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Abstract

Sunflower (Helianthus annuus L.) is one of the world’s most important oil-
seed crops together with oil palm (Elaeis guineensis Jacq.), soybean (Glycine
max (L.) Merr.) and rapeseed (Brassica napus L.). Despite the 8.5% of world
sunflower cultivation is found in Africa, just few studies on oil seed perfor-
mances and their chemical composition were carried out in tropical coun-
tries, thus reducing the knowledge on the adaptability and performances of
this crop in humid areas. In this study the agronomic performance, environ-
mental adaptability, oilseed production and fatty acid composition of 15 sun-
flower varieties cultivated in two underexploited areas of the Plateau de
I'Horombe in southern Madagascar were evaluated. Results of this study in-
dicated that: 1) sunflower has well performed in sub-arid localities thanks to
its adaptability to harsh conditions, with similar performances to those ob-
tained in other worldwide countries; 2) the well-structured and fertile soil re-
sulted to be the key driver of sunflower performances; 3) the most productive
hybrids between the sites were PR63D82 (conventional typology) and Klarika
for yield and oil content, respectively; 4) the oleic/linoleic ratio of both HO
and conventional sunflowers was influenced by changes in temperature.
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1. Introduction

Sunflower (Helianthus annuus L.) is one of the world’s most important oilseed

crops together with oil palm (Elaeis guineensis Jacq.), soybean (Glycine max (L.)
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Merr.) and rapeseed (Brassica napus L.). This crop is cultivated on a total of over
26 million hectares worldwide, mainly for its high seed oil content (~44%) [1]
[2] [3]. Depending on the fatty acid (FA) oil profile, the sunflower oil can be
used in several sectors such as agriculture, chemical and cosmetic industries, and
biodiesel production [4] [5].

Generally the oil profile comprises approximately 90% unsaturated fatty acid
(UFA), mainly oleic and linoleic, and up to 10% of saturated fatty acid (SFA),
principally palmitic and stearic acid [1] [6]. Concerning oleic and linoleic acids,
for the northern hemisphere it is well known that these compounds are inversely
correlated [3] [1]. This relation, however, may change due to factors such as en-
vironmental conditions, genotype and their interaction, which contribute to
highly influence the oil profile [7] [8]. In particular, environmental factors such
as climate (air temperature, rainfall, soil water regime, intercepted solar radia-
tion, etc.) and agriculture management can affect the grain filling phase, thus
modifying the final oil profile [3] [8] [9] and yield [6].

Sunflower oil is considered a high quality oil because of being rich in mo-
nounsaturated fatty acid (MUFA) and polyunsaturated fatty acid (PUFA) [3]
[10]. These acids are indeed indispensable for human health, playing a protective
role for humans by reducing plasma cholesterol and the risk of cardiovascular
disease [11] [12]. Also, sunflower seeds are essential for the human diet since
they are full of vitamins (e.g. E, B1, B5, B6) and specific acids (chlorogenic and
folic) [11]. However, vegetable oils rich in PUFA are susceptible to lipid oxida-
tion, which can originate from cytotoxic and genotoxic compounds that nega-
tively affect the nutritional value and shelf-life of food products [13].

At the end of the last century, new genotypes called High-Oleic sunflower
(HO) with higher MUFA content were developed [14] and became available on
the market [15]. A diet rich in MUFA provides similar benefits than those pro-
vided using conventional sunflower oil (PUFA), avoiding the problem of lipid
oxidation in the food oil [10] [16]. Particularly, oil seeds from HO genotype have
a greater oxidative stability than conventional oils, which is desirable in cooking
applications, refining process and storage [3] [5]. Nowadays sunflower hybrids
can be divided into two principal groups based on oleic acid content: 1) conven-
tional sunflower (15.0% - 50.9% oleic acid) and 2) high-oleic sunflower (over
87.4% oleic acid) [15].

Despite the 8.5% of world sunflower cultivation is found in Africa [17], just
few studies on oil seed performances and their chemical composition can be
currently found in tropical areas [1] [2], since in many African countries, such as
Madagascar, this crop is cultivated only in limited surfaces [17]. However,
thanks to well-developed root system, allopathic potential for weed control, etc.,
[18] [19], its cultivation may be enclosure within agronomic rotation by farmers,
with a consequent introduction of a product able to provide healthy nutritional
compounds for locals.

Given the large number of genotypes currently present in the global market,
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the agronomic performance, environmental adaptability, oilseed production and
fatty acid composition of 15 sunflower varieties cultivated in two underexploited
areas of the Plateau de ’'Horombe in southern Madagascar were assessed. Crop
productive and quality performances among different genotypes (HO vs con-
ventional sunflower) was analyzed using simple statistical correlations, whilst
the oleic-linoleic acid composition and biosynthetic pathway were accounted by

means of a Path Analysis.

2. Materials and Methods
2.1. Study Area

The field experiments were carried out over the Plateau de ’'Horombe, in the
southern part of Madagascar, in two areas named Andiolava (22°29'40"S,
45°38'45"E) and Satrokala (22°19'49", 45°43'4"E). Traditionally, this sub-arid
tropical region has a bimodal climate characterized by two well-distinguished
seasons: the wet season from November to March, and the dry season from April
to October Meteorological data, calculated from the local weather station, indi-
cated a cumulated precipitation of around 800 mm during the growing season
and a total annual of 1400 mm, which is consistent with long-term precipitation
average [20]. The rainfall recorded during the growing cycle was highly repre-
sentative of traditional rainfall recorded during the same long-term average
growing season (1997-2012, 856 mm).

The average annual temperature is 20°C, with the average minimum air tem-
peratures found in July (12.9°C) and the average maximum (30.4°C) in Decem-
ber. During the grain filling period, the average minimum temperature was rec-
orded in March (16.4°C). Air humidity is almost constant throughout the year
(80%). Solar radiation follows the rainfall and temperature patterns, with maxi-
mum and minimum values occurring during winter and summer, respectively.

Soil characteristics showed differences between the site in terms of texture,
soil organic matter (SOM) content, pH and cation exchangeable capacity (Table
1). Andiolava, classified as sandy-clay-loam soil, is slight acid (pH = 5.8), with
an organic matter content of 1.33% and a cation exchangeable capacity of 3.40
meq/100g. Satrokala has a sandy-clay texture, higher acidity (pH = 4.8), with
very low organic matter (0.89%) and a cation exchangeable capacity of 3.34

meq/100g.

2.2.Field Set Up and Practices

Experimental material included 13 commercial sunflower hybrids (nine conven-
tional, and four high-oleic sunflower genotypes) and 2 Tanzanian populations
(Table 2). Specific crop characteristics such as length of cycle or oil seed profile
were known only for commercial hybrids, whilst no information was available
for the populations.

Fields trials were set up during the 2012-2013 agronomic season according to
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Table 1. Soil characterization of the two experimental sites.

Data Units Satrokala Andiolava
Sand (2 - 0.05 mm) % 45.2 62.4
Loam (0.05 - 0.002 mm) % 9.8 9
Clay (<0.002 mm) % 45 28.6
Fine sand (0.05 - 0.10 mm) % 3.1 3.8
USDA Class --- SC* SCL*
pH - 48 5.8
EC (Acqueous extraction 2:1) dS/m 0.023 0.027
Organic matter % 0.89 1.33
P Olsen (P,0;) ppm 7 1
Cation exchange capacity pH 7 meq/100g 3.34 3.40
Ca exchangeable ppm 140 260
Mg exchangeable ppm 28 68
Na exchangeable ppm 21 23
K exchangeable ppm 31 106

Basic saturation % 329 65.9

*SC = Sandy Clay, SCL = Sandy Clay Loam.

a randomized block design with four replicates for each site (Andiolava and Sa-
trokala). Then, 15 plots were arranged in each 6 x 4 m block with a planting
density of 6.8 plant/m>.

The seed-bed was prepared using a spike-tooth harrow (30 - 35 cm depth)
followed by a disc-harrow (10 cm depth) before the seeding (December 2012).
Fertilization was applied at a seed-bed time using 500 kg/ha of NPK (11:22:16)
and in January 2013 using Urea (46% N) in a dose of 100 Kg/ha. Sowing was
done in December 2012 when minimum soil temperature was 13 degrees [21].
Harvest was done at the end of April (2013) when plants turned bracts in the ca-
pitula into brown color [22]. Achenes collected were dried, cleaned by broken

seeds and impurities and finally (Ze. 200 g from each test) analyzed.

2.3. Data Collection

The different phenological phases were monitored during the trials, following
the methodology proposed in by [23] (Schneiter and Miller, 1981). During the
growing stages the following parameters were collected analyzing five plants
randomly chosen on each plot: plant height (cm), stem diameter (mm), leaves
per plant and at harvest time also the plant dry weight (g) capitula diameter
(cm), seeds number and weight per capitula (g) (Table S1). Finally, data about
total yield and biomass (t/ha) and the 1000 seeds weight (g) were collected from
each plot (Table 2).
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2.4. 0il Analysis

Seeds subsamples from each block of the same experimental site were mixed to-
gether and pressed for oil extraction using a mechanical press (IBG Monforts
Oekotec GmbH&Co, CA 59G-2008). The extracted oil, expressed as a weight
percent relative to the initial weight of sunflower seeds, was maintained in a
drying oven at 105°C for one hour. A specific amount of oil (ie. 10 g) was
soaked with 0.3 methanol-sodium methylate and then held at 90°C for 2 h to
convert the Fatty Acids (FA) into its methyl derivatives (Fatty acid methyl esters,
FAME). Oil fatty acid composition was determined using Shimadzu GC-FID
(model GC2010 Plus), equipped with a capillary column (wax-58 CB) and flame
ionizing detector. FAME was identified by comparing retention times with those
of well-known commercial standards and quantified as a relative percentage

area.

2.5. Statistical Analysis

Morphological and productive traits were analyzed with a generalized linear
mixed model (GLMM) with localities as random factor using the software IBM
SPSS Statistics v.25 [24]. Multiple comparisons between genotypes were carried
out using Tukey test. The correlation between all the collected variables was as-
sessed using a Person correlation model implemented in the same software. In
addition, the Principal Component Analysis (PCA) on oil FA composition, ve-
getative and productive traits were carried out with the software R [25]. Finally,
the oleic acid biosynthetic pathway of both high oleic and conventional sun-
flower plants were investigated performing a path analysis (PA) [26] on the FA
content in order to evaluate the direct and indirect effect of oil composition,
tropical environment and genotypes. We firstly hypothesized an input path dia-
gram with the oleic acid as dependent variables and linoleic, stearic and palmitic
acids as independent ones. Then we carried out a multiple regression model be-
tween the dependent and independent variables to evaluate the path coefficients,
that are the standardized S weights of the regression analyses. These coefficients
are important for path analysis because they represent the direct impact of an
independent variable on dependent ones. A correlation analysis between the in-
dependent variables was performed to evaluate and explain their reciprocal ef-
fect. All these coefficients were then put in the hypothesized input path diagram
to explain the connection between variables and finally convalidate an output

path diagram. All analysis was carried out with SPSS software.

3. Results
3.1. Biomass and Yield
Analysis of variance allowed a general understanding of the productive and

morphological response to locality and genotype (Table 3). For productive data,
yield and total biomass resulted to be statistically affected by locality and the
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Table 3. Analysis of variance for productive, morphological and quality parameters.

Productive
Source of oF. Yield B:)(r):lilss 1000 seeds
Variation (t/ha) (t/ha) weight (g)
Locality (L) 1 o e n.s.
error (a) 6
Genotype (G) 14 n.s. n.s. b
LxG) 14 o bl n.s.
error (b) 84
Total 119
Morphological
Source of Plant dry Pl.ant Leaves per 'Stem C.ap itula e S;Z‘:S
variation O weight (g) height plant (n) diameter diameter capitula capitula
(cm) (mm) (cm)
(n) (&
Locality (L) 1 - o - o - - o
error (a) 6
Genotype (G) 14 n.s. bl * bl n.s. n.s. n.s.
(LxG) 14 - o - ns. - - o
error (b) 564
Total 593
Quality
iz;lizctfoif .0.F. contce)nii %) Fatty Acid Composition (%)
14:0 16:0 16:1 17:0 18:0 18:1 18:2 18:3 20:0 20:1 22:0 22:1 24:0
Locality 1 bl A bl A * bl n.s. ns. ** o ns. * ns. 1ns.
Genotype 14 n.s. b el b n.s. el b b b bl bl ** ns. ns.
error 14
Total 29

The fatty acids identified in the sunflower oil were: myristic (14:0). palmitic (16:0). palmitoleic (16:1). margaric (17:0). stearic (18:0). oleic (18:1). linoleic
(18:2). linolenic (18:3). arachidic (20:0). gondoic (20:1). behenic (22:0). erucic (22:1) and lignoceric (24:0) acids. ** = ANOVA significant (P < 0.01);
*=ANOV A significant (P < 0.05); ns = not significant.

interaction between locality x genotype (p < 0.01), while 1000 seeds weight
showed high statistical significance only to genotype. Concerning vegetation da-
ta, the growth environment actively influenced all plant characteristics (locality
for all variables p < 0.01). Genotype controlled only some parameters of plant
morphology as plant high (p < 0.01), number of leaves (p < 0.05) and stem di-
ameter (p < 0.01), while interaction between genotype and environment was sta-
tistically significant for all characters (p < 0.01) but not for stem diameter (p >
0.05).
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Yields showed higher performances at Andiolava (1.17 t/ha, on average)
compared to Satrokala (0.31 t/ha, on average). At Andiolava yields ranged from
0.87 to 1.55 t/ha, whilst at Satrokala they varied from 0.22 to 0.40 t/ha (Table 2).
Between the sites, the most productive hybrid was PR63D82 (0.94 t/ha), while
the less productive was Heliawin (0.60 t/ha), both belonging to conventional
group. Globally, the average yield from conventional hybrids was 0.77 t/ha
whilst that from HO hybrid was 0.71 t/ha.

3.2. 0il Quality

The 13 different FA showed a carbon structure from C14 (myristic acid) to C24
(lignoceric acid) (Table S2). Oil content was affected only by locality (p < 0.01).
More specifically, oleic, linoleic and gondoic acids showed high statistical signi-
ficance only to genotype (p < 0.01); margaric acid was influenced only by locality
(p < 0.05), whilst myristic, palmitic, palmitoleic, linolenic, arachidic and behenic
acids were influenced by both locality and genotype. For the remaining acids
(i.e. erucic and lignoceric acids), none statistical significance has been found.
The average oil content ranged from 34.7% at Andiolava to 31.06% at Satro-
kala (Table 2). In particular, in the first locality all genotype exceeded 30% of oil
percentage with the highest values 38.6% observed in Klarika hybrid and the
lowest in Tanzania local population (30.9%). Regarding Satrokala, Coralia hybr-
id showed the best results with 34.7% of oil concentration and Tanzania local the
lowest, which not exceed the 30% threshold. Palmitic, stearic, oleic and linoleic
acids were also reported more in detail since they globally constitute the 98.1% +
0.4% of the total oil fatty acid composition (Table 2). Overall, no great differ-
ences were found between the sites, with average higher values for palmitic, stea-
ric and linoleic acids at Satrokala and for oleic acid at Andiolava. Looking at the
different genotypes, the average highest palmitic and stearic acids were found in
Durban (6.42%) and PR63D82 (4.21%). The oleic acid showed the highest con-
tent in PR64H41 (85.28%) and generally in all HO hybrids, which showed an oil
content almost two times greater than conventional. Linoleic acid showed the

average highest content in Durban (53.53%) and generally in all conventional

group.
3.3. PCA and Correlation Analysis

The results of PCA were graphically represented in a two-dimensional plot
(Figure 1). The first two components explained more than 60% of the variability
between the samples. Genotypes were clearly subdivided into two groups de-
pending on the environment which considerably influenced the morphological
and productive traits. Within the same group the HO hybrids were separated
from the conventional, and Tanzanian genotype mainly for their high concen-
tration in oleic, gadoleic and lignoceric acids.

Positive correlations were found between yield and oil content for all mor-

phological data. The relationships between productive variables and fatty acids
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Figure 1. Combined plot of 15 sunflower varieties replicated in the two sowing areas (30 samples) on the first two principal com-
ponents retaining 65% of multivariate variability.

indicated a negative correlation for margaric, stearic, linolenic and arachidic ac-
ids. A negative correlation was also found between 1000 seeds weight to myristic
and palmitoleic acids. Oleic acid was found negatively correlated with linoleic (r
= —0.995), palmitic (r = —0.904) and myristic (r = —0.728) acids, but positively
correlated with gondoic (r = 0.892), behenic (r = 0.739) and lignoceric acids (r =
0.580). Linoleic acid was negatively linked to oleic (r = —0.995), gondoic (r =
—0.885), behenic (r = —0.749) and lignoceric acids (r = —0.582), whereas a posi-
tive correlation was found with palmitic (r = 0.894) and myristic (r = 0.719) ac-
ids.

Stearic acid was also negatively correlated to gondoic (r = —0.584), but posi-
tively with arachidic (r = 0.722) and margaric (r = 0.452) acids.

Path coefficient was calculated to obtain further information about the rela-
tion between oleic acid content and the other FA engaged in its biosynthetic
pathway (Figure 2). Analysis has been carried out separately for HO and con-
ventional genotypes. Results indicated that HO genotypes showed a negative re-
lation between oleic and linoleic acid (-0.941), very close to that found for con-
ventional (—0.975). Finally, stearic and palmitic acid were negatively correlated

with oleic acids both in HO and conventional genotypes.
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Figure 2. Oleic and linoleic path analysis pathway divided by genotypes. On the straight arrow are reported the path coefficients,

on the curve arrow the correlations coefficients.

4. Discussion

In this study the agronomical performances, yields and oil content of 13 hybrids
and 2 varieties of sunflower cultivated in two different areas of southern Mada-
gascar were investigated. Firstly emerged as the different characteristics of the
two study areas strongly affected crop performances. Morphological parameters
resulted to be mainly influenced by soil characteristics such as texture, pH and
fertility. The high influence of soil characteristics on sunflower performances
was partly expected since several studies indicated that even in different climatic
areas they play the key role on vegetative performances [3] [27] [28]. The soil
characteristics at Andiolava likely favored plant growth and development,
strongly increasing the sunflower biomass. In particular, the higher SOM con-
tent at Andiolava may have improved soil physical properties such as texture,
structure, bulk density as well as soil nutrient availability, thus favoring the plant
growth and dry matter accumulation [29]. Another key aspect was the soil pH.
More specifically, whilst the pH found at Andiolava was close to the optimum
(6.0 - 7.5) reported for sunflower [30], at Satrokala the lower pH may have inhi-
bited root growth and development, consequently reducing the nutrients ab-
sorption. This agree with [31] (Tang et al, 2003), which indicated as a limited
capacity in root-soil exploring can increase the risk of nutrient deficiency and
directly decrease sunflower yield. The different averaged yields between Andi-
olava (1.17 t/ha) and Satrokala (0.31 t/ha) suggested as fertile Madagascar soils
can allow a yield production similar to that found in other African nations (e.g.
Nigeria, ~1.00 t/ha), consistently higher than African mean production (0.81
t/ha), and not too far from the world average level (1.52 t/ha) [2] [32] [33].
Looking at oil production, the oil content in the two sites ranged from 31% to
34.7%. These values agree with those found by [34] (Neto et al, 2016) and [35]
(Oshundiya et al, 2014) in humid tropics, thus suggesting as the environment
was the major factor contributing to the final seed oil accumulation. On the

contrary, genotype was the main factor influencing the FA composition, as con-
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firmed also by the finding from [36] (Van Der Merwe et al, 2013), which com-
pared three different sunflower types (i.e. conventional, mid- and high-oleic) in
South Africa. Similar results were reported also by [27] (Salera and Baldini,
1998), which analyzed conventional and high oleic sunflower in four different
sites in Italy. The little influence of the environment in FA composition is fre-
quently reported in literature especially for HO genotypes, where the oleic and
linoleic acid contents are less affected than in standard genotypes [1] [3]. This
was probably due to a specific gene that increases oleic acid stability as observed
by several studies [27] [37] [38]. Globally, the correlations found in this study
reflected those highlighted in other countries such as Nigeria [39], South Africa
[36], Brasil [34], Argentina [15], and Italy [3], and confirmed the biosynthesis
mechanism of FA proceeds in seed storage lipids as reported by [40] (Voelker
and Kinney, 2001).

The HO genotypes confirmed their capacity to accumulate oleic acid also in
tropical environments, thus showing a large negative regression between oleic
and linoleic acids, as observed by [41] (Roche et al, 2004). Looking at PA results,
the major differences between HO and conventional genotypes concerned stea-
ric and palmitic acids: the positive correlation between the two FA in the HO
genotypes compared to the conventional may suggest that the interruption of
the synthesis of linoleic acid in the HO genotypes can lead to an increase of stea-
ric acid contents and, as a consequence, of the palmitic acid. This dynamic can
indicate that a feedback process may occur with the interruption of the metabol-
ic synthesis of linoleic acid in the HO genotypes, leading to an increase of stearic
and palmitic acids compared to that found in conventional genotypes.

The oleic acid percentage observed in conventional sunflowers as Dalia
(45.87%) and Tanzania local (46.62%) were higher than their possible range of
14% - 39.4% suggested by Codex Alimentarius Committee [42]. This condition
was observed also in Brazil [1] and Argentina [15], where the climatic conditions
observed during grain filling were similar to those found in this study. This was
probably due to the effect of minimum night temperatures during the achene
grain filling that may have influenced the activity of oleate desaturase, an en-
zyme needed to convert oleic to linoleic acid [3]. This dynamic was observed by
[7] (Steer and Seiler, 1990), which showed that the synthesis or activation of de-
saturase enzyme can be stimulated by low temperature either repressed by high
temperature.

The findings of this study pose also questions on the nutritional role that this
crop may play in undernourished countries such as Madagascar. In this country,
the average vegetable oil consumption is estimated to be 1.96 kg/year per capita
[43], which result to be very far from the average global consumption of 24
kg/year per capita [44]. The main vegetable oils used in the Malagasian diet were
soybean, palm, coconut and peanut oil. Some of these (palm and coconut),
however, are recognized to be rich in saturated fatty acid that may increase the

occurrence of some cardiovascular and heart diseases [45] [46]. Consequently,
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the increasing of the consumption of vegetable oils with a higher level of unsa-
turated FA such as sunflower oil in that areas may lead advantages from a nutri-
tional point of view besides to be implemented within agronomic rotation as

substitute of the most traditional oilseed crop such as groundnut and palm [47].

5. Conclusions

The studies of sunflower cultivation in tropical areas are quite lacking since
mostly lands are used for staple food crop. This lacking, however, strongly re-
duced the understanding of sunflower biomass and oil production performances
as well as the knowledge on possible chemical changes in oil seed due to climate
or soil characteristics in tropical areas. To our knowledge, this is one of the few
studies which assessed the agronomic performance, environmental adaptability,
oilseed production and fatty acid composition of sunflower by comparing 15
different varieties in a tropical environment such as Madagascar. Results of this
study indicated that: 1) sunflower has well performed in sub-arid localities
thanks to its adaptability to harsh conditions, with similar performances to those
obtained in other worldwide countries; 2) the well-structured and fertile soil,
resulted to be the key driver of sunflower performances; 3) the most productive
hybrids between the sites were PR63D82 (conventional typology) and Klarika for
yield and oil content, respectively; 4) the oleic/linoleic ratio of both HO and
conventional sunflowers was influenced by changes in temperature.

These results should be considered as a first step to improve the knowledge
and use of sunflower in Madagascar. Information retrievable from this study can
indeed encourage changes in local market perspectives beside to provide sugges-
tions to local farmers for choosing the best genotypes for any specific cultivation
areas. The spreading of sunflower cultivation may also allow increasing the con-
sumption of healthy vegetable oils compared to those currently used in Mada-
gascar. However, further researches are needed to fill the gap of the sunflower

response in tropical countries compared to the US or Europe.
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