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Article history: High oleic hybrids of sunflower are widely cultivated around the world. The effect of temperature on
Rece¥V‘3d 2 NOV?mbET 2015 ) oleic acid percentage of these hybrids is a concern, since oils with oleic acid percentage above a threshold
Received in revised form 1 April 2016 receive a prime over the regular price. The objective of this work was to identify the main avenues for

Accepted 4 April 2016

Available online 29 April 2016 the genetic improvement of oleic acid percentage of high oleic hybrids of sunflower, both in current and

future global warming scenarios. A data set obtained in a trial network allowed to explore the oleic acid
percentage response to temperature of high oleic hybrids in the argentine sunflower growing region

ﬁfﬁ:ﬂg{c hybrids (between 29 and 38° LS, 46 trials in 15 locations during the period 2005/06-2012/2013). A similar data
Temperature set was used to evaluate the variability in phenology. Mean values and stability across environments of
Stability oleic acid percentage differed among the studied high oleic hybrids. Differences in the parameter values
Global warming of a sigmoid equation evidenced the variability in the response of oleic acid to temperature. Oleic acid
Modeling percentage was simulated with a model that included this equation coupled to a phenology module, for

different sowing dates and locations with contrasting temperature, under current conditions and a global
warming scenario. It was possible to identify alow number of temperatures and field environments useful
to reproduce the rankings of hybrids obtained with a wide range of temperatures. This information could
be used to phenotype for high oleic percentage with a low number of experiments and reduce the efforts
to identify better high oleic genotypes. Simulations show that the maximum oleic acid percentage is
currently not attained in 50% of the studied hybrids in some sowing dates, even at the warmest locations,
while in a future global warming scenario it would not be attained in 30% of the studied hybrids in
the colder locations. Sensitivity analysis was performed for parameters of the sigmoid equation and the
phenology module determining when the critical period for fatty acid composition occurs. In both in
current and future scenarios, phenology parameters showed a null or low effect on oleic acid percentage.
Two parameters of the sigmoid equation showed a significant impact, which differed between current
and future scenarios. Simulations suggest that the stability of oleic acid percentage could still be a concern
in the future. However, selecting for key parameter values for a given scenario could help to obtain better
high oleic hybrids of sunflower.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The gene pool of cultivated sunflower (Helianthus annuus L.) has

been subjected to intense selection for a specific oil composition

(Putt, 1997; Burke et al., 2005). For oil quality purposes, oleic and

linoleic are the most important fatty acids because they constitute
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Fig. 1. Schematic representation of the response of oleic acid percentage to mini-
mum night temperature during the 100-300 °C day after flowering period and some
parameters useful to compare the response of different hybrids (from Izquierdo and
Aguirrezabal, 2008).

and Bervillé, 2000; Haddadi et al., 2013), and high oleic cultivars
with oleic acid (OA) percentage above 80% have been obtained.
Currently, the area sown with high oleic hybrids has increased
to almost 2 million hectares, representing about 11% of the total
sunflower area around the world (Labalette et al., 2012).

Stability of fatty acid composition across environments is gen-
erally higher for high oleic hybrids than traditional ones (Izquierdo
et al., 2002). However, high oleic hybrids showed differences in
their response to the environment and their maximum oleic acid
percentage attainable (Triboi-Blondel et al., 2000; Luquez et al.,
2002; Roche et al., 2006). Although the effect of the environment on
fatty acid composition in these genotypes is smaller than in tradi-
tional ones, it can still be a concern, especially with strict oil market
standards, since oils with oleic acid percentage above a threshold
receive a prime over the regular price.

Models have long been used to describe, analyze and predict
the response of plant traits to the environment (Jones, 2014).
They can range from detailed mechanistic descriptions to sim-
ple response curves to environmental variables, which represent
“meta-mechanisms” at the plant or crop level (Tardieu, 2003). If
models are robust enough, one set of parameters represents one
genotype (Hammer et al., 2006), and thus they can be used to
analyze complex traits with significant genotype by environment
interaction or pleiotropic effects. Given the same functional expres-
sion characterizing the response of several hybrids, the analysis of
the variability of model parameters provides important informa-
tion about the nature of the observed genotype by environment
interactions and provides new traits (parameters) that are inde-
pendent of the environment.

Oleic acid percentage in sunflower oil is closely related to min-
imum night temperature during a short period during grain filling
(between 100 and 300°C days after flowering; MNT; base tem-
perature 6 °C). The response of oleic acid percentage to minimum
night temperature (MNT) follows a sigmoid function (Izquierdo
and Aguirrezabal, 2008, Fig. 1), and is subjected to genetic variabil-
ity among traditional hybrids as evidenced by differences in the
parameters of this function (minimum and maximum attainable
oleic acid percentage, maximum slope and range of temperatures
in which oleic acid percentage changes with temperature). The only
high oleic hybrid tested so far showed lower sensitivity to temper-
ature as evidenced by smaller difference between the parameters

for minimum and maximum oleic acid percentage (Izquierdo and
Aguirrezabal, 2008). Up to date, whether this model is also useful
for analyzing the variability among genotypes with modified fatty
acid composition is unknown.

As previously described, oleic acid percentage in traditional
hybrids of sunflower showed a continuous, nonlinear response
to temperature during a specific period late in the crop growth
cycle. For a given sowing date, the rate of crop development deter-
mines the moment of the year in which this process occurs. Since
temperature also affects the rate of crop development in a non-
linear fashion (Parent and Tardieu, 2012), it becomes difficult to
predict the outcome of an increase in temperature on oil qual-
ity. Many works evidence the effect of climate variability and
global warming on plant development and their interactions with
different plant processes, both by empirical measurements and
simulations (Chmielewski and Rétzer, 2001; Sadras and Monzon,
2006; Pereyra-Irujo and Aguirrezabal, 2007). Moreover, crop devel-
opment and oil fatty acid composition are related to different
temperature variables (daily mean or minimum night tempera-
ture, respectively), which are expected to be differently affected
by global warming (Rusticucci and Barrucand, 2004).

Identifying which parameter of the sigmoid function relating
oleic acid percentage to temperature could have the highest impact
on oil composition when modified, could be valuable informa-
tion for the improvement of sunflower oil quality (Aguirrezabal
etal., 2014). Moreover, simple models that simulate the whole crop
cycle (e.g. Pereyra-Irujo and Aguirrezabal, 2007) could be useful
for analyzing complex processes, such as the interaction of differ-
ent temperature variables (i.e. minimum, mean, and maximum)
on the determination of crop development and fatty acid com-
position. Also, phenotyping has become a bottleneck for further
genetic improvement, especially of complex traits, because it can
be often technically difficult, expensive, or time consuming (Hall
and Richards, 2013). The use of such models could be helpful to
identify key temperatures and environments for phenotyping oleic
acid percentage of high oleic hybrids of sunflower. The objective of
this work was to identify the main avenues for the genetic improve-
ment of oleic acid percentage of high oleic hybrids of sunflower,
both in current and future global warming scenarios.

2. Materials and methods
2.1. Experiments

A first data set, originated from the Argentine National Trial
Network of Commercial Sunflower Hybrids (INTA), allowed explor-
ing the response of oleic acid (OA) percentage to temperature
in high oleic hybrids grown throughout the Argentine sunflower
growing region (between 29 and 38° S; Table 1), with minimum
night temperature (MNT) values ranging from 12.9 to 21.2°C.
The data set included 46 trials in 15 locations during the period
2005/2006-2012/2013 (Table 1).

Hybrids were laid out in randomized complete-block or alpha-
lattice designs, with three replicates. Seventeen commercial
hybrids were selected and considered for analysis (Table 1). A plot
size of three or four rows 5.5m long and inter-row spacing of
0.50 or 0.70m was used. The plots were over-planted and later
thinned to 45,600-55,000 plants ha~!. Mostly no-tillage sowing
was used in the trials. Weeds, insects and pests were controlled
chemically or mechanically. All trials were conducted under rain-
fed conditions and nutrient deficiencies were overcome through
fertilization. Sowing dates were as close as possible to the opti-
mum recommended for each location. Time to anthesis was defined
as the moment when 50% of the plot plant population reached full
anthesis (R-5.5, Schneiter and Miller, 1981).
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Table 1

Locations and hybrids evaluated in the National Trial Network of Commercial Sunflower Hybrids (INTA).

Trials used to evaluate oleic acid variability

Location—Province Latitude Experimental Crop Season Selected hybrids
Anguil, La Pampa 36° 32 2008/09 ACA862HO', Aromo1052, Aromo112, BS90INTA3,
BS92INTA3, SRM8224, SRM840*
Balcarce, Buenos Aires 37° 52 2005/06, 2006/07, 2007/08, 2008/09, ACA862HO, ACA866', Aromo105, Aromo 11, Atomic>,
2009/10,2010/11,2011/12,2012/13 BS92INTA, DK39450P¢%, NTO1.07, NTO4,07, Olisun8,
Olisun28, SerranoA0?, Sierra'®, SPS3200A0°,SRMS822,
SRM840
Bulnes, Cérdoba 332371 2012/13 Serrano,
Chacra Barrow, Buenos Aires 38°19 2005/06, 2006/07,2007/08, 2008/09, AC886, Aromo 105, Aromo11, DK39450P, NTO1.0,
2009/10,2010/11,2011/12,2012/13 NTO4.0, Serrano, Sierra, SPS3200A0, SRM822, SRM840
Chacra Bellocq, Buenos Aires 35° 22 2006/07, 2008/09 ACA862HO, ACA866, Aromo11, Atomic, DK39450P,
Olisun, Olisun2, Sierra
Huinca Renancé, Cérdoba 34° 50 2011/12,2012/13 BS90INTA, BS92INTA, DK39450P, Serrano
Manfredi, Cérdoba 31° 50 2005/06, 2006/07, 2007/08, 2008/09, ACA862HO, ACA866, Aromo 105, Aromo 11, Atomic,
2009/10,2010/11,2011/12,2012/13 BS90INTA, BS92INTA, DK39450P, NT0O4.0, Olisun,
Olisun2, Serrano, Sierra, SPS3200A0, SRM840,
Mercedes; Corrientes 29° 11/ 2008/09 BS92INTA, DK39450P
Miramar, Buenos Aires 38° 15 2012/13 ACA866, Aromo 105, DK39450P, NTO1.0, NTO4.0
Parana, Entre Rios 31° 44 2006/07,2007/08, ACA862HO, Atomic, Olisun, Olisun2, Sierra,
SPS3200A0, SRM822, SRM840
Pergamino, Buenos Aires 33° 54 2008/09, 2012/13 Aromo 105, Aromo11, BSOOINTA, DK39450P, NT04.0,
Olisun2
Reconquista, Santa Fe 29° 09 2006/07,2007/08, 2008/09, 2009/10, ACA866, Aromo11, Atomic, BS90INTA, BS92INTA,
2010/11,2011/12,2012/13 DK39450P, NT04.0, SerranoAO, Sierra, SPS3200A0,
SRM840
San Miguel del Monte, Buenos Aires 35°25 2010/11 NTO1.0, NTO4.0
Tandil, Buenos Aires 37°19 2012/13 ACA866, Aromo 105, NTO1.0
Vicufia Mackena, Cérdoba 33° 55 2011/12 BS90INTA, BS92INTA, DK39450P
Trials used to evaluate phenology variability
Anguil, La Pampa 36° 32 2008/09, 2010/11,2011/12,2013/14 ACA862, AROMO11, DK3845, NTO4.0, OLISUN2,
SRM822, SRM840
Ascasubi, Buenos Aires 37° 51 2006/07,2007/08, 2008/09, 2009/10, ACA862, AROMO11, DK3845, NTO1.0, NTO4.0, OLISUN,
2010/11,2011/12 OLISUN2, SERRANO, SIERRA, SPS3200, SRM822,
SRM840
Balcarce, Buenos Aires 38° 23 2006/07,2007/08, 2008/09, 2009/10, ACA862, AROMO11, DK3845, NTO1.0, NTO4.0, OLISUN,
2010/11,2011/12 OLISUN2, SIERRA, SPS3200, SRM822, SRM840
Barrow, Buenos Aires 38°23 2006/07,2008/09, 2009/10, 2010/11, ACA862, AROMO11, DK3845, NTO4.0, OLISUN,
2011/12,2012/13 OLISUN2, SIERRA, SPS3200, SRM822, SRM840
Chacra Bellocq, Buenos Aires 31° 50 2006/07,2007/08, 2008/09, 2009/10, ACA862, ACA866, DK3845, NT04.0, OLISUN, OLISUN2,
2012/13 SERRANO, SIERRA, SPS3200, SRM822, SRM840
Bordenave, Buenos Aires 31° 44 2006/07,2007/08 DK3845, OLISUN, OLISUNZ2, SIERRA, SPS3200, SRM840
Ceres, Santa Fe 33° 53 2008/09, 2010/11,2011/12,2012/13 ACA862, AROMO11, DK3845, NTO4.0, OLISUN2
Cnel Suarez, Buenos Aires 26° 00 2006/07, 2007/08 DK3845
La Tigra, Chaco 29° 09 2006/07,2007/08, 2008/09, 2009/10, ACA862, ACA866, AROMO11, DK3845, NT04.0,
2011/12,2012/13 SERRANO, SIERRA, SPS3200, SRM822, SRM840
Manfredi, Cérdoba 37° 20 2010/11 AROMOT11, DK3845

Seed companies: 'Asociacién de Cooperativas Argentinas ACA S.A., Pergamino, Buenos Aires, Argentina; 2Nidera S.A., Junin, Buenos Aires, Argentina; >Biosol Semillas,
Balcarce, Argentina; 4Sursem. S.A:, Pergamino, Buenos Aires, Argentina; 5SPS Argentina S.A., Buenos Aires, Argentina. SMonsanto Argentina S.A.LC., Mar del Plata, Buenos
Aires, Argentina; “Dow Agrosciences Argentina S.A., Colén, Buenos Aires, Argentina; 8Advanta S.A.L.C., Junin, Buenos Aires, Argentina; °Produsem S.A., Pergamino, Buenos

Aires, Argentina; '°Seed 2000 Argentina S.R.L., Venado Tuerto, Santa Fe, Argentina.

Before all florets from the capitulum outer ring showed their
stamens, three to five representative plants per plot were marked
for sampling and their capitulum was covered with a pollination
bag (Delnet, Rosario, Argentina) to avoid cross-pollination between
different hybrids.

A second data set, also provided by the National Trial Network
of Commercial Sunflower Hybrids (INTA), was used to evaluate the
variability in phenology among 13 high oleic hybrids, spanning a
range of latitudes similar to that of the first data set (Table 1). Man-
agement was similar to that of the experiments in the first data
set.

2.2. Sample processing and chemical analysis

Covered capitula from the first set of experiments were sam-
pled and oven-dried with circulating air at 60 °C. Grains between
rings 4 and 19 of the capitulum were manually separated in order to
determine fatty acid composition of grains set at a similar date and,

therefore, exposed to similar environmental conditions (Izquierdo
et al., 2002). Only non-empty grains (kernel occupying at least 20%
of total space in the grain) were used. Oil extraction and methyla-
tion were performed following the technique proposed by Sukhija
and Palmquist (1988). Fatty acid composition was determined by
gas chromatography (GLC, Varian 3400). The concentration of each
fatty acid was expressed as percentage of the total fatty acids iden-
tified in the oil.

2.3. Oleic acid percentage data analysis

Relationships between OA percentage and MNT were analyzed
according to a previously published sigmoid relationship (Izquierdo
and Aguirrezabal, 2008). Mathematical equation of such function

1S
o
(1 + Exp(_(xgm)>

%A0 = yo + (1)
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where yg (%) is the lowest OA percentage, a is the difference
between the minimum and the maximum OA percentage, X (°C)
is the MNT during the period 100-300°C day after flowering, x,
(°C) is the temperature at which the slope is highest, and b is the
parameter defining the degree of curvature of the function (Fig. 1).

The genetic variability of the response of OA percentage to tem-
perature among the genotypes of the first data set was evaluated
by analyzing yq, and the derived parameters ymax (the highest OA
percentage, calculated as ymax =yo *+a), and bpax (the highest slope,
calculated as bmax =(a x b=1)/4).

In order to obtain estimates of the variability of each parame-
ter that could allow us to compare the values of the parameters
among hybrids a “bootstrap” analysis was conducted as described
by Izquierdo et al. (2006). For each hybrid, data were resampled 100
times and Eq. (1) was fitted to each resampled data set, thus obtain-
ing 100 values for each parameter from the original data set. All the
fittings were performed with Microsoft Excel and the Sigmaplot 8.0
software.

Theoretical rankings were generated by calculating OA per-
centage every 0.5°C within a range of temperature (from 14.0 to
20.5°C), spanning 95% of the temperatures observed in experimen-
tal data. Hybrids were ranked according to: (i) mean OA percentage
values (ii) OA percentage at each individual temperature (iii) mean
OA percentage at two temperatures and (iv) mean OA percentage at
three temperatures. Correlation analyses were performed in order
to compare the different rankings obtained.

2.4. Phenology data analysis

In order to consider the possible effects of phenology on oil
quality in different genotypes, a model was constructed by com-
bining an oil quality module (based on Eq. (1)) with a phenology
module that allows estimating flowering time (and therefore the
100-300 °C day after flowering period) from temperature and pho-
toperiod at sowing. The rate of development was assumed to follow
a Arrhenius-type function with temperature, according to the
model of Parent and Tardieu (2012). Daily minimum and maximum
temperatures were converted to hourly temperatures according
to the Parton and Logan (1981) model, and hourly developmental
rates were integrated to obtain a “days at 20 °C” equivalent value for
each day. The number of days (at 20°C) to flowering was related to
photoperiod following a sigmoid function, as in Pereyra-Irujo et al.
(2009). Model parameters were fitted to the second data set, which
included 13 of the genotypes from the first data set. Parameters
describing the inflection point and curvature of the sigmoid func-
tion were fitted for a pool of all genotypes, while the maximum and
minimum days to flowering (i.e., at short and long photoperiods)
were fitted for each genotype. In three of these genotypes (NTO
1.0, Olisun and Olisun 2) there were no data available for photope-
riods shorter than 12 h; in those cases, the effect of photoperiod (in
days at 20°C) was assumed to be equal to that of the average of all
genotypes.

2.5. Simulations

Using this combined model, the flowering date, the date of the
100-300°C day after flowering period, and the OA percentages of
13 genotypes (those for which parameters for both oil quality and
phenology were fitted) under different conditions were simulated.
Three locations (Saenz Pefia, Parand, and Balcarce), representing
different zones of the sunflower growing region of Argentina, were
considered (Hall et al.,2013), as shown in Fig. 2. Three sowing dates
were used for each location, which represent early, intermediate,
and late sowings for each region (Sdenz Pefia: Jul 15, Aug 18, Sept
30; Parana: Sept 1, Oct 10, Nov 20; Balcarce: Sept 20, Oct 10, Nov
11: Aguirrezabal et al., 2001). The model was run with average

daily weather data for the 1980-1999 period, and with regional cli-
matic projections for the 2080-2099 period according to emission
scenario A1B (Christensen et al., 2007), with changes in minimum
temperature calculated according to Karl et al. (1993). Pereyra-Irujo
etal. (2009) found almost identical results (R? > 0.998) by perform-
ing simulations using either weather data for individual years or
average weather data for a 10-year period, with an earlier version
of this model.

The model was run for the three sowing dates in the three loca-
tions, thus obtaining 9 sets of OA percentage values for each of
the 13 genotypes. The ability of each of these 9 environments to
predict the average performance of the genotypes (measured as
the average OA percentage across all environments) was tested.
Also combinations of two environments (locations or sowing dates)
were tested. Then the same simulations were carried out using
the estimated temperature data under the A1B scenario, and the
ability of each environment or combination of them to predict the
estimated average performance of the genotypes were tested. The
ability of current environments to predict future performance was
also tested.

2.6. Sensitivity analysis

A set of simulations were carried out in which different parame-
ters of the OA percentage and phenology modules were individually
changed in order to quantify their effect on the genotypic variability
of OA percentage. Two genotypes were excluded from the analyses
(ACA866 and Aromo 11) because the OA percentage relationship
with temperature in the explored temperature range did not show
the typical sigmoid shape (see Fig. 5 in the Section 3) and there
could be inaccuracy in the estimation of their parameter values. For
each of the parameters, one simulation was carried out in which the
values for each genotype were replaced by the average of all geno-
types. Theresults of each simulation (11 genotypes x three locations
x three sowing dates) were compared to the results of the unmod-
ified model, and the effect of the parameter change quantified as
the root mean square error (RMSE) of OA percentage.

3. Results
3.1. Variability of fatty acid composition response to MNT

Differences both in mean values and stability across environ-
ments were found in OA percentage among the studied high oleic
hybrids (Fig. 3A). General behavior of all high oleic hybrids plot-
ted together showed that the OA percentage increased with MNT.
This response could be described in general terms by a sigmoid
function, in agreement with previous observations on traditional
hybrids (Fig. 3B). A unique function, however, could not precisely
describe the response of OA to MNT for all studied hybrids.

Oleic acid percentage was linearly and negatively related to
linoleic acid percentage (r2 >0.99), while changes in saturated fatty
acids with temperature were minor and with no clear trend with
temperature changes (data not shown). Oleic acid varied between
68.9 and 94.4%, while linoleic acid content ranged between 0.8 and
20.4%.

Plots of OA percentage as a function of MNT for individual
hybrids (Fig. 4) show sigmoid responses differing in their function
parameters (maximal and minimum values, and amplitude). The
sigmoid behavior was observed in 12 of the 17 analyzed hybrids. In
5 of them, minimum OA was not apparently attained, presumably
because MNT in the sunflower growing region of Argentina is not
low enough to reach their yg values. In those cases, the upper part of
a sigmoid curve could still be detected (Fig. 5), and a constraint for
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Fig. 2. Geographical position of selected locations in the sunflower producing region of Argentina (grey area).

the value of yy was considered for function fitting, based on results
for complete curves was added (70 <y <90).

Diversity of responses of OA to temperature during grain filling
was evidenced by analyzing the parameters of the model fitted to
the data of each hybrid (Fig. 6).

The highest variability among the fitted parameters was found
for bmax. Values for ymax were less variable than for yq, therefore
the range of variation in OA content was negatively correlated to yg
value (r2=0.92). On the other hand, bmax Was not found to be cor-
related with any other parameter of the function. The temperature
range of the ‘high slope zone’ (Fig. 1) was similar to that observed
in traditional hybrids (9.4-23.8 °C, data not shown).

3.2. A meta-mechanism as a tool for identifying a low number of
temperatures levels for

3.2.1. Phenotyping the response of oleic acid percentage to MNT
Genotypes that show the highest mean values of OA percentage
and a low variability (hence higher stability) should be taken into
account when breeding sunflower for high OA content. Analyzed
hybrids were ordered according to their mean values of OA percent-
age, considering also their variability (Fig. 7). The ranking resulting
from this analysis was obtained by using adjusted curves between
14.0 and 20.5°C as detailed in Materials and Methods section.

100

Rankings obtained at individual temperatures or at different
combinations between two or three temperatures were tested in
order to determine whether a small set of experiments were able
to reproduce the ranking obtained with the whole curve. For this,
average values between OA content at one, two or three temper-
atures, were compared to the mean OA values obtained with the
whole curve. The highest r2 for one individual temperature was
obtained at 19°C (r2=0.837). When considering mean OA at two
or three temperatures, the best combinations were 15.5-20.0°C
and 15.5-17.5-20.5°C according to their correlation values (0.969
and 0.993, respectively). This would allow predicting the position
of each hybrid in the global ranking by knowing the value of OA
percentage at the temperatures here reported.

3.3. Global warming projections and their effects on oleic acid
percentages

Oleic acid percentage was simulated with a simple model for
current (baseline) and A1B global warming scenarios, three differ-
ent sowing dates and three locations with contrasting MNT. Current
and expected mean temperature and mean minimum temperature
in A1B scenario for the sunflower growing seasons are depicted in
Table 2.
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Fig. 3. (A) Boxplot of the oleic acid percentage of the different hybrids across environments. (B) Oleic acid percentage of 17 high oleic sunflower hybrids in the argentine

sunflower growing region.
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Fig.4. Oleic acid percentage vs. MNT for the hybrids were the minimum oleic acid percentage (yo) was attained. Dots represent experimental data. Continuous lines represent

the sigmoid function (Eq. (1)) fitted to experimental data.

In baseline conditions, simulated data showed that 7-10 out of
13 genotypes reached ymax (at least 95% of the difference between
Vo and ymax) in Parana and Saenz Pefia, but not at Balcarce. Under
a global warming scenario, 8-10 out of 13 genotypes reach ymax
values in Balcarce and 10-12 in Parana and Saenz Pefia. (Table A1
in Appendix A).

The ability of the OA content in specific environments to predict
the overall performance of genotypes under current environmen-
tal conditions was quantified as the R? of the correlation of the
simulated OA percentages in one or in a combination of two
environments against the simulated mean OA percentage across
all environments (Table 3). High correlation values (>0.95) were
obtained when combining data obtained in two locations: a south-
ern one (Balcarce) and a northern one (Parana or Sdenz Pefia) at an
intermediate sowing date.

Similarly the ability of the OA content in current environments
to predict the future performance of genotypes under the A1B
global warming scenario was quantified as the R? of the corre-
lation of the simulated OA percentages in one or a combination
of two current environments against the simulated mean OA per-
centage across all environments under the A1B scenario (Table 4).
Higher correlation values between the simulated performance of
genotypes under current and future environments were obtained
only at warmer locations and at intermediate or late sowing dates
(highlighted R? values in Table 4). Noteworthy, experiments per-
formed in only one environment (i.e. Parana or Sdenz Pefia at a late
sowing date) would be enough to evaluate the overall performance
of genotypes under global warming conditions.

A sensitivity analysis was performed for parameters that define
OA percentage in sunflower oil. Parameters considered were those
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included in the response function of OA percentage to temperature,
and phenology parameters that would change the moment when
the critical period for fatty acid composition is reached. Table 5
shows deviations from the OA percentage values of the original
model (as RMSE values) as a consequence of replacing each geno-
type parameter by the mean parameter value for all genotypes.
These deviations reflect the estimated effect of the genetic vari-
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ability of each parameter on OA percentage. Results showed a null
or low effect of phenology parameters in both current and future
scenarios, but a significant effect of parameters defining OA per-
centage. Among the latter, the relative importance was different
between current and future scenarios. Under current environmen-
tal conditions, changes in yg values showed the highest effect on OA
percentage (over 2 percentage points), while the other parameters
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Table 2

Mean (Mean T) and minimum night temperature (MNT) (°C) from sowing to flowering or during 100-300 °C day after flowering in the present (baseline) and in A1B scenario

of global warming.

Location Sowing date Mean T sowing-flowering Mean T sowing-flowering Mean MNT 100-300 Mean MNT 100-300
Baseline? A1BP Baseline® A1B¢
Balcarce Early 15.5 171 134 16.5
Inter 17.3 19.1 135 17.0
Late 19.3 215 13.1 16.8
Parana Early 183 20.2 173 204
Inter 20.3 225 183 219
Late 233 259 19.1 234
Sdenz Pefia Early 17.9 20.1 15.8 19.2
Inter 20.0 224 17.3 21.0
Late 22.8 25.5 19.2 233

a Source: Servicio Meteorolégico Nacional (Argentina).
b According to IPCC’s emission scenario (Christensen et al., 2007).
¢ According to IPCC’s emission scenario (Karl et al., 1993; Christensen et al., 2007).

Table 3

Correlation (R?) of the simulated oleic acid percentages in one or in a combination of two environments against the simulated mean oleic acid percentage across all
environments. Values shown in bold correspond to individual environments, while the remaining values are the combination of two locations and/or sowing dates. Highlighted

R? values are those over 0.95.

Balcarce Parana Sdenz Pefia

Location Sowing date Early Inter Late Early Inter Late Early Inter Late
Balcarce Early 0.88

Inter 0.88 0.88

Late 0.89 0.89 0.89
Parana Early 0.98 0.98 0.98 0.62

Inter 0.96 0.96 0.96 0.73 0.82

Late 0.94 0.94 0.95 0.79 0.86 0.88
Sdenz Pefia Early 0.91 0.91 0.91 0.51 0.57 0.60 0.33

Inter 0.98 0.98 0.98 0.61 0.72 0.78 0.51 0.60

Late 0.94 0.94 0.94 0.81 0.87 0.89 0.61 0.79 0.89

Table 4

Correlation (R?) of simulated oleic acid percentages in one or in a combination of two current environments against the simulated mean oleic acid percentage across all
environments under the A1B scenario. Values shown in bold correspond to individual environments, while the remaining values are the combination of two locations and/or

sowing dates. Highlighted R? values are those over 0.95.

Balcarce Parana Sdenz Pefia

Location Sowing date Early Inter Late Early Inter Late Early Inter Late
Balcarce Early 0.66

Inter 0.66 0.66

Late 0.67 0.67 0.68
Parana Early 0.84 0.83 0.85 0.76

Inter 0.80 0.80 0.81 0.86 0.93

Late 0.78 0.78 0.79 0.91 0.95 0.95
Sdenz Pefia Early 0.75 0.75 0.76 0.57 0.61 0.63 0.34

Inter 0.84 0.84 0.85 0.75 0.84 0.90 0.56 0.73

Late 0.77 0.77 0.78 0.92 0.96 0.96 0.64 0.91 0.96

showed an intermediate effect. These effects decreased under the
A1B scenario for all parameter except for ymax, which showed the
largest effect under these conditions.

4. Discussion

The achievement of a desired oil quality and the stability of fatty
acid composition are important genetic improvement objectives in
breeding programs of high oleic sunflower hybrids. Genetic vari-
ability for both mean OA percentage and stability was found among
high oleic sunflower hybrids that are representative of those cur-
rently available in the Argentine seed market.

Response of OA percentage to MNT was studied by means of a
well validated and robust equation previously established for tradi-
tional sunflower hybrids (Izquierdo and Aguirrezabal, 2008). When
analyzing the response of all hybrids together to MNT, a sigmoid
shape was observed. However, a unique function only explained

a low proportion of the variation in OA content among the 17
hybrids here examined. In agreement with results obtained with
traditional hybrids, when analyzing each hybrid individually, the
sigmoid model accounted for the variation of OA percentage in all
studied high oleic hybrids. Interestingly, in spite of the small differ-
ence between minimum and maximum OA percentage in high oleic
hybrids, it was possible not only to establish relationships between
OA and MNT, but also to characterize different responses among
hybrids.

Genetic variability of the response of OA percentage to temper-
ature was evidenced by the different parameters values obtained
for different hybrids. The highest variability was found for bpyax,
followed by yg, being ymax the less variable parameter, in agree-
ment with results obtained for traditional hybrids (Izquierdo and
Aguirrezabal, 2008). It is noteworthy that the range of variation
of both bpax and yg among the studied high oleic hybrids was
close to that found for traditional hybrids. Moreover, some high
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Table 5

Deviations (shown as RMSE values) from the oleic acid percentage values of the unmodified model as a consequence of replacing each genotypic parameter by the mean
parameter value for all genotypes, both under current environmental conditions and under the A1B global warming scenario. Highlighted values are those which show an

effect larger than 1 percentage point.

Oleic acid percentage
parameters (Eq. (1))

Phenology parameters

Yo Vmax X0 B Days to flowering (long photoperiod)  Days to flowering (short photoperiod)  Photoperiod effect
Current environmental conditions 2.6 1.2 1.3 1.1 00 0.1 0.1
A1B global warming Scenario 06 1.5 09 09 00 0.2 0.1
95 a theoretical ranking was generated by fitting a sigmoid function
for the response of OA to MNT of different hybrids and averaging
90 data for each hybrid across many environments. Rankings were also
obtained for individual temperatures or for combination of two or
—_ three temperatures and compared to the theoretical one. By doing
e\i 85 1 so, it was possible to find a low number of effective environments
=) to reproduce the rankings obtained with a wide range of temper-
2 80 1 atures. This information could facilitate the identification of the
g g best high oleic genotypes by phenotyping high oleic percentage in
o 75 | iw a low number of experiments (e.g. in controlled or semi controlled
- Y conditions like growth chambers or greenhouses). Although phe-
8 s notyping OA percentage in controlled or semi controlled conditions
70 1 & p could be difficult at the first stages of the breeding process, where
gz a high number of genotypes are frequently screened, it could be
65 —— T useful during the last stages to confirm the rankings of the selected
3§§9§§§%§f%§§§:§‘2 genetic materials.
a0 CZD i E E E e S@<g % < 3 Sowing date and location are management practices that can
Z & % T2 H0&~ = ¢ A 2 % g be adopted to obtain oils with different composition (Pereyra-Irujo
5,:4 17 < and Aguirrezabal, 2007). Simulations of OA percentage for different

Fig. 7. Theoretical values of oleic acid percentage of the different hybrids. Hybrids
were ordered according to the mean values of simulated data obtained by Eq. (1)
from the lowest to the highest (continuous line). Symbols represent oleic acid per-
centage estimated at different temperatures every 0.5 °C between 14.0 and 20.5°C.
Inset: Continuous lines represent mean oleic acid percentage for: all data in the
plot (black), oleic acid at 19.0°C (green), 15.5-20.0°C (blue); and 15.5-17.5-20.5°C
(red). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

oleic hybrids (i.e. NTO4.0 and NTO1.0) showed higher bpax than
all the traditional hybrids studied by Izquierdo and Aguirrezabal
(2008), revealing the strong response to temperature that can be
found in some high oleic hybrids. The robustness of the applied
model could aid in elucidating physiological processes underlying
the responses to temperature in a complex biochemical pathway,
such as fatty acids biosynthesis. For instance, the values of yg and
Vmax could reflect the maximum and minimum activity of the ODS
enzyme, respectively, and bpax might be related to ODS sensitivity
to temperature.

Genotypes studied in this work, as all commercial sunflower
high oleic hybrids currently available in the seed market, carry the
Pervenets high oleic mutation (Soldatov, 1976). Our data confirmed
that the Pervenets mutation, that increases the average oleic acid
percentage in the oil, did not eliminate the response of this quality
trait to MNT. In agreement with this results, Alberio et al. (2016)
found a similarly low but significant response to MNT in an inbred
line carrying the Pervenets mutation, a high response in a non-
mutated isoline (i.e. traditional sunflower), and a null response in
an isoline with the mutation 29066 (Le6n et al., 2013).

When growing high oleic sunflower, hybrids that can attain
high OA percentage and that are stable across environments are
highly desirable. Identifying high oleic hybrids with maximal high
oleic percentage in traditional breeding programs is costly and time
consuming. For this, plants must be grown under a wide range of
temperatures during grain filling in order to generate a ranking
and select those genotypes with higher mean values. In this work,

locations and sowing dates showed that maximum OA percentage
(Ymax) is not attained in 50% of the studied hybrids in some sowing
dates at the warmest location here analyzed (Sdenz Pefia). In spite
of the temperature increase in a future global warming scenario, the
maximum OA percentage may not be attained in 30% of the studied
hybrids in the colder locations. These simulated results suggest that
the stability of OA percentage could still be a concern in the future
for high oleic hybrids breeding programs.

Simulations also helped to identify some combinations of loca-
tions x sowing dates where the global performance ranking is most
likely to be reproduced. These environments could be useful for
field phenotyping, especially in the first stages of the breeding pro-
cess (see the precedent paragraph). In this work we found that
in order to obtain a new variety with a high and stable OA con-
tent in any current environment, it would be necessary to select
for high OA content in both cold and warm regions. On the other
hand, under a global warming scenario and considering current cul-
tivated sunflower hybrids, selection performed in warmer regions
would be enough to select for the best genotypes. Methods used
in this work to identify environments or combinations of environ-
ments for phenotyping in Argentina could be easily applied with
the same goal for different regions of the world where sunflower is
cultivated.

The sensitivity analysis shows that parameters involved in OA
percentage response to temperature have largely more impact
defining OA percentage in sunflower oil than phenology param-
eters, in both current and future scenarios. Moreover, the analysis
allowed identifying the main avenues to improve the performance
of high oleic hybrids. Nowadays, breeding strategies should aim
at increasing yg, the minimum OA percentage at low tempera-
ture, whereas in the future the increase in ymax should be the
target.

Surprisingly, both in current and global warming scenarios, the
effect of phenology parameters on OA percentage was null or low.
These results disagree with literature based on empirical data or
simulations that conclude that the effect of increased tempera-
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ture on phenology would account for most changes in several plant
traits due to clime variability or climate changes (e.g. Rezaei et al.,
2015). This apparent contradiction could be partially explained by
the fact that sunflower development and oil fatty acid composition
depend on different temperature variables (mean and minimum
night temperature, respectively). Climate models and regional
global warming projections estimate not only an increase in mean
temperature but also in the likelihood of an asymmetric change
in temperature. In this sense, night-time minimum increases more
rapidly than the day-time maximum, a phenomenon that has been
observed during the last decades (Rusticucci and Barrucand, 2004).
In addition, the low difference between yy and ymax found in most
of the studied high oleic sunflower hybrids together with the steep
response to temperature (e.g. in comparison to traditional hybrids)
could partially explain the low effect of plant development under
current and global warming scenarios.

5. Conclusion

In this work, the genetic variability of OA percentage of high
oleic hybrids of sunflower in response to temperature was assessed
by using a meta-mechanism previously proposed and widely val-
idated. Based also on this equation, we could identify the best
temperatures for fatty acid composition phenotyping in controlled
conditions, and also the best environments for phenotyping in the

field, both in current and future scenarios. Simulations suggest that
the stability of OA percentage could still be a concern even under
a global warming scenario. Considering the results obtained in this
work, the main avenues for genetic improvement of OA percent-
age in current breeding programs should be to aim for increasing
the minimum OA percentage, whereas in a future global warm-
ing scenario, the interest should be moved towards increasing the
maximum attainable OA percentage.
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Appendix A.

Table A1

Oleic acid percentage simulated according to Pereyra-Irujo and Aguirrezabal (2007) for the present (baseline) and under global warming A1B scenario.

A1B A1B A1B A1B

A1B

A1B A1B A1B

A1B
SAENZPENA SAENZPENA SAENZPENA BALCARCE BALCARCE BALCARCE PARANA PARANA PARANA SAENZPENA SAENZPENA SAENZPENA

EARLY
92.4

BASELINE

BASELINE

BASELINE BASELINE BASELINE BASELINE BASELINE BASELINE BASELINE

Scenario

PARANA  PARANA

INTER
92.4

BALCARCE BALCARCE BALCARCE PARANA

Location

LATE

INTER
92.4

EARLY
92.4

INTER LATE
92.4

924

EARLY
92.4

INTER LATE

924

EARLY
92.4

LATE

INTER
92.4

LATE

EARLY
92.4

LATE
86.2

INTER
86.6

Sowing date EARLY

OLISUN2
ACA862

924

924

924

924

86.7

92.5

92,5

925 92,5 92.5

92.5

925

925

92.5

92.5

92.5

925

925

92.5

92,5

87.6

87.6

87.6

92.7 92.7

92.7 92.7 92.7

83.8 83.8 83.6 92.6 92.7 92.7 91.1 92.6 92.7 923 925 923 92.7

AROMOT11
ACAB66

913

91.2

87.3 86.3 90.8 91.0 91.1 90.0 90.7 91.1 90.5 90.6 90.5 91.2 913 91.3 91.1
87.1 87.1

87.3
87.1

92.2 91.6 92.1 92.2

92.2

88.6 88.2 92.1

88.9 91.7 87.9

90.7 91.6 87.4

89.1

SERRANO
NTO1.0

89.8

89.8

89.8 89.8 89.8

89.8

89.8

89.8

89.8

89.8

89.8

89.8

89.8

89.8

89.8

824

82.6

82.6
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90.8 90.8 90.8 90.8

90.8

82.2 82.2 82.2 90.8 90.8 90.8 90.8 90.8 90.8 90.8 90.8 90.8 90.8

SRM822

90.3 90.3 90.3 90.3

90.3

82.7 82.7 90.3 90.3 90.3 90.3 90.3 90.3 90.3 90.3 90.3 90.3

82.7

OLISUN

91.5 91.8

91.6 91.8 91.1

84.1 84.2 83.4 89.8 90.3 90.6 88.2 89.7 90.8 88.9 88.9 88.4 91.5

SRM840

91.8 92.8

83.8 83.7 834 87.7 88.9 89.7 85.6 87.5 90.0 86.6 87.2 86.5 914 923 92.8 90.1
8

SIERRA

90.7 90.7 90.7 90.7

90.7

1.5 81.5 81.5 90.7 90.7 90.7 81.5 90.7 90.7 87.0 90.6 88.7 90.7

SPS3200
NTO4.0

87.5 87.5 87.5 87.5

87.5

87.5

87.5

87.5

87.5

87.5

87.5

87.3

87.5

87.5

87.5

70.3

70.3

70.3
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