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1. INTRODUCTION

The quality of a harvested organ can most simply be defined as its suitability to the intended market or
processing and product manufacture. The term quality may therefore encompass many criteria, as the com-
positional (chemical) and textural (biomechanical) requirements may vary from one product to another.
For example, for oilseed sunflower it includes the potential industrial yield, the nutritional value of the oil
and its stability (Box 1). For bread wheat, it includes the milling performance, the dough rheology, the bak-
ing quality, the nutritional value for humans or animals and its suitability for storage. Moreover, for a given
end product, the relative importance of quality attributes changes along the market chain from grower to
consumer. For example, elevated oil or protein concentration is of economic importance for farmers where
a premium is paid for these attributes, whereas high baking quality in wheat or oxidative stability in oil-
seeds are of economic importance to food manufacturers. Also for a given crop species, quality criteria vary
depending on the product end use (Box 1). For example, high-protein flours are required for leavened bread
or pasta, while their low-protein counterparts are desirable for biscuits, crackers, cakes or oriental noodles.
An efficient agro-industrial production system, therefore, needs to know the year-to-year variation in compo-
sition of raw materials that can be obtained in different regions or under different management practices.

The identification of novel genes or loci with major effects on quality traits has resulted in new cultivars with
improved quality (Velasco and Fernandez-Martinez, 2002; DePauw et al., 2007, Chapter 14). Nonetheless,
dealing with genotype-by-environment (G X E) interactions, and with pleiotropic effects (i.e. trait-by-
trait interactions) remains a major difficulty in plant breeding, especially for grain quality (de la Vega and
Chapman, 2001). A physiological perspective provides useful insights into G X E, as shown in this and other
chapters of this book (Section 3.1 in Chapter 11; Sections 3 and 4 in Chapter 10). Further in this chapter, we
argue that grain oil and protein concentration and composition are primarily determined at the crop level,
and cannot be correctly understood or predicted by extrapolating from the individual plant to the popula-
tion. We will show how physiological concepts and methods classically applied to yield analysis can be used
to investigate and model the genetic and environmental determinants of grain oil and protein concentration
and composition, for example, identification of critical periods (Section 5 in Chapter 12; Section 3.2.2 in
Chapter 15), kinetics of biomass and nitrogen accumulation and partitioning (Chapters 7 and 8). Models
can range from detailed mechanistic descriptions to simple response curves to environmental variables,
which are ‘meta-mechanisms’ at the plant or crop level (Tardieu, 2003). If models are robust enough, one
set of parameters represents one genotype (Hammer et al., 2006; Chapter 10), and thus they can be used to
analyse complex traits with G X E and pleitropic effects.
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BOX 1 Selected properties of vegetable oil and its components

Vegetable oils are composed mainly of triglycerides (or tri-
acylglycerol, TAG), which are formed by the esterification
of three fatty acids with a glycerol. Fatty acids are usually
classified based on the length of their carbon chain and
the number and position of double bonds. The fatty acid
composition defines the nutritional, industrial and organ-
oleptic quality of the oil. Fatty acids are expressed as a
percentage of all the fatty acids in the oil.

Saturated fatty acids, with the exception of stearic acid,
increase the levels of cholesterol in humans (Velasco and
Fernandez-Martinez, 2002). Polyunsaturated acids, such
as linoleic acid, are essential to mammals, have a potent
hypocholesterolemic effect and reduce the risk of cardio-
vascular diseases (Kris-Etherton and Yu, 1997). They can
also be used as feed to dairy cattle yielding milk with a
high level of conjugated linoleic acid (Kelly et al., 1998).
On the other hand, saturated fatty acids provide the oil
a higher oxidative stability than unsaturated fatty acids.
Therefore, for cooking and food industry, sunflower oils
with oleic acid concentration near those of mid-oleic
cultivars (oleic acid concentration between 60 and 79%)
are often preferred (Binkoski et al., 2005). Qils with high

concentration of oleic acid also allow for margarine
with less proportion of undesirable trans fatty acids. For
biodiesel, oils containing fatty acids with low degree of
unsaturation are preferable, because they decrease the
iodine index (inversely related to stability), and increase
biodiesel cetane number (a measure of combustion quality)
(Clements, 1996).

Tocopherols (o, 3, v and & isomers) are natural anti-
oxidants that inhibit lipid oxidation in biological sys-
tems by stabilising hydroperoxyl and other free radicals
(Bramley et al., 2000). The antioxidant activity of tocoph-
erols increases oil stability (Martinez de la Cuesta et al,,
1995; Bramley et al., 2000). Tocopherols are essential for
humans, and they have been associated with delayed
cellular aging (White and Xing, 1997), reduced risk of car-
diovascular diseases and regression of several cancers in
cell culture. At high temperatures, 3- and ~-tocopherols
present a higher antioxidant activity than «-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).

In this chapter, quality is restricted to the biochemical composition of grains, and the focus is on sunflower
as an oilseed model and bread wheat as a cereal model. Comparisons with other species are included to
emphasise similarities and differences with these model crops. The rationale for the use of these model spe-
cies is threefold. First, research on model species has proven useful in other areas of knowledge, for example,
Arabidopsis thaliana and rice as models for dicotyledonous and monocotyledonous plants in genetics, respec-
tively. Second, grain oil and protein, major storage compounds in sunflower and wheat, are important in
human and animal diets and increasingly important for non-food uses. Third, our knowledge of quality
aspects in these two species is sufficient to allow for meaningful quantitative models that capture major
genetic, environmental and G X E effects.

This chapter comprises three main parts. First, we briefly review the effects of environmental, genetic and
G X E factors 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 modelling and experiments to analyse the rela-
tionships between quality traits and yield, and management and breeding strategies for the improvement of
grain quality.

2. ENVIRONMENTAL AND GENETIC EFFECTS ON GRAIN OIL
AND PROTEIN CONCENTRATION AND COMPOSITION

2.1. Oil concentration
Grain oil accumulates mainly in the endosperm (e.g. castor bean and oat), embryo cotyledons and axis (e.g.
rapeseed and sunflower), embryo scutellum and aleurone layer (e.g. maize) or mesocarp (e.g. olive and oil
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palm), depending on the species (Murphy, 2001). Grain oil concentration (usually expressed in percent of
grain dry mass) mainly determines the industrial yield of the grains. As a consequence, in some countries,
sunflower grains with an oil concentration above a threshold are paid a premium over the regular price.

Grain oil concentration is genetically determined, and plant breeding has improved it in many crops. In sun-
flower, low-oil varieties and hybrids (38-47% oil) have been replaced by modern high-oil hybrids (47-53%
oil; de la Vega et al., 2007; Izquierdo et al., 2008). In maize and oat, high-oil hybrids (up to 18%) have been
developed, although most of currently grown hybrids have 3.9-5.8% oil (Frey and Holland, 1999). The
improvement in oil concentration was 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 increas-
ing the oil concentration in this tissue. In sunflower, the difference in o0il concentration between low-oil and
high-oil hybrids is caused by differences in the duration rather than the 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 environmental condi-
tions, as opposed to the almost stable oil concentration of low-oil hybrids (Dosio et al., 2000; Izquierdo
et al,, 2008), even when genotypes differ only in a single genetic region (8.1 cM) conferring the high-oil trait
(Ledn et al.,, 1996). Environmentally induced variation of sunflower grain oil concentration has been largely
related to variation in embryo oil concentration (Santalla et al., 2002; Izquierdo et al., 2008). Variation in
grain oil concentration associated with changes in the embryo-to-pericarp ratio has been found in response
to temperatures above 30°C (Rondanini et al., 2003).

Grain oil is synthesised from carbohydrates either from current photosynthesis or from the remobili-
sation of storage carbohydrates (Hall etal.,, 1990). Therefore, grain oil accumulation greatly depends
on the carbon economy of the crop during grain filling (Andrade and Ferreiro, 1996; Dosio et al., 2000). In
sunflower, grain oil concentration is mainly determined by the amount of photosynthetically active radia-
tion (PAR) intercepted per plant during the grain-filling period (Andrade and Ferreiro, 1996; Dosio et al.,
2000; Izquierdo et al., 2008). Likewise, in rapeseed, Izquierdo (2007) found reductions in oil concentration
from 50.3 to 36.3% when incident radiation was reduced by 80%. In contrast, Andrade and Ferreiro (1996)
did not detect any effect of intercepted radiation on grain oil concentration in soybean and maize. Other
authors have attempted to use the source-sink ratio as the explanatory variable, finding either no relation-
ship (Ruiz and Maddonni, 2006) or a relationship worse than that of source alone (Izquierdo et al., 2008).

In sunflower, final grain dry mass and oil concentration are most sensitive to the amount of intercepted
radiation between 250 and 450°C day after flowering (base temperature 6°C; Aguirrezdbal et al., 2003).
A linear-plateau relationship between final grain oil concentration and intercepted radiation during the
mentioned period was found, with a maximum (OC,,,,) at approximately 26.3 M] per plant for high-oil
hybrids (Dosio et al., 2000; Izquierdo et al., 2008; Figure 1a). This critical period, however, has not been
detected yet in other oil crops (Izquierdo, 2007).

The response of grain oil concentration to temperature during grain filling depends on the species. For flax,
both the quantities of oil per grain and oil concentration decrease linearly with daily average temperature
between 13 and 25°C (Green, 1986). For soybean, grain oil concentration increases with daily average tem-
perature up to approximately 28°C and decreases with higher temperature (Piper and Boote, 1999; Thomas
et al., 2003). In sunflower, the duration of the grain-filling stage is inversely related to temperature (Ploschuk
and Hall, 1995; Villalobos et al., 1996), and thus higher temperature would shorten the time for radiation
interception and therefore reduce grain oil concentration (Aguirrezdbal et al., 2003). However, results from
the field should be interpreted with caution, since variations in temperature and radiation are usually cor-
related. Under controlled conditions, where temperature and daily radiation were decoupled, oil concen-
tration has been inversely related to temperature (Canvin, 1965; Geroudet and Aguirrezdbal, unpublished
results). With temperature above 30°C, oil concentration can decrease markedly, depending on the stage of
grain filling (Rondanini et al., 2003, 2006).
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FIGURE 1

Modelling quality traits in sunflower, an oilseed model crop. (a) Linear-plateau response of grain oil concentration to intercepted
solar radiation during the period 250-450°C day after flowering, parameters are the slope of the linear phase (a), the minimum
intercepted radiation to obtain the maximum oil content (b), and the maximum oil concentration (OC,,,,). (b) Sigmoid function
describing the relationship between oleic acid concentration and minimum night temperature during the period 100-300°C day
after flowering; parameters are the maximum slope (c), the minimum oleic acid concentration (v ) and the maximum oleic acid
concentration (/0. (¢) Negative exponential relationship between oil tocopherol concentration and oil weight per grain; x; is the oil
weight per grain above which oil tocopherol concentration shows a stabilisation-like phase.

Water deficit during grain filling, even for a short period, can reduce grain oil concentration (Hall et al.,
1985). The first effect of water shortage is the reduction of leaf expansion, which could have significant effect
on radiation interception and thus on grain oil concentration. More severe water deficit can also affect leaf
photosynthesis or accelerate leaf senescence, thereby reducing the availability of carbohydrate for oil syn-
thesis. Excess nitrogen availability can also affect oil concentration, mainly through an increase in protein
concentration (Steer et al., 1984, and references therein). While part of the effect of other environmental
factors and management practices can be explained by their effect on intercepted radiation per plant, tem-
perature or crop photosynthesis (e.g. foliar diseases, sowing date and sowing density), these factors can also
have direct effects on grain oil concentration, as it has been shown for other oil yield components (Andrade
et al., 2002). More research is needed to clarify this issue.
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2.2. 0Oil composition

Fatty acid composition is the main determinant of oil quality, as outlined in Box 1. Fatty acid chains are
built through a cycle of biochemical reactions involving the multi-enzyme fatty acid synthase FAS and the
low-molecular-weight acyl carrier protein ACP. They are converted to acyl-CoA and then incorporated into
TAG. The desaturation of fatty acids is mediated mainly by the enzymes stearoyl-ACP desaturase, oleoil-ACP
desaturase and linoleoil-ACP desaturase. Although our knowledge of the enzymes involved in the synthesis
and the desaturation of oil fatty acids, the genes that code for these enzymes and their environmental regu-
lation has increased over the past years, our understanding of the regulation of oil synthesis and storage is
still far from complete.

Oil fatty acid composition is genetically controlled. The fatty acid composition of oil varies largely among spe-
cies, and also within species (Figure 2). The oil composition of traditional high-linoleic cultivars of sunflower
has been modified, mostly by altering the function of major genes through mutagenesis (Lagravere et al.,
1998; Fernandez-Martinez et al., 1989; Lacombe and Bervillé, 2000). High-oleic cultivars have over 80% oleic
acid resulting from a reduced activity of oleoil-ACP desaturase (Garcés and Mancha, 1991; Kabbaj et al., 1996).
Mid-oleic sunflower oil (60-79% oleic acid) is usually produced by crossing a high oleic and a traditional
line. Sunflower lines with increased concentrations of saturated fatty acids (high stearic or high palmitic) were
also developed (Osorio et al., 1995; Fernandez-Martinez et al., 1997). High-stearic sunflower cultivars are the
result of low activity of the enzyme stearoyl-ACP desaturase or of high activity of the enzymes FATA and FATB,
which increase the accumulation of stearic acid in the endoplasmic reticullum and thus reduce its desaturation.

Conventional cultivars

Soybean
Rapeseed
Linseed
Maize
Sunflower
(a) T T T T
Cultivars with modified composition (Sunflower)
Mid oleic N RN
High oleic IS NN
High palmitic NN A
High stearic N A NN
High-stearic/High oleic TTIERNNNNN N
(b) 6% 2IO% 4IO% GIO% 8IO% 1 (I)O%

|l Palmitic B Stearic M Oleic & Linoleic ™ Linolenic |

FIGURE 2

Typical oil fatty acid composition for (@) conventional cultivars of soybean, rapeseed, linseed, maize and sunflower and (b) sunflower
cultivars with modified fatty acid composition: mid oleic, high oleic, high palmitic, high stearic and high stearic/high oleic. (Source:
Data from Velasco and Fernandez-Martinez, 2002; Aguirrezabal and Pereyra, 1998, Izquierdo, unpublished.)
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Inbred lines combining the high-stearic trait with the high-oleic trait (high stearic or high oleic) have also been
obtained (Serrano-Vega et al., 2005). High-oleic, high-linoleic and high-stearic cultivars of soybean have been
developed (Schnebly et al., 1996; Stojsin et al., 1998; Primomo et al., 2002; Serrano-Vega et al., 2005), but
they have not been released to the seed market yet. In rape, a species with erucic acid in its oil, cultivars with
low (for human consumption) or high (for industrial uses) concentrations of this fatty acid have also been
developed (Velasco et al., 1999).

Oil fatty acid composition varies according to the environmental conditions (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 activity of the
desaturase enzymes (e.g. oleoil-ACP desaturase in sunflower; Garcés et al., 1992; Kabbaj et al., 1996). The
accumulation of saturated fatty acids is also affected by environmental factors (Roche et al., 2006; Izquierdo
and Aguirrezdabal, 2008).

Several authors observed that oleic acid concentration in sunflower oil was decreased by low temperatures
(e.g. Harris et al., 1978; Rochester and Silver, 1983; Izquierdo et al., 2002). Oleic acid concentration was
better related to night minimum temperature 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 tem-
perature during the dark period (Pleite et al., 2008). In soybean and maize, however, a clear relationship
between oleic acid concentration and night-time or minimum temperatures could not be detected. Rather,
it has been related to daily average temperature, probably because of a lower effect of temperature on fatty
acid composition in these species (Izquierdo, 2007). As found for oil concentration, very high daytime tem-
peratures (>30°C) also affect fatty acid composition in sunflower (Rondanini et al., 2003), but probably
through different (and possibly interacting) mechanisms than moderately high temperatures.

Environmental factors other than temperature, such as solar radiation (Santalla etal., 1995), rainfall
(Pritchard et al., 2000), nitrogen availability (Steer and Seiler, 1990), soil salinity (Irving et al., 1988) and
crop health (Zimmer and Zimmerman, 1972), can also affect fatty acid composition. However, these fac-
tors generally produce small variations in fatty acid composition than those driven by temperature (e.g. 10
vs. 40% oleic acid for sunflower). However, variations in oleic acid concentration through changes in inter-
cepted radiation in soybean and maize (Izquierdo, 2007) were similar to those driven by latitude, extreme
sowing dates and temperature (Muratorio et al., 2001; Izquierdo and Aguirrezdbal, 2005; Izquierdo, 2007).

The total activity of the enzyme oleoil-ACP desaturase is maximum early during grain filling (Garcés et al.,
1992; Kabbaj et al., 1996); therefore, the effect of temperature in this period could be stronger than during
the rest of the grain-filling stage. Correspondingly, minimum night temperature between 100 and 300°C
day after flowering (base temperature 6°C) accounted for most of the variability in the concentration of
oleic and linoleic acids in two traditional hybrids and a high-oleic hybrid (Izquierdo et al., 2006; Izquierdo
and Aguirrezdbal, 2008). This supports the idea (usually assumed in crop simulation models; e.g. Villalobos
etal., 1996; Stockle et al., 2003) that the timing of a critical period is the same for different genotypes, pro-
vided that it is expressed in relation to developmental events and in thermal time. Such a critical period,
however, could not be found in maize or soybean (Izquierdo, 2007).

The knowledge on the effects of the environment on fatty acids other than oleic and linoleic acids is more
limited. Izquierdo and Aguirrezdbal (2008) found a relationship to describe the response of other fatty acids
to temperature in different sunflower hybrids. With increased temperature, the proportion of saturated fatty
acids was reduced, mainly due to a reduction in the concentration of stearic acid (the concentration of palmitic
acid remained fairly constant), indicating that there is also a temperature effect on stearoyl-ACP desaturase, as
reported by Kabbaj et al. (1996). The synthesis of stearoyl-ACP desaturase peaks earlier during grain filling than
that of the oleoil-ACP desaturase (12 vs. 20 days after flowering; Kabbaj et al., 1996), suggesting that the critical
period for saturated fatty acids precedes the critical period for oleic-to-linoleic ratio (Izquierdo et al., 2006).

Izquierdo and Aguirrezabal (2008) investigated the response of oleic and linoleic acids to temperature
in sunflower hybrids, using the empirically based relationship established by Izquierdo etal. (2006).
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The concentration of oleic acid showed a sigmoidal response to minimum night temperature between 100 and
300°C day after flowering, increasing almost linearly within a given range of temperatures (Figure 1b).
Outside this range, the concentration of this fatty acid remained almost constant. The same mathemati-
cal expression characterised the response of oleic acid concentration to temperature in both traditional
and high-oleic hybrids; as it could be expected, relationships between linoleic acid concentration and tem-
perature showed inverse trends. However, the parameters of the response curves showed significant genetic
variability. Differences among traditional hybrids were observed for the minimum and maximum concen-
trations of oleic acid and also for the maximum slope and the range of the response; differences were par-
ticularly high for the minimum concentration of this fatty acid, which ranged between 15 and 32%. The
low sensitivity to the environment of a high-oleic hybrid was evidenced by the small difference between
the parameters for minimum and maximum oleic acid concentrations (6.9%), as compared to traditional
hybrids (16.3-43.9%). Since the same function characterised the response of several hybrids, it is possible
to easily incorporate the estimation of oil fatty acid composition in crop simulation models using hybrid-
specific parameters. Finally, the analysis of the variability of these parameters gives important information
on the nature of the observed G X E interactions and provides new traits (parameters) that are independent
of the environment. This can be used to obtain new genotypes with specific responses to environmental
variables, as proposed by Tardieu (2003) and discussed further in Section 4.4.

2.3. 0il tocopherol concentration

Tocopherols (Box 1) are synthesised from specific precursors, via the isoprenoid pathway or the homogen-
tisic 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-, 8-, - and §-tocopherols), which differ in the
position of the methyl group in the molecule, and also in their in vitro and in vivo antioxidant activities
(Kamal-Eldin and Appelqvist, 1996). The relative quantities of these isomers are controlled by the enzymes
catalysing the methylations. In sunflower, a-tocopherol accounts for 91-97% of the total tocopherol, with
little genetic variation (Nolasco et al., 2006).

The tocopherol concentration in sunflower grain is very responsive to environmental conditions (Kandil
etal., 1990; Marquard, 1990; Velasco et al., 2002). The amount of intercepted radiation per plant during
grain filling was negatively correlated to tocopherol concentration in the oil in sunflower (Nolasco et al.,
2004), soybean, maize and rape (Izquierdo, 2007). The effect of temperature on tocopherol concentration,
however, is unclear, with many contradictory reports (Dolde et al., 1999; Almonor et al., 1998; Izquierdo
etal., 2007).

Tocopherols are present in the grain in a small quantity diluted in oil (typically 500-1200pgg™!; Marquard,
1990; Nolasco et al., 2004), and their concentration depends on the amount of both tocopherol and oil.
Nolasco et al. (2004) found that the variation in oil weight per grain accounted for 73% of the variation
in total tocopherol concentration in sunflower oil. The relationship between tocopherol concentration in
oil and oil weight per grain showed a dilution-like shape (Figure 1c), independently of location, the hybrid
and its maximum oil concentration, or the intercepted radiation during grain filling (Nolasco et al., 2004).
Oil weight per grain also accounted for much of the variation in oil tocopherol concentration in traditional
varieties of soybean and rape but not in maize, a species with a low grain oil concentration (Izquierdo,
2007). The simple relationship between tocopherol concentration in oil and oil weight per grain can be eas-
ily incorporated into crop simulation models and used to identify management practices useful to obtain
grains with greater quantity of tocopherols. Also, these relationships could be useful for commercialisation
and grain processing, to estimate the tocopherol concentration of a grain lot from weight per grain and oil
concentration, which are simpler, faster and less expensive to measure than tocopherol concentration.

2.4. Protein concentration
Grain protein concentration, usually expressed 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
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consumed by humans after processing. Cereal grains contain a relatively small concentration of protein,
typically between 8 and 18%, but the large dependence on maize, wheat and rice as main sources of carbo-
hydrates and energy means these species account for 85% of dietary proteins for humans (Shewry, 2007).

In the field, variations in grain protein concentration 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, variations in grain protein concentration in response to temperature, solar radiation,
CO, or soil water availability are mainly related to variation in the quantity of carbon compounds (i.e.
starch and oil) per grain, while the quantity of nitrogen compounds (i.e. proteins) per grain is relatively
stable (Panozzo and Eagles, 1999; Triboi and Triboi-Blondel, 2002; Triboi et al., 2006). In oil crops, an
increase in oil concentration is generally associated with a decrease in protein concentration (Lépez 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 filling period on the rate
and duration 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 relies 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
why, usually, grain dry mass is closely correlated with the rate of accumulation of grain dry mass per degree-
day or with the duration of grain filling in days. In contrast, under most conditions, the synthesis of grain
protein relies mostly on nitrogen remobilisation from the vegetative organs. Chapter 8 (Section 3.1) dis-
cussed the relative contribution of current assimilation and reserves to the carbon and nitrogen economy of
grains, and emphasised differences between wheat and rice, for which 60-95% of the harvested grain nitro-
gen derives from remobilisation of stored N, and maize where this proportion is only 45-65%.

The rate of grain nitrogen accumulation per degree-day is little modified by temperature or water supply
(Triboi et al., 2003; DuPont et al., 2006b), which means that any temperature-driven decrease in the dura-
tion in days of the grain-filling period is compensated by an increase in the rate of accumulation of grain
nitrogen per day. Under water deficit or high temperature, the higher rate per day of nitrogen remobilisation
of pre-flowering nitrogen from the plant to the grain results in an acceleration of canopy senescence and a
reduced remobilisation of 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 phenomenon decreases and the quantity of nitrogen per grain may decrease. If environmen-
tal constraints are applied during the early phase of grain development (i.e. during the phase of endosperm
or cotyledon cell division), then the rate of accumulation of carbon may be reduced, which accentuates the
increases of grain protein concentration (Gooding et al., 2003). The effects of these environmental factors
before anthesis on grain protein concentration depend mainly on their effect on the sink-to-source ratio,
but the processes described above still drive grain protein concentration (Chapter 8).

In contrast with the effects of post-flowering temperature, radiation or water supply, the effects of nitrogen
supply on grain protein concentration are mostly due to changes in the amount of nitrogen per grain, which
for most crop species 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 usu-
ally matches the growth capacity of the canopy during the grain-filling period (Sinclair and Jamieson, 2006),
and as a consequence, average grain dry mass is little modified (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 nitrogen accumulation in the grain. This has been successfully achieved in the
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wheat model SiriusQualityl (Martre et al., 2006), which is described in Section 3.2. In this model, the accu-
mulation of structural proteins and carbon, which occurs during the stage of endosperm cell division and
DNA endoreduplication, is assumed to be sink regulated and is driven by temperature. In contrast, the accu-
mulation of storage proteins and starch, which occurs after the endosperm-cell-division period, 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.

2.5. Protein composition

Storage proteins account for 70-80% of the total quantity of reduced nitrogen in mature grains of cereals
and grain legumes, and their composition greatly influences their processing and nutritional quality (Wieser
and Zimmermann, 2000; Gras et al., 2001; Khatkar et al., 2002). It is important to note that grain protein
concentration in wheat has decreased linearly with the year of cultivar release, but flour functionality has
increased significantly (Ortiz-Monasterio et al., 1997; Fufa et al., 2005). This trend is partly associated with
the selection of favourable storage protein alleles after the mid-1980s (Branlard et al., 2001). Although the
qualitative protein composition of grain depends on the genotype, its quantitative composition is largely
determined by environmental factors, including nitrogen and sulphur availability (Graybosch et al., 1996;
Huebner et al., 1997; Panozzo and Eagles, 2000; Zhu and Khan, 2001).

Wheat storage proteins are encoded by over 100 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), «/p-gliadins, ~-gliadins and w-gliadins. Gliadins and glutenins are collectively referred to as
prolamins. Glutenins are polymeric proteins that form very large macro-polymers with viscoelastic proper-
ties (responsible for the unique rheological properties of wheat flours; Don et al., 2003), while gliadins are
important in conferring extensibility to dough (Branlard et al.,, 2001). Grain storage proteins accumulate
mainly during the linear phase of grain filling. For wheat, during the desiccation phase after physiological
maturity (Box 1 in Chapter 12), glutenin proteins form very large polymers (Carceller and Aussenac, 2001)
whose size distribution plays a central role in determining wheat flour functionality (Don et al., 2003).

Environmentally induced changes in grain protein composition are associated with the altered expression of
genes encoding storage proteins, in response to signals that indicate the relative availability of nitrogen and
sulphur (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 sulphur to maintain homoeostasis of the total amount of protein per grain (Tabe et al., 2002; Islam
etal., 2005). Emergent properties 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
different storage protein fractions (Sexton et al., 1998b, for soybean; Landry, 2002, for maize; Triboi et al.,
2003, for wheat). These relations are independent of the causes of variations of the quantity of nitrogen
per grain and are similar for developing and mature grains (Figure 3a-c, compare main panels and insets;
Daniel and Triboi, 2001; Triboi et al., 2003), meaning that environmental factors, including supply of water
and nitrogen, do not directly influence grain protein accumulation, 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, independently 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 the total HMW-GS (Wieser and Zimmermann,
2000; DuPont et al., 2007), appears to be independent of the quantity of nitrogen per grain; in contrast, the
proportion of gliadin in grain protein shows significant environmental variation (Figure 3c). Changes in the
proportion of gliadin are directly related to the variation in the quantity of nitrogen per grain and are com-
pensated by a proportional decrease of non-prolamin protein. These variations in grain protein composi-
tion are accompanied by changes in amino acid composition with the total quantity of nitrogen per grain
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Quantities of (@) non-prolamin proteins, (b) gliadins, (c) and glutenins per grain versus the total quantity of nitrogen per grain for
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and the total quantity of nitrogen for mature grains only. (6) Percentages of non-prolamin proteins (open symbols), gliadins (grey

symbols), and glutenins (closed symbols) versus the total quantity of nitrogen per grain for mature grains. Crops were grown in

semi-controlled environments with different post-anthesis temperatures (triangles) and water supplies (rectangles), and in the field

with different rates and times of nitrogen fertilisation (circles). (Source: Redrawn with permission from Triboi et al., 2003.)

(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 nitrogen per grain, independently
of the growing conditions. Analysis of the genetic variations of the allocation coefficients of nitrogen in
bread wheat showed that, even though there are some statistically significant variations among genotypes,
genotypic differences in grain protein composition are primarily driven by variations in the total quantity of

nitrogen per grain (Martre and Samoil, unpublished results).

Nitrogen supply determines the level of protein accumulation in the grain and its gross allocation between
storage protein fractions, but, at a given level of nitrogen supply, sulphur supply fine-tunes the composition
of the protein fractions by regulating the expression of individual storage protein genes (Hagan et al., 2003;
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Chiaiese et al., 2004). Interestingly, DuPont et al. (2006a) noted that any factor that increases the amount of
nitrogen per grain also increases the proportion of sulphur-poor (w-gliadins and HMW-GS) storage protein
at the expense of sulphur-rich («/3-gliadins, ~-gliadins and LMW-GS) storage protein. These authors pro-
posed a putative molecular mechanism by which nitrogen activates the synthesis of glutamine and proline,
thus favouring the synthesis of sulphur-poor proteins rich in these amino acids. An alternative hypothesis is
that the accumulation of sulphur-rich storage proteins, determined by sulphur availability, generates a signal
of sulphur deficiency, which increases the expression of sulphur-poor storage proteins to the extent of nitro-
gen available to it. The latter hypothesis is substantiated by reported differences in temporal appearance
and spatial distribution of sulphur-rich and sulphur-poor storage proteins in developing grains 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, and these effects are largely independent of grain protein concentration
(Randall and Moss, 1990; Blumenthal etal., 1991; Wardlaw et al.,, 2002). Relatively small variation in
the proportions of the different types of gliadin and glutenin subunits have been reported in response to
chronic or short periods of very high temperature, and it is difficult to convincingly relate such variations
to changes in flour functionality. Weaker dough from grains that experience one or several days of very high
temperature has been related to a marked decrease in the proportion of large-molecular-size glutenin poly-
mers (Ciaffi et al.,, 1996; Corbellini et al., 1998; Wardlaw et al., 2002; Don et al., 2005). The aggregation
of glutenin proteins, which occurs mainly during the phase of grain desiccation after physiological matu-
rity (Carceller and Aussenac, 2001), 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 environmental factors affecting small grain cereal yield and com-
position (Randall and Moss, 1990; Borghi et al., 1995; Graybosch et al., 1995). Some results 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 physiological maturity has a negative
effect on dough strength (Randall and Moss, 1990; Blumenthal et al., 1991; Stone and Nicolas, 1996). This
difference in the response of dough properties according to the timing of heat shock may be related to dif-
ferent effects on the gliadin-to-glutenin ratio and the size of glutenin polymers at each developmental stage.
Further experiments to identify the relative sensitivity of different development stages in terms of gliadin
and glutenin accumulation and glutenin polymer formation are clearly required. Important genetic varia-
tion in the relative response of grain protein composition and flour functionality to very high temperature
has been reported (Blumenthal etal., 1995; Stone etal., 1997; Spiertz et al.,, 2006), but the genetic and
physiological bases of these differences are still largely unknown.

3. INTEGRATION OF QUALITY TRAITS INTO CROP SIMULATION
MODELS

Crop simulation models for grain yield have been developed for all the major crop species (Section 4 in
Chapter 20). Some sunflower models also simulate oil yield (e.g. Villalobos et al., 1996), but only recently,
aspects of oil quality have been included (Pereyra-Irujo and Aguirrezabal, 2007). Most wheat models sim-
ulate 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 dynam-
ics to account for grain nitrogen concentration (Sexton etal.,, 1998a; Asseng et al.,, 2002; Martre et al.,
2006). In this section, we outline simulation models for sunflower and wheat, which have integrated
grain oil or protein quality modules, based on the relationships described in Section 2. In Section 4,
these models will be used to explore strategies to improve quality traits through crop management or
breeding.
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3.1. Modelling oil concentration and composition and tocopherol

concentration in sunflower

The model of Pereyra-Irujo and Aguirrezdbal (2007) integrates empirical relationships (Section 2) as shown
in Figure 4a. The model includes a temperature-driven phenology module that allows for the critical peri-
ods of determination of yield and quality components to be estimated. Fatty acid composition is predicted
through its relationship with temperature during its critical period (Figure 1b). Grain oil concentration
(Figure 1a) and yield components are estimated taking into account intercepted radiation per plant, which
is calculated at the population level. Leaf growth is predicted through its relationship with temperature and
plant density. Radiation interception depends, on the one hand, on plant density and individual plant leaf
area (which determines the leaf area index) and, on the other hand, on incident solar radiation at the top of
the canopy. Then, oil tocopherol concentration is calculated from oil weight per grain (Figure 1c), which in
turn depends on grain weight and grain oil concentration.

The original model (Pereyra-Irujo and Aguirrezabal, 2007) was expanded to simulate quality traits for biodie-
sel (i.e. density, kinematic viscosity, heating value, cetane number and iodine value), using validated empirical
relationships with oil fatty acid composition (Pereyra-Irujo et al., 2009). The model provided estimations of
potential grain yield similar to those of a more complex model, and good estimates of oil quality and interme-
diate variables (e.g. phenology, intercepted radiation during different critical periods) over a wide range of
environmental conditions (Pereyra-Irujo and Aguirrezdbal, 2007; Pereyra-Irujo et al., 2009).

3.2. Modelling 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 approach to simulate crop nitrogen accumulation and partitioning has been implemented
in the wheat simulation model Sirius (Jamieson and Semenov, 2000; Martre et al., 2006). Figure 4b sum-
marises this model. 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 effect of nitrogen shortage is to reduce first stem nitrogen concentration and then leaf expan-
sion to maintain specific leaf nitrogen concentration. One advantage of this approach is that it reduces the
number of parameters and the need to define stress factors, compared with the demand-driven approaches
based on nitrogen dilution (e.g. van Keulen and Seligman, 1987; Stockle and Debaeke, 1997; Brisson et al.,
1998). This approach also provides more plasticity in the response of the crop to nitrogen availability.

The latest version of Sirius (SiriusQualityl; Martre et al., 2006) models nitrogen 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). Accumulations of structural proteins and carbon, during the stages of
endosperm cell division and DNA endoreduplication, and of storage proteins and starch, after the period
of endosperm cell division, are explicitly considered. The accumulation 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 SiriusQualityl successfully simulated yield and protein concentration for
contrasting pre- and post-flowering N supplies, post-anthesis temperature and water supply in France
(Martre et al., 2006), under the dry climates of Arizona and Australia, across variations in air CO, concen-
tration, water and nitrogen supplies and cultivars (Jamieson et al., 2000; Ewert et al., 2002; Jamieson et al.,
2009), and under the cooler climate of New Zealand for a range of rates and patterns of water and nitrogen
availabilities, 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 storage protein
fractions presented in Section 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 SiriusQualityl and has been evaluated
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against a wide range of nitrogen supply and post-anthesis temperature and water supply (Martre et al., 2006).
The existence of environment-independent relations of nitrogen allocation for different cereals species (but
with different parameter values) suggests that the model developed for wheat can be used to analyse and
simulate the allocation of storage proteins for other cereals. The next step would be to model the effect of
sulphur 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 obstacle to achieve
the dual objective of high yield and high quality. This section thus presents a physiological viewpoint of the
relationships between yield and oil attributes in sunflower and between yield and protein in wheat, and out-
lines the physiological concepts of potential value for management and breeding aimed at improving grain
quality while obtaining high yields.

4.1. Sunflower yield and oil composition

The interactions between yield and quality in sunflower were analysed for a traditional and a high-oleic sun-
flower hybrid, using the model presented in Section 3.1 (Figure 4a). Quality attributes were estimated for a
wide range of sowing dates and three plant densities, using 35 years of weather data from three locations in
Argentina with contrasting radiation and temperature regimes. The same interactions were analysed experi-
mentally in a trial network where five hybrids were sown in 11 locations between 26.7 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.

Positive or negative associations between yield and quality traits depend 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 (Figure 5a) and oil tocopherol concentration were nega-
tively correlated with yield. Results for the traditional hybrids in the trial network showed a similar pattern
of negative correlation between oleic acid concentration and yield (Peper et al., 2007), which suggests that it
might be possible to infer the physiological causes of these correlations from the mechanisms operating in
the model.

Simulations showed that temperature differences among locations were the main cause of the negative cor-
relations between yield and oleic acid. Oleic acid concentration increases with temperature between 100 and
300°C day after flowering, whereas grain yield decreases with temperature around flowering (Cantagallo
etal., 1997) and during early grain filling (between 250 and 450°C day after flowering; Aguirrezabal et al.,
2003), when the grain number and grain dry mass are determined, respectively. 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 fluctuations 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 obtaining 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 Parand is
50% if yield potential is lower than 2.5tha™!, and decreases to 27% for higher yields (Pereyra-Irujo and
Aguirrezdbal, unpublished results).

In some cases, genetic improvement can break negative correlations between quality traits and 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 almost independent of yield (Figure 5b; Peper et al., 2007).
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FIGURE 5

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 concentration and grain yield for 15
high-oleic sunflower hybrids sown in different locations in Argentina (Source: Pereyra-Irujo and Aguirrezabal, unpublished).

In sunflower, oil tocopherol concentration was negatively correlated with yield (Pereyra-Irujo and
Aguirrezdbal, 2007). In this case, the response was the same at all 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 concentration
is steepest (Figure 1c). The negative correlation between oil tocopherol concentration and yield results from
the relationship between oil tocopherol concentration and oil weight per grain. This relationship follows a
dilution-like curve, with a steeper slope for grains with less than 15 pg oil (Figure 1c). Within this range, oil
tocopherol is therefore inversely correlated with weight per grain, which is the main driving component of
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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 grain per square metre and that the correlation between grain number and
weight per grain is weak for sunflower (Cantagallo et al., 1997). Therefore, it could be expected that high
oil tocopherol concentration could be obtained together with high yield, provided that this yield results
mainly from a high grain number per square metre with small grains. This deduction, based on simula-
tions and application of physiological principles was confirmed in a trial network (Peper et al., 2007), where
oil tocopherol concentration was negatively related with oil weight per grain, but no clear correlation was
found with yield. For hybrids genetically producing small grains, oil tocopherol concentration higher than
800pggoil ! and yield higher than 3100kgha™! were obtained when grain number was higher than
6700 grainsm ™2 (A. Peper, personal communication), i.e. close to the maximum number of grains per
square metre observed under normal field conditions (L6pez Pereira et al., 1999).

4.2. Wheat yield and protein concentration

Negative relationships between yield and grain protein concentration in wheat have been known for more
than 70 years (Waldron, 1933; Metzger, 1935; Neatby and McCalla, 1938; Grant and McCalla, 1949),
and crop physiologists have analysed the effect of environmental factors on this relation for over 40 years
(Terman et al., 1969). Since the pioneer works on wheat, this negative grain yield-protein concentration
relation has been reported for all the major crops, including maize (Dubley et al., 1977), sunflower (Lopez
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 yield and protein concentration have been
proposed, but the picture is still incomplete (reviewed in Feil, 1997). It has been hypothesised that the ener-
getic cost of protein 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 correlation (Kade et al., 2005). Consistently with this hypothesis, late (between head-
ing and flowering) application of nitrogen fertiliser often increases grain protein concentration, without
reducing yield (Triboi and Triboi-Blondel, 2002). It has also been suggested that the observed genetic cor-
relation between grain yield and protein concentration is at least in part due to the increase in dry matter
harvest index (i.e. grain-to-straw dry mass ratio), which has accompanied most of the genetic progresses in
yield over the last 50 years, resulting in a reduction of the storage capacity of the crop for nitrogen (Kramer
and Kozlowski, 1979). There is contradicting evidence concerning this issue (Cox et al., 1985; Slafer et al.,
1990; Binziger et al., 1992; Calderini et al., 1995; Uribelarrea et al., 2004; Abeledo et al., 2008), which pos-
sibly results from different patterns of spatial and temporal availability of soil nitrogen (taking into account
soil moisture) throughout the growing season. Some authors (e.g. Feil, 1997) argued that the seemingly uni-
versal genetic negative correlation between grain yield and protein concentration is an artefact of inadequate
availability of soil nitrogen in most experiments. However, several reports showed significant variations of
crop nitrogen 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 environmental factors on the grain yield-protein concentration relation
were studied using SiriusQualityl (Martre et al., 2006). The model was run for a wide range of nitrogen avail-
abilities, using 100 years of synthetic daily weather data representing typical conditions in France, as well as
scenarios where conditions were modified by increasing or decreasing temperature or radiation.

At medium nitrogen supply, a unique relationship was observed, independently of the causes of yield and
grain protein concentration variation (Figure 6a). The simulated effects of post-flowering temperature, radia-
tion and water supply were very similar to those observed experimentally (Terman et al., 1969; Pushman
and Bingham, 1976; Terman, 1979; Triboi et al., 2006). Interestingly, for a large range of simulated yield,
the relationship with protein concentration was non-linear. The analysis of the few experimental results
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Simulated grain protein concentration versus grain yield for wheat crops in response to variations (a) of the post-flowering
temperature (average daily temperature increased or decreased by 3°C) or solar radiation (daily cumulated radiation increased or
decreased by 50%) and (b) of nitrogen fertilisation (indicated rates in g Nm™2) were applied when the crops had three leaves [Nycs]
or at anthesis [Nygs]). In (8) the crops received 10gNm~2 at three leaves and 10gNm~2 at anthesis. Simulations were performed
with the wheat simulation model SiriusQuality 7 (Martre et al., 2006) for 100 years of daily Synthetic weather generated with the
LARS-WG stochastic weather generator (Semenov and Brooks, 1999) for Clermont-Ferrand, France. Dashed lines are grain nitrogen
yield isopleths (gNm~2). Details of the soil and cultivar characteristics are given in Martre et al. (2007).

with significant ranges of grain yield also clearly indicates that the relation deviates from linearity (Metzger,
1935; Simmonds, 1995; Rharrabti et al., 2001). The non-linearity is due to the dilution of a roughly con-
stant amount of nitrogen in an increasing amount of carbon components. 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 in 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 temperature was increased by 3°C), with late grain filling occurring under water-limited con-
ditions, thus limiting crop nitrogen accumulation. This phenomenon probably reflected an interaction
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between the simulated treatment and the climate structure of the study site rather than an absolute outcome
of the model. More generally, it is interesting to note that, in SiriusQualityl, the dynamics 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 analyse environmentally induced variation of grain yield and pro-
tein concentration, and the interactions between carbon and nitrogen metabolisms at the crop level.

At low nitrogen availability, grain yield increases linearly with the amount of nitrogen available, and a constant
grain protein concentration is expected. For higher availability of nitrogen, the rate of increase of grain yield
with soil nitrogen availability decreases (nitrogen use efficiency decreases), grain protein concentration increases
faster than grain yield and a positive correlation between grain yield and grain protein concentration is expected
(Fowler etal., 1990); Section 4.3 in Chapter 8 further discusses the trade-offs between nitrogen use efficiency
and protein content. Similarly, the simulated effect of nitrogen fertiliser on the grain yield-protein concentra-
tion relation (Figure 6b) is in agreement with the existing literature (Pushman and Bingham, 1976; Oury et al.,
2003; Triboi et al., 2006). Some experimental data suggest possible weaker correlation 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 effects on the grain yield-protein concentration rela-
tionship in an environment with a more marked inter-annual variability for water stress during the growth cycle.

Figure 7 summarises the effects of environmental variables on grain yield and protein concentration. At a
given nitrogen supply and sink-to-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 environmental conditions reduce the
sink-to-source ratio, then a partial compensation may occur; the grain yield-protein concentration rela-
tion is then shifted. If the sink capacity (number of grains) is limited by early drought, by high tempera-
ture or genetically, then the duration of grain filling can be shortened. In this case, yield decreases despite
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Summary of the effects of temperature, CO,, 05, radiation, supply of nitrogen and water, and ecophysiological traits (-sink: low sink-to-
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has continuously increased grain yield while grain N concentration has decreased linearly with yield (closed symbols). The environmental
factors have contrasting effects on this relation, depending if they modify or not the sink—source ratio, and on their effects on grain yield.
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an increase in single grain dry mass. At the grain level, the sink-to-source ratio increases more for nitro-
gen than for carbon, and grain protein concentration can be higher than under conditions of non-limiting
sink. Under limiting-nitrogen conditions, the slope of the genetic yield-protein concentration relationship
decreased (Triboi et al., 2006), and thus grain protein concentration became slightly more sensitive to yield
variation than under non-limiting-nitrogen conditions (Figure 7).

The grain yield-protein concentration relationship 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 man-
agement practices on crop dry mass and nitrogen dynamics, but these effects can be successfully analysed
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 critical period
(Figure 1a). High oil concentration would therefore require adjustment of management practices (e.g. sow-
ing date, choice of cultivar, sowing density and fertilisation) to enhance intercepted radiation during such
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, simulated grain oil concentration decreased when
sowing date was delayed (Pereyra-Irujo and Aguirrezabal, 2007). This was due to the fact that, on average,
radiation decreases more rapidly than temperature after the summer solstice, causing a steady decline in the
amount of radiation intercepted per plant. Delaying sowing decreased grain oil concentration at 1-2% per
month, but with a different magnitude, according to the location. When a low intercepted radiation dur-
ing grain filling is expected (e.g. late sowing), the oil yield of low-oil hybrids is similar to that of high-oil
hybrids (Izquierdo et al., 2008); 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
fertilisation can reduce grain oil concentration and therefore decrease the commercial quality of the product
in sunflower and rape (e.g. Steer et al., 1984; Jeuffroy et al., 2006). In sunflower, this situation can be fre-
quent, since sunflower nitrogen requirements are relatively low, with respect to other crops (Andrade et al.,
1996). Models and spatial technologies accounting for soil variation can assist in a more precise prevision
of nitrogen requirements for specific yield and grain quality targets (Section 2.2 in Chapter 19; Jeuffroy
etal., 2006).

4.3.2. 0Oil fatty acid composition

Hybrid selection, sowing date and location are the three main management practices that can be used to
obtain oils with different properties (Box 1), as illustrated in Figure 8. To obtain oil with a high propor-
tion of oleic acid using traditional hybrids, crops should be grown in warm regions, sowing date should be
adjusted so that minimum temperatures are high during grain filling and hybrids with a high maximum
concentration of oleic acid should be used (about 50%, close to a mid-oleic hybrid) (Figure 8). High-oleic
hybrids, on the other hand, would yield oil with low unsaturation (80% oleic acid), independently of loca-
tion or sowing date (Figure 8). To obtain oils with a high proportion of linoleic acid, hybrids with a low
minimum oleic acid concentration (high maximum linoleic acid concentration) should be used, and they
should be sown early at high latitudes (Figure 8).

Several quality parameters of biodiesel are highly dependent on fatty acid composition (Clements, 1996).
Simulated density, kinematic viscosity and heating value produced from sunflower oil were very stable,
whereas simulated iodine value and cetane number were highly variable between hybrids, regions and sowing
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FIGURE 8

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).

dates. For the high-oleic sunflower cultivar, all the analysed parameters fell within the limits of the two main
biodiesel standards (ASTM D6751 from the United States, and EN 14214 from Europe). For traditional culti-
vars, 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 sowings, following the degree of oil saturation (Figure 8).

4.3.3. Grain protein concentration

In most intensive cropping areas, management of nitrogen fertiliser is the main approach to obtain a targeted
grain yield and protein concentration. This practice has an important economical cost for the farmer -
for example, in France, it represents about 60% of the cost of growing a wheat crop - but also has a poten-
tially deleterious environmental effect (Section 1 in Chapter 8). Until very recently, considerations of
fertiliser needs have been mostly driven by yield rather than protein targets, except in crops such as bar-
ley where narrower bands of grain protein have a more marked influence on grain price. Management of
nitrogen fertilisation is discussed in other parts of this book; Chapter 8 (Section 2.3) details physiological
approaches for the diagnosis of nitrogen deficiency, and Chapter 19 (Section 2.2) combines physiological
principles, modelling and spatial techniques to deal with the elusive nitrogen-by-water interaction driving
fertiliser needs in dry land farming.
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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 hybrids have identified alleles
that could potentially increase grain oil concentration (Mestries et al., 1998; Mokrani et al., 2002; Bert et al.,
2003). These studies, however, did not link the differences in oil concentration to anatomical or physio-
logical characteristics. This information could be of importance to determine, for instance, whether future
increases in grain oil concentration through decreased pericarp weight (and therefore decreased grain
weight) could be negatively correlated to yield, if grain number is not able to compensate for a reduced
grain weight (Mantese et al., 2006).

As genetic differences become smaller among modern, high-oil, sunflower hybrids, and given the relative
environmental instability of their oil concentration (as compared to low-oil hybrids), the effect of the envi-
ronment becomes increasingly important. However, the effect of environmental conditions and their inter-
actions with genotype on oil concentration have received less attention than the effect of genotype. The
well-known effect of radiation on grain oil concentration (Figure 1a) is probably one of the causes of the
frequent co-localisation of QTLs for flowering date and grain oil concentration (Section 3.1.2 in Chapter 11;
Le6n et al., 2000). In sunflower, a critical period during grain filling has been identified (Aguirrezdbal et al.,
2003), during which grain oil concentration is closely associated with intercepted radiation and temperature,
following a predictable response curve. Based on this relationship, two (possibly complementary) strategies
for improving oil concentration can be proposed, which are represented in Figure 9a:

(i) Selecting for traits that result in increased radiation interception during this period (e.g. stay-green
mutants, resistance to leaf diseases) should lead to increased oil concentration (Figure 9a). Also, care
should be taken that increases in ‘greenness’ effectively result in increased photosynthesis, which is
not always the case with stay-green mutants (Hall, 2001; see also Box 1 in Chapter 9). Likewise, visual
disease symptoms are not always correlated to reductions in photosynthesis (e.g. Sadras et al., 2000).

(ii) Another strategy could be to select for higher maximum oil concentration (dotted line in Figure 9a).
A simple way to measure this trait would be to thin, after flowering, crops sown at a normal density.
This would result in high radiation interception per plant, without the confounding effects of high
grain number per plant or high grain weight potential (Aguirrezdbal et al., 2003).

4.4.2. Oil fatty acid composition

Crop breeding has achieved many modifications 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 Fernandez-Martinez,
2002). The effect of the environment on these genotypes with modified fatty acid composition is relatively
small (e.g. up to 6.9% for high-oleic sunflower; Izquierdo and Aguirrezabal, 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 important breeding objectives.

The parameters of the model in Section 2.2 showed a wide variation between traditional high-linoleic sun-
flower hybrids (Izquierdo and Aguirrezdbal, 2008). The stability of minimum and maximum oleic acid
concentrations for temperatures outside the range of strong response (Figure 1b) provides a simple way to
screen for high or low values of individual parameters (y, and y,,, dotted lines in Figure 9b), by sowing at
locations or on dates of known temperature, or under semi-controlled conditions, for example, greenhouse.
Of these two parameters, y, showed the highest genetic variability. Such screening could be simpler and less
expensive than direct screening for the trait (oleic acid percentage). Another approach could be to develop
cultivars for specific environments. For instance, a genotype yielding very-high-linoleic oil under low tem-
perature could be obtained by selecting for a low y,, irrespective of other parameters.
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FIGURE 9

Main avenues proposed for the genetic modification of sunflower quality traits, based on relationships presented in Figure 1:

(@) 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 (grey arrows) and maximum
(black arrows) oleic acid concentrations, to obtain either higher or lower average concentration (dotted lines) or increased stability
(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 (grey circle); black and white squares: see text.

This model is also valid for a high-oleic hybrid. Breeders have improved high-oleic sunflower mostly by
indirectly selecting for a high y,. There are, however, high-oleic genotypes that differ in their response to
temperature, although this genetic variability has not been quantified using the approach described above.
An interesting breeding goal for these genotypes would be to increase the stability of fatty acid composition
by selecting for low slope,,,, that is, a low difference between the minimum and maximum concentrations
of oleic acid (dashed line in Figure 9b).

For other species, the lack of a robust model, and the need to take into account the effect of radiation (and
possibly the interaction between temperature and radiation), could make these approaches more difficult.
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4.4.3. Oil tocopherol concentration

In sunflower, an inverse relationship between tocopherol concentration and oil weight per grain (Figure 1¢)
accounts for most of the environmental effect; therefore, this relationship can theoretically be used to
quantify the genetic variability of oil tocopherol concentration. Nolasco et al. (2006) analysed the genetic
variability of tocopherol concentration among a group of sunflower hybrids, finding the effect of the envi-
ronment to be larger than the genotypic effect. A re-analysis of data from Nolasco et al. (2004) through a
two-way ANOVA, using the ratio between the measured and expected (according to the dilution-like curve)
values (as opposed to the raw tocopherol concentration data), showed that environmental and G X E effects
were reduced, the effect of the genotype was increased and differences between genotypes were detected.

Based on this relationship, two strategies for improving oil tocopherol concentration have been proposed:

(i) 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 Figure 9¢)
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 by an increased grain number (see also section 4.1).

(ii) Using the relationship between tocopherol concentration and oil weight per grain, screen for geno-
types with an improved tocopherol concentration, independently of genetic or environmental varia-
tions 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 Figure 9c). A genotype with a higher absolute
tocopherol concentration but with a negative value relative to the curve (e.g. white square in Figure 9¢)
would be expected to have a negative direct effect on tocopherol concentration. This latter genotype
should, however, have a positive indirect effect through a decreased oil weight per grain, according to
strategy (i). Provided the independence of these two effects, the two strategies presented here could
hypothetically be applied simultaneously (grey circle in Figure 9c¢).

4.4.4. Grain protein concentration

The yield-protein concentration correlation and the large genotype-by-management and G X E interac-
tion components of variance relative to the genotypic component (Cooper et al., 2001) have significantly
restrained genetic improvements of grain protein concentration. Breaking this negative relationship remains
a major challenge for cereal breeders (DePauw 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 sufficient to simultaneously hinder the improvement of both traits (Kibite and Evans, 1984; Monaghan
et al., 2001); several breeding programmes have been successful in breaking or shifting this correlation, dem-
onstrating that there is no physiological or genetic barriers to breeding high-yielding, high-protein genotypes.
Cober and Voldeng (2000) developed high-protein soybean populations exhibiting a very low or no associa-
tion between grain yield and protein concentration. Similarly, high-protein and low-protein maize strains
resulting from long-term divergent recurrent selection allowed to shift the negative grain yield-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 concen-
tration into high-yielding bread wheat (DePauw et al., 2007) and durum wheat (Chee et al., 2001) cultivars
also allowed to shift the correlation.

Crop simulation models can be used to assess the link between physiological traits (model parameter) and
grain yield or protein concentration (Boote et al., 2001; Hammer et al., 2006). The wheat simulation models
Sirius and SiriusQualityl (Martre et al., 2007; Semenov et al., 2007) and APSIM-Nwheat (Asseng and Milroy,
2006) have been used to analyse the effect of single-plant or crop traits on both grain yield and protein
concentration. These simulations showed that variations in weather and nitrogen treatments induced larger
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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.

Monaghan et al. (2001) showed that under western European conditions, positive departures from the grain
yield-protein concentration relation were associated with the amount of nitrogen accumulated by the crop
after flowering. The sensitivity analysis of SiriusQualityl was consistent with this finding: for high nitrogen
supply, increasing the maximum rate of nitrogen uptake during grain filling allowed to shift the negative
grain yield-protein concentration correlation (Figure 10b). To analyse the effect of the rate of nitrogen remo-
bilisation from leaves and stems to grains on crop dry matter and nitrogen dynamics, a scaling parameter ()
changing proportionally the daily rate of accumulation of grain nitrogen was introduced in SiriusQuality1
(Martre et al., 2007). For both low and high nitrogen supply, simulated grain yield increased significantly
when the rate of grain nitrogen accumulation was decreased, whereas grain nitrogen yield, post-flowering
nitrogen uptake and nitrogen harvest index were very similar, even for high nitrogen supply (Figure 10c and d).
Therefore, increasing in the model the daily rate of grain nitrogen accumulation leads to a dilution of 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 3 was decreased from 1 to 0.7. In good agreement with this
result, pot-grown stay-green mutants of durum 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 in the mutants than in 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 a NAC transcription factor located at a QTL for high grain protein concentration paralleled
acceleration of nutrient remobilisation from leaves to grains, leading to higher grain protein concentration;
however, grain yield was not reported in these studies.

A survey of UK winter wheat cultivars revealed 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 stems was considered. Under limiting nitrogen supply, increasing the
storage capacity of the leaves or stems did not shift the negative correlation between grain yield and protein
concentration (Figure 10e and g). The increase in leaf nitrogen mass per unit leaf surface area was associ-
ated with a reduction in grain yield because of reduced leaf expansion due to nitrogen shortage. In contrast,
under high nitrogen supply, increasing maximum stem nitrogen concentration or leaf nitrogen mass per
unit of leaf surface increased both grain yield and grain protein concentration (Figure 10f and h). Similar
trends in grain yield and protein concentration were observed when the efficiency of nitrogen remobili-
sation was modified, but changes in grain yield and protein concentration were much more limited. This
simulation analysis shows that, under high nitrogen inputs, increasing the nitrogen storage capacity of the
leaves and stem and/or the efficiency of nitrogen remobilisation may significantly shift the negative grain
yield-protein concentration correlation. Moreover, it may also reduce the risk of nitrogen losses by leaching
and volatilisation.

5. CONCLUDING REMARKS

Diverse industries require grains with high and reliable quality for specific uses, and breeders have responded
by tailoring new cultivars to these demands (DePauw et al., 2007; Velasco and Fernandez-Martinez, 2002).
There is therefore an increasing need for knowledge of the physiology of quality traits, in support of both
breeding 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 improvement 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 certainly quality-yield interactions, cannot be correctly under-
stood or predicted by extrapolating from individual plants to the population. The determination of quality
traits — such as that of yield components - should be analysed at the crop level, and crop physiology con-
cepts and methods classically applied to yield analysis can be powerful tools.
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Simulated grain protein concentration versus grain yield for wheat crops in response to (a, b) variations of the maximum rate of
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grain nitrogen accumulation (3, default value 1), (e, ) the nitrogen storage capacity of the stem ( [I\/]ﬁfjf , default value 10mgNg~'
DM) and (g, h) leaf nitrogen mass per unit of leaf surface area (SLN, default value 1.5gNm™? leaf). Simulations were performed with
the wheat simulation model SiriusQuality 7 (Martre et al., 2006). Data are means for 32 years at Clermont-Ferrand at low (8gNm—2
applied in two splits; a, ¢, d and g) and high (25gNm~2 applied in four splits; b, d, fand h) nitrogen supplies. The grey intensity of
the symbols 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 values. Dotted lines are grain nitrogen yield (N m~2) isopleths. Details of the soil and

cultivar characteristics are given in Martre et al. (2007). (Source: Martre et al., 2007.)
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Much of our current knowledge about the physiology of grain quality in oilseed crops and cereals has been
obtained in sunflower and bread wheat, and hence the value of these species as models for quality studies illus-
trated in this chapter. Examples were presented where relationships (and underlying processes) between a given
quality trait and its predictor, first identified in model crops, were then found to be common to other crops.
This research strategy seems promising for further insights into the physiology of quality traits in several crops.

Mathematical crop models have incorporated quality modules that allow for the simultaneous simulation
of grain yield and quality (Section 3). Several cases were presented to illustrate how, by means of these mod-
els, 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 creating new knowledge by highlighting emergent properties that arise from the
combination of different processes. For example, crop models realistically reproduced relationships between
yield and quality traits (Section 4), which are assumed to be independent processes in the models.

Dealing with G X E interactions 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 G X E 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,
specially for complex traits (see also Chapter 10). Coupling physiological and genetic approaches to improve
quality traits, we argue, represents one of the next challenges for crop physiology and breeding.

ACKNOWLEDGEMENTS

Luis Aguirrezdbal and Natalia Izquierdo are members of CONICET (Consejo Nacional de Investigaciones
Cientificas y Técnicas, Argentina). Some unpublished results presented in this chapter were funded by
CONICET (PIP 6454).

REFERENCES

Abeledo, L.G., Calderini, D.F, Slafer, G.A., 2008. Nitrogen economy in old and modern malting barleys. Field Crops Res.
106, 171-178.

Aguirrezabal, L., Pereyra, V., 1998. Girasol. In: L. Aguirrezabal, and F. Andrade, (Eds.), Calidad de Productos Agricolas.
Bases Ecofisioldgicas, Genéticas y de Manejo Agronémico. Editorial Unidad Integrada Balcarce-Ediciones técnicas
Morgan-Publicaciones Nidera, Buenos Aires, Argentina, pp. 140-185.

Aguirrezabal, L.A.N., Lavaud, Y., Dosio, G.A.A., Izquierdo, N.G., Andrade, EH., Gonzdlez, L.M., 2003. Intercepted solar
radiation during seed filling determines sunflower weight per seed and oil concentration. Crop Sci. 43, 152-161.

Almonor, G.O., Fenner, G.P., Wilson, R.E, 1998. Temperature effects on tocopherol composition in soybean with geneti-
cally improved oil quality. J. Am. Oil Chem. Soc. 75(5), 591-596.

Andrade, E, Cirilo, A., Uhart, S., Otegui, M., 1996. Ecofisiologia del cultivo de maiz. Editorial La Barrosa, Dekalb Press,
INTA, FCA-UNMGAP.

Andrade, EH., Echarte, L., Rizzalli, R., Della Maggiora, A., Casanovas, M., 2002. Kernel number prediction in maize under
nitrogen or water stress. Crop Sci. 42, 1173-1179.

Andrade, EH., Ferreiro, M.A., 1996. Reproductive growth of maize, sunflower and soybean at different source levels during
grain filling. Field Crops Res. 48, 155-165.

Armour, T., Jamieson, P.D., Zyskowski, R.E, 2004. Using the Sirius wheat calculator to manage wheat quality - The
Canterbury experience. Agronomy N. Z. 34, 171-176.

Asseng, S., Bar-Tal, A., Bowden, J.W., Keating, B.A., Van Herwaarden, A., Palta, J.A., Huth, N.I,, Probert, ME., 2002.
Simulation of grain protein content with APSIM-Nwheat. Eur. J. Agron. 16, 25-42.



References

Asseng, S., Milroy, S.P.,, 2006. Simulation of environmental and genetic effects on grain protein concentration in wheat.
Eur. J. Agron. 25, 119-128.

Banziger, M., Feil, B.,, Schmid, J.E., Stamp, P.,, 1992. Genotypic variation in grain nitrogen content of wheat as affected by
mineral nitrogen supply in the soil. Eur. J. Agron. 1, 155-162.

Bert, P.E, Jouan, L., Tourvieille De Labrouhe, D., Serre, E, Philippon, J., Nicolas, P., Vear, E, 2003. Comparative genetic
analysis of quantitative traits in sunflower (Helianthus annuus L.). 2. Characterisation of QTL involved in developmen-
tal and agronomic traits. Theor. Appl. Genet. 107, 181-189.

Bevan, M., Colot, V., Hammondkosack, M., Holdsworth, M., Dezabala, M.T., Smith, C., Grierson, C., Beggs, K., 1993.
Transcriptional control of plant storage protein genes. Philos. Trans. R. Soc. Lond., B, Biol. Sci. 342, 209-215.

Bhatia, C.R., Rabson, R., 1976. Bioenergetic considerations in cereal breeding for protein improvement. Science 194,
1419-1421.

Binkoski, A., Kris-Etherton, P., Wilson, T., Mountain, M., Nicolosi, R., 2005. Balance of unsaturated fatty acids is impor-
tant to a cholesterol-lowering diet: Comparison of mid-oleic sunflower oil and olive oil on cardiovascular disease risk
factors. J. Am. Diet. Assoc. 105, 1080-1086.

Blumenthal, C., Bekes, E, Gras, PW., Barlow, EEW.R., Wrigley, C.W., 1995. Identification of wheat genotypes tolerant to the
effects of heat stress on grain quality. Cereal Chem. 72, 539-544.

Blumenthal, C.S., Batey, I.L., Bekes, E, Wrigley, C.W., Barlow, EEW.R., 1991. Seasonal changes in wheat-grain quality associ-
ated with high temperatures during grain filling. Aust. J. Agric. Res. 42, 21.

Boote, KJ., Kropff, M.J., Bindraban, P.S., 2001. Physiology and modelling of traits in crop plants: implications for genetic
improvement. Agric. Syst. 70, 395-420.

Borghi, B., Corbellini, M., Ciaffi, M., Lafiandra, D., De Stefanis, E., Sgrulletta, D., Boggini, G., Di Fonzo, N., 1995. Effect of
heat shock during grain filling on grain quality of bread and durum wheats. Aust. J. Agric. Res. 46, 1365-1380.

Bouman, B.A.M., van Laar, H.H., 2006. Description and evaluation of the rice growth model ORYZA2000 under nitrogen-
limited conditions. Agric. Syst. 87, 249-273.

Bramley, P, Elmadfa, I., Kafatos, A., Kelly, E, Manios, Y., Roxborough, H., Schuch, W., Sheehy, P., Wagner, K., 2000.
Vitamin E. J. Sci. Food Agric. 80, 913-938.

Branlard, G., Dardevet, M., Saccomano, R., Lagoutte, E, Gourdon, J., 2001. Genetic diversity of wheat storage proteins and
bread wheat quality. Euphytica 119, 59-67.

Brisson, N., Mary, B., Ripoche, D., Jeuffroy, M.H., Ruget, E, Nicoullaud, B., Gate, P., Devienne-Barret, E, Antonioletti, R.,
Durr, C., Richard, G., Beaudoin, N., Recous, S., Tayot, X., Plenet, D., Cellier, P., Machet, ].M., Meynard, ].M., Delécolle, R.,
1998. STICS: A generic model for the simulation of crops and their water and nitrogen balances. I. Theory and param-
eterization applied to wheat and corn. Agronomie 18, 311-346.

Calderini, D.F, Torroes-Ledn, S., Slafer, G.A., 1995. Consequences of wheat breeding on nitrogen and phosphorus yield,
grain nitrogen and phosphorus concentration and associated traits. Ann. Bot. 76, 315-322.

Cantagallo, J., Chimenti, C., Hall, A., 1997. Number of seeds per unit area in sunflower correlates well with a photother-
mal quotient. Crop Sci. 37, 1780-1786.

Canvin, D., 1965. The effect of temperature on the oil content and fatty acid composition of the oils from several seed
crops. Can. J. Bot. 43, 63-69.

Carceller, J.L., Aussenac, T., 2001. SDS-insoluble glutenin polymer formation in developing grains of hexaploid wheat:
The role of the ratio of high to low molecular weight glutenin subunits and drying rate during ripening. Aust. J. Plant
Physiol. 28, 193-201.

Chee, PW,, Elias, E.M., Anderson, J.A., Kianian, S.E, 2001. Evaluation of a high grain protein QTL from Triticum turgidum
L. var. dicoccoides in an adapted durum wheat background. Crop Sci. 41, 295-301.

Chiaiese, P., Ohkama-Ohtsu, N., Molvig, L., Godfree, R., Dove, H., Hocart, C., Fujiwara, T., Higgins, T.J.V.,, Tabe, L.M.,
2004. Sulphur and nitrogen nutrition influence the response of chickpea seeds to an added, transgenic sink for
organic sulphur. J. Exp. Bot. 55, 1889-1901.

Ciaffi, M., Tozzi, L., Borghi, B., Corbellini, M., Lafiandra, D., 1996. Effect of heat shock during grain filling on the gluten
protein composition of bread wheat. J. Cereal Sci. 24, 91-100.




414

CHAPTER 16: Grain, Oil and Protein Quality

Clements, L., 1996. Blending rules for formulating biodiesel fuel. The National Biodiesel Board, Jefferson City, MO.
Available at: www.biodiesel.org/resources/reportsdatabase/reports/gen/19960101_gen-277.pdf

Cober, E.R., Voldeng, H.D., 2000. Developing high-protein, high-yield soybean populations and lines. Crop Sci. 40,
39-42.

Connor, D., Sadras, V., 1992. Physiology of yield expression in sunflower. Field Crops Res. 30, 333-389.

Cooper, M., Woodruff, D.R., Phillips, I.G., Basford, K.E., Gilmour, A.R., 2001. Genotype-by-management interactions for
grain yield and grain protein concentration of wheat. Field Crops Res. 69, 47-67.

Corbellini, M., Mazza, L., Ciaffi, M., Lafiandra, D., Borghi, B., 1998. Effect of heat shock during grain filling on protein
composition and technological quality of wheats. Euphytica 100, 147-154.

Cox, M.C., Qualset, C.O., Rains, D.W., 1985. Genetic variation for nitrogen assimilation and translocation in wheat. I. Dry
matter and nitrogen accumulation. Crop Sci. 25, 430-435.

Daniel, C., Triboi, E., 2001. Effects of temperature and nitrogen nutrition on the accumulation of gliadins analysed by
RP-HPLC. Aust. J. Plant Physiol. 28, 1197-1205.

de la Vega, A., Chapman, S., 2001. Genotype by environment interaction and indirect selection for yield in sunflower:
1. Three-mode principal component analysis of oil and biomass yield across environments in Argentina. Field Crops
Res. 72, 39-50.

de la Vega, AJ., Delacy, I.H., Chapman, S.C., 2007. Changes in agronomic traits of sunflower hybrids over 20 years of
breeding in central Argentina. Field Crops Res. 100, 73-81.

DePauw, R., Knox, R., Clarke, E, Wang, H., Fernandez, M., Clarke, J., McCaig, T., 2007. Shifting undesirable correlations.
Euphytica 157, 409-415.

Doehlert, D.C., Lambert, R.J., 1991. Metabolic characteristics associated with starch, protein, and oil deposition in devel-
oping maize kernels. Crop Sci. 31, 151-157.

Dolde, D., Vlahakis, C., Hazebroek, J., 1999. Tocopherols in breeding lines and effects of planting location, fatty acid
composition, and temperature during development. J. Am. Oil Chem. Soc. 76, 349-355.

Don, C., Lichtendonk, WJJ., Plijter, ].J., Hamer, R.J., 2003. Understanding the link between GMP and dough: from glute-
nin particles in flour towards developed dough. J. Cereal Sci. 38, 157-165.

Don, C., Lookhart, G., Naeem, H., MacRitchie, E, Hamer, R.J., 2005. Heat stress and genotype affect the glutenin particles
of the glutenin macropolymer-gel fraction. J. Cereal Sci. 42, 69-80.

Dosio, G.A.A., Aguirrezibal, L.A.N., Andrade, EH., Pereyra, V.R., 2000. Solar radiation intercepted during seed filling and
oil production in two sunflower hybrids. Crop Sci. 40, 1637-1644.

Dubley, ].W., Lambert, R.J., de la Roche, L.A., 1977. Genetic analysis of crosses among corn strains divergently selected for
percent oil and protein. Crop Sci. 17, 111-117.

DuPont, EM., Chan, R, Lopez, R, 2007. Molar fractions of high-molecular-weight glutenin subunits are stable when
wheat is grown under various mineral nutrition and temperature regimens. J. Cereal Sci. 45, 134-139.

DuPont, EM., Hurkman, W.J., Vensel, W.H., Chan, R., Lopez, R., Tanaka, C.K., Altenbach, S.B., 2006a. Differential accu-
mulation of sulfur-rich and sulfur-poor wheat flour proteins is affected by temperature and mineral nutrition during
grain development. J. Cereal Sci. 44, 101-112.

Dupont, EM., Hurkman, W.J., Vensel, W.H., Tanaka, C., Kothari, KM., Chung, O.K., Altenbach, S.B., 2006b. Protein
accumulation and composition in wheat grains: Effects of mineral nutrients and high temperature. Eur. J. Agron. 25,
96-107.

Eppendorfer, W.H., 1978. Effects of nitrogen, phosphorus and potassium on amino acid composition and on relation-
ships between nitrogen and amino acids in wheat and oat grain. J. Sci. Food Agric. 29, 995-1001.

Ewert, E, Rodriguez, D., Jamieson, P., Semenov, M.A., Mitchell, R.A.C., Goudriaan, J., Porter, J.R., Kimball, B.A., Pinter, P.J.
Jr., Manderscheid, R., Weigel, H.L., Fangmeier, A., Fereres, E., Villalobos, E, 2002. Effects of elevated CO, and drought
on wheat: Testing crop simulation models for different experimental and climatic conditions. Agric. Ecosyst. Environ.
93, 249-266.

Feil, B., 1997. The inverse yield-protein relationship in cereals: Possibilities and limitations for genetically improving the
grain protein yield. Trends Agron. 1, 103-119.



References

Ferndndez-Martinez, J., Jimenez, A., Dominguez, J., Garcia, J., Garces, R., Mancha, M., 1989. Genetic analysis of the high
oleic acid content in cultivated sunflower (Helianthus annuus L.). Euphytica 41, 39-51.

Ferndndez-Martinez, J., Mancha, M., Osorio, J., Garcés, R., 1997. Sunflower mutant containing high levels of palmitic acid
in high oleic background. Euphytica 97, 113-116.

Fowler, D.B., Brydon, J., Darroch, B.A., Entz, M.H., Johnston, A.M., 1990. Environment and genotype influence on grain
protein concentration of wheat and rye. Agron. J. 82, 655-664.

Frey, KJ., Holland, J.B., 1999. Nine cycles of recurrent selection for increased groat-oil content in oat. Crop Sci. 39,
1636-1641.

Fufa, H., Baenziger, P., Beecher, B., Graybosch, R., Eskridge, K., Nelson, L., 2005. Genetic improvement trends in agro-
nomic performances and end-use quality characteristics among hard red winter wheat cultivars in Nebraska.
Euphytica 144, 187-198.

Gabrielle, B., Denoroy, P., Gosse, G., Justes, E., Andersen, M.N., 1998. Development and evaluation of a CERES-type
model for winter oilseed rape. Field Crops Res. 57, 95-111.

Garcés, R., Mancha, M., 1991. In vitro oleate desaturase in developing sunflower seeds. Phytochemistry 30, 2127-2130.

Garcés, R., Sarmiento, C., Mancha, M., 1992. Temperature regulation of oleate desaturase in sunflower (Helianthus annuus L.)
seeds. Planta 186, 461-465.

Gooding, M.J., Ellis, R.H., Shewry, P.R., Schofield, J.D., 2003. Effects of restricted water availability and increased tempera-
ture on the grain filling, drying and quality of winter wheat. J. Cereal Sci. 37, 295-309.

Grant, M.N., McCalla, A.G., 1949. Yield and protein content of wheat and barley. I. Interrelation of yield and protein con-
tent of random selections from single crosses. Can. J. Res. 27, 230-240.

Gras, PW., Anderssen, R.S., Keentok, M., Békés, E, Appels, R., 2001. Gluten protein functionality in wheat flour process-
ing: A review. Aust. J. Agric. Res. 52, 1311-1323.

Graybosch, R.A., Peterson, C.J., Baenziger, P.S., Shelton, D.R., 1995. Environmental modification of hard red winter wheat
flour protein composition. J. Cereal Sci. 22, 45-51.

Graybosch, R.A., Peterson, C.J., Shelton, D.R., Baenziger, P.S., 1996. Genotypic and environmental modification of wheat
flour protein composition in relation to end-use quality. Crop Sci. 36, 296-300.

Green, A.G., 1986. Effect of temperature during seed maturation on the oil composition of low-linolenic genotypes of
flax. Crop Sci. 26, 961-965.

Grindlay, D.J.C., 1997. Towards an explanation of crop nitrogen demand based on the optimization of leaf nitrogen per
unit leaf area. J. Agric. Sci. 128, 377-396.

Hagan, N.D., Upadhyaya, N., Tabe, L.M., Higgins, T.J.V., 2003. The redistribution of protein sulfur in transgenic rice
expressing a gene for a foreign, sulfur-rich protein. Plant J. 34, 1-11.

Hall, A., Chimenti, C., Vilella, E, Freier, G., 1985. Timing of water stress effects on yield components in sunflower. In:
Proceedings of the 11th International Sunflower Conference, Mar del Plata, Argentina, pp. 131-136.

Hall, A., Whitfield, D., Connor, D., 1990. Contribution of pre-anthesis assimilates to grain-filling in irrigated and water-
stressed sunflower crops II. Estimates from a carbon budget. Field Crops Res. 24, 273-294.

Hall, A.J., 2001. Sunflower ecophysiology: Some unresolved issues. Oléagineux Corps Gras Lipidies 8, 15-21.

Hammer, G., Cooper, M., Tardieu, E, Welch, S., Walsh, B., van Eeuwijk, E, Chapman, S., Podlich, D., 2006. Models for
navigating biological complexity in breeding improved crop plants. Trends Plant Sci. 11, 587-593.

Harris, H., McWilliam, J., Mason, W., 1978. Influence of temperature on oil content and composition of sunflower seed.
Aust. J. Agric. Res. 29, 1203-1212.

Hernandez-Sebastia, C., Marsolais, F, Saravitz, C., Israel, D., Dewey, R.E., Huber, S.C., 2005. Free amino acid profiles sug-
gest a possible role for asparagine in the control of storage-product accumulation in developing seeds of low- and
high-protein soybean lines. J. Exp. Bot. 56, 1951-1963.

Huebner, ER., Nelsen, T.C., Chung, O.K,, Bietz, J.A., 1997. Protein distributions among hard red winter wheat varieties as
related to environment and baking quality. Cereal Chem. 74, 123-128.

Irving, D., Shannon, M., Breda, V., Mackey, B., 1988. Salinity effects on yield and oil quality of high-linoleate and high-
oleate cultivars of safflower. J. Agric. Food. Chem. 36, 37-42.




416

CHAPTER 16: Grain, Oil and Protein Quality

Islam, N., Upadhyaya, N.M., Campbell, P.M., Akhurst, R., Hagan, N., Higgins, T.J.V., 2005. Decreased accumulation of
glutelin types in rice grains constitutively expressing a sunflower seed albumin gene. Phytochemistry 66, 2534-2539.

Izquierdo, N., 2007. Factores determinantes de la calidad de aceite en diversas especies. Tesis Doctoral. Universidad
Nacional de Mar del Plata, Balcarce, Argentina, 302 pp.

Izquierdo, N., Aguirrezdbal, L., 2005. Composiciéon en acidos grasos del aceite de hibridos de girasol cultivados en
Argentina. Caracterizaciéon y modelado. Aceites y Grasas XV, 338-343.

Izquierdo, N., Aguirrezibal, L., Andrade, E, Pereyra, V., 2002. Night temperature affects fatty acid composition in sun-
flower oil depending on the hybrid and the phenological stage. Field Crops Res. 77, 115-126.

Izquierdo, N.G., Aguirrezdbal, L.A.N., 2008. Genetic variability in the response of fatty acid composition to minimum
night temperature during grain filling in sunflower. Field Crops Res. 106, 116-125.

Izquierdo, N.G., Aguirrezdbal, L.A.N., Andrade, FH., Cantarero, M.G., 2006. Modeling the response of fatty acid composi-
tion to temperature in a traditional sunflower hybrid. Agron. J. 98, 451-461.

Izquierdo, N.G., Dosio, G.A.A., Cantarero, M., Lujan, J., Aguirrezabal, L.A.N., 2008. Weight per grain, oil concentration, and
solar radiation intercepted during grain filling in black hull and striped hull sunflower hybrids. Crop Sci. 48, 688-699.

Izquierdo, N.G., Mascioli, S., Aguirrezibal, L.A.N., Nolasco, S.M., 2007. Temperature influence during seed filling on
tocopherol concentration in a traditional sunflower hybrid. Grasas y Aceites 58, 170-178.

Jamieson, P.D., Berntsen, J., Ewert, F, Kimball, B.A., Olesen, J.E., Pinter, PJ. Jr.,, Porter, J.R., Semenov, M.A., 2000.
Modelling CO, effects on wheat with varying nitrogen supplies. Agric. Ecosyst. Environ. 82, 27-37.

Jamieson, P.D., Chapman, S.C., Dreccer, M.E, White, ].W., McMaster, G.S., Porter, J.R., Semenov, M.A., 2009. Modelling
wheat production. In: A.P. Bonjean, W.J. Angus and M. van Ginkel (Eds.), The World Wheat Book. Lavoisier
Publishing, Paris, France (In Press).

Jamieson, P.D., Semenov, M.A., 2000. Modelling nitrogen uptake and redistribution in wheat. Field Crops Res. 68, 21-29.

Jenner, C.E, Ugalde, T.D., Aspinall, D., 1991. The physiology of starch and protein deposition in the endosperm of wheat.
Aust. J. Plant Physiol. 18, 211-226.

Jeuffroy, M.-H., Valantin-Morison, M., Champolivier, L., Reau, R., 2006. Azote, rendement et qualité des graines: mise au
point et utilisation du modele Azodyn-colza pour améliorer les performances d. Oléagineux Corps Gras Lipides 13,
388-392.

Kabbaj, A., Vervoort, V., Abbott, A., Tersac, M., Bervillé, A., 1996. Expression of stearate oleate and linoleate desaturase
genes in sunflower with normal and high oleic contents. Helia 19, 1-17.

Kade, M., Barneix, A.J., Olmos, S., Dubcovsky, J., 2005. Nitrogen uptake and remobilization in tetraploid ‘Langdon’ durum
wheat and a recombinant substitution line with the high grain protein gene Gpc-B1. Plant Breed. 124, 343-349.

Kamal-Eldin, A., Appelqvist, L., 1996. The chemistry and antioxidant properties of tocopherols and tocotrienols. Lipids
31, 671-701.

Kandil, A., Ibrahim, A., Marquard, R., Taha, R., 1990. Response of some quality traits of sunflower seeds and oil to differ-
ent environments. J. Agron. Crop Sci. 164, 224-230.

Kelly, M.L., Kolver, E.S., Bauman, D.E., Van Amburgh, M.E., Muller, L.D., 1998. Effect of intake of pasture on concentra-
tions of conjugated linoleic acid in milk of lactating cows. J. Dairy Sci. 81, 1630-1636.

Khatkar, B.S., Fido, RJ., Tatham, A.S., Schofield, J.D., 2002. Functional properties of wheat gliadins. I. Effects on mixing
characteristics and bread making quality. J. Cereal Sci. 35, 299-306.

Kibite, S., Evans, L.E., 1984. Causes of negative correlations between grain yield and grain protein concentration in com-
mon wheat. Euphytica 33, 801-810.

Kramer, PJ., Kozlowski, T., 1979. Absorption of water, ascent of sap, and water balance. In: Physiology of Woody Plants.
Academic Press, New York, pp. 445-493.

Kramer, T., 1979. Environmental and genetic variation for protein content in winter wheat (Triticum aestivum L.).
Euphytica 28, 20-218.

Kris-Etherton, P., Yu, S., 1997. Individual fatty acid effects on plasma lipids and lipoproteins: Human studies. Am. J. Clin.
Nutr. 65, 16285-1644S.

Lacombe, S., Bervillé, A., 2000. Analysis of desaturase transcript accumulation in normal and in high oleic oil sunflower
development seeds. In: Proceedings 15th International Sunflower Conference, Toulouse, France 1A, F33.



References

Lagravere, T., Kleiber, D., Dayde, J., 1998. Conduites culturales et performances agronomiques du tournesol oléique:
Réalités et perspectives. Oléagineux Corps Gras Lipides 5, 477-485.

Landry, J., 2002. A linear model for quantitating the accumulation of zeins and their fractions (a + §, 3&~) in developing
endosperm of wild-type and mutant maizes. Plant Sci. 163, 111-115.

Laperche, A., Brancourt-Hulmel, M., Heumez, E., Gardet, O., Hanocq, E., Devienne-Barret, F, Le Gouis, J., 2007. Using
genotype-nitrogen interaction variables to evaluate the QTL involved in wheat tolerance to nitrogen constraint. Theor.
Appl. Genet. 115, 399-415.

Lending, C.R., Larkins, B.A., 1989. Changes in the zein composition of protein bodies during maize endosperm develop-
ment. Plant Cell 1, 1011-1023.

Le6n, A., Andrade, E, Lee, M., 2000. Genetic mapping of factors affecting quantitative variation for flowering in sunflower.
Crop Sci. 40, 404-407.

Le6n, A., Lee, M., Rufener, G., Berry, S., Mowers, R., 1996. Genetic mapping of a locus (hyp) affecting seed hypodermis
color in sunflower. Crop Sci. 36, 1666-1668.

Lhuillier-Soundele, A., Munier-Jolain, N., Ney, B., 1999. Influence of nitrogen availability on seed nitrogen accumulation
in pea. Crop Sci. 39, 1741-1748.

Lopez Pereira, M., Sadras, V.O., Trapani, N., 1999. Genetic improvement of sunflower in Argentina between 1930 and
1995. 1. Yield and its components. Field Crops Res. 62, 157-166.

Lopez Pereira, M., Trapani, N., Sadras, V.O., 2000. Genetic improvement of sunflower in Argentina between 1930 and
1995. III. Dry matter partitioning and grain composition. Field Crops Res. 67, 215-221.

Mantese, A., Medan, D., Hall, A., 2006. Achene structure, development and lipid accumulation in sunflower cultivars dif-
fering in oil content at maturity. Ann. Bot. 97, 999-1010.

Marquard, R., 1990. Untersuchungen tiber dem Einfluss von Sorte und Standort auf den Tocopherogehalt verschiedener
Pflanzanole. Fat Sci. Technol. 92, 452-455.

Martinez de la Cuesta, P., Rus Martinez, E., Galdeano Chaparro, M., 1995. Enranciamiento oxidativo de aceites vegetales
en presencia de a-tocoferol. Grasas y Aceites 46, 349-353.

Martre, P., Jamieson, P.D., Semenov, M.A., Zyskowski, R.E, Porter, J.R., Triboi, E., 2006. Modelling protein content and
composition in relation to crop nitrogen dynamics for wheat. Eur. J. Agron. 25, 138-154.

Martre, P., Porter, J.R., Jamieson, P.D., Triboi, E., 2003. Modeling grain nitrogen accumulation and protein composition to
understand the sink/source regulations of nitrogen remobilization for wheat. Plant Physiol. 133, 1959-1967.

Martre, P., Semenov, M.A., Jamieson, P.D., 2007. Simulation analysis of physiological traits to improve yield, nitrogen
use efficiency and grain protein concentration in wheat. In: J.H.J. Spiertz, P.C. Struik and H.H. Van Laar (Eds.),
Scale and Complexity in Plant Systems Research, Gene-Plant-Crop Relations. Springer, Dordrecht, The Netherlands,
pp. 181-201.

Mestries, E., Gentzbittel, L., De Labrouhe, D.T., Nicolas, P.,, Vear, E, 1998. Analyses of quantitative trait loci associated
with resistance to Sclerotinia sclerotiorum in sunflowers (Helianthus annuus L.) using molecular markers. Mol. Breed. 4,
215-226.

Metzger, W.H., 1935. The residual effect of alfalfa cropping periods of various lengths upon the yield and protein content
of succeeding wheat crops. J]. Am. Soc. Agron. 27, 653-659.

Mokrani, L., Gentzbittel, L., Azanza, F, Fitamant, L., Al-Chaarani, G., Sarrafi, A., 2002. Mapping and analysis of quan-
titative trait loci for grain oil content and agronomic traits using AFLP and SSR in sunflower (Helianthus annuus L.).
Theor. Appl. Genet. 106, 149-156.

Monaghan, J.M., Snape, ] W., Chojecki, AJ.S., Kettlewell, P.S., 2001. The use of grain protein deviation for identifying
wheat cultivars with high grain protein concentration and yield. Euphytica 122, 309-317.

Morrison, M.J., Voldeng, H.D., Cober, E.R., 2000. Agronomic changes from 58 years of genetic improvement of short-sea-
son soybean cultivars in Canada. Agron. J. 92, 780-784.

Mossé, J., Huet, J.C., Baudet, J., 1985. The amino acid composition of wheat grain as a function of nitrogen content.
J. Cereal Sci. 3, 115-130.

Mullor, J., 1968. Improvement of the nutritional value of food oils. Revista Facultad de Ingenieria Quimica, Universidad
Nacional del Litoral 37, pp. 183-210

417




418

CHAPTER 16: Grain, Oil and Protein Quality

Munier-Jolain, N.G., Salon, C., 2005. Are the carbon costs of seed production related to the quantitative and qualitative
performance? An appraisal for legumes and other crops. Plant Cell Environ. 28, 1388-1395.

Muratorio, A., Racca, E., Gonzilez, L., Ketterer, E., Rossi, R., Ferrari, B., 2001. Caracteristicas de los aceites crudos de soja,
extraidos en laboratorio, provenientes de variedades no transgénicas y transgénicas, cultivadas en la Argentina y estu-
dio de sus implicancias agro-industriales. Parte II. Aceites y Grasas 42, 41-53.

Murphy, D.J., 2001. The biogenesis and functions of lipid bodies in animals, plants and microorganisms. Prog. Lipid Res.
40, 325-438.

Neatby, KW., McCalla, A.G., 1938. Correlation between yield and protein content of wheat and barley in relation to
breeding. Can. J. Res. 16, 1-15.

Nolasco, S.M., Aguirrezdbal, L.A.N., Crapiste, G.H., 2004. Tocopherol oil concentration in field-grown sunflower is
accounted for by oil weight per seed. J. Am. Oil Chem. Soc. 81, 1045-1051.

Nolasco, S.M., Aguirrezdbal, L.A.N., Laquez, J., Mateo, C., 2006. Variability in oil tocopherol concentration and composi-
tion of traditional and high oleic sunflower hybrids (Helianthus annuus L.) in the Pampean region (Argentina). Grasas
y Aceites 57, 260-269.

Olusola Bayo, O., 1997. Genetic and environmental variation for seed yield, protein, lipid and amino acid composition
in cowpea (Vigna unguiculata (L) Walp. J. Sci. Food Agric. 74, 107-116.

Ortiz-Monasterio, J.I., Pena, J.I., Sayre, K.D., Rajaram, S.S., 1997. CIMMYT's genetic progress in wheat grain quality under
four nitrogen rates. Crop Sci. 37, 898-904.

Osorio, J., Ferndndez-Martinez, J., Mancha, M., Garcés, R., 1995. Mutant sunflowers with high concentration of saturated
fatty acids in the oil. Crop Sci. 35, 739-742.

Oury, EX., Berard, P., Brancourt-Hulmel, M., Depatureaux, C., Doussinault, G., Galic, N., Giraud, A., Heumez, E., Lecomte, C.,
Pluchard, P, Rolland, B., Rousset, M., Trottet, M., 2003. Yield and grain protein concentration in bread wheat: A
review and a study of multi-annual data from a French breeding program. J. Genet. Breed. 57, 59-68.

Oury, EX., Godin, C., 2007. Yield and grain protein concentration in bread wheat: how to use the negative relationship
between the two characters to identify favourable genotypes?. Euphytica 157, 45-57.

Palta, J.A., Kobata, T., Turner, N.C,, Fillery, .LR., 1994. Remobilization of carbon and nitrogen in wheat as influenced by
postanthesis water deficits. Crop Sci. 34, 118-124.

Panozzo, J.E, Eagles, H.A., 1999. Rate and duration of grain filling and grain nitrogen accumulation of wheat cultivars
grown in different environments. Aust. J. Agric. Res. 50, 1007-1015.

Panozzo, J.E, Eagles, H.A., 2000. Cultivar and environmental effects on quality characters in wheat. II. Protein. Aust. J.
Agric. Res. 51, 629-636.

Panozzo, J.E, Eagles, H.A., Wootton, M., 2001. Changes in protein composition during grain development in wheat. Aust.
J. Agric. Res. 52, 485-493.

Peak, N.C., Imsande, J., Shoemaker, R.C., Shibles, R., 1997. Nutritional control of soybean storage protein. Crop Sci. 37,
498-503.

Peper, A., Pereyra-Irujo, G., Nolasco, S., Aguirrezdbal, L., 2007. Relaciones entre rendimiento y calidad de aceite: Investigacién
experimental y por simulacién. 4° Congreso Argentino de Girasol, Buenos Aires, Argentina, pp. 304-305.

Pereyra-Irujo, G.A., Aguirrezdbal, L.A.N., 2007. Sunflower yield and oil quality interactions and variability: Analysis
through a simple simulation model. Agric. For. Meteorol. 143, 252-265.

Pereyra-Irujo, G.A., Izquierdo, N.G., Covi, M., Nolasco, S.M., Quiroz, FJ., Aguirrezdbal, L.A.N., 2009. Variability
in sunflower oil quality for biodiesel production: a simulation study. Biomass Bioenergy (In Press,
doi:10.1016/j.biombioe.2008.07.007).

Piper, E., Boote, K., 1999. Temperature and cultivar effects on soybean seed oil and protein concentrations. J. Am. Oil
Chem. Soc. 76, 1233-1241.

Pleite, R., Rondanini, D., Garces, R., Martinez-Force, E., 2008. Day/night variation in fatty acids and lipids biosynthesis in
sunflower (Helianthus annuus L.) seeds. Crop Sci. ID: CROP-2007-11-0645-ORA.R1. 48 (5), 1952-1957.

Ploschuk, E., Hall, A., 1995. Capitulum position in sunflower affects grain temperature and duration of grain filling. Field
Crops Res. 44, 111-117.



References

Primomo, V., Falk, D., Ablett, G., Tanner, J., Rajcan, 1., 2002. Genotype X environment interactions, stability, and agro-
nomic performance of soybean with altered fatty acid profiles. Crop Sci. 42, 37-44.

Pritchard, E, Eagles, H., Norton, R., Salisbury, P., Nicolas, M., 2000. Environmental effects on seed composition of
Victorian canola. Aust. J. Exp. Agric. 40, 679-685.

Pushman, EM., Bingham, J., 1976. The effects of a granular nitrogen fertilizer on a foliar spray of urea on the yield and
bread-making quality of ten winter wheats. J. Agric. Sci. 87, 281-292.

Randall, P.J., Moss, H.J., 1990. Some effects of temperature regime during grain filling on wheat quality. Aust. J. Agric. Res.
41, 603-617.

Rharrabti, Y., Villegas, D., Del Moral, L.EG., Aparicio, N., Elhani, S., Royo, C., 2001. Environmental and genetic determina-
tion of protein content and grain yield in durum wheat under Mediterranean conditions. Plant Breed. 120, 381-388.
Roche, J., Bouniols, A., Mouloungui, Z., Barranco, T., Cerny, M., 2006. Management of environmental crop conditions to

produce useful sunflower oil components. Eur. J. Lipid Sci. Technol. 108, 287-297.

Rochester, C., Silver, J., 1983. Unsaturated fatty acid synthesis in sunflower (Helianthus annuus L.) seeds in response to
night temperature. Plant Cell Rep. 2, 229-231.

Rondanini, D., Mantese, A., Savin, R., Hall, A.J., 2006. Responses of sunflower yield and grain quality to alternating day/
night high temperature regimes during grain filling: Effects of timing, duration and intensity of exposure to stress.
Field Crops Res. 96, 48-62.

Rondanini, D., Savin, R., Hall, A., 2003. Dynamics of fruit growth and oil quality of sunflower (Helianthus annuus L.)
exposed to brief intervals of high temperature during grain filling. Field Crops Res. 83, 79-90.

Ruiz, R.A., Maddonni, G.A., 2006. Sunflower seed weight and oil concentration under different post-flowering source-sink
ratios. Crop Sci. 46, 671-680.

Sadras, V.O., Quiroz, E, Echarte, L., Escande, A., Pereyra, V.R., 2000. Effect of Verticillium dahliae on photosynthesis, leaf
expansion and senescence of field-grown sunflower. Ann. Bot. 86, 1007-1015.

Santalla, E.M., Dosio, G.A.A., Nolasco, S.M., Aguirrezibal, L.A.N., 2002. The effects of intercepted solar radiation on
sunflower (Helianthus annuus L.). Seed composition from different head positions. J. Am. Oil Chem. Soc. 79,
69-74.

Santalla, G., Riccobene, 1., Aguirrezabal, L., Nolasco, S., 1995. Influencia de la radiacién solar interceptada durante el lle-
nado de los frutos. 3. Variaciones de la composicion acidica dentro del capitulo. 1° Congreso Nacional de Sojay 2°
Congreso Nacional de Oleaginosos, Pergamino, Argentina 2, pp. 15-22.

Schnebly, S., Fehr, W., Welke, G., Hammond, E., Duvick, D., 1996. Fatty ester development in reduced- and elevated-pal-
mitate lines of soybean. Crop Sci. 36, 1462-1466.

Semenov, M.A., Brooks, RJ., 1999. Spatial interpolation of the LARS-WG stochastic weather generator in Great Britain.
Clim. Res. 11, 137-148.

Semenov, M.A., Jamieson, P.D., Martre, P., 2007. Deconvoluting nitrogen use efficiency in wheat: A simulation study. Eur.
J. Agron. 26, 283-294.

Serrano-Vega, M., Martinez-Force, E., Garcés, R., 2005. Lipid characterization of seed oils from high-palmitic, low-
palmitoleic, and very high-stearic acid sunflower lines. Lipids 40, 369-374.

Sexton, PJ., Batchelor, W.D., Boote, KJ., Shibles, R., 1998a. Evaluation of CROPGRO for prediction of soybean nitrogen
balance in a Midwestern environment. Trans. ASAE 41, 1543-1548.

Sexton, PJ., Naeve, S.L., Paek, N.C., Shibles, R., 1998b. Sulfur availability, cotyledon nitrogen:sulfur ratio, and relative
abundance of seed storage proteins of soybean. Crop Sci. 38, 983-986.

Shearman, V.J., Sylvester-Bradley, R., Scott, R.K., Foulkes, M.]J., 2005. Physiological processes associated with wheat yield
progress in the UK. Crop Sci. 45, 175-185.

Shewry, P.R., 2007. Improving the protein content and composition of cereal grain. J. Cereal Sci. 46, 239-250.

Shewry, P.R., Halford, N.G., 2003. Genetics of wheat gluten proteins. In: Advances in Genetics, Vol. 49. Academic Press
Inc., San Diego, CA, pp. 111-184.

Simmonds, N.W., 1995. The relation between yield and protein in cereal grain. J. Sci. Food Agric. 67, 309-315.

Sinclair, T.R., Amir, J., 1992. A model to assess nitrogen limitations on the growth and yield of spring wheat. Field Crops
Res. 30, 63-78.



CHAPTER 16: Grain, Oil and Protein Quality

Sinclair, T.R., Jamieson, P.D., 2006. Grain number, wheat yield, and bottling beer: An analysis. Field Crops Res. 98, 60-67.

Sinclair, T.R., Muchow, R.C., 1995. Effect of nitrogen supply on maize yield. 1. Modeling physiological-responses. Agron.
J. 87, 632-641.

Slafer, G.A., Andrade, EH., Feingold, S.E., 1990. Genetic improvement of bread wheat (Triticum aestivum L.) in Argentina:
relationship between nitrogen and dry matter. Euphytica 50, 63-71.

Spano, G., Di Fonzo, N., Perrotta, C., Platani, C., Ronga, G., Lawlor, D.W., Napier, J.A., Shewry, P.R., 2003. Physiological
characterization of ‘stay green’ mutants in durum wheat. J. Exp. Bot. 54, 1415-1420.

Spiertz, J.H.J., Hamer, RJ., Xu, H., Primo-Martin, C., Don, C., van der Putten, P.E.L., 2006. Heat stress in wheat (Triticum
aestivum L.): Effects on grain growth and quality traits. Eur. J. Agron. 25, 89-95.

Steer, B., Hocking, P,, Kortt, A., Roxburgh, C., 1984. Nitrogen nutrition of sunflower (Helianthus annuus L.): Yield compo-
nents, the timing of their establishment and seed characteristics in response to nitrogen supply. Field Crops Res. 9,
219-236.

Steer, B., Seiler, G., 1990. Changes in fatty acid composition of sunflower (Helianthus annuus) seeds in response to time of
nitrogen application, supply rates and defoliation. J. Sci. Food Agric. 51, 11-26.

Stockle, C., Donatelli, M., Nelson, R., 2003. CropSyst, a cropping systems simulation model. Eur. J. Agron. 18, 289-307.
Stockle, C.O., Debaeke, P., 1997. Modeling crop nitrogen requirements: A critical analysis. Eur. J. Agron. 7, 161-169.

Stojéin, D., Luzzi, B., Ablett, G., Tanner, J., 1998. Inheritance of low linolenic acid level in the soybean line RG10. Crop
Sci. 38, 1441-1444.

Stone, PJ., Grast, PW., Nicolas, M.E., 1997. The influence of recovery temperature on the effects of a brief heat shock on
wheat. III. Grain protein composition and dough properties. J. Cereal Sci. 25, 129-141.

Stone, PJ., Nicolas, M.E., 1996. Effect of timing of heat stress during grain filling on two wheat varieties differing in heat
tolerance. II. Fractional protein accumulation. Aust. J. Plant Physiol. 23, 739-749.

Strecker, L., Bieber, M., Maza, A., Grossberger, T., Doskoczynski, W., 1997. Aceite de maiz. Antecedentes, composicion,
procesamiento, refinacién, utilizacién y aspectos nutricionales. Aceites y Grasas, 507-527.

Tabe, L., Hagan, N., Higgins, T.J.V., 2002. Plasticity of seed protein composition in response to nitrogen and sulfur avail-
ability. Curr. Opin. Plant Biol. 5, 212-217.

Tang, S., Ledn, A., Bridges, W.C., Knapp, S.J., 2006. Quantitative trait loci for genetically correlated seed traits are tightly
linked to branching and pericarp pigment loci in sunflower. Crop Sci. 46, 721-734.

Tardieu, E, 2003. Virtual plants: Modelling as a tool for the genomics of tolerance to water deficit. Trends Plant Sci. 8,
9-14.

Terman, G.L., 1979. Yields and protein content of wheat grains as affected by cultivar, N and environmental growth fac-
tors. Agron. J. 71, 437-440.

Terman, G.L., Ramig, R.E., Dreier, A.E, Olson, R.A., 1969. Yield-protein relationships in wheat grain, as affected by nitro-
gen and water. Agron. J. 61, 755-759.

Thomas, J.M.G., Boote, KJ., Allen, L.H., Gallo-Meagher, M., Davis, J.M., 2003. Elevated temperature and carbon dioxide
effects on soybean seed composition and transcript abundance. Crop Sci. 43, 1548-1557.

Triboi, E., Martre, P, Girousse, C., Ravel, C., Triboi-Blondel, A.M., 2006. Unravelling environmental and genetic relation-
ships between grain yield and nitrogen concentration for wheat. Eur. J. Agron. 25, 108-118.

Triboi, E., Martre, P., Triboi-Blondel, A.M., 2003. Environmentally-induced changes of protein composition for develop-
ing grains of wheat are related to changes in total protein content. J. Exp. Bot. 54, 1731-1742.

Triboi, E., Triboi-Blondel, A.M., 2002. Productivity and grain or seed composition: a new approach to an old problem-
invited paper. Eur. J. Agron. 16, 163-186.

Uauy, C., Brevis, J.C., Dubcovsky, J., 2006a. The high grain protein content gene Gpc-B1 accelerates senescence and has
pleiotropic effects on protein content in wheat. J. Exp. Bot. 57, 2785-2794.

Uauy, C., Distelfeld, A., Fahima, T., Blechl, A., Dubcovsky, J., 2006b. A NAC gene regulating senescence improves grain
protein, zinc, and iron content in wheat. Science 314, 1298-1301.

Uribelarrea, M., Below, EE., Moose, S.P., 2004. Grain composition and productivity of maize hybrids derived from the
Illinois protein strains in response to variable nitrogen supply. Crop Sci. 44, 1593-1600.



References

van Keulen, N., Seligman, N.G., 1987. Simulation of water use, nitrogen nutrition and growth of a spring wheat crop.
Pudoc, Wageningen, The Netherlands, 310 pp.

Velasco, L., Fernandez-Martinez, J., 2002. Breeding oilseed crops for improved oil quality. J. Crop Prod. 5, 309-344.

Velasco, L., Fernandez-Martinez, J., Garcia-Ruiz, R., Dominguez, J., 2002. Genetic and environmental variation for tocoph-
erol content and composition in sunflower commercial hybrids. J. Agric. Sci. 139, 425-429.

Velasco, L., Perez-Vich, B., Fernandez-Martinez, J., 1999. The role of mutagenesis in the modification of the fatty acid pro-
file of oilseed crops. J. Appl. Genet. 40, 185-209.

Villalobos, E, Hall, A., Ritchie, J., Orgaz, E, 1996. OILCROP-SUN: A development, growth, and yield model of the sun-
flower crop. Agron. J. 88, 403-415.

Waldron, L.R., 1933. Yield and protein content of hard red spring wheat under conditions of high temperature and low
moisture. J. Agric. Res. 47, 129-147.

Wardlaw, LE, Blumenthal, C., Larroque, O., Wrigley, C.W., 2002. Contrasting effects of chronic heat stress and heat shock
on kernel weight and flour quality in wheat. Funct. Plant Biol. 29, 25-34.

White, P, Xing, Y., 1997. Antioxidants from cereals and legumes. In: F. Shahidi (Ed.), Natural Antioxidants: Chemistry,
Health Effects, and Applications. AOCS Press, Champaign, IL, pp. 25-63.

Wieser, H., Zimmermann, G., 2000. Importance of amounts and proportions of high molecular weight subunits of glute-
nin for wheat quality. Eur. Food Res. Technol. 210, 324-330.

Wilcox, J.R., Cavins, J.E, 1995. Backcrossing high seed protein to a soybean cultivar. Crop Sci. 35, 1036-1041.

Zhu, J., Khan, K., 2001. Effects of genotype and environment on glutenin polymers and breadmaking quality. Cereal
Chem. 78, 125-130.

Zimmer, D., Zimmerman, D., 1972. Influence of some diseases on achene and oil quality of sunflower. Crop Sci. 12, 859.

421




