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General discussion 

 

This last chapter of the thesis aims to: 

 

 Recapitulate succinctly the main findings of the thesis, integrating the 

achievements across different experiments, and giving an overview of the 

agronomical and physiological traits contributing to the increase in grain yield 

and stress adaptation for recent winter wheats from Henan Province, China. 

 

 Build a conceptual platform combining agronomical physiological and metabolic 

characteristics (i.e. an ideotype), together with visual criteria and high throughput 

phenotyping approaches, which may be deployed in future breeding programs 

with the aim of increasing the yield and stability of wheats from the Henan 

region.  

 

1. Summary of major traits contributing to increasing the yield 

 

Grain yield is a complex trait characterized by a low heritability and a high genotype

 environment (G  E) interaction (Araus et al. 2003). During recent decades 

breeding for higher and more stable yields has been mostly based on a multitrial 

scheme, where grain yield, evaluated across years and environment, is the main trait 

for selection and eventually some secondary (i.e. indirect) traits are also considered. 

Usually these secondary traits are scored visually and refer to plant phenology, 

tolerance to pests and diseases, and morphological traits such as plant height or 

susceptibility to lodging. However, except for a few exceptions (e.g. carbon isotope 

discrimination in wheat, anthesis-to-silking-interval in maize, feed and food quality 

traits) few true physiological traits have been used systematically in breeding (Araus 

et al. 2008). The same may be said of the implementation of high throughput 

phenotyping at the field level (Araus and Cairns 2014). This is in spite of the fact of 

the low heritability inherent to grain yield and the cost of deploying large-scale yield 
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trials. Thus, building up a conceptual model that integrates diverse secondary traits 

together with the proper high-throughput approaches to phenotype them are 

potentially key to ensuring that Chinese winter wheat breeding programs continue to 

deliver improved cultivars.  

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1. A conceptual platform integrated by phenotyping traits and tools contributing to 

increasing yield in wheat. Traits are categorized as related to water including carbon and 

oxygen isotope composition (δ
13

C and δ
18

O), stomatal conductance (gs), transpiration rate (E) 

and canopy temperature depression (CT), and related to nitrogen including nitrogen use 

efficiency (NUE), nitrogen isotope composition (δ
15

N), nitrogen content (N%), net 

photosynthesis (Pn), green biomass (evaluated remotely using for example a 

spectroradiometrical or RGB image-derived Vegetation Index), chlorophyll content (Chl) and 

Ribulose biphosphate carboxylase (Rubisco) content.  
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Trait selection is the cornerstone of modern wheat breeding and has made continual 

progress through incorporating the following types of traits: simply inherited 

agronomic characteristics; resistance to a spectrum of prevalent diseases; quality 

parameters determined by end use; and yield based on multiplication trials (Reynolds 

et al. 2011). In this thesis, a research platform was set up based on a set of 

physiological, agronomic, and phenotypic traits associated with yield improvements 

(Fig 1). 

 

The genotypes studied come from one of the wheat baskets of Chinese agriculture, 

Henan province in the YHVWWZ, and include the most widely distributed cultivars 

released in recent decades in this province together with advanced lines. This thesis 

illustrates the wide range of yield exhibited by Chinese wheats in response to stress 

conditions, either abiotic such as moderate water stress (ranging between 5.7 to 7.5 

tons ha
-1

, which was lower than local Spanish genotypes), or biotic stresses, 

represented in this thesis by yellow rust (with yield ranging between 1-7 t ha
-1

). Such 

a wide range in yield highlights that Chinese genotypes, especially for the more 

recently released varieties, exhibit a low acclimation capacity to maintain yield 

potential in stress conditions, even if they are characterized by a high yield potential. 

This may be just the consequence of neglecting stress adaptation in the modern 

breeding programs (Yang et al. 2006).  

 

From 1950s, which is considered the beginning of modern breeding in YHVWWZ, 

three consecutive generations of improved cultivars have been released. For the 

generation bred in the 1980s, most of the cultivars released were derived from parent 

material with the 1B/1R gene, which aimed to reduce plant height and increase HI 

(Zhou et al. 2007). In this thesis, this generation is represented by the genotypes 

“Yumai 35”, “Lankao aizao 6” (aizao, in Chinese means short and early) and “Yumai 

66”, with all three released during the 1990s, and they are characterized by short 

stature and a higher HI under optimal agronomical conditions than the first generation. 

Reducing plant height by the introgression of Rht genes aimed at chasing higher HIs 
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has been a remarkable success, resulting in increased yield potential (He et al. 2011). 

However, these genotypes from the second breeding generation, which are 

characterized by a plant height that is even lower than other more recently released 

genotypes, still exhibit a HI that is lower than current genotypes (i.e. from the third 

generation) (see Chapters 2 and 3). Moreover, HI is strongly affected by stress 

conditions. On the other hand, the high linear correlations between grain number and 

grain yield found in this thesis under both optimal and stress conditions clearly 

indicate that grain number plays a key role in determining yield potential and stability, 

which agrees with previous studies (Zheng et al. 2011; Xiao et al. 2012). Furthermore, 

maintaining a high tiller capacity was the key subcomponent that satisfied sufficient 

grain numbers and thus grain yield. In a broad sense, maintaining an adequate tiller 

capacity and a high grain number was critically determined by the resource allocation 

prior to anthesis (Fischer, 2008; Sinclair and Jamieson, 2008). By contrast, thousand 

kernel weight (TKW) was not associated with grain yield improvement under any 

growing conditions, which agrees with the literature available on Chinese wheats (Wu 

et al. 2012; Xiao et al. 2012). This gives room for us to consider that the current 

Chinese wheats are to some degree sink limited (Slafer and Savin 1994; Madani et al. 

2010). 

 

Yield is by nature a very integrative trait, both in time and at the level of organization. 

Being integrative in time means that different environmental factors may affect yield 

throughout the plant cycle, and that grain yield is just the final result of such 

interaction between the crop and the environment. On the other hand, the crop is also 

the integrated result of different levels of organization, from the molecular and 

metabolic (e. g. Rubisco activity) to the canopy (e. g. canopy gas exchange) (Araus et 

al. 2003; Abbad et al. 2004; Araus et al. 2008). The relative importance of yield 

determinants depends strongly on the environment where the plant grows (e.g. 

optimal or stress-exposed), and is also related to the phenological stage when 

phenotyping takes place (e.g. pre/post anthesis). In this thesis, the physiological traits 

studied were associated with carbon (C) and nitrogen (N) metabolism and included 
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both instantaneous (e.g. gas exchange measurements) as well as time-integrated traits 

(e.g. stable isotopes analysed in dry matter) and were mainly measured during the 

second part (i.e. reproductive stage) of the crop, when all agronomical yield 

components are defined (Kichey et al. 2007). Among the key organs, the ear actively 

contributes C and N towards grain filling, and should be considered in parallel with 

other organs (e.g. flag leaf) to further improve grain yield through a higher HI and 

TKW. Coincidently, the “ideotype model” established for wheat at YHVWWZ 

includes a big spike, strong culm, and a small flag leaf, and in fact the current 

breeding programs in this agroecological zone are giving increased importance to the 

ear (Guo et al. 2004; Ma et al. 2007). Concerning N, the 
15

N labelling study of our 

thesis has also shown an increased role of the ear as a source of N to grains in the high 

yielding genotypes (Chapter 4). Overall this thesis provides further evidence of the 

key role of the ear, providing C and N assimilates, when defining an ideotype for high 

yielding conditions. (Araus et al. 1993; Tambussi et al. 2007; Aranjuelo et al. 2011; 

Sánchez-Bragado et al. 2014).  

 

In wheat, N accumulated in the kernels is largely influenced by the amount of N 

accumulated in the biomass at anthesis (Martre et al. 2003), rather than by yield 

components as is the case for carbon assimilates. Modern cultivars require more N 

than older cultivars and respond more to N, which translates into higher economic 

values and higher returns when N fertilizer is available (Ortiz-Monasterio R. et al. 

1997; Diaz et al. 2008; Gaju et al. 2014a). Improving NUE through optimizing the 

source/sink balance among the key organs (e.g. ear, flag leaf) has been proved to 

increase the N accumulation in the kernels and maximize productivity (Chapters 2, 3 

and 4). Throughout this thesis, several approaches have been followed to test the 

differences in N metabolism and accumulation in grains. These methods include (i) 

the direct measurement of the N content in key organs to assess N storage capacity; (ii) 

the use of 
15

N labelling as a tracer to estimate N uptake and remobilization; (iii) an 

indirect approach based on the use of stable N isotopes in their natural abundance, to 

assess N metabolism; or (iv) the use of stable N isotopes in their natural abundance to 
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evaluate the role of N in determining the strength of the photosynthetic source (i.e. net 

photosynthesis rate, leaf duration, total green biomass). In the study under optimal 

conditions (Chapter 2), grain yield was negatively correlated with the N concentration 

of the ear two weeks post-anthesis, while such a correlation was not detected in the 

mild water stress conditions of the field study (Chapter 3). By contrast, grain yield 

was positively correlated with the N concentration of flag leaves under both fully 

irrigated (Chapter 2) and mild water stress (Chapter 3) conditions. As mentioned 

above, because the ear became an important organ to balance N storage during grain 

filling, the N accumulated in ears had more effect on grain filling when sink strength 

was the highest possible (i.e. reached its potential), which is the case under optimal 

growing conditions (Chapter 2). By contrast, the flag leaf was probably adequate as a 

source of N for grains under mild stress conditions (Chapter 3). Instead of N content, 

the natural abundance of δ
15

N gave an indirect indication of the N status; specifically 

the NUE, N uptake efficiency and N accumulation in a variety of planting conditions 

(Schiltz et al. 2005; Tcherkez 2010). Under stressed field conditions, the δ
15

N of the 

flag leaf, the ear or the mature kernels was negatively correlated with grain yield 

(Chapter 3). Negative correlations between δ
15

N and grain yield have been reported 

before in durum wheat under Mediterranean conditions (Araus et al. 2013). In 

moderate stress conditions, the high negative correlations between grain yield and the 

total organic matter δ
15

N of the flag, ear and grain showed that δ
15

N was a powerful 

tool for genotypic screening (Yousfi et al. 2012; Yousfi et al. 2013). 

 

On the other hand, a higher yield potential may involve a larger photosynthetic 

capacity of the whole canopy over the entire crop cycle, which also depends on N 

accumulation at the canopy level and its implication in a higher biomass (Parry et al. 

2011). However, the ear may intercept nearly 50% of the solar irradiation after 

heading (Sánchez-Bragado et al. 2014). In spite of the high level of dark respiration, 

the positive correlation between grain yield and ear Pn (on area basis) (Chapter 2), 

together with the results of 
15

N labelling (Chapter 4) further support the key role of 

the ear in providing photoassimilates during grain filling. Extending the ear duration 
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(earlier heading date and late senescence) and the amount of light captured by 

improving the rate of leaf growth throughout the crop cycle may contribute to higher 

crop photosynthesis and thus yield (Parry et al. 2011). Besides this, a larger period for 

ear formation (which starts at the beginning of stem elongation) is postulated to also 

have a positive role in increasing yield potential through an increase in the number 

and potential size of kernels in the ear (Slafer and Savin 1994; Gaju et al. 2014b). 

Therefore, the high yielding genotypes combine a large green biomass and high 

canopy photosynthesis during the reproductive stage, together with a stay-green 

pattern and an efficient partitioning of N to the growing grains. Although the flag Pn 

(per unit area) did not correlate with grain yield under optimal (Chapter 2) and mild 

stress conditions (Chapter 3), other studies with Chinese wheats have reported that the 

positive relationships between the Pn of flag leaves and grain contributed to 

improvement in yield potential (Zheng et al. 2011; Xiao et al. 2012). However, 

methodological problems seem to exist with these papers that may weaken the 

conclusions attained by these studies (Hawkesford et al. 2013).  

 

Improving drought resistance and seeking high agronomical water use efficiency 

(WUE) have also been critical in modern breeding programs. However, Chinese 

Breeders have mostly disregarded these traits in comparison to a higher yield potential 

(Kang et al. 2002). In this thesis, substantial efforts have been devoted to identify 

physiological traits associated with WUE in a variety conditions. The approaches 

applied included (i) the direct measurement of instantaneous stomatal conductance (gs) 

and the rate of transpiration (E) of the flag leaf, as well as the canopy temperature 

depression (CTD), and (ii) long-term indicators consisting of the δ
13

C and δ
18

O of 

ears, flag leaves and kernels. Moreover, high δ
13

C has been proposed in commercial 

breeding as a criterion to select wheat with high WUE (Farquhar and Richards 1984; 

Araus et al. 2003; Monneveux et al. 2006). In our study, under optimal water 

conditions (but using bags as containers) positive correlations between δ
13

C and grain 

yield were found (Chapter 2). However, the negative linear correlation between δ
13

C 

and grain yield found under mild water stress conditions in the field (Chapter 3) 
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suggests that the best performing genotypes are those able to maintain greater 

stomatal opening, and therefore greater rates of transpiration. In agreement with this 

hypothesis, the gs of the flag leaf was positively correlated with grain yield in the 

same field trials. A positive correlation between gs and grain yield has also been 

reported in studies on Chinese wheats under field conditions (Zheng et al. 2011). In 

field environments, where some degree of mild water stress is even present under 

“optimal” agronomical conditions, water restrictions may limit yield. Under such 

conditions, genotypes possessing higher stomatal conductance (gs) due to a better 

water status (e.g. due to a better access to soil water or some other reason) will grow 

faster and yield more while accumulating less 
13

C in the organic dry matter (Araus et 

al. 2013). In contrast, for plants growing in absolutely optimal conditions, higher δ
13

C 

may be the consequence of miscellaneous causes such as thicker or more compact 

leaves (Araus et al. 1997), and/or a higher transpirative cooling (Araus et al. 2003), or  

a larger intrinsic photosynthetic rate (e. g. caused by Rubisco activity) (Richards 

2000). 

 

Regarding biotic stresses, and specifically yellow rust (the case-study addressed in the 

thesis) fast, affordable and high-throughput methods to monitor the impact of disease 

may represent an effective way to prevent grain yield loss either through precision 

agriculture or phenotyping in breeding (Kuckenberg et al. 2008). Since yellow rust 

affects green area and photosynthetic capacity, any system that is able to assess the 

total amount of green area from the canopy in a reliable manner should be able to 

predict the impact of yellow rust on grain yield. In that sense, the use of RGB images 

to estimate green vegetation indices as a predictor of yield and tolerance to biotic 

stresses was proved reliable and affordable (Chapter 5). The colour components of 

Hue, Green Fraction, and Greener Fraction, combined with colour bands a and u were 

the most effective indicators to estimate he absolute grain yield and grain yield loss 

due to rust-infection. They performed much better than more conventional (albeit 

costly and time-consuming) approaches such as chlorophyll content of individual 

leaves, Pn, gs, E or canopy temperature depression (Chapter 5). Whereas the use of 
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RGB images has been proposed in wheat and other cereals to assess the impact of 

abiotic stresses such as drought (Casadesús et al. 2007; Fiorani et al. 2012), to the best 

of our knowledge this is the first report on the use of RGB images from canopies to 

assess the impact of a fungal disease. 

 

2. A conceptual plant model / ideotype for high yielding genotypes 

 

Satisfying future Chinese demand for wheat will imply increasing yield and 

adaptation to stresses; all this in a context of climate change and growing scarcity of 

resources such as water or fertilizers. In fact, genetic gains in winter wheat resulting 

from breeding have decreased in recent decades in China (Zheng et al. 2011; Xiao et 

al. 2012). Therefore, future breeding strategies to increase yield potential and stability 

should be taken in a number of directions, including defining proper ideotypes and 

potential relevant secondary traits rather than only depending on just the innovative 

use of both germplasm and crossing strategies, followed by empirical selection for 

grain yield at multiple locations (Araus et al. 2008; Reynolds et al. 2011). Reynolds et 

al. (2009a; 2011) built a conceptual ideotype combining many traits to raise yield 

potential and stability. Ideotypes should be selected using a combination of visual 

criteria, precision phenotyping, and molecular marker-assisted approaches. Based on 

the physiological and agronomical traits investigated in this thesis, the conceptual 

model of Reynolds (2009a, 2011) has been redrawn to aid the design of crosses for 

raising the yield potential and stability of winter wheats for Henan Province (Fig 2). 

To date, increasing yield potential has been mainly achieved through a reduction in 

plant height, larger spike size and greater grain number per unit area, together with an 

increase in C and N accumulation in key organs (e.g. ears and leaves). As discussed 

above (Chapter 2), the lower yielding genotypes in this thesis were sink-limited under 

favourable conditions, with grain growth limited by the capacity of the grains to store 

assimilate during the grain filling period, which is a common problem in wheat ( Gaju 

et al. 2014a). In fact, grain yield in wheat is either sink-limited or co-limited by both 

the source and sink (Slafer and Savin 1994), which indicated that enhanced sink 
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capacity could be critical to increase yield potential. Improvement in crop yield is also 

associated with higher canopy photosynthesis throughout the crop cycle (Parry et al. 

2011). However, the ear plays a very important photosynthetic role during grain 

filling. In another aspect, it should be emphasized that since Rubisco, a key enzyme 

from the Calvin cycle involved in CO2 assimilation, is the most abundant protein in 

plants, its role as a pool of nitrogen storage was also important. In this sense, Rubisco 

seems to play an important role in contributing to N accumulation in grains, with the 

N originating not only from the flag leaf but also from the ear (Chapter 4). On the 

other hand, yield stability is also a target for future breeding, particularly in the 

context of increased climate unpredictability and growing environmental and 

economic concern about the indiscriminate use of fertilizers,. Yield stability may be 

achieved through a better water status, together with increased water uptake and NUE 

during grain filling (Chapter 3) as well as greater resistance to biotic stresses (such as. 

yellow rust) that are relevant to the target agroecological areas (Chapter 5). 

Fig. 2. A conceptual ideotype for designing crosses aimed at increasing yield potential 

and stability of winter wheats in Henan. All the traits were categorized as either 

belonging to sources or sinks, and either preferably assessed at pre-anthesis or 

post-anthesis, or both (*). Figure redrawn from Reynolds et al. (2009a; 2011). 
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3. General conclusions  

 

 The increased grain yield potential of recent Chinese bread wheats from Henan 

Province appears to be the result of increases in HI, kernel number per unit land 

area and above-ground biomass 

 

 Performance under mild water stress of the same genotypes seems related to a 

higher tillering capacity in exchange for smaller spikes and combined with 

moderate plant height as well as a high HI and TKW. 

 

 Under mild stress conditions the best genotypes were those able to maintain a 

better water status in terms of high stomatal conductance and transpiration of the 

flag leaf together with a more negative δ
13

C in the flag leaf and especially the 

kernels.   

 

 Overall, the Chinese genotypes possess a low capacity for acclimation to less 

favourable conditions, probably as a consequence of a low tillering capacity and 

short stature, which make them prone to yield penalties even under moderate 

water stress conditions and/or with lower N fertilization levels. 

 

 The higher yield potential of the most recent genotypes seems related to a higher 

δ
13

C in plant matter and thus a higher WUE. However, this constitutive high 

WUE does not appear to be the consequence of a lower stomatal conductance in 

the most recent genotypes. 

 

 The genetic advance in yield potential does not appear to be related to changes in 

photosynthesis rates on an area basis when measured in the flag leaf or the spike, 

but only to higher whole-spike photosynthesis. These results also highlight the 

key role of the spike as a photosynthetic organ during grain filling.  
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 Overall the genotypes with the highest yield under both stressed and well watered 

conditions were characterized by the highest uptake efficiency of N fertilizer 

together with the highest N utilization efficiency of leaves and the capacity to 

sustain a larger canopy during the reproductive stage. 

 

 Under optimal conditions N remobilized from the shoot represented the most 

important N source to the kernel, while the δ
15

N of flag leaves and glumes 

revealed different patterns in high and low grain-yielding genotypes. Thus, 

although N derived from flag leaf Rubisco represented a major N source in low 

yielding genotypes, N derived from ear Rubisco was more relevant in the high 

yielding ones. Moreover a high capacity for N accumulation in the ears and 

further translocation to the kernels represented higher yield potential 

 

 Most of Chinese cultivars were susceptible to yellow rust, which caused a grain 

yield loss associated with a reduction in the green leaf area index together with a 

lower Pn on an area basis. 

 

 The RGB imagery was an effective and low-cost method for yellow rust 

phenotyping under field conditions. The colour components of Hue, Green 

Fraction, and Greener Fraction, combined with colour bands a and u were the 

most effective indicators for estimation of the absolute grain yield and grain yield 

loss due to rust stress.  
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