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1 INTRODUCTION

The quality of a harvested organ can most 
simply be defined as its suitability for the intend-
ed market or processing and product manufac-
ture. The term quality may therefore encompass 
many criteria, as the compositional and textural 
requirements may vary from one product to 
another. Sunflower and bread wheat are crops 
traditionally grown for production of edible 

oil, starch or proteins for human consumption. 
Thus, oilseed sunflower quality includes the 
potential industrial yield, the nutritional value 
of the oil and its stability (Box 17.1). For bread 
wheat, quality depends on the milling perfor-
mance, the dough rheology, the baking quality, 
the nutritional value, and its suitability for stor-
age. Moreover, the relative importance of quality 
attributes of a given end product changes along 
the market chain from grower to consumer. For 
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BOX 17.1

S E L E C T E D  P R O P E RT I E S  O F  S U N F L O W E R  O I L S  A N D  I T S 
C O M P O N E N T S

Vegetable oils are composed mainly of triglyc-
erides (or triacylglycerol, TAG), which consist of 
three fatty acids bound to a glycerol backbone. 
Fatty acids are usually classified based on the 
length of their carbon chain and the number and 
position of double bonds. The fatty acid compo-
sition defines the nutritional, industrial and or-
ganoleptic quality of the oil.

Saturated fatty acids, with the exception of 
stearic acid, increase the levels of cholesterol in 
humans (Velasco and Fernández-Martínez, 2002). 
Polyunsaturated acids, such as linoleic acid, 
are essential to mammals and have a potent 
hypocholesterolemic effect and reduce the risk 
of cardiovascular diseases (Kris-Etherton and 
Yu, 1997). They can also be used as feed to dairy 
cattle yielding milk with a high level of conju-
gated linoleic acid (CLA; Kelly et al., 1998). On 
the other hand, saturated fatty acids provide the 
oil with a higher oxidative stability than unsatu-
rated fatty acids. Therefore, for the cooking and 
food industry, sunflower oils with oleic acid con-
centration near those of mid-oleic cultivars (oleic 
acid concentration between 60 and 79%) are often 
preferred (Binkoski et al., 2005). Oils with high 
concentration of oleic acid also allow for mar-
garine with less proportion of undesirable trans 
fatty acids.

Although vegetable oils are currently used 
primarily for edible applications (e.g. cooking 
oils and margarine), they hold considerable po-
tential for a wide range of uses depending upon 
the physicochemical properties conferred by 
their constituent fatty acids. As crude oil sup-
plies decline, vegetable oils are gaining increas-
ing interest as substitutes for petroleum-derived 
materials in fuels, lubricants, and specialty 
chemicals (Metzger and Bornsheuer, 2006). For 

example, conventional vegetable oils, such as 
those derived from soybean seeds, are currently 
used for biodiesel production, while oxidatively 
stable vegetable oils that have high and mid-oleic 
acid contents are finding increasing use as high 
temperature, biodegradable lubricants (Sharma 
et al., 2005; Hill et al., 2006). Through metabolic 
engineering of their fatty acid compositions, it is 
possible to expand the potential uses of vegeta-
ble oils as renewable substitutes for petroleum-
derived chemical feedstocks. Recent efforts to 
produce unusual fatty acids in engineered seeds 
for novel industrial oils have focused largely 
on divergent forms of the D12-oleic acid de-
saturase (FAD2; Cahoon and Kinney, 2005). Di-
vergent forms of FAD2 have been identified in 
seeds from several non-agronomic species that 
catalyze a remarkably wide range of fatty acid 
modifications, including hydroxylation, epoxy-
genation, and double bond conjugation (Cahoon 
and Kinney, 2005). Many of these modified fatty 
acids have potential industrial significance. The 
production of vegetable oils that contain eco-
nomically relevant amounts of these fatty acids 
hinges on an increased understanding of factors  
that mediate fatty acid biosynthesis. For bio-
diesel, oils containing fatty acids with a low 
degree of unsaturation are preferable, because 
they decrease the iodine index (inversely related 
to stability), and increase biodiesel viscosity and 
the cetane number (a measure of combustion 
quality; Clements, 1996).

Tocopherols (a, b, g and d isomers) are natural 
antioxidants that inhibit lipid oxidation in bio-
logical systems by stabilizing hydroperoxyl and 
other free radicals (Bramley et al., 2000). The an-
tioxidant activity of tocopherols increases oil sta-
bility (Martínez de la Cuesta et al., 1995; Bramley 



 1 INTRODUCTION 425

3. GENETIC IMPROVEMENT AND AGRONOMY

example, elevated oil or protein concentration 
is of economic importance for farmers since a 
premium is often paid for these attributes, while 
high baking quality in wheat or oxidative sta-
bility in oilseeds are of economic importance to 
food manufacturers. Quality criteria of a given 
crop species also depends on the product end 
use (Box 17.1). For example, high-protein flours 
are required for leavened bread or pasta, while 
low-protein counterparts are desirable for bis-
cuits, crackers, cake, or oriental noodles. An ef-
ficient agro-industrial production system, there-
fore, needs to know the year-to-year variation 
in composition of raw materials that can be ob-
tained in different regions.

The identification of novel genes or loci with 
major effects on quality traits has prompted the 
development of new cultivars with improved 
quality (Velasco and Fernández-Martínez, 2002;  
DePauw et al., 2007; Chapter 18). Nonetheless, 
dealing with genotype (G) by environment (E) 
interactions, and with pleiotropic effects (i.e. 
trait by trait interactions) remains a major diffi-
culty in plant breeding, especially for grain qual-
ity (de la Vega and Chapman, 2001). A physi-
ological perspective provides useful insights 
into G × E interactions, as shown in this and  
other chapters of this book (Chapters 13, 14 
and 19). In this chapter, we show that grain oil 
and protein concentration and composition is 
primarily determined by processes at the crop 
level, and therefore could not be correctly un-
derstood or predicted by extrapolating from the 
individual plant to the population. We will show 

how physiological concepts classically applied to 
yield analysis (e.g. identification of critical peri-
ods, kinetics of biomass accumulation and parti-
tioning) can be used to investigate and model the 
genetic and environmental determinants of grain 
oil and protein concentration and composition.

In this chapter, quality is restricted to the bio-
chemical composition of grains and the focus 
is on sunflower as an oilseed model and bread 
wheat as a cereal model. Comparisons with oth-
er species are included to emphasize similari-
ties and differences with these model crops. The 
rationale for the use of these model species is 
twofold. First, grain oil and protein, major stor-
age compounds in sunflower and wheat, are im-
portant in human and animal diets and for food 
processing, and increasingly important for non-
food uses. Second, our knowledge of quality as-
pects in these two species is sufficient to allow 
for meaningful quantitative models that capture 
major genetic, environmental and G × E interac-
tion effects (Martre et al., 2011).

The chapter comprises three main parts. First, 
we review the effects of environmental and ge-
netic factors, and their interactions, on grain 
oil and protein concentration and composition. 
Second, we outline process-based crop models 
accounting for grain yield in both species, and 
for concentration and composition of oil (sun-
flower) and protein (wheat). Third, we use a 
combination of modeling and experiments to 
derive relationships between quality traits and 
yield, and outline management and breeding 
strategies for the improvement of grain quality.

et al., 2000). Tocopherols are essential for humans 
and they have been associated with delayed cel-
lular aging (White and Xing, 1997), reduced risks 
of cardiovascular diseases and regression of sev-
eral cancers in cell culture. At high temperatures, 

b- and g-tocopherol present a higher antioxidant 
activity than a-tocopherol and are thus preferred 
for cooking oil. On the other hand, a-tocopherol 
has the highest vitamin E activity compared to 
the other three isomers (Mullor, 1968).

BOX 17.1 (cont’d)
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2 ENVIRONMENTAL AND 
GENETIC EFFECTS ON GRAIN 

COMPOSITION

2.1 Oil concentration

Grain oil accumulates mainly in the en-
dosperm (e.g. castor bean and oat), embryo 
cotyledons and axis (e.g. rapeseed and sun-
flower), embryo scutellum and aleurone layer 
(e.g. maize) or mesocarp (e.g. olive and palm 
oil) depending on the species (Murphy, 2001). 
For oilseed crops, grain oil concentration, usu-
ally expressed as percentage of grain dry mass, 
determines the industrial yield of the grains. As 
a consequence, in many countries, sunflower 
grains with an oil concentration above a thresh-
old are paid a premium.

Grain oil concentration is genetically deter-
mined, and plant breeding has improved it in 
many crops. Modern high-oil sunflower hybrids 
(47–53% oil; de la Vega et al., 2007; Izquierdo 
et al., 2008) have replaced low-oil varieties and 
hybrids (38–47% oil). For maize and oat, high-
oil hybrids (up to 20%) have been developed, 
although most current hybrids have 3.9–5.8% 
oil (Frey and Holland, 1999; Dudley and Lam-
bert, 2004). Genetic increase of grain oil concen-
tration has been mainly achieved by increasing 
the proportion of tissue in which oil is stored 
(e.g. Doehlert and Lambert, 1991, in maize; 
Tang et al., 2006, in sunflower) rather than by 
increasing the oil concentration in this tissue. 
Furthermore, the difference in oil concentration 
between low- and high-oil sunflower hybrids is 
due to a longer grain-filling period rather than 
to a higher rate of oil accumulation (Mantese 
et al., 2006; Izquierdo et al., 2008).

High oil concentration is associated with a 
high sensitivity of oil concentration to environ-
mental conditions, as opposed to the almost sta-
ble oil concentration of low-oil hybrids (Dosio 
et al., 2000; Izquierdo et al., 2008), even when 
genotypes differ only in a single genetic re-
gion (8.1 cM) conferring the high-oil trait (León 

et al., 1996). Environmentally-induced varia-
tion of sunflower grain oil concentration has 
been largely related to variation in embryo oil 
concentration (Santalla et al., 2002, Izquierdo 
et al., 2008). However, variation in grain oil con-
centration has been associated with changes in 
the embryo-to-pericarp ratio when growing tem-
peratures exceed 30°C (Rondanini et al., 2003).

Grain oils are synthesized from carbohy-
drates either from current photosynthesis or 
reserves. For sunflowers grown under very dif-
ferent conditions, the contribution of carbon 
fixed during the pre-flowering period to the 
grain carbon content can range from 15 to 27% 
(Hall et al., 1990). Therefore, grain oil accumu-
lation greatly depends on the carbon economy 
of the crop during grain filling (Andrade and  
Ferreiro, 1996; Dosio et al., 2000). Since grain 
oil is mainly derived from post-flowering car-
bon assimilation, final grain oil concentration 
is mainly determined by the amount of inter-
cepted solar radiation (ISR) per plant during the 
grain-filling period (Andrade and Ferreiro, 1996;  
Dosio et al., 2000; Izquierdo et al., 2008). Like-
wise, Izquierdo (2007) found reductions in oil 
concentration of rapeseed grains when incident 
radiation was severely reduced. In contrast, An-
drade and Ferreiro (1996) did not detect any ef-
fect of ISR on grain oil concentration in soybean 
and maize. Other authors have attempted to use 
the source–sink ratio as the explanatory vari-
able, finding either no relationship (Ruiz and  
Maddonni, 2006) or a relationship similar to the 
one obtained by considering just ISR (Izquierdo 
et al., 2008, Echarte et al., 2012). Ruiz and 
Maddonni (2006) concluded that oil concentra-
tion did not change with varying source–sink 
ratio by performing a meta-analysis of published 
data for different hybrids. It is possible, however, 
that genetic variability of underlying physiologi-
cal processes (e.g. assimilate partitioning) mask 
the effect of source–sink ratio. Later, Echarte et al. 
(2012) showed that carbohydrate equivalents 
appropriately explained differences of grain oil 
concentration in sunflower plants with similar  
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ISR during the grain-filling period when the 
source is manipulated by directly injecting su-
crose into the receptacles. These results suggest 
that ISR effects on oil concentration might be 
driven by changes in carbon fixation and alloca-
tion to the grains.

In sunflower, final grain dry mass and oil 
concentration are most sensitive to the amount 

of ISR between 250 and 450°C d after flowering 
(base temperature 6°C; Aguirrezábal et al. 2003). 
A linear-plateau relationship between final grain 
oil concentration and ISR during this period was 
found, with a maximum (OCmax) at approximate-
ly 26.3 MJ plant−1 for high-oil hybrids (Fig. 17.1a; 
Dosio et al., 2000; Izquierdo et al., 2008). Recent-
ly, Rondanini et al. (2013) found similar results 

FIG. 17.1 Modeling quality traits in sunflower. (a) Linear-plateau response of grain oil concentration to intercepted so-
lar radiation during the period 250–450°Cday after flowering; parameters are the slope of the linear phase (a), the mini-
mum intercepted radiation to obtain the maximum oil content (b), and the maximum oil concentration (OCmax). (b) Sig-
moid function describing the relationship between oleic acid concentration and minimum night temperature during the 
period 100–300°Cday after flowering; parameters are the maximum slope (c), the minimum (y0) and the maximum oleic acid 
concentration (ymax). (c) Negative exponential relationship between oil tocopherol concentration and oil weight per grain; Xi 
is the oil weight per grain above which oil tocopherol concentration shows a stabilization-like phase.
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for spring canola, but with a broader critical pe-
riod from flowering to 730°C d after flowering 
(base temperature 0°C).

The response of grain oil concentration to 
temperature during grain filling depends on 
the species. For flax, both the quantity of oil per 
grain and oil concentration decreases linearly 
with daily average temperature between 13 and 
25°C (Green, 1986). For soybean, grain oil con-
centration increases with daily average tem-
perature up to ≈28°C, and decreases with higher 
temperatures (Piper and Boote, 1999; Thomas 
et al., 2003). In sunflower, grain oil concentra-
tion shows a biphasic response to daily mean 
temperature, with no response up to 17–22°C 
depending on the hybrid, and a steep decrease 
at higher temperature (Cantagallo et al., 2004; 
Angeloni et al., 2012). The magnitude of oil 
concentration decrease depends on the stage of 
grain filling when high temperature events oc-
cur (Rondanini et al., 2003, 2006). Although most 
of this effect is related to the lower accumulation 
of ISR during the critical period (Aguirrezábal 
et al., 2003) due to the shortened grain-filling 
period under higher temperature (Ploschuk 
and Hall, 1995; Villalobos et al., 1996), a direct 
effect of temperature on oil synthesis should be 
considered (Angeloni et al., unpublished). For 
instance, assuming that grain oil concentration 
is governed by carbon allocation to the grains, 
effects of temperature on carbon fixation and 
photorespiration rate could be reflected in grain 
oil concentration.

Water deficit during grain filling can re-
duce grain oil concentration (Hall et al., 1985; 
Roche et al., 2006; Alahdadi et al., 2011; Sezen 
et al., 2011). Long term, slow developing wa-
ter deficit decreases growth by slowing rates of 
cell division and expansion (Lawlor and Cor-
nic, 2002). This effect could significantly affect 
the amount of ISR, and thus grain oil concentra-
tion. More severe water deficits can also reduce 
leaf photosynthesis or accelerate leaf senes-
cence (Chapter 10), thereby reducing the avail-
ability of carbohydrate for oil synthesis (Tezara 

et al., 1999; Lawlor, 2002). Water deficit effects 
are closely related to the phenological stage 
when they occur (Karam et al., 2007).

Crop biomass increases with nitrogen sup-
ply according to the law of diminishing returns 
(Chapter 8). High nitrogen supply promoting 
both leaf area and ISR could thus be expected 
to increase grain oil concentration. However, 
excess of nitrogen can reduce sunflower oil con-
centration, mainly through an increase in protein 
concentration with no increase in biomass (Steer 
et al., 1984, and references therein). Zheljazkov 
et al. (2008, 2009) observed that grain oil concen-
tration of different sunflower hybrids decreased 
with increased nitrogen supply, but grain oil 
yield was unaffected due to higher total grain 
dry mass yield. The same response of grain oil 
concentration to N rate has been recently report-
ed in canola (Zheljazkov et al., 2013).

2.2 Oil composition

Fatty acid composition is the main determi-
nant of oil quality, as outlined in Box 17.1. Fat-
ty acid chains are built through a cycle of bio-
chemical reactions involving the multienzyme 
fatty acid synthase (FAS) and the low molecular 
acyl-carrier protein (ACP). They are converted 
to acyl-CoA and then incorporated into tria-
cylglycerol (TAG). Desaturation of fatty acids 
is mediated mainly by the enzymes stearoyl-
ACP desaturase, oleoil-ACP desaturase, and 
linoleoil-ACP desaturase. Although our knowl-
edge of the enzymes involved in the synthesis 
and desaturation of oil fatty acids, the genes that 
code for these enzymes, and their environmen-
tal regulation has increased over the last years, 
our understanding of the regulation of oil syn-
thesis and storage is still far from complete.

The fatty acid composition of the oil of differ-
ent species has been modified by breeding and 
mutagenesis (Fig. 17.2; Lagravere et al., 1998; 
Fernández-Martínez et al., 1989; Lacombe 
and Bervillé, 2000, Haddadi et al., 2011). Sun-
flower high oleic cultivars carry a knockdown 
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mutation (named Pervenets) on an oleate de-
saturase gene resulting in a reduced oleoil-ACP 
desaturase activity (Garcés and Mancha, 1991; 
Lacombe et al., 2009). The causal mutation for 
this shift in oil composition has been identi-
fied as a tandem duplication of the oleate de-
saturase FAD2-1 gene (Schuppert et al., 2006). 
This mutation is present in most of the current 
high oleic sunflower hybrids. A new mutation 
of the same gene, comprising an 800 base pair 
nucleotide insertion and encoding a truncated 
oleoil-ACP desaturase protein has been recently 
reported (León et al., 2013). Mid oleic sunflow-
ers are produced by crossing high oleic and 
traditional lines. High stearic sunflowers result 

from low activity of stearoyl-ACP desaturase 
(Cantisán et al., 2000) and high activity of the 
enzymes FAT-A and FAT-B, which increase the 
accumulation of stearic acid in the endoplasmic 
reticulum and thus reduce its desaturation (Sa-
las et al., 2008). High palmitic cultivars, in turn, 
have been related to a significant decrease of the 
last step of intraplastidial elongation catalyzed 
by the FASII enzyme complex (Salas et al., 2004). 
Inbred lines combining the high stearic with the 
high oleic trait (high stearic–high oleic) have 
also been obtained (Serrano-Vega et al., 2005). 
High oleic, high linoleic and high stearic cul-
tivars of soybean have been developed (Sch-
nebly et al., 1996; Stojšin et al., 1998; Primomo 

FIG. 17.2 Typical oil fatty acid composition for (a) conventional cultivars of soybean, rapeseed, linseed, maize and sun-
flower and (b) sunflower cultivars with modified fatty acid composition: mid oleic, high oleic, high palmitic, high stearic–
high linoleic, and high stearic–high oleic. Data from Velasco and Fernández-Martínez (2002), Aguirrezábal and Pereyra (1998), and 
Izquierdo (unpublished).
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et al., 2002; Serrano-Vega et al., 2005), but they 
have not been released to the seed market yet. 
Low-erucic rapeseed cultivars for human con-
sumption are currently available, as well as 
high-erucic cultivars for industrial uses (Velasco 
et al., 1999).

Oil fatty acid composition varies according to 
the environmental conditions during grain fill-
ing (Strecker et al., 1997; Pritchard et al., 2000; 
Roche et al., 2006). It has long been known that 
an increase in temperature increases the oleic-
to-linoleic acid ratio in the oil of several oilseed 
crops (Canvin, 1965), by affecting the total activ-
ity of the desaturases enzymes (e.g. oleoil-ACP 
desaturase in sunflower; Garcés et al., 1992; 
Kabbaj et al., 1996). In sunflower, temperature 
regulates oleoil-ACP desaturase activity by 
two mechanisms (García-Díaz et al., 2002): (1) a 
long-term direct effect mostly related to the low 
thermal stability of the enzyme (Martínez-Rivas 
et al., 2003); and (2) a short-term indirect effect of 
temperature, which determines the availability 
of oxygen and, in turn, regulates the activity of 
oleoil-ACP desaturase (Rolletschek et al., 2007).

Oleic acid concentration was better related 
to minimum night temperature (MNT) than 
to other temperature descriptors (Izquierdo 
et al., 2006). The circadian rhythm of the oleoil-
ACP desaturase activity seems to be associated 
with this effect of temperature during the dark 
period (Pleite et al., 2008). Daytime tempera-
ture above 30°C also affects fatty acid compo-
sition in sunflower (Rondanini et al., 2003), 
but probably through different, and possibly 
interacting, mechanisms involved in responses 
to moderately high temperatures. In soybean, 
oleic acid concentration of oil was unrelated to 
night-time or minimum temperatures, while 
daily average temperature better explained the 
fatty acid response (Izquierdo, 2007). This might 
be related to the light-dependent biosynthesis 
of some fatty acid in green seeds, compared to 
the small contribution of synthesis in darkness 
(12–20%) (Browse et al., 1981; Ohlrogge and 
Jaworski, 1997).

The total activity of oleoil-ACP desaturase 
is maximum early during grain filling (Garcés 
et al. 1992; Kabbaj et al., 1996), and therefore the 
effect of temperature during this period could 
be stronger than during the rest of grain filling. 
Correspondingly, MNT between 100 and 300°Cd 
after flowering (base temperature 6°C) account-
ed for most of the variability in the concentration 
of oleic and linoleic acids in two traditional and 
one high oleic hybrids (Izquierdo et al., 2006; 
Izquierdo and Aguirrezábal, 2008). The criti-
cal period for the effect of temperature on fatty 
acid composition of sunflower oil has been con-
firmed for five genotypes grown in 11 locations 
under field conditions (Pepper, unpublished). 
This supports the idea (usually assumed in crop 
simulation models; e.g. Villalobos et al., 1996; 
Stöckle et al., 2003) that the timing of a critical 
period is the same for different genotypes, given 
that it is expressed in relation to developmen-
tal events and in thermal time (or normalized 
to a standard temperature). Inspired by results 
in sunflower, Baux et al. (2013) found a critical 
period for the effect of temperature on linolenic 
acid concentration in winter rapeseed grains. 
The period defined in this work was shorter 
than the one observed by Rondanini et al. (2013) 
for the effect of ISR on grain dry mass and oil 
content and corresponded to the second half pe-
riod of dry matter and oil accumulation.

The concentration of oleic acid shows a sig-
moidal response to MNT (Fig. 17.1b; Izquierdo 
and Aguirrezábal, 2008). Differences in the pa-
rameters of this function highlight the genetic 
variability of this response. Differences among 
traditional hybrids were observed for the mini-
mum and maximum oleic acid concentration at-
tainable, for the maximum slope and the range 
of temperatures for which oleic acid concen-
tration changes with temperature; differences 
were especially high for the minimum concen-
tration of this fatty acid (from 15.4 to 32.5% of 
total fatty acids in oil). The high-oleic hybrid 
tested showed lower sensitivity to temperature 
as evidenced by smaller difference between the 
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parameters for minimum and maximum oleic 
acid concentration. Since the same function 
characterized the response of several hybrids, it 
is possible to incorporate the estimation of the 
oil fatty acid composition easily into crop simu-
lation models using hybrid-specific parameters. 
The analysis of the variability of these param-
eters gives important information on the nature 
of the observed genotype by environment in-
teractions and provides new traits (parameters) 
that are independent of the environment. This 
can be used (1) to obtain new genotypes with 
specific responses to environmental variables, 
as proposed by Tardieu (2003), and discussed 
further in section 4.4, and (2) to define working 
conditions for breeding for a certain trait (e.g. 
low temperature locations for improving mini-
mum oleic acid attainable).

A positive correlation between oleic acid 
percentage and the amount of ISR has been re-
ported for sunflower (Seiler, 1986) and soybean 
oil (Kane et al., 1997). In sunflower, differences 
in oleic acid driven by ISR could be higher than 
10% (Izquierdo et al., 2009). Variations in oleic 
acid concentration through changes in intercept-
ed radiation in soybean and maize (Izquierdo 
et al., 2009) were similar to those driven by lati-
tude, extreme sowing dates and temperatures 
(Muratorio et al., 2001, Izquierdo and Aguir-
rezábal, 2005; Izquierdo et al., 2009). In sunflow-
er, oleic acid percentage increased with ISR per 
plant up to a maximum value at high radiation 
levels (Echarte et al., 2010).

Izquierdo et al. (2009) observed differences in 
oleic acid percentage response to seasonal vari-
ation in ISR. Later, Echarte et al. (2012) showed 
that fatty acid composition of sunflower oil does 
not depend directly on ISR but on the assimilate 
availability for the grains. These authors proved 
their hypothesis by supplying large amounts 
of sucrose to shaded plants. Effects of reduced 
photo synthesis were overcome by sucrose injec-
tion. In this context, carbohydrate equivalents 
come out as a robust variable and provided a 
framework that allowed analyzing together 

data from field and greenhouse experiments 
performed under very different conditions.

The amount of saturated fatty acids increase 
linearly with carbon allocated to the grains, 
while oleic acid increases exponentially and lin-
oleic acid increases up to a maximum. The anal-
ysis of oil and fatty acids content as a function 
of carbohydrate equivalents (Fig. 17.3) resulted 
in a following conceptual model. In this model, 
at very low assimilate allocated to the grains, 
both first steps of oil synthesis and oleic acid de-
saturation, a key controlling step in fatty acids 
biosynthesis pathway (Garcés et al., 1992), occur 
at submaximal substrate concentration. In these 
conditions, oil accumulates and most oleic acid 
can be transformed into linoleic acid. When as-
similate allocated to the grain increases further, 
the capacity of oleic acid oxidation step reaches 
a maximum and oleic acid begins to accumu-
late. Thus, oleic acid and oil content increase in 
the grain at the same rate. Linear responses of 
oil and saturated fatty acids content to carbohy-
drate equivalent might represent that carbon al-
located to the grains can be mostly turned into 
oleic acid by first steps of oil synthesis for a wide 
range of substrate available.

FIG. 17.3 Oil and fatty acids content dependence on car-
bohydrate equivalents. O: oil weight per grain, LA: linoleic 
acid per grain, OA: oleic acid per grain, SFA: saturated fatty 
acids per grain. Redrawn with permission from Echarte 
et al. (2012).
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Under natural conditions, temperature and 
incident solar radiation (one of the components 
of ISR per plant) are often correlated. By com-
bining field experiments at different latitude 
and in situ temperature × radiation experiments, 
Echarte et al. (2010) showed that MNT and ISR 
per plant have independent and additive effects 
on fatty acid composition of sunflower oil. In 
addition, ISR and daily mean temperature dur-
ing grain filling independently affected oleic 
acid percentage of soybean and maize geno-
types with increased oleic acid percentage (Zuil 
et al., 2012). Recently, Echarte et al. (2013) found 
that the critical period for the effect of ISR on 
fatty acid composition is different from the one 
reported for MNT (Izquierdo et al., 2006).

Environmental factors that exert their 
effects additively act upon different causal se-
quences leading to the response (Salisbury and 
Ross, 1992). Temperature affects total activity of 
oleate desaturase, the enzyme that catalyzes the 
conversion of oleic to linoleic acid. Total activ-
ity of this enzyme peaks at early grain filling 
(Garcés and Mancha, 1991; Gray and Kekwick, 
1996; Kabbaj et al., 1996). Considering that the 
effect of temperature on fatty acid composition 
is more important during early stages of grain 
filling, when the quantity of oil accumulated per 
grain is small, Izquierdo et al. (2002) suggested 
a ‘memory effect’ of an early temperature treat-
ment on the fatty acid desaturation mechanism. 
This work showed that once oleate desaturase 
activity has been defined by temperature be-
tween 100 and 300°Cd after flowering (Izqui-
erdo et al., 2006), fatty acid composition could 
still vary depending on the quantity of carbon 
allocated to the grains between 350 and 450°Cd 
after flowering. At higher irradiances oleate de-
saturase (FAD2) would be substrate-saturated 
and thus increased carbon availability would 
lead to a relative accumulation of oleic acid.

Environmental factors other than temperature 
and solar radiation can also affect fatty acid com-
position. Water availability (Baldini et al., 2002; 
Anastasi et al., 2010; Sezen et al., 2011), nitrogen 

availability (Steer and Seiler, 1990; Zheljazkov 
et al., 2008, 2009), soil salinity (Irving et al., 1988; 
Di Caterina et al., 2007), and pathogens (Zimmer 
and Zimmerman, 1972) affect fatty acid compo-
sition of sunflower oil. Although physiological 
mechanisms underlying these responses are still 
unknown, part of these effects could be medi-
ated by intercepted radiation effects.

Since sunflower was initially domesticated 
for its edible seeds (Putt, 1997), as opposed to 
explicit selection for oil content and/or com-
position, selective pressures may have affected 
palatability or germinability (Chapman and 
Burke, 2012). More recently, the cultivated sun-
flower gene pool has been subjected to intense 
selection for high oil content and specific oil 
composition (Burke et al., 2005; Putt, 1997). The 
best-known case of oil composition selection is 
high oleic acid lines. In these genotypes, a trade-
off between sunflower yield and oil quality has 
been reported (e.g. Pereyra-Irujo and Aguir-
rezábal, 2007). Since selection at a single locus 
can result in sweeps spanning relatively large 
genomic regions, it is possible that selection at a 
nearby locus has produced the observed pattern.

Genotypes carrying the high stearic muta-
tion also modify their oil fatty acid composi-
tion depending on environmental conditions. 
Increasing intercepted solar radiation curvilin-
early increased oleic acid percentage reaching a 
maximum concentration at high levels of radia-
tion (Martínez et al., 2012), with a correlative de-
crease in linoleic acid concentration and minor 
variations in saturated fatty acids. Oil fatty acid 
composition of genotypes with the high stearic 
mutation also depends on temperature dur-
ing grain filling. Like in traditional genotypes, 
increasing temperature increases the oleic-to-
linoleic acid ratio and reduces the concentration 
of saturated fatty acids. The magnitude of these 
changes depends on the presence of the high 
oleic mutation, since high stearic–high linoleic 
genotypes varied their fatty acid composition 
more than high stearic–high oleic ones (Izqui-
erdo et al., 2013).
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2.3 Oil tocopherol and phytosterol 
concentration

Further than acyl-lipids, the dietary quality of 
vegetable oils depends on the concentration and 
composition of microconstituents of the non-
glyceride portion termed unsaponifiable matter. 
In sunflower oil, this portion generally ranges 
from 0.5 to 2% and contains molecules of para-
mount interest for human nutrition and health: 
tocopherols and phytosterols.

Tocopherols (Box 17.1) are synthesized from 
specific precursors, via the isoprenoid pathway 
or the homogentisic acid pathway (Bramley 
et al., 2000). Their synthesis is regulated by the 
availability of these precursors. In plants, four 
isomers of tocopherol have been identified (a-, 
b-, g- and d- tocopherol), which differ in the po-
sition of the methyl group in the molecule, and 
also in their in vitro and in vivo antioxidant ac-
tivities (Kamal-Eldin and Appelqvist, 1996). The 
enzymes catalyzing the methylations thus con-
trol the relative quantities of these isomers. In 
sunflower, a-tocopherol accounts for 91–97% of 
total tocopherols, with little genetic variability 
(Nolasco et al., 2006).

Tocopherol concentration in sunflower grain 
is very sensitive to environmental conditions 
(Kandil et al., 1990; Marquard, 1990; Velasco 
et al., 2002). The amount of ISR during grain 
filling was negatively correlated to tocopherol 
concentration in the oil of sunflower (Nolasco 
et al., 2004), soybean, maize and rape (Izquierdo 
et al., 2011). Although intercepted radiation in-
creases the synthesis of tocopherol and oil, the 
former would be more affected and therefore 
diluted in the oil (Izquierdo et al., 2011). The ef-
fect of temperature on tocopherol concentration, 
however, has not been clearly identified, with 
many contradictory reports (Dolde et al., 1999; 
Almonor et al., 1998; Izquierdo et al., 2007).

Grain tocopherols are present in a small 
quantity, typically 500–1200 mg g oil−1 (Mar-
quard, 1990; Nolasco et al., 2004), and their 
concentration depends on the amount of both 

tocopherols and oil. Velasco et al. (2002) did not 
find correlations between seed oil and seed to-
copherol content, but conversely, Nolasco et al. 
(2004) found that oil weight per grain account-
ed for 73% of the variation in total tocopherol 
concentration in sunflower oil. The relationship 
between oil tocopherol concentration and oil 
weight per grain showed a dilution-like shape 
(Fig. 17.1c), independently of the location, the 
hybrid and its maximum oil concentration, 
or the intercepted radiation during grain fill-
ing (Nolasco et al., 2004). Oil weight per grain 
also accounted for much of the variation in oil 
tocopherol concentration in traditional varie-
ties of soybean and rapeseed but not in maize, 
a species with a low and stable grain oil con-
centration (Izquierdo et al., 2011). The simple 
relationship between tocopherol concentration 
in oil and oil weight per grain can be easily in-
corporated into crop simulation models, and 
used to identify management practices useful 
to obtain grains with a larger quantity of toco-
pherols. These relationships could also be use-
ful for commercialization and grain processing, 
since the tocopherol concentration of a grain lot 
could be estimated from weight per grain and 
oil concentration, which are simpler, faster, and 
less expensive to measure than tocopherol con-
centration.

Phytosterols are naturally present in plants, 
playing important roles in membrane fluidity 
and permeability (Schaller, 2003), embryogen-
esis (Clouse, 2000), and as precursors of brassi-
nosteroid hormones involved in plant growth 
and development (Lindsey et al., 2003). They 
have a proved role in reducing low-density li-
poprotein cholesterol (LDL; Ostlund, 2007) and 
present other interesting properties, such as 
anti-cancer and anti-oxidation activities (Awad 
et al., 2003).

Among oilseed species, sunflower is one of 
the most significant sources of phytosterols, 
which can exceed 7000 mg kg−1 of crude oil with 
predominance of 4-desmethyl sterols class, rep-
resented specially by ∆7-sitosterol, stigmasterol, 
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campesterol and 7-stigmastenol (Piironen 
et al., 2000). The different sterols accumulate at 
genotype-dependent rates suggesting different 
regulation related to genetic background. The 
absence of a direct correlation between fatty 
acid and sterols biosynthesis suggests that they 
are independently regulated, despite a com-
mon substrate (acetylCoA) in the metabolic 
pathways of both components. Environmental 
factors modify phytosterols content and compo-
sition in the oil (Roche et al., 2006, 2010). Both 
high temperature and water deficit increase 
concentration of phytosterols in sunflower grain 
(Anastasi et al., 2010). Recently, Nolasco et al. 
(unpublished) found a negative correlation be-
tween phytosterols and oil content, similar to 
the one observed for tocopherols. Thus, envi-
ronmental effects on phytosterol concentration 
could be explained, as was considered for toco-
pherols, by direct effects on oil content that re-
sult in phytosterol dilution in the oil.

2.4 Protein concentration

Grain protein concentration, usually ex-
pressed in percent of grain dry mass, is the main 
determinant of the end-use value of most cereal 
and grain legume species. This is particularly 
true for wheat, which is mostly consumed by 
humans after processing. Cereal grains contain 
a relatively small concentration of protein, typi-
cally between 8 and 18%, but the large depend-
ence on maize, wheat, and rice as main sources 
of carbohydrate and energy means these species 
account for 85% of dietary proteins for humans 
(Shewry, 2007).

In the field, variations in grain protein concen-
tration induced by weather, water and nitrogen 
availability, especially during the grain-filling 
period, are much larger than variations due to 
genotype (Cooper et al., 2001). For wheat, varia-
tions in grain protein concentration in response 
to temperature, solar radiation, CO2 or soil wa-
ter availability are mainly related to variation in 
the quantity of carbon compounds (i.e. starch 

and oil) per grain, while the quantity of nitro-
gen compounds (i.e. proteins) per grain is rela-
tively stable (Panozzo and Eagles, 1999; Triboi 
and Triboi-Blondel, 2002; Triboi et al., 2006). In 
oilcrops, an increase in oil concentration is gen-
erally associated with a decrease in protein con-
centration (López Pereira et al., 2000; Morrison 
et al., 2000; Uribelarrea et al., 2004), as a result of 
a dilution effect (Connor and Sadras, 1992).

The interplay between carbon and nitrogen 
compounds leading to a final concentration of 
protein in grain can most simply be explained 
by the effects of environmental factors during 
the grain-filling period on the rate and dura-
tion of accumulation of starch, oil and protein. 
Starch, oil and protein depositions in the grain 
are relatively independent from each other and 
are controlled differently (Jenner et al., 1991). 
The synthesis of grain starch and oil mostly re-
lies on current photosynthesis. Therefore, the 
quantity of starch and oil per grain is mainly 
determined by the duration in days of the 
grain-filling period. The rate of accumulation 
of carbon compounds per day is little modified 
by post-anthesis environmental factors, while 
the duration of grain filling in thermal time 
shows little variation (Triboi et al., 2003; DuPont 
et al., 2006b). This explains the close correlation 
between grain dry mass and the rate of accumu-
lation of grain dry matter degree-day−1 or with 
the duration of grain filling in days. In contrast, 
under most conditions, the synthesis of grain 
protein relies mostly on nitrogen remobiliza-
tion from the vegetative organs. Chapter 8 dis-
cusses further the relative contribution of cur-
rent assimilation and reserves to the carbon and 
nitrogen economy of grains, and emphasizes 
differences between wheat and rice, for which 
60–95% of the grain N at harvest comes from re-
mobilization of stored N, and maize where this 
proportion is only 45–65%.

Temperature and water supply have small 
effects on the rate of grain nitrogen accumula-
tion degree-day−1 (Triboi et al., 2003; DuPont 
et al., 2006b), which means that any temperature-
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driven decrease in the duration in days of grain 
filling is compensated for by an increase in the 
rate of accumulation of grain nitrogen day−1. 
Under water deficit or high temperature, the 
higher daily rate of nitrogen remobilization 
from vegetative organs to grain accelerates 
canopy senescence and reduces remobilization 
of stored pre-anthesis carbon (Palta et al., 1994; 
Triboi and Triboi-Blondel, 2002). Under very 
high temperature (maximum daily temperature 
higher than 30–35°C, depending on the species), 
this compensation decreases and the quantity 
of nitrogen per grain may decrease. Environ-
mental constraints during the early phase of 
grain development (i.e. endosperm or cotyle-
don cell division) may reduce the rate of accu-
mulation of carbon, which accentuates the in-
creases of grain protein concentration (Gooding 
et al., 2003). The effects of these environmental 
factors before anthesis on grain protein con-
centration depend mainly on their effect on the  
sink-to-source ratio, but the processes described 
above still drives grain protein concentration 
(Chapter 8).

In contrast with the effects of post-flowering 
temperature, radiation, or water supply, the ef-
fects of nitrogen supply on grain protein concen-
tration are mostly due to changes in the amount 
of nitrogen per grain which, for most crop spe-
cies, is regulated by nitrogen availability in the 
vegetative organs and in the soil during the 
grain-filling period (e.g. Lhuillier-Soundele 
et al., 1999; Martre et al., 2003). The number of 
grains set usually matches the growth capacity 
of the canopy during the grain-filling period 
(Sinclair and Jamieson, 2006) and, as a conse-
quence, average grain dry mass is little modi-
fied or increases slightly under pre- and/or 
post-flowering soil nitrogen shortage (Triboi 
et al., 2003; Uribelarrea et al., 2004).

To model the effects of the environment on 
protein concentration, it is necessary to take 
into account the dynamics of carbon and ni-
trogen accumulation in the grain. This has 
been successfully achieved in the wheat model 

SiriusQuality1 (Martre et al., 2006), which is de-
scribed in section 3.2. In this model, the accumu-
lation of structural proteins and carbon, which 
occurs during the stage of endosperm cell divi-
sion and DNA endoreduplication, is assumed to 
be sink regulated and is driven by temperature. 
In contrast, the accumulation of storage proteins 
and starch, which occurs after the period of en-
dosperm cell division, is assumed to be source 
regulated (i.e. independent of the number of 
grains per unit ground area), and is set daily to 
be proportional to the current amount of vegeta-
tive non-structural nitrogen.

2.5 Protein composition

Storage proteins account for 70–80% of the to-
tal quantity of reduced nitrogen in mature grains 
of cereals and grain legumes, and their composi-
tion greatly influences their processing and nu-
tritional quality (Wieser and Zimmermann, 2000; 
Gras et al., 2001; Khatkar et al., 2002). It is im-
portant to note that grain protein concentration 
has decreased linearly with the year of cultivar 
release but flour functionality has increased sig-
nificantly (Ortiz-Monasterio et al., 1997; Fufa 
et al., 2005). This trend is partly associated with 
the selection of favorable storage protein alleles 
after the mid-1980s (Branlard et al., 2001). Al-
though the qualitative protein composition of 
grain depends on the genotype, its quantitative 
composition is largely determined by environ-
mental factors including nitrogen and sulfur 
availability (Graybosch et al., 1996; Huebner 
et al., 1997; Panozzo and Eagles, 2000; Zhu and 
Khan, 2001).

Wheat storage proteins are controlled by 
over one hundred genes located at different loci 
(Shewry and Halford, 2003), coding for high-
molecular-weight-glutenin subunits (HMW-GS), 
low-molecular-weight-glutenin subunits (LMW-
GS), a/b-gliadins, g-gliadins, and w-gliadins.  
Gliadins and glutenins are collectively referred 
to as prolamins. Glutenins are polymeric pro-
teins that form very large macropolymers with 
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viscoelastic properties (responsible for the 
unique rheological properties of wheat flour; 
Don et al., 2003), while gliadins are important for 
dough extensibility (Branlard et al., 2001). Grain 
storage proteins accumulate mainly during the 
linear phase of grain filling. For wheat during 
the desiccation phase after physiological matu-
rity (Box 12.1 in Chapter 12), glutenin proteins 
form very large polymers (Carceller and Aus-
senac, 2001), whose size distribution is critical 
for wheat flour functionality (Don et al., 2003).

Environmentally-induced changes in grain 
protein composition are associated with the al-
tered expression of gene encoding storage pro-
teins, in response to signals that indicate the rel-
ative availability of nitrogen and sulfur (Bevan 
et al., 1993; Peak et al., 1997; Chiaiese et al., 2004; 
Hernandez-Sebastia et al., 2005). These signals 
trigger transduction pathways in developing 
grains that, in general, balance the storage of 
nitrogen and sulfur to maintain homeostasis 
of the total amount of protein per grain (Tabe 
et al., 2002; Islam et al., 2005). Emergent prop-
erties of these regulation networks, which are 
still poorly understood at the molecular level, 
are allometric relations between the amount of 
nitrogen per grain and the amount of the differ-
ent storage protein fractions (Sexton et al., 1998b 
for soybean; Landry, 2002 for maize; Triboi 
et al., 2003 for wheat). These relations are inde-
pendent of the causes of variations in the quanti-
ty of nitrogen per grain and are similar for devel-
oping and mature grains (Fig. 17.4a–c, compare 
main panels and insets; Daniel and Triboi, 2001; 
Triboi et al., 2003). This means that environmen-
tal factors, including supply of water and nitro-
gen, do not directly influence grain protein accu-
mulation, but only indirectly through their effect 
on grain nitrogen accumulation. It thus appears 
that the gene regulatory network involved in 
the control of the synthesis of storage proteins is 
coordinated in such a way that the grain reacts 
in a predictable manner to nitrogen availability, 
yielding a meta-mechanism at the grain level 
(Martre et al., 2003).

A consequence of this meta-mechanism is that 
grain protein composition is closely related to 
the total quantity of proteins per grain, indepen-
dently of the cause of its variation. For wheat, 
the proportion of total glutenin in grain protein, 
as well as the proportion of each HMW-GS in 
total HMW-GS (Wieser and Zimmermann, 2000; 
DuPont et al., 2007), appear to be independent 
of the quantity of nitrogen per grain, whereas 
the proportion of gliadin in grain protein shows 
significant environmental variation (Fig. 17.4c). 
Changes in the proportion of gliadin are di-
rectly related to the variations in the quantity 
of nitrogen per grain, and are compensated by 
a proportional decrease of non-prolamin pro-
tein. These variations in grain protein composi-
tion are accompanied by changes in amino acid 
composition with the total quantity of nitrogen 
per grain (Eppendorfer, 1978; Mossé et al., 1985). 
A practical implication of these relations is that 
grain protein and amino acid composition can 
be calculated directly from the quantity of ni-
trogen per grain independently of the growing 
conditions.

In a recent study, Plessis et al. (2013) analyzed 
the genetic and environmental variability of the 
allometric parameters of grain nitrogen alloca-
tion for wheat. They showed that the scaling ex-
ponents for the allocation of total grain nitrogen 
to gliadins and glutenins are similar across en-
vironments, but have a large genetic variability. 
None of the scaling coefficients and exponents 
was associated with the same loci, suggesting 
that their genetic control is different. The scaling 
exponents were not correlated with any other 
variable and were associated with loci indepen-
dently of other variables. This means that using 
the parameters of a model that are independ-
ent of the environment allowed identification 
of a level of genetic regulation of the synthesis 
of grain storage protein that could not be de-
tected through basic compositional data. Only 
three loci were found to be associated with this 
parameter, two of which were in strong linkage 
disequilibrium with NAC transcription factors. 
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Interestingly, transcription factors known to 
control expression of grain storage protein in 
cereals by binding grain storage protein gene 
promoters were associated with grain storage 
protein composition, while transcription factors 

with unknown functions were associated with 
the grain nitrogen allocation parameters, indica-
tive of both direct and indirect transcriptional 
regulation for grain storage protein composition 
and allocation. However, in a previous study, 

FIG. 17.4 Quantities of (a) non-prolamin proteins, (b) gliadins, (c) and glutenins per grain versus the total quantity of ni-
trogen per grain for developing and mature grains of bread wheat. Insets show the allometric relations between the quantity 
of each protein fraction and the total nitrogen content of mature grains. (d) Percentages of non-prolamin proteins (open sym-
bols), gliadins (gray symbols), and glutenins (closed symbols) vs the total quantity of nitrogen per grain for mature grains. 
Crops were grown in semi-controlled environments with different post-anthesis temperature (triangles) and water supplies 
(rectangles), and in the field with different rates and times of nitrogen fertilization (circles). Redrawn with permission from 
Triboi et al. (2003).
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Ravel et al. (2009) found that the nucleotide 
polymorphism within the transcription factor 
Storage Protein Activator (Spa-A), known to 
bind conserved cis-motifs in the promoter of 
cereal grain storage proteins, were associated 
with differences in the scaling coefficient of the 
allometric relationship between total grain N 
and gliadins and, consequently, of the gliadin-
to-glutenin ratio. Genetic mapping analysis 
showed that the Spa-A locus is also significantly 
associated with dough viscoelasticity (Ravel 
et al., 2009). Both studies indicate that the allo-
metric relationships of grain nitrogen allocation 
underlie the dynamics structuring these regula-
tory networks in which transcription factors are 
key regulators.

Nitrogen supply determines the level of pro-
tein accumulation in the grain and its gross al-
location between storage protein fractions but, 
at a given level of nitrogen supply, sulfur supply 
fine-tunes the composition of the protein frac-
tions by regulating the expression of individual 
storage protein genes (Hagan et al., 2003; Chi-
aiese et al., 2004). Interestingly, DuPont et al. 
(2006a) noted that any factors that increase 
the amount of nitrogen per grain also increase 
the proportion of sulfur-poor (w-gliadins and 
HMW-GS) storage protein at the expense of 
sulfur-rich (a/b-gliadins, g-gliadins, and LMW-
GS) storage protein. These authors proposed a 
putative molecular mechanism by which nitro-
gen activates the synthesis of glutamine and 
proline, thus favoring the synthesis of sulfur-
poor proteins rich in these amino acids. An al-
ternative hypothesis is that the accumulation of 
sulfur-rich storage proteins, determined by sul-
fur availability, generates a signal of sulfur defi-
ciency, which increases the expression of sulfur-
poor storage proteins to the extent of nitrogen 
available to it. The latter hypothesis is substanti-
ated by reported differences in temporal appear-
ance and spatial distribution of sulfur-rich and 
sulfur-poor storage proteins in developing grain 
of maize (Lending and Larkins, 1989) and wheat 
(Panozzo et al., 2001).

Very high temperature, above a threshold of 
daily average temperature of about 30°C, can 
have marked effects on wheat dough strength 
which are largely independent of grain protein 
concentration (Randall and Moss, 1990; Blumen-
thal et al., 1991; Wardlaw et al., 2002). Relatively 
small variations in the proportions of the differ-
ent types of gliadin and glutenin subunits have 
been reported in response to chronic or short 
periods of very high temperature and it is dif-
ficult to relate convincingly such variations to 
changes in flour functionality. Weaker dough 
from grains that experience one or several days 
of very high temperature have been related to a 
marked decrease in the proportion of large mo-
lecular size glutenin polymers (Ciaffi et al., 1996; 
Corbellini et al., 1998; Wardlaw et al., 2002; Don 
et al., 2005). The aggregation of glutenin pro-
teins, which occurs mainly during grain desicca-
tion after physiological maturity (Carceller and 
Aussenac, 2001; Ferreira et al., 2012), is likely the 
major process responsible for heat-shock-related 
dough weakening.

Extended periods of high temperature are 
common in many cereal-growing areas of 
the world, and above-optimal temperature is 
one of the major factors affecting small grain 
cereal yield and composition (Randall and 
Moss, 1990; Borghi et al., 1995; Graybosch 
et al., 1995). Some studies suggest that very 
high temperature around mid-grain filling 
has positive effects on wheat dough strength 
(Stone et al., 1997; Panozzo and Eagles, 2000), 
whereas very high temperature around physio-
logical maturity has a negative effect on dough 
strength (Randall and Moss, 1990; Blumenthal 
et al., 1991; Stone and Nicolas, 1996). This dif-
ference in the response of dough properties ac-
cording to the timing of heat-shock are related 
to different effects on the gliadin-to-glutenin 
ratio and the size of glutenin polymers at each 
developmental stage (Ferreira et al., 2012). 
Further experiments to identify the relative 
sensitivity of different development stages in 
terms of gliadin and glutenin accumulation 
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and glutenin polymer formation are clearly 
required. Important genetic variability in the 
relative response of grain protein composition 
and flour functionality to very high tempera-
ture has been reported (Blumenthal et al., 1995; 
Stone et al., 1997; Spiertz et al., 2006), but the 
genetic and physiological bases of these differ-
ences are still largely unknown.

3 INTEGRATION OF QUALITY 
TRAITS INTO CROP SIMULATION 

MODELS

Models can range from detailed mecha-
nistic descriptions to simple response curves 
to environmental variables, which are ‘meta-
mechanisms’ at the plant or crop level (Tar-
dieu, 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 G × E and 
pleitropic effects. This underlies model-assisted 
phenotyping and ideotype design, as explained 
in Chapter 14.

Crop simulation models for grain yield have 
been published for all the major crop species. 
Some sunflower models also simulate oil yield 
(Villalobos et al., 1996; Casadebaig et al., 2011) 
and oil quality (Pereyra-Irujo and Aguir-
rezábal, 2007). Most wheat models simulate 
crop nitrogen accumulation and partitioning, 
primarily because crop nitrogen status greatly 
affects crop biomass and grain yield; however, 
few models have extended the simulation of 
nitrogen dynamics to grain nitrogen concen-
tration (Sexton et al., 1998a; Asseng et al., 2002; 
Martre et al., 2006). In this section, we describe 
simulation models for sunflower and wheat, 
which have integrated grain oil or protein qual-
ity modules, based on the relationships de-
scribed in section 2. In the following section, 
these models will be used to design strategies 
to improve quality traits through crop manage-
ment or breeding.

3.1 Modeling oil concentration and 
composition in sunflower

The model of Pereyra-Irujo and Aguirrezábal 
(2007) integrates empirical relationships (sec-
tion 2) as shown in Figure 17.5a. The model in-
cludes a temperature-driven phenology mod-
ule that allows establishment of the critical 
periods for determination of yield and quality 
components. Grain oil concentration and yield 
components require an estimate of intercepted 
radiation per plant, which is determined at 
the population level. Leaf growth is predicted 
through its relationship with temperature and 
plant density. Radiation interception depends 
on leaf area index (determined by plant density 
and individual plant leaf area) and incident so-
lar radiation at the top of the canopy. Fatty acid 
composition was initially predicted through its 
relationship with temperature during its criti-
cal period (Fig. 17.1b). The recent incorpora-
tion of the effect of radiation during its own 
critical period improved the estimation of fatty 
acid composition (Echarte et al., 2013). In field 
experiments, where radiation was artificially 
modified by shading, oleic acid estimation im-
proved by 14% in terms of relative root mean 
square error (RRMSE) when radiation effect 
was taken into account while, for plants grown 
under full sunlight, the estimation improved 
by just 5% (Jaimes F., unpublished). This low 
apparent improvement of oleic acid estimation 
under current growing conditions could gain 
importance under global change scenarios, 
where a dimming effect and a shorter period 
for radiation accumulation due to higher tem-
peratures are expected to occur (Chapter 20). 
Then, oil tocopherol concentration is calculated 
from oil weight per grain (Fig. 17.1c) which, in 
turn, depends on grain weight and grain oil 
concentration.

This model provided estimations of grain 
yield similar to those of a more complex model, 
and good estimates of oil quality and intermedi-
ate variables such as phenology and intercepted 
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showing the relationships between input variables (outside boxes), intermediate variables, and output variables (yield and quality). Adapted from 
Pereyra-Irujo and Aguirrezábal (2007). (b) Schematic representation of the wheat simulation model SiriusQuality1 (Martre et al., 2006) showing the main 
variables, influences, and feedbacks. AGDM: average grain dry mass; ANT: anthesis; DM: dry matter; N: nitrogen; Eact: actual evapotranspiration; Epot: 
potential evapotranspiration; ET: evapotranspiration; LAI: leaf area index; LUE: light use efficiency; maxStem[N]: maximum stem nitrogen concentration; 
minStem[N]: minimum stem nitrogen concentration; PAR: photosynthetically active radiation; SLN: leaf nitrogen mass per unit of leaf surface area; SLW: 
leaf dry mass per unit of leaf surface area.
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radiation over a wide range of environmental 
conditions (Pereyra-Irujo and Aguirrezábal, 
2007; Pereyra-Irujo et al., 2009). The original 
model was expanded to simulate quality traits 
for biodiesel (i.e. density, kinematic viscos-
ity, heating value, cetane number and iodine 
value) using validated empirical relationships 
with oil fatty acid composition (Pereyra-Irujo 
et al., 2009). It was also useful for estimating pos-
sible effects of warming on oil concentration and 
quality of different sunflower hybrids at differ-
ent locations in Argentina (Echarte et al., 2009).

3.2 Modeling grain protein concentration 
and composition in wheat

Simulation of grain nitrogen content requires 
first simulating the uptake of nitrogen into the 
vegetative tissues of the plant, followed by a 
step where nitrogen is transferred to the grains 
from vegetative tissues. A mechanistic ap-
proach to simulate crop nitrogen accumulation 
and partitioning has been implemented in the 
wheat simulation model Sirius (Jamieson and 
Semenov, 2000). Nitrogen is distributed to leaf 
and stem tissues separately, with simplifying 
assumptions that nitrogen per unit leaf area is 
constant at the canopy level (Grindlay, 1997), 
but that the stem could store nitrogen. The ef-
fect of nitrogen shortage is first to reduce stem 
nitrogen concentration and then leaf expansion 
to maintain specific leaf nitrogen concentra-
tion of growing leaves. One advantage of this 
approach is that it reduces the number of pa-
rameters and the need to define stress factors, 
compared with the demand-driven approaches 
based on nitrogen dilution (e.g. van Keulen 
and Seligman, 1987; Stöckle and Debaeke, 1997; 
Brisson et al., 1998). This approach also pro-
vides more plasticity in the response of the crop 
to nitrogen availability. The latest version of Sir-
ius (SiriusQuality, http://www1.clermont.inra 
.fr/siriusquality/), considers the vertical distri-
bution of leaf lamina, leaf sheath and internode 
dry matter and nitrogen down the canopy. The 

model uses the approach of Bertheloot et al. 
(2008) and the scaling relationships between 
canopy size and nitrogen vertical distribution 
described by Moreau et al. (2012). A schemat-
ic representation of SiriusQuality is shown in 
Figure 17.5b.

SiriusQuality also attempts to model nitro-
gen transfer to the grain more mechanistically 
than previous models (Sinclair and Amir, 1992; 
Sinclair and Muchow, 1995; Gabrielle et al., 1998; 
Bouman and van Laar, 2006). Accumulation 
of structural proteins and carbon, during en-
dosperm cell division and DNA endoreduplica-
tion, and of storage proteins and starch, after the 
period of endosperm cell division, is explicitly 
considered (Martre et al., 2006). The accumula-
tion of structural proteins and carbon per grain 
is assumed to be sink regulated and is driven by 
temperature. On the other hand, the accumula-
tion of storage proteins and starch is assumed 
to be source regulated (i.e. independent of the 
number of grains per unit ground area), and is 
set daily to be proportional to the current amount 
of vegetative non-structural nitrogen. Sirius and 
SiriusQuality1 successfully simulate yield and 
protein concentration for contrasting pre- and 
post-flowering nitrogen supplies, post-anthesis 
temperature, and water supply in France (Mar-
tre et al., 2006) and Italy (Ferrise et al., 2010), un-
der the dryer climate of Arizona and Australia 
across variation in air CO2 concentration, water 
and nitrogen supplies, and cultivars (Jamieson 
et al., 2000, 2008; Ewert et al., 2002), and under 
the cooler climate of New Zealand for a range of 
rates and patterns of water and nitrogen avail-
abilities, locations and cultivars (Jamieson and 
Semenov, 2000; Armour et al., 2004).

The allometric relations between the total 
amount of nitrogen per grain and the amount 
of the storage protein fractions presented in sec-
tion 2.5 have been used to model gliadin and 
glutenin accumulation in developing wheat 
grain (Martre et al., 2003). This model has been 
implemented in SiriusQuality and has been 
evaluated against a wide range of nitrogen 

http://www1.clermont.inra.fr/siriusquality/
http://www1.clermont.inra.fr/siriusquality/
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supply and post-anthesis temperature and wa-
ter supply (Martre et al., 2006). The existence of 
environment-independent relations of nitrogen 
allocation for different cereals species (but with 
different parameter values), suggest that the 
model developed for wheat can be used to ana-
lyze and simulate the allocation of storage pro-
teins for other cereals. The next step would be 
to model the effect of sulfur availability on the 
allocation of storage proteins and its interaction 
with nitrogen availability.

4 APPLYING CROP PHYSIOLOGY 
TO OBTAIN A SPECIFIC QUALITY 

AND HIGH YIELDS

In many agronomically relevant conditions, 
the trade-off between yield and quality is an ob-
stacle to achieve the dual objective of high yield 
and high quality. This section thus presents a 
physiological viewpoint of the relationships be-
tween yield and oil attributes in sunflower and 
between yield and protein in wheat, and out-
lines physiological concepts of potential value 
for management and breeding aimed at improv-
ing grain quality.

4.1 Sunflower yield and oil composition

The interactions between yield and quality in 
sunflower were analyzed for a traditional and a 
high-oleic sunflower hybrid using the model pre-
sented in section 3.1 (Fig. 17.5a). Quality attrib-
utes were estimated for a wide range of sowing 
dates and three plant densities, using 35 years 
of weather data from three locations with con-
trasting radiation and temperature regimens in 
Argentina. The same interactions were analyzed 
experimentally in a trial network where five hy-
brids were sown in 11 locations between 26.7°S 
and 38.6°S (Peper et al., 2007). Large variation 
in observed and simulated yield and grain and 
oil quality traits were obtained both among and 
within locations.

The direction of the correlation between 
yield and quality traits evidently depends on 
the nature of the quality trait. For most of the 
situations, grain oil concentration and linoleic 
acid concentration were positively correlated 
with yield, while the concentration of oleic acid 
(Fig. 17.6a) and oil tocopherol concentration 
were negatively correlated with yield. Experi-
mental results for the traditional hybrids in the 
trial network showed a similar pattern of nega-
tive correlation between oleic acid concentration 
and yield (Peper et al., 2007). Current knowl-
edge suggests that the trade-off between yield 
and oil quality is mainly driven by temperature.

Temperature differences among locations 
were the main cause of the negative correla-
tions between simulated yield and oleic acid. 
Oleic acid concentration increases with the tem-
perature between 100 and 300°Cd after flower-
ing (Izquierdo et al., 2006), whereas grain yield 
decreases with temperature around flowering 
(Cantagallo et al., 1997) and during early grain 
filling, i.e. between 250 and 450°Cd after flower-
ing (Aguirrezábal et al., 2003), when the grain 
number and grain dry mass are determined, re-
spectively. Because of this overlap of the critical 
periods for oleic acid concentration and yield, 
it is not easy to avoid this negative correlation 
when sowing a traditional sunflower hybrid. 
However, because this overlap was only partial, 
in a given year and location, temperature fluctu-
ations over the reproductive period can reverse 
the general tendencies. So, despite the average 
negative correlation, it is possible to calculate, 
from model outputs, the probability of obtain-
ing relatively high product quality (in this case 
oleic acid concentration) with a high yield at a 
given location. For instance, the probability of 
obtaining oil with more than 35% oleic acid in 
Paraná is 50% when yield potential is lower than 
2.5 t ha−1, and decreases to 27% for higher yields 
(Pereyra-Irujo and Aguirrezábal, unpublished 
results).

In some cases, genetic improvement can break 
negative correlations between quality traits and 
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FIG. 17.6 Relationship between simulated oleic acid concentration and crop grain yield for (a) a traditional hybrid and (b) 
a high-oleic hybrid, for three contrasting locations in Argentina. Inset: relationship between measured oleic acid concentra-
tion and grain yield for 15 high-oleic sunflower hybrids sown in different locations in Argentina (Pereyra-Irujo and Aguir-
rezábal, unpublished results).
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yield. This is easiest when quality traits depend 
on relatively few genes, as for high-oleic trait in 
sunflower (section 2.2). For instance, simulated 
and experimental data showed that oleic acid 
concentration for sunflower cultivars with high-
oleic genes was independent of yield (Fig. 17.6b; 
Peper et al., 2007).

In sunflower, oil tocopherol concentration 
was negatively correlated with yield (Pereyra-
Irujo and Aguirrezábal, 2007). In this case, the 
response was the same across locations, but 
depended strongly on the sowing density. 
This was because at higher densities, the same 
yield can be obtained with a higher number of 
smaller grains, for which the response curve of 
tocopherol concentration to variations in oil con-
centration is steepest. The negative correlation 
between oil tocopherol concentration and yield 
results from the relationship between oil tocoph-
erol concentration and oil weight per grain. This 
relationship follows a dilution-like curve, with 
a steeper slope for grains with less than 15 mg 
oil (Fig. 17.1c). Within this range, oil tocopherol 
is therefore inversely correlated with weight 
per grain, which is the main driver of oil weight 
per grain, and also one of the two components 
of yield. However, it is well known that yield is 
mainly driven by the number of grains m−1 and 
that the correlation between grain number and 
weight per grain is weak for sunflower (Can-
tagallo et al., 1997) and annual crops in general  
(Chapters 4, 6, 7 and 16). Therefore, high oil 
tocopherol concentration could be obtained to-
gether with high yield, provided that this yield 
results mainly from many small grains. This de-
duction, based on simulations and application 
of physiological principles, was experimentally 
confirmed in experiments where oil tocoph-
erol concentration was negatively related to oil 
weight per grain, but no clear correlation was 
found with yield (Peper et al., 2007). For hybrids 
genetically producing small grains, oil tocoph-
erol concentration above 800 mg g oil−1 and yield 
above 3.1 t ha–1 were obtained when grain num-
ber was higher than 6700 grains m−2 (A. Peper, 

personal communication), i.e. close to the maxi-
mum number of grains m−2 observed under 
normal/regular field conditions (Lopez Pereira 
et al., 1999). Although environmental effects 
on phytosterol concentration have been less 
explored and the negative correlation between 
tocopherols and oil has not been incorporated 
into the model yet, it is likely that improvement 
of phytosterol concentration will be achieved 
by the same strategy as the improvement of to-
copherol concentration.

4.2 Wheat yield and protein 
concentration

Negative relationships between grain pro-
tein concentration and yield have been known 
in wheat for more than 70 years (Waldron, 1933; 
Metzger, 1935; Neatby and McCalla, 1938; Grant 
and McCalla, 1949), and crop physiologists 
have analyzed the effect of environmental fac-
tors on this relation for over 40 years (Terman 
et al., 1969). Since the pioneer works on wheat, 
this negative grain yield–protein concentra-
tion relation has been reported for all the ma-
jor crops, including maize (Dubley et al., 1977), 
sunflower (López Pereira et al., 2000), soybean 
(Wilcox and Cavins, 1995), and cowpea (Olusola 
Bayo, 1997). This correlation is observed when 
comparing different genotypes and also for a 
given genotype in response to environmental 
conditions or management practices.

Several putative physiological causes of the 
relationship between protein concentration and 
yield have been proposed, but the picture is 
still incomplete (reviewed in Feil, 1997). It has 
been hypothesized that energetic cost of pro-
tein synthesis limits crop nitrogen assimilation 
and protein synthesis in the grain (Bhatia and 
Rabson, 1976; Munier-Jolain and Salon, 2005). 
However, nitrogen uptake during the pre- and/
or post-flowering periods and/or the efficiency 
of nitrogen translocation from vegetative organs 
to grains are more likely to explain this correla-
tion (Kade et al., 2005). Consistently with this 
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hypothesis, late (between heading and flowering) 
application of nitrogen fertilizer often increases 
grain protein concentration without reducing 
yield (Triboi and Triboi-Blondel, 2002). It also has 
been suggested that the observed genetic correla-
tion between grain yield and protein concentra-
tion is at least in part due to the increase in dry 
matter harvest index (i.e. straw-to-grain dry mass 
ratio), which has accompanied most of the genet-
ic progress in yield over the last 50 years, result-
ing in a reduction of the storage capacity of the 
crop for nitrogen (Kramer and Kozlowski, 1979; 
Herzog and Stamp, 1983). There is contradicting 
evidence concerning this issue (Cox et al., 1985; 
Slafer et al., 1990; Bänziger et al., 1992; Calder-
ini et al., 1995; Uribelarrea et al., 2004; Abeledo 
et al., 2008), which possibly results from different 
patterns of spatial and temporal availability of 
soil nitrogen (taking into account soil moisture) 
throughout the growing season. Alternative hy-
potheses include the lower protein concentration 
of grain in distal florets in the spike (Simmons 
and Moss, 1978; Herzog and Stamp, 1983). Mod-
ern wheat cultivars setting more grains in distal 
positions of the spikelets could affect the balance 
between N and C of grains.

Some authors (e.g. Feil, 1997) argued that the 
seemingly universal genetic negative correlation 
between grain yield and protein concentration 
is an artifact of inadequate availability of soil 
nitrogen in most experiments. However, several 
reports showed significant variations of crop ni-
trogen yield independently of yield suggesting 
that a significant part of the negative relation is 
under genetic control (e.g. Monaghan et al. 2001; 
Laperche et al. 2007).

The effects of weather and specific environ-
mental factors on the relationship between grain 
yield and protein concentration were studied 
using SiriusQuality1 (Martre et al., 2006). The 
model was run for a wide range of nitrogen 
availabilities, using 100 years of synthetic daily 
weather data representing typical conditions in 
France, as well as scenarios where temperature 
or radiation are increased or decreased.

At medium-nitrogen supply, a unique rela-
tionship was observed, independently of the 
causes of yield and grain protein concentration 
variation (Fig. 17.7a). The simulated effect of 
post-flowering temperature, radiation and wa-
ter supply were very similar to that observed ex-
perimentally (Terman et al., 1969; Pushman and 
Bingham, 1976; Terman, 1979; Triboi et al., 2006). 
Interestingly, the large range of simulated yield 
shows that the grain yield–protein concentration 
is not linear. The analysis of the few experimen-
tal results with significant ranges of grain yield 
also indicates that the relation deviates from 
linearity (Metzger, 1935; Simmonds, 1995; Rhar-
rabti et al., 2001). The non-linearity is due to the 
dilution of a roughly constant amount of nitro-
gen in an increasing amount of carbon compo-
nents. The negative relation also tends to deviate 
slightly from the grain nitrogen yield isopleths 
showing decreases of the simulated crop grain 
nitrogen yield for the higher yielding conditions. 
This was associated with a decrease of the total 
crop N yield rather than with a systematic effect 
on the nitrogen harvest index (data not shown). 
These high yielding conditions were associated 
with long growth cycles (when simulation was 
performed considering that average daily tem-
perature was increased by 3°C) with late grain 
filling occurring under water-limited conditions 
thus limiting crop nitrogen accumulation. This 
phenomenon possibly relied more on an inter-
action between the simulated treatment and the 
climate structure of the study site rather than 
an absolute outcome of the model. More gener-
ally, it is interesting to note that in SiriusQual-
ity1, the dynamic of nitrogen and dry matter 
are mostly independent from each other. This 
relation is therefore an emergent property of the 
model. The model was thus able to simulate the 
observed effects of temperature, radiation, and 
water and nitrogen supplies on the negative 
relation, although it was not part of the model 
assumptions. These results give confidence for 
using SiriusQuality1 to analyze environmentally-
induced variations of grain yield and protein  
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concentration, and the interactions between car-
bon and nitrogen metabolisms at the crop level.

At low nitrogen availability, grain yield in-
creases linearly with the amount of nitrogen 
available, and a constant grain protein concen-
tration is expected. For higher availability of ni-
trogen, the rate of increase of grain yield with 
soil nitrogen availability decreases (nitrogen-
use efficiency decreases), grain protein concen-
tration increases faster than grain yield, and a 
positive correlation between grain yield and 
grain protein concentration is expected (Fowler 
et al., 1990). Similarly, the simulated effect of 
nitrogen fertilizer on the grain yield–protein 
concentration relation (Fig. 17.7b) agrees with 
the literature (Pushman and Bingham, 1976; 
Oury et al., 2003; Triboi et al., 2006). Some ex-
perimental data suggest possible weaker corre-
lation with very high or low nitrogen supplies 
(Kramer, 1979; Fowler et al., 1990). Such effects 
were not observed in the present simulations 
but extreme treatments would probably have 
more drastic effect on the yield–grain protein 
concentration relationship where inter-annual 
variability for water stress during the growth 
cycle is more marked.

A summary of the effects of environmental 
variables on grain yield and protein concentra-
tion is shown in Figure 17.8. At a given nitrogen 
supply and sink–source ratio, environmental 
factors modify grain yield and protein con-
centration symmetrically and a close negative 
correlation between grain yield and protein 
concentration is observed (Terman et al., 1969; 
Terman, 1979; Triboi et al., 2006). If environmen-
tal conditions reduce the sink–source ratio, then 
a partial compensation mechanism may occur, 
and the grain yield–protein concentration rela-
tion is then shifted. If the sink capacity (num-
ber of grains) is limited by early drought, high 
temperature, or genetically, then the duration of 
grain filling can be shortened. In this case, yield 
decreases despite an increase of single grain 
dry mass. At the grain level, the sink–source ra-
tio increases more for nitrogen than for carbon, 

FIG. 17.7 Simulated grain protein concentration versus 
grain yield of wheat crops in response to variations (a) of the 
post-flowering temperature (average daily temperature in-
creased or decreased by 3°C) or solar radiation (daily cumu-
lated radiation increased or decreased by 50%), and (b) of ni-
trogen fertilization (indicated rates of nitrogen were applied 
when the crops had 3 leaves [NZC13] or at anthesis [NZC65]). In 
(a) the crops received 10 g N m−2 at 3 leaves and 10 g N m−2 at 
anthesis. Simulations were performed with the wheat simu-
lation model SiriusQuality1 (Martre et al., 2006) for 100 years 
daily synthetic weather generated with the LARS-WG sto-
chastic weather generator (Semenov and Brooks, 1999) for 
Clermont-Ferrand, France. Dashed lines are grain nitrogen 
yield isopleths (g N m−2). Details of the soil and cultivar 
characteristics are given in Martre et al. (2007).
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and grain protein concentration can be higher 
than under non-limiting sink. Under limiting 
nitrogen, the slope of the genetic yield–protein 
concentration relationship decreased (Triboi 
et al., 2006), and thus grain protein concentra-
tion becomes slightly more sensitive to yield 
variations than under non-limiting nitrogen 
(Fig. 17.8).

The yield–grain protein concentration re-
lationship is often hidden by environmental 
and management effects and, on average, can 
often be non-existent (Simmonds, 1995; Oury 
et al., 2003; Munier-Jolain and Salon, 2005). As 
shown here, this is explained by the different 
effects of environmental factors and manage-
ment practices on crop dry mass and nitrogen 
dynamics, but these effects can be successfully 
analyzed through simulation models.

4.3 Management strategies for obtaining 
a target grain and oil composition

4.3.1 Grain oil concentration
Grain oil concentration in sunflower depends 

on intercepted radiation per plant during a criti-
cal period (Fig. 17.1a). High oil concentration 
would therefore require adjustment of manage-
ment practices (e.g. sowing date, choice of culti-
var, sowing density) to enhance intercepted ra-
diation during such a period. For instance, late 
sowing decreases not only grain yield but also 
grain oil concentration in high-oil sunflower 
hybrids. For three locations in Argentina, simu-
lated grain oil concentration decreased when 
sowing was delayed (Pereyra-Irujo and Agu-
irrezábal, 2007). This was related to the faster 
decline of radiation in relation to temperature 
after the summer solstice causing a steady de-
cline in the amount of radiation intercepted per 
plant. Delaying sowing decreased grain oil con-
centration at 1–2% month−1, but with a differ-
ent magnitude according to the location. When 
a low intercepted radiation during grain filling 
is expected (e.g. late sowing), oil yield of low-
oil hybrids is similar to that of high-oil hybrids 
(Izquierdo et al., 2008), and therefore cultivar 
choice can be based on other traits.

A fine-tuning of nitrogen supply and demand 
is necessary to obtain high oil concentration. 
Excessive fertilization can reduce grain oil con-
centration and therefore decrease the commer-
cial quality of the product in sunflower and rape 
(e.g. Steer et al., 1984; Jeuffroy et al., 2006). This 
situation can be frequent in sunflower, a crop 
with low nitrogen requirements with respect to 
other species (Andrade et al., 1996). Models can 
assist in a more precise prevision of nitrogen re-
quirements for specific yield and grain quality 
targets (Jeuffroy et al., 2006).

4.3.2 Oil fatty acid composition
Hybrid selection, sowing date and loca-

tion are the three main management practices 
that can be used to obtain oils with different  

FIG. 17.8 Summary of the effects of temperature, CO2, O3, 
radiation, and supply of nitrogen and water on the relation-
ship between protein concentration and grain yield. Genetic 
progress has continuously increased grain yield while grain 
N concentration has decreased linearly with yield (closed 
symbols). The environmental factors have contrasted ef-
fects on this relation, depending if they modify or not the 
sink:source ratio, and on their effects on grain yield. HI: har-
vest index; PAR: photosynthetically active radiation. Adapted 
with permission from Triboi et al. (2006).
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properties (Box 17.1), as illustrated in Fig-
ure 17.9. To obtain oil with a high proportion of 
oleic acid using traditional hybrids, crops should 
be grown in warm regions, sowing date should 
be adjusted so that minimum temperatures and 
radiation are high during grain filling, and hy-
brids with a high maximum concentration of 
oleic acid should be used (about 50%, close to a 
mid-oleic hybrid). On the other hand, the anal-
ysis of fatty acid composition of high-oleic hy-
brids in comparative yield trials showed these 
genotypes would yield high mono-unsaturated 
oil (80% oleic acid or higher) independently of 
location or sowing date (Echarte et al., 2008). To 
obtain oils with high proportion of linoleic acid, 

hybrids with a low minimum oleic acid concen-
tration (high maximum linoleic acid concentra-
tion) should be used, and they should be sown 
early at high latitudes.

Several quality parameters of biodiesel are 
highly dependent on fatty acid composition 
(Clements, 1996). Simulated density, kinemat-
ic viscosity, and heating value produced from 
sunflower oil were very stable, whereas simu-
lated iodine value and cetane number were 
highly variable between hybrids, regions and 
sowing dates (Pereyra-Irujo et al., 2009). For 
the high-oleic sunflower cultivar, all the ana-
lyzed parameters fell within the limits of the 
two main biodiesel standards (ASTM D6751 

FIG. 17.9 Simulated oleic acid concentration for traditional and high-oleic sunflower hybrids. Early (top maps) and late 
(bottom maps) sowings were used in simulations. Simulations using the optimum sowing date (not shown) yielded results 
intermediate between those of early and late sowings. The main sunflower growing region of Argentina is between the two 
dotted lines. Details of the simulations are given in Pereyra-Irujo et al. (2009).
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from the USA, and EN 14214 from Europe). 
For traditional cultivars, the US standard was 
met in almost all cases, whereas the European 
specifications were met only by the hybrid with 
the highest maximum oleic acid concentration. 
For a given cultivar, biodiesel quality tended  
to be higher at lower latitudes and in late sow-
ings, following the degree of oil saturation 
(Fig. 17.9).

Climate models predict an increase in global 
mean surface temperature of about 1.0–3.5°C in 
the next century (Christensen et al., 2007; Chap-
ter 20). Regional climate change projections 
allowed an estimation of the possible effects 
of warming on fatty acid composition of sun-
flower oil grown at different latitudes (Echarte 
et al., 2009). Simulations predict an increase in 
oleic acid concentration for every location con-
sidered, with stronger effect in warmer regions. 
Although, in general, warming would have a 
positive effect on oil quality, it would probably 
have the opposite effect on crop yield (Pereyra-
Irujo and Aguirrezábal, 2007).

4.3.3 Grain protein concentration
Management of nitrogen fertilizer is criti-

cal to obtain a targeted grain yield and pro-
tein concentration in diverse cropping systems 
(Chapters 2, 3 5, 6 and 7). This practice has an 
important economical cost for the farmer, e.g. 
in France it represents about 60% of the cost of 
growing a wheat crop, and excess nitrogen has 
a potentially deleterious environmental effect 
(Chapter 3). Chapter 8 details approaches for 
diagnostic of nitrogen deficiency from a physi-
ological perspective. Until recently, considera-
tions of fertilizer needs have been mostly driv-
en by yield rather than protein targets, except 
in crops such as barley where narrower bands 
of grain protein have a more marked influence 
on grain price. Crop simulation models offer 
opportunities to manage nitrogen fertilization 
to optimize both grain yield and protein con-
centration, and also cultivar choice (Jeuffroy 
et al., 2013).

4.4 Strategies for genetic improvement of 
quality traits

4.4.1 Grain oil concentration
As mentioned earlier, genetic analyses 

of crosses between high-oil sunflower hy-
brids have identified alleles which could 
potentially increase grain oil concentration 
(Mestries et al., 1998; Mokrani et al., 2002; Bert 
et al., 2003), although these studies did not link 
the differences in oil concentration to anatomi-
cal or physiological characteristics. In maize, 
Yang et al. (2012) found that QTL for oil content 
co-localized with QTL of physical character-
istics of the grain (e.g. endosperm to embryo 
weight ratio). This kind of information could 
be of importance to determine, for instance, 
if future increases in grain oil concentration 
through decreased pericarp weight (and there-
fore decreased grain weight) could be negative-
ly correlated to yield, if grain number does not 
compensate for reduced grain weight (Mantese 
et al., 2006).

As genetic differences become smaller 
among modern, high-oil, sunflower hybrids, 
and given the relative environmental instabil-
ity of their oil concentration (as compared to 
low-oil hybrids), the effect of the environment 
becomes increasingly important. However, the 
effect of environmental conditions and their in-
teractions with genotype on oil concentration 
have received less attention than the effect of 
genotype. The well-known effect of radiation on 
grain oil concentration (Fig. 17.1a) is probably 
one of the causes of the frequent co-localization 
of QTL for flowering date and grain oil concen-
tration since solar radiation intensity during 
grain filling is lower when flowering is delayed 
(León et al., 2000). In sunflower, a critical pe-
riod during grain filling has been identified 
(Aguirrezábal et al., 2003), during which grain 
oil concentration is closely associated with in-
tercepted radiation and temperature, follow-
ing a predictable response curve. Based on this 
relationship, two complementary strategies for 



450 17. IMPROVING GRAIN QUALITY

3. GENETIC IMPROVEMENT AND AGRONOMY

improving oil concentration can be proposed 
(Fig. 17.10a):

1. Selecting for traits that increase radiation 
interception during this period such as stay-
green or resistance to leaf diseases should 

increase oil concentration (Fig. 17.10a) 
and maybe also increase yield. Also, care 
should be taken that increases in ‘greenness’ 
effectively result in increased photosynthesis, 
which is not always the case with stay-green 

FIG. 17.10 Main avenues proposed for the genetic modification of sunflower quality traits: (a) grain oil concentration: 
increased radiation interception during the critical period (arrows along the x-axis), and higher maximum oil concentration 
(dotted line); (b) oleic acid concentration: changes in the plateau values for minimum (gray arrows) and maximum (black 
arrows) oleic acid concentration, either to obtain higher or lower average concentration (dotted lines), or increased stabil-
ity (dashed line); and (c) oil tocopherol concentration: increased tocopherol concentration relative to that expected through 
the dilution curve (vertical arrow), and decreased oil weight per grain (arrow along the x-axis), combined to obtain high oil 
tocopherol concentration (gray circle); black and white squares: see text.



 4 APPLYING CROP PHYSIOLOGY TO OBTAIN A SPECIFIC QUALITY AND HIGH YIELDS 451

3. GENETIC IMPROVEMENT AND AGRONOMY

mutants (Hall, 2001). Likewise, visual 
disease symptoms are not always correlated 
to reductions in photosynthesis (e.g. Sadras 
et al., 2000).

2. Another strategy could be to select for 
higher maximum oil concentration (dotted 
line in Fig. 17.10a). A simple way to 
measure this trait would be post-flowering 
thinning of crops sown at a normal density. 
This would increase radiation interception 
per plant, without the confounding effects 
of high grain number per plant or high 
grain weight potential (Aguirrezábal 
et al., 2003).

4.4.2 Oil fatty acid composition
Crop breeding has achieved numerous modi-

fications of the fatty acid profile of oil in many 
species, mainly through the incorporation of 
genes with large effects (for a review see Velasco 
and Fernández-Martínez, 2002). The effect of the 
environment on these genotypes is relatively 
small (e.g. up to 6.9% for high-oleic sunflower; 
Izquierdo and Aguirrezábal, 2008), but it can 
still be a concern, especially with strict market 
standards. The stability of improved fatty acid 
compositions and the achievement of a desired 
quality under specific environments are impor-
tant breeding objectives.

The parameters of the model in section 2.2 
showed a wide variation between traditional, 
high-linoleic sunflower hybrids (Izquierdo and 
Aguirrezábal, 2008). The stability of minimum 
and maximum oleic acid concentrations for tem-
peratures outside the range of strong response 
(Fig. 17.1b) provide a simple way to screen for 
high or low values of individual parameters (y0 
and ymax, dotted lines in Fig. 17.10b), by sowing 
at locations or dates of known temperature, or 
under semi-controlled conditions (e.g. green-
house). Of these two parameters, y0 showed 
the highest genetic variability. Such screening 
could be simpler and cheaper than screening 
for the trait itself (oleic acid percentage). An-
other approach could be to develop cultivars 

for specific environments. For instance, a geno-
type yielding very-high-linoleic oil under low 
temperature could be obtained by selecting for 
a low y0, irrespective of other parameters.

This model is also valid for high-oleic hy-
brids. Breeders have improved high-oleic sun-
flower genotypes mostly by indirectly selecting 
for a high y0. There are, however, high-oleic 
genotypes that differ in their response to tem-
perature, although this genetic variability has 
not been quantified using the approach de-
scribed above. An interesting breeding goal 
for these genotypes would be to increase the 
stability of fatty acid composition by selecting 
a low difference between minimum and maxi-
mum concentration of oleic acid (dashed line in 
Fig. 17.10b).

For other species, the lack of a robust model, 
and the need to take into account the effect of 
radiation (and the interaction between tempera-
ture and radiation), could make these approach-
es more difficult.

4.4.3 Oil tocopherol concentration
In sunflower, an inverse relationship be-

tween tocopherol concentration and oil weight 
per grain (Fig. 17.1c) accounts for most of the 
environmental effect and, therefore, this rela-
tionship can theoretically be used to quantify 
the genetic variability of oil tocopherol con-
centration. Nolasco et al. (2006) analyzed the 
genetic variability of tocopherol concentra-
tion among sunflower hybrids, finding the ef-
fect of the environment to be larger than the 
genotypic effect. A re-analysis of data from 
Nolasco et al. (2004) through a two-way analy-
sis of variation (ANOVA), using the ratio be-
tween the measured and expected (according 
to the dilution-like curve) values (as opposed 
to the raw tocopherol concentration data), 
showed that environmental and G × E effects 
were reduced, the effect of the genotype was 
increased, and differences between genotypes 
were detected.
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Based on this relationship, two strategies 
for improving oil tocopherol concentration are 
proposed:

1. An ideotype for high tocopherol concentration 
in the oil could be defined as a plant with a 
small amount of oil in each grain. Reducing oil 
weight per grain (solid arrow along the x-axis 
in Fig. 17.10c) should preferably be achieved 
through smaller grains, and not through 
reduced grain oil concentration (which is an 
important quality trait per se). Therefore, to 
avoid negative consequences on grain yield, a 
smaller grain weight should be compensated 
for by an increased grain number.

2. Using the relationship between tocopherol 
concentration and oil weight per grain, 
screening for genotypes with an improved 
tocopherol concentration, independently 
of genetic or environmental variations in 
oil concentration or grain weight. Such a 
genotype would be one with a positive 
deviation from the expected ‘dilution’ 
curve (e.g. black square in Fig. 17.10c). A 
genotype with a higher absolute tocopherol 
concentration, but with a negative value 
relative to the curve (e.g. white squares 
in Fig. 17.10c) would be expected to have 
a negative direct effect on tocopherol 
concentration. This latter genotype 
should have, however, a positive indirect 
effect through a decreased oil weight per 
grain, according to strategy (1). Provided 
the independence of these two effects, 
the two strategies presented here could 
hypothetically be applied simultaneously 
(gray circle in Fig. 17.10c) and would be 
equally useful to improve concentration of 
phytosterols.

4.4.4 Grain protein concentration
The yield–protein concentration correlation 

and the large genotype by management and gen-
otype by environment interaction components 
of variance relative to the genotypic component 

(Cooper et al., 2001) have significantly restrained 
genetic improvements of grain protein concen-
tration. Breaking this negative relationship re-
mains a major challenge for cereal breeders (De-
Pauw et al., 2007; Oury and Godin, 2007).

Both grain yield and protein concentration 
are genetically determined by a large number 
of independent loci. On this basis, some authors 
have concluded that genetic restrictions caused 
by linkage or pleiotropy are not of sufficient 
magnitude to hinder the improvement of both 
traits simultaneously (Kibite and Evans, 1984; 
Monaghan et al., 2001). Indeed, several breeding 
programs have been successful in breaking or 
shifting this correlation, thus demonstrating that 
there are no physiological or genetic barriers to 
breeding high-yielding, high-protein genotypes. 
Cober and Voldeng (2000) developed high-
protein soybean populations exhibiting very low 
or no association between grain yield and protein 
concentration. Similarly, high-protein and low-
protein maize strains resulting from long-term 
divergent recurrent selection allowed translation 
of the negative yield–grain protein concentration 
relation (Uribelarrea et al., 2004). More recently, 
the transfer of a chromosomic region from an 
accession of emmer wheat (Triticum turgidum 
L. var. dicoccoides) associated with high grain 
protein concentration into high-yielding bread 
wheat (DePauw et al., 2007) and durum wheat 
(Chee et al., 2001) also shifted the correlation.

In an analysis of 27 wheat genotypes grown 
in multienvironment field trials in France, the 
genetic deviation from the negative yield–grain 
protein was related to post-anthesis nitrogen 
uptake, independently of anthesis date or shoot 
nitrogen (Bogard et al., 2010). This strongly sup-
ports the hypothesis that, where water deficit 
does not limit post-anthesis soil nitrogen up-
take, increasing the capacity of a genotype to 
assimilate soil nitrogen after anthesis will shift 
the grain yield–grain protein concentration ge-
netic antagonism (Monaghan et al., 2001; Triboi 
and Triboi-Blondel, 2002). Where water defi-
cit reduces post-anthesis soil nitrogen uptake, 
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increasing the remobilization of vegetative ni-
trogen to grains is a promising strategy (e.g. 
Avni et al., 2014).

Models can be used to assess the link be-
tween physiological traits (model parameter) 
and grain yield or protein concentration (Boote 
et al., 2001; Hammer et al., 2006). The wheat sim-
ulation models Sirius and SiriusQuality1 (Martre 
et al., 2007; Semenov et al., 2007) and APSIM-
Nwheat (Asseng and Milroy, 2006) have been 
used to analyze the effect of single plant or crop 
traits on both grain yield and protein concentra-
tion. The effect of climate was assessed by run-
ning the models for 32 to 100 years of weather 
data. These simulations showed that variations 
in weather and nitrogen treatments induced 
larger variations in grain yield and protein 
concentration than most of the physiological 
traits considered, and revealed strong trait-by-
nitrogen and trait-by-water interactions. Chap-
ter 14 illustrates a more systematic analysis for 
the wheat simulation model SiriusQualiy where 
the effect of all parameters was quantified si-
multaneously. This analysis showed that the ef-
fects of parameters on grain yield and protein 
concentration are mainly non-linear with strong 
interactions among parameters and strong in-
fluence of climate and crop management on the 
first order effect of most traits

Monaghan et al. (2001) and Bogard et al. 
(2010) showed that, under western European 
conditions, positive departures from the grain 
yield–protein concentration relation were asso-
ciated with the amount of nitrogen accumulated 
by the crop after flowering. The sensitivity anal-
ysis of SiriusQuality1 was consistent with this 
finding: for high nitrogen supply, increasing the 
maximum rate of nitrogen uptake during grain 
filling allowed a shift of the negative correlation 
between protein concentration and grain yield 
(Fig. 17.11b).

To analyze the effect of the rate of nitrogen 
remobilization from leaves and stems to grains 
on crop dry matter and nitrogen dynamics, a 
scaling parameter (b) changing proportionally 

the daily rate of accumulation of grain nitro-
gen was introduced in SiriusQuality1 (Martre 
et al., 2007). For both low and high nitrogen sup-
ply, simulated grain yield increased significantly 
when the rate of grain nitrogen accumulation 
decreased, whereas grain nitrogen yield, post-
flowering nitrogen uptake, and nitrogen harvest 
index were very similar, even for high nitrogen 
supply (Fig. 17.11c, d). Therefore, increasing 
the daily rate of grain nitrogen accumulation 
leads to a dilution of simulated grain nitrogen. 
Surprisingly, about 75% of the increase in grain 
yield was due to the increase in dry matter har-
vest index, which increased by about 6% when b 
decreased from 1 to 0.7. In good agreement with 
this result, pot-grown stay-green mutants of du-
rum wheat in a greenhouse had a higher grain 
yield per plant than the wild type, but the grain 
nitrogen yield was the same for the mutants 
and the wild type; therefore the grain protein 
concentration was lower for the stay-green mu-
tants than for the wild type (Spano et al. 2003). 
In contrast, Uauy et al. (2006a,b) reported that 
acceleration of canopy senescence in transgenic 
wheat plants, under-expressing an NAC tran-
scription factor located at a QTL for high grain 
protein concentration, paralleled acceleration of 
nutrient remobilization from leaves to grains, 
leading to higher grain protein concentration. 
Similarly Avni et al. (2014) reported that ‘loss-
of-function’ mutants for this transcription fac-
tor have a delayed monocarpic leaf senescence, 
leading to lower grain protein concentration for 
the mutants compared with the wild type, but 
grain yield was similar for both the mutants and 
the wild type. Chapter 10 presents an extensive 
account of environmental modulation and ge-
netic control of leaf senescence.

A survey of UK winter wheat cultivars re-
vealed a positive association between grain yield 
and stem nitrogen concentration at flowering 
(Shearman et al., 2005). In the sensitivity analysis 
of SiriusQuality1, the nitrogen storage capacity 
of both leaves and stem was considered. Under 
limiting nitrogen supply, increasing the storage  
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FIG. 17.11 Simulated grain protein 
concentration versus grain yield for wheat 
crops in response to (a, b) variations of the 
maximum rate of nitrogen uptake at anthe-
sis (Nmax

uptake, default value 4 g N m−2 ground 
d−1), (c, d) a scaling parameter modifying 
the daily rate of grain nitrogen accumula-
tion (b, default value 1), (e, f) the nitrogen 
storage capacity of the stem ( N[ ]max

system, de-
fault value 10 mg N g−1 DM), and (g, h) leaf 
nitrogen mass per unit of leaf surface area 
(SLN, default value 1.5 g N m−2 leaf). Simu-
lations were performed with the wheat 
simulation model SiriusQuality1 (Martre 
et al., 2006). Data are means for 32 years at 
Clermont-Ferrand at low (8 g N m–2 applied 
in two splits; a, c, e, g) and high (25 g N m−2 
applied in four splits; b, d, f, h) nitrogen 
supplies. The gray intensity of the sym-
bols decreases as the parameters increase 
by 10% increments from −30% to +30% 
of their default value. Arrows indicate the 
way of the increase of the parameter val-
ues. Dotted lines are grain nitrogen yield 
(g N m−2) isopleths. Details of the soil and 
cultivar characteristics are given in Martre 
et al. (2007). Adapted with permission from 
Martre et al. (2007).

Nmaxuptake

[N]maxstem



 5 CONCLUDING REMARKS 455

3. GENETIC IMPROVEMENT AND AGRONOMY

capacity of the leaves or stems did not shift the 
negative correlation between grain yield and 
protein concentration (Fig. 17.11e,g). The in-
crease of leaf nitrogen mass per unit leaf surface 
area (i.e. specific leaf nitrogen) was associated 
with a reduction in grain yield because it re-
duced leaf expansion due to nitrogen short-
age. In contrast, under high nitrogen supply, 
increasing maximum stem nitrogen concentra-
tion, or leaf nitrogen mass per unit of leaf sur-
face area resulted in a significant increase in 
both grain yield and grain protein concentration 
(Fig. 17.11f, h). Similar trends in grain yield and 
protein concentration were observed when the 
efficiency of nitrogen remobilization was modi-
fied, but changes in simulated grain yield and 
protein concentration were limited. This simu-
lation analysis shows that, under high nitrogen 
inputs, increasing the nitrogen storage capacity 
of the leaves and stem, and/or the efficiency of 
nitrogen remobilization, may significantly shift 
the negative grain yield–protein concentration. 
Moreover, it may also reduce the risk of nitrogen 
losses by leaching and volatilization.

5 CONCLUDING REMARKS

Diverse industries require grains with high 
and reliable quality for specific uses, and breed-
ers have responded by tailoring new cultivars 
to these demands (DePauw et al., 2007; Velasco 
and Fernández-Martínez, 2002). There is, there-
fore, an increasing need for knowledge of the 
physiology of quality traits, in support of both 
breeding efforts and crop management aimed at 
the dual objective of high yield and high quality. 
While breeding for crop yield has been always 
performed at the population (crop) level, the im-
provement of quality traits has mostly focused 
on individual plants or plant parts (i.e. grain). 
Combining experiments and simulations, we 
demonstrated that most quality traits, and cer-
tainly quality–yield interactions, cannot be cor-
rectly understood or predicted by extrapolating 

from individual plants to the population. The 
determination of quality traits – like that of 
yield components – should be analyzed at the 
crop level, and crop physiology concepts and 
methods classically applied to yield analysis are 
powerful tools for this analysis.

Much of our current knowledge about the 
physiology of grain quality in oilseed crops 
and cereals has been obtained in sunflower and 
bread wheat, hence the value of these species 
as models for quality studies illustrated in this 
chapter. Examples were presented where rela-
tionships (and underlying processes) between a 
given quality trait and its predictor first identi-
fied in model crops were then found to be com-
mon to other crops. This research strategy seems 
promising for further insight into the physiol-
ogy of quality traits in several crops.

Mathematical crop models have incorpo-
rated quality modules that allow simultaneous 
simulation of grain yield and quality (section 3). 
Several cases were presented to illustrate how, 
by means of these models, crop physiology can 
be used for designing better management and 
breeding strategies for improving quality in oil 
crops and cereals. Interestingly, these models 
are more than a means to gather physiological 
knowledge; they also help create new knowl-
edge by highlighting emergent properties that 
arise from the combination of different process-
es. For example, crop models realistically repro-
duced relationships between yield and quality 
traits (section 4), which are assumed to be inde-
pendent processes in the models.

Fine-tuning of resource with production is 
necessary to improve efficiency in agriculture. 
Experimental determination of input require-
ments for optimum production has been suc-
cessful but is limited in space and time and, 
therefore, transferable only in general terms 
(Lawlor et al., 2002). Better understanding of bi-
ochemical and physiological processes underly-
ing plant response to the environment will help 
to obtain a desired product while improving 
resource-use efficiency.
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Dealing with genotype by environment in-
teractions is still one of the major challenges 
for plant breeders. As a complement to classical 
approaches, quantitative relationships between 
quality traits and environmental drivers in this 
chapter are a more robust means of quantifying 
genotype by environment interactions, and of 
generating new ‘traits’ (model parameters) that 
are largely independent of the environment. 
These relationships represent meta-mechanisms 
at the plant or crop level, and therefore could 
help to fill the current gap between genotype 
and phenotype, especially for complex traits. 
Coupling physiological and genetic approaches 
to improve quality traits, we argue, represents 
one of the next challenges for crop physiology 
and breeding.
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