was positively
correlated with seed yield [43]. 100 exotic and indigenous safflower pure lines were compared in
North West of Iran and it was observed that only number of seeds per capitulum and plant height had
high correlations with seed yield [44]. In Turkey, a study reported the relationships between different
characteristics of safflower and indicated that seed yield was highly correlated with oil yield [13].
In Iran, authors assessed the agronomic performances of 100 safflower genotypes and reported that
the most important yield components were significantly inter-correlated, noting that the number of
capitula per plant was not correlated with number of seeds per capitulum [5]. On the contrary, in Italy,
it was found that the number of capitula per plant was positively and significantly correlated with
number of seeds per capitulum [45]. In Egypt, when considering 25 safflower genotypes, positive and
significant relationships were observed between oil yield and all morphological and yield parameters
in the study [2]. In our study, we found highly significant correlation values between seed yield and
other yield components. This highlights the fact that seed yield can be increased only by maximizing
the other yield components, for example through integrated crop management practices. However,
evaluation of the adaptation of accession/variety germplasm to specific environmental conditions
must come first. Concerning seed yield, literature reports values ranging from 1.00 to 5.00 t ha−1 on
average, mainly due to cultivation practices and environmental conditions [2,5,13,46,47]. No recent
information is available on safflower seed yield values in Italy due to the progressive disappearance of
the species from Italian cropping systems. In Southern Italy in particular, a study reported seed test
plot results ranging from 0.50 to 2.50 t ha−1 on average, to be used as a reference [4]. Comparing these
yields with the results of our study, it was shown that seed yield was on average lower than those
found in other cropping areas. This emphasises the fact that the climate conditions greatly affect seed
yield performances of safflower, despite the high rusticity and adaptability of the species to various
environments. Moreover, another reason for these differences is, without doubt, the effect of agronomic
factors, such as sowing density, fertilization and irrigation, on yield. Unquestionably, oil content
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significantly affects whether the species can be introduced into new cropping areas or not; therefore,
this trait must be considered as one of the main yield components [13,48]. Oil content of safflower
germplasms can vary significantly according to the genetic characteristics of the plants, climate and soil
conditions, and cultivation practices; farmers must, therefore, consider all these factors. For example,
a number of authors [15] suggest that oleic acid content can be significantly affected by irrigation,
therefore, when safflower is cultivated under irrigation conditions there is no difference between
cooler and warmer areas. Vice versa, the authors note that a reduction of 3–5% in oleic acid content
percentage is expected when safflower is grown in warmer locations under dry conditions. This same
concept has been confirmed in other studies [49]. Literature shows different mean values of oil content
percentage mainly depending on the cultivation area and cultivation practices of safflower. Oil content,
in fact, was reported as 26–37% in Greece [50], 24–40% in China [51], 23–40% in Iran [5], 26–36% in
Egypt [2], and 16–32% in Turkey [52]. In our study, oil content percentages of the seeds were similar to
those recorded in other studies carried out under dry conditions in a warm climate. Concerning oil
yield, literature reports values ranging from 0.20 to 0.70 t ha−1 on average [13,44,48,53]. If we compare
our findings with those reported in these studies, we find consistent oil yield values. Therefore, it is
possible to say that, in Sicily, despite lower seed yields, safflower could be considered a valuable crop
for agricultural and industrial purposes due to high oil content and seed yield, and could compete well
with other oilseed crops, as a starting crop, in traditional cereal cropping systems in the Mediterranean
area. Oleic, linoleic, palmitic and stearic acids are the main fatty acids in safflower oil, but oleic and
linoleic acids significantly affect oil quality, more than the other fatty acids due to direct effects on
human health, as stated in literature. Therefore, knowing the oleic and linoleic acid content in the seed
oil is extremely important in order to characterise a safflower germplasm, both from an agronomic
and an economic point of view. It has been demonstrated that safflower does not always exhibit
the same fatty acid composition, varying mainly from year to year, with cultivation practices and
genotype [13,20,54]. The quality of the oil is also affected by environmental factors, such as climate
and soil. Changes in these factors can produce differences in the biochemical characteristics of the oil
in plants of the same species grown in different environments. This concept has also been suggested
by various authors [55,56] for a number of medicinal species. It has been shown [15,57] that air
temperature and moisture can be considered the most important climatic factors affecting linoleic and
oleic acid contents. In our study, the direct effects of air temperature and moisture on the fatty acid
content of the 17 safflower accessions tested under dry conditions were not evaluated, but two main
groups of accessions based on oleic and linoleic contents were recorded. Furthermore, on the basis of
PCA findings, variations in seed yield and oleic and linoleic acid content highlighted the possibility
of improving seed yield and oil quality through breeding or cultivation programmes using varying
energy inputs, for example. As seed yield and fatty acid ratios are fundamental for the market value
of safflower, it is reasonable to suppose that accessions with the highest seed yield and content of
oleic and linoleic acids can be regarded as valuable genetic material for improvements in safflower oil
quality in the Mediterranean region.

5. Conclusions

This study shows that safflower could be re-introduced in traditional cropping systems in arid
and semi-arid areas of Sicily and is a viable alternative to other oilseed crops. All accessions in the
study adapted well to Sicilian climate conditions and showed large variations in terms of seed and oil
yields, and fatty acid composition. Positive and significant relationships between seed/oil yield and
other tested traits were found. In this study, the evaluation of new safflower germplasm in Sicily led to
the selection of two high oleic and high linoleic types. This diversity, based on the relative proportions
of fatty acids in the seed oil, shows the large potential of safflower in agronomic and economic terms.
It is clear that as yield components, oil quality and fatty acid composition are significantly affected by
climate, genetic and cultivation factors, further studies are needed in order to understand the best
cultivation requirements under Mediterranean climate conditions and to conserve this potentially
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valuable genetic resource. This appears fundamental for the future large-scale cultivation of this
species in Southern Italy. This study confirms the interest of safflower for both food and non-food
applications, opening up interesting prospects in arid conditions.

Supplementary Materials: The following are available online at http://www.mdpi.com/xxx/s1, Figure S1: a view
of safflower germplasm accessions experimental field. Figure S2: safflower flowering stage. Figure S3: safflower
senescence stage and capitula browning. Figure S4: safflower seeds.
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