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Evaluation of CIMMYT and INIFAP elite lines in different agroclimatic zones representative of wheat production in Mexico

WYCYT trials provide a first proof of concept that yield potential can be increased through deterministic crosses based on physiological dissection of yield potential traits. The results were especially promising in terms of increased biomass and radiation use efficiency. Averaging over international trials, the best lines expressed almost 20% more biomass than local checks (see these proceedings).

Such precedents have led to the establishment of the International Wheat Yield Improvement Partnership (IWYP) that will be launched this week at the Borlaug Summit on Wheat for Food Security, thus concluding the WYC, many of whose activities will be incorporated into IWYP.

Genetic improvement of wheat yield potential and the

Wheat Yield Consortium (WYC)

M.P. Reynolds and H.J. Braun CIMMYT CIMMYT's wheat breeding effort has always emphasized yield potential and stability, and with considerable success to date (Sayre et al. 1997;[START_REF] Sharma | Genetic Gains for Grain Yield in CIMMYT Spring Bread Wheat across International Environments[END_REF]. Interest in applying novel techniques in order to accelerate yield potential began with consultation of experts under Sanjay Rajaram's leadership in 1996 [START_REF] Amani | Canopy Temperature Depression Association with Yield of Irrigated Spring Wheat Cultivars in a Hot Climate[END_REF]. Then in late 2008, with the reformation of the CGIAR underway, CIMMYT Director General Thomas Lumpkin requested that the Global Wheat Program initiate a major global initiative on raising wheat yield potential in order to address the joint challenges of growing worldwide demand, climate change, and a declining natural resource base.

This resulted in the inaugural meeting of the Wheat Yield Consortium in 2009 (Reynolds and Eaton 2009) to which over 60 international experts were invited to present their ideas. The main output of this consultancy was the development of a preliminary research proposal, presented at the 1st WYC Workshop in 2011. The development of this initiative also considered previous consultation with national wheat programs worldwide (Kosina et al. 2007;Reynolds et al. 2008), and was supported by several research councils including, BBSRC of UK, USAID in US, GRDC of Australia, SAGARPA of Mexico, as well as the CGIAR Research Program WHEAT. The main scientific approaches of the WYC have been (i) increasing photosynthetic capacity, (ii) optimized partitioning to ensure high and stable expression of harvest index and lodging resistance across a range of environments, and (iii) the application of the latest breeding technologies to bring these traits into harmony in acceptable agronomic backgrounds. Full scientific details of the strategy were published in international peer-reviewed journals (Foulkes et al. 2011;Parry et al. 2011;Reynolds et al. 2011Reynolds et al. , 2012)).

Financial contribution from Mexico's SAGARPA -through the MasAgro initiative -was used among other things to support the establishment in Sonora, Mexico, of a dedicated field phenotyping and breeding platform (MEXPLAT) in 2011 to serve as the central hub for international wheat yield potential research, supported by standardized phenotyping techniques, many of which were developed or refined at this site (Pask et al. 2012;Reynolds et al. 2012). This is in large part because of the strategic relevance of the environment in terms of being representative of spring wheat regions worldwide, as demonstrated by extensive international testing over half a century (Braun et al. 2010).

The MEXPLAT has been used for research into wheat yield potential -largely funded by SAGARPA -in a range of areas including novel work on the contribution of spike photosynthesis to yield potential; detailed characterization for the first time of the mechanical lodging characteristics of elite CIMMYT germplasm; work illustrating the evolving pattern of source:sink balance in modern wheat lines; and the testing and establishment of high-throughput phenotyping protols using the latest remote sensing technology. These and other results, including breeding progress in several partner countries such as China, India, and Mexico, are described in the proceedings of the 2nd, 3rd, and 4th WYC Workshops (see citations below and these proceedings).

Support from the Mexican Government through CONACYT and SAGARPA has also enabled the training of eight Mexican scientists at PhD level in universities in Australia, Chile, Spain, UK, and USA, as well as at MEXPLAT. Their research results are presented in these and earlier proceedings.

A pre-breeding program for yield potential was initiated in 2008 that has profited from many of these outputs in terms of parental and progeny selection and resulted in the delivery of the 1st Wheat Yield Consortium Yield Trial (1st WYCYT), consisting of 23 novel genotypes that were grown internationally at 25 sites in 2013. Results of the

Introduction

Grain crops are the staple foods worldwide, especially in developing countries (Fischer and Edmeades 2010).

Increasing populations and the negative effects of climate change create an unprecedented challenge to food security. Wheat scientists and agricultural experts from various private and public institutions are coming together in a collaborative network to increase wheat yield potential, originally named the Wheat Yield Consortium (WYC). The challenge will be to improve genetic wheat yield potential by an average of 1.6 % per year, to meet a projected demand of 760 million tons worldwide by 2020.

The WYC is coordinated by the International Maize and Wheat Improvement Center (CIMMYT) and has been sponsored by the Mexican Secretary of Agriculture (SAGARPA) through the MasAgro project. One of the main focuses of the project has been increasing wheat production in Mexico. Wheat accounts for 40% of total cereal expenditure for Mexican households, providing 10% of total dietary calories. The domestic consumption of wheat reached 6.1 million tons (MT) in 2012; 58% of which was imported (4.6 MT) while national production stood at 3.2 MT (SIAP 2013). This places Mexico among the 10 largest importers of wheat worldwide, representing a cost of 20 billion pesos per year [START_REF] Canimolt | Cámara Nacional de la Industria Molinera de Trigo[END_REF]. The projected demand for wheat in Mexico estimates an increase in total wheat consumption of 21% by 2015, 31% by 2020 and 55% by 2030 [START_REF] Canimolt | Cámara Nacional de la Industria Molinera de Trigo[END_REF]. Under this scenario, it is important to unite international and national efforts to raise yield potential in order to contribute to further increasing Mexico's wheat production.

To do so, the National Institute of Forestry, Agriculture and Livestock (INIFAP) collaborates with CIMMYT in evaluating elite genotypes in different agro-climatic zones representative of wheat production in Mexico. The aim is to identify outstanding lines in yield and biomass with the objective to further incorporate these lines into national breeding programs to potentially contribute to increase wheat production in Mexico. During the 2011-12 and 2012-13 growing cycles, CIMMYT and INIFAP elite lines were evaluated in six Mexican (INIFAP) experimental sites.

Materials and Methods

Plant material and experimental conditions

Two different experiments were conducted during the 2011-12 and 2012-13 growing cycles in six different experimental sites in the states of Guanajuato, Jalisco, Sonora, Sinaloa, Baja California, and Chihuahua (Table 1).

The CIMMYT Core Germplasm (CIMCOG) panel, comprising 60 lines, was evaluated during the 2011-12 growing season; details of the experiment and main results were presented in [START_REF] Chavez | Proceedings of the 3 rd International Workshop of the Wheat Yield Consortium[END_REF]. During 2012-13 an additional panel (CIMCOG-INIFAP) was studied, including 30 lines selected from the main CIMCOG panel, additional lines from the 1 st WYCYT (Wheat Yield Consortium Yield Trial), and 9 lines from INIFAP breeding programs (Table 2). Researchers participating in this initiative are presented in Table 1. Locations and agronomic management of each site are presented also in Tables 1 and3. In all experiments, appropriate fertilization, weed disease and pest control were implemented to avoid yield limitations. Significant differences among genotypes were observed for all agronomic variables (Supplemental Table 1). The table shows that PH was between 68 and 95 cm; DF between 74 and 86 days; DM between 113 and 124 days; GY between 4134 and 5966 kg ha -1 ; TGW between 31 and 51 g; HI from 0.35 to 0.47; BM between 10.84 and 15.09 t ha - 1 ; GPSM between 9549 and 16069; and SSM between 257 and 444 . The best genotype (number 53) for GY was also the best for HI. The genotype with the lowest yield presented low values for GPSM and low TKW. In general, the highest yielding genotypes were 52, 53, and 56 (originally from INIFAP breeding programs) and also genotype 46 from the 1 st WYCYT.

Correlation coefficients among traits are presented in Table 5. Yield had a positive and highly significant correlation with HI, BM, SPSM, and GPSM. Conversely, a negative correlation was observed with DF. BM was negatively correlated with HI (P ≤ 0.01) and positively with SPSM and GPSM. GPSM correlated positively with yield, HI, and SPSM, and negatively with TKW and PH. TKW was negatively correlated with GPSM and SPSM, and positively with PH. SPSM correlated significantly with several characters, highlighting its positive association with BM and GPSM. 

Principal component analysis

Principal component analysis (PCA) was performed using adjusted means from the 2012-2013 cycle for each genotype across environments using the PRINCOMP (SAS, 2004) procedure (Figure 1). PCA shows that the first two principal components account for 59.14% of the total variance (PCA1 31.91% and PCA2 27.23%), which meets one of the principal component analysis standards, stating that the variance of the first component must be greater than the second; the second greater than the third; and so on. Since these two components account for most of the variation, genotypes were classified only with respect to the variables associated with these components (Figure 1). PCA1 showed the greatest association with the original variables GPSM, BM, SPSM, and YLD. PC2, located on the y-axis, showed a greater association with the variables PH and TKW. The original variables related to the first principal component, GPSM, GY, and SPSM showed a positive association, indicating that the value of the principal component is increased as the values of these variables increase. In the case of principal component two, there is a positive correlation between PH and TKW that indicates that the genotypes with the highest values in the component have greater magnitude in these variables (Fig. 1). The phenological traits (DF and DM) presented a negative association with PCA1, which means that increasing the value of the principal component decreases the value of the original variable. Considering all of the above, when Figure 1 is analyzed it is assumed that genotypes located in the two quadrants on the right obtained higher GPSM, GY, and SPSM values than genotypes located in quadrants on the left. Likewise, genotypes in the upper quadrants have greater PH and TKW than those located in the lower quadrants, and genotypes located in the upper quadrants have shorter cycles than those in the lower quadrants.

With this analysis we can clearly see how BM and SPSM were the traits that most determined yield in genotypes 52, 53, and 56, while in genotype 46 it was HI and GPSM (Figure 1, Supplemental Table 1). All four high yielding genotypes presented short to intermediate cycle relative to the rest of evaluated genotypes.

Analysis of genotype x environment interaction

The AMMI analysis explained 71.84% of the sum of squares of the model; environments (E), genotypes (G), and GxE interaction contributed 66.7%, 5.6%, and 18.5% , respectively (Table 6). The AMMI showed the first three axes of the PCA as significant (P < 0.01), explaining 47%, 25%, and 12% of the sum of squares, respectively. The interpretation of the AMMI analysis result is facilitated by the graphical representation with genotypes and environments in the same space (Figure 2). The results show that the AMMI model allowed a reliable differentiation between additive (E and G in the X -axis) and non-additive effects (GxE on the Y-axis). The correlation coefficient between genotypes and environments is given approximately as the cosine of the angle between the vectors, in such a way that if the angle between the vectors is 180° the correlation coefficient is -1 and if the angle is 0°, the ratio is +1, to 90° is 0. On Figure 2, the x-axis (x) corresponds to yield of genotypes and environments. The dotted line perpendicular to this axis indicates the average yield. Inputs with lower performance are found to the left of the xaxis, whereas genotypes and environments with higher performance are plotted on the right. The y-axis (y) measures the stability of genotypes and environments: those with values close to zero are stable while those with higher values of the principal component are unstable. According to this, entry 53 was the genotype with the highest YLD, followed by entry 56, 52, 46, 1 and 5. Entries 32, 33, and 21, among others, had medium values for YLD, while entries 11 y 58 showed the lowest yields. The environment of Baja California was the best for high yield being Guanajuato the environment with the worst (Figure 2). Only three environments, Baja California, Sinaloa y Sonora had average yields equal or superior to the general mean. The Sinaloa environment, whose PC1 values are the ones closest to 0, is the location where there was the lowest resolution to discriminate among genotypes, this is, most of the genotypes performed similarly. However, the Chihuahua environment, whose PC1 values were the highest, it was the best environment to differentiate genotypes.

Combined analysis of the 30 CIMCOG genotypes for two years

The 30 common genotypes from the evaluations during the 2011-12 and 2012-13 growing cycles were analyzed as randomized complete blocks and adjusted means, broad-sense heritability (h 2 ), least significant difference (LSD), and coefficient of variation (CV) were obtained (Table 7). The broad-sense heritability for each year, between years, and the overall mean values for GY and yield components varied from low, moderate to high. For the first year of evaluation, h 2 was 0 for yield and low for biomass and days to maturity. Heritability for the second year of evaluation was low and moderate for BM and GY, respectively, and moderate to high for the rest of the yield components. The mean heritability for GY and BM over the two seasons in the 30 genotypes was 0.47 and 0.40, respectively, while the heritability of the rest of yield components was moderate to high (0.59-0.98). 

Discussion and Conclusions

The CIMCOG-INIFAP panel evaluated during 2012-13 presented the highest yields in Baja California and the lowest yields in Guanajuato (Table 4). Both evaluation sites are considered high yielding environments; even for the 2011-12 cycle, Guanajuato presented the highest values for GY and BM [START_REF] Chavez | Proceedings of the 3 rd International Workshop of the Wheat Yield Consortium[END_REF]). These low yields can be explained due to frost events occurring at the beginning of March coinciding with the grain filling period, which affected the final yield. This is supported by the high values of BM observed in Guanajuato but low HI values (Table 4). In this sense, due to the frost event, the plants were not able to partition the DM to the grain. This concurs with previous reports about the reduction in HI and quality when frost occurs after anthesis [START_REF] Allen | Effect of frost on the quality of samples of Janz wheat[END_REF]. Jalisco was also affected by low temperatures, but the previous year was also characterized by low yields [START_REF] Chavez | Proceedings of the 3 rd International Workshop of the Wheat Yield Consortium[END_REF]). However, wheat yields in Jalisco were above the global world average in 2012, at 3 t/ha [START_REF] Hawkesford | Prospects of Doubling Global Wheat Yields[END_REF].

From all the yield components studied, HI, BM, GPSM, and SPSM were the ones that determined most yield of the six environments (Table 5). However, it seems that two different strategies were observed between some INIFAPand CIMMYT-derived lines (Table 1; Fig. 1). While the INIFAP lines invested in BM and high SPSM, some of the CIMMYT lines presented higher HI and GPSM (Fig. 1).

AMMI analysis allows the detection of specific adaptation and to discriminate genotypes and environments in stability analysis that are positively or negatively correlated (Perez et al. 2005). The stability of genotypes and environments was variable, showing the instability of Guanajuato explained by the frost event (Fig. 2). In general, a large number of genotypes were stable across different sites of evaluation (Fig. 2) with intermediate yields. The AMMI model allowed a reliable differentiation between additive (E and G in the X -axis) and non-additive (GxE on the Y-axis) effects. [START_REF] Gauch | AMMI analysis of yield trials. En: Genotype-by Environment Interaction[END_REF] noted that in multi-environment tests, environment usually captures 80% of the total variation for yield, while genotypes and GxE interactions contribute about 10% each. Previous research has found significant differences (P < 0.01) among environments, genotypes, in the GxE, and the PC1, the latter contributing 54 to 63% to GxE, concluding that this methodology was efficient to explain the additive and nonadditive effects associated with the structure represented in the BIPLOT treatments, when yield is assigned to the X axis and PC1 to the Y axis (Crossa et al. 1990;Castanon et al. 2000;De Leon et al. 2005). Genotypes with PC1 > 0 interact positively with environments whose values are also PC1 > 0, but respond negatively to environments with PC1 < 0. The opposite is the case for genotypes with PC1 < 0 [START_REF] Samonte | Targeting Cultivars onto Rice Growing Enviroments Using AMMI And SREG GGE Biplot Analyses[END_REF]. In this sense, genotypes with PC1 > 0 have high yields in environments with positive values in PC1; for example, genotypes 59, 58, 54, and 55 (among others) had high yields in Jalisco and Guanajuato and 9, 13, 11 and others had lower yield values in these sites (Fig. 2).

In general, according to the results obtained, four genotypes are proposed to be of great interest from the 2012-13 evaluation in the six environments, i.e. 52, 53, 56, and 46 (Table 2); and another four for the two years of evaluation (2011-12 and 2012-13), i.e. 1, 5, 21, and 23 (Table 2). These genotypes come originally from CIMCOG, INIFAP, and 1st WYCYT panels and all presented good BM, GY, and high values of GY and BM per day. According to AMMI analysis, genotypes 1, 5, 21, 23, and 46 are more stable (Fig. 2), but complementary analysis should be performed in order to select genotypes with higher yield potential for release to national breeding programs.

Broad-sense heritability (h 2 ) indicates the proportion of phenotypic variance attributable to genotypic differences. In most cases, h 2 for all yield components was higher than GY. The relatively high heritability of HI, GPSM, and SPSM (Table 7), and its positive correlation with GY (Table 5), indicate that sustainable genetic gains can be achieved by including HI, GPSM, and SPMS as a selection criterion in the breeding process. Based on this study, gains in yield are expected to be greater when selecting in favor of HI, GPSM, and SPMS. In this sense, genotypes 53 and 56 proposed above presented the highest values for HI and SPSM, respectively (Supp. Table 1). An additional line (3) could also be considered for presenting the highest values of GPSM (Supp. Table 1). From the CIMCOG lines across two years of evaluation, line 21 presented high values of SPSM while the others did not present especially high values for HI, GPSM, and SPSM. In the combined analyses, line 3 also showed high values of GPSM. The different adaptive strategies of these lines (in terms of yield components) can be used in strategic crosses to breed for yield potential in Mexican national programs.

SIAP 2013, Servicio de Información Agroalimentaria y Pesquera (SIAP), accessed 14 January 2014, <http://www.siap.gob.mx/cierre-de-la-produccion-agricola-por-cultivo/> Zobel, R.W., M.J. Wright, and H.G. Gauch, Jr. 1988 

Improving Genetic Yield Potential of Wheat in India

Indu Sharma, Bhudeva Singh Tyagi, Ravish Chatrath, and Vinod Tiwari Directorate of Wheat Research, Karnal, India

Abstract

Wheat is one of the most important widely grown and consumed food grains all over the world and is the staple food and main source of energy in the Indian diet. The diverse environmental conditions and food habits support the cultivation of three species of wheat viz; T. aestivum, T. durum and T. dicoccum. India has seen a steady improvement in wheat production from 11.4 million tons in 1966 to a record production of 94.88 million tons in 2012 with a productivity of 3.20 t/ha. It is estimated that India will need around 120 mt of wheat by 2030, while the resources available for wheat production are expected to be significantly less. India is a very diverse country with regards to temperatures regimes, soil type, differential abiotic and biotic stresses. To cope with the climate vulnerability and changing pest dynamics, the Indian wheat program encompasses all possible efforts for creating and harnessing the genetic diversity and trait specific variability for economic traits particularly yield attributes. The emphasis is being laid to utilize unexploited germplasm like long spiked buitre plant types, synthetic hexaploids, Aegilops species, land races, traits specific genetic stocks etc. A large number of genotypes are evaluated under the Yield Component Screening Nursery (YCSN), Short Duration Nursery (SDN), and Quality Component Screening Nursery (QCSN) wherein the selected stocks are involved in crossing programs and the segregating populations are shared with wheat breeding centers so that they can apply need based in situ selection. More than 151 genetic stocks for various yield components have been registered.

The synthetics are known to be a rich source of genes for various abiotic stress tolerance viz., drought, heat, frost, salinity and water logging and also a series of biotic factors viz., resistance to leaf, stripe and stem rusts, leaf blight, glume blotch, head blight, powdery mildew, Karnal bunt, cereal cyst nematodes, and root lesion nematodes. Effective tillers per unit area directly contribute to the yield potential and in recent experiments to evaluate synthetics, numbers 88 and 93 recorded up to 222 tillers m -2 while many lines showed 15 cm spike length as compared to the PBW 343. Some synthetic lines (synthetic no. 31, 33, and 38) were good for tillering and spike length but flowered 12 days later then the check PBW 343. Some of the transgressive lines of wheat have been selected to possess 1000-grain weight as high as 55 g and grain protein content between 12-13.4%. Under the winter x spring program, genotypes like Centurk 90, Zhong 65, & Wugeng 8025 expresss high tillering, bold grains, and strong stems.

Phenotypic diversity was determined in the working germplasm (Shannon-Weaver diversity Index (H')) revealing that number of kernel/spike (H'=0.84), yield (H'=0.80), plant height (H'=0.80) and thousand kernel weight (H'=0.86) had the highest diversity index. In an experiment, correlations showed a significant positive relation between yield and spikeless tillers/plant (0.82), thousand kernel weight (0.39), plant height (0.35) and flag leaf area (0.36), suggesting the usefulness of these parameter for selecting for improving grain yield. At DWR, Karnal, improvement in grain size through transgression has been achieved from a cross involving two small seeded wheat varieties namely, Long 94444 and WH 542. Some of the transgressive progenies originating from this cross have shown 1000-grain weight as high as 68 grams, and grain protein between 12-13.4%.

Identification of QTL for improving yield potential in wheat

Zhonghu He 1,2 , Yingjun Zhang 1 , Awais Rasheed 1,2 , Xingmao Li 1 , Xinmin Chen 1 , and Xianchun Xia 1

1 Institute of Crop Science, CAAS, China; 2 CIMMYT, China

Abstract

The OsGS3 gene plays a principal role in controlling grain weight and grain length in rice. However, the function of an orthologous gene TaGS in wheat has not been analyzed to date. We cloned the gDNA of the TaGS gene, designated TaGS-D1, with four exons and three introns on chromosome 7DS using a comparative genomics approach. The cDNA of TaGS-D1 is 255 bp and encodes 85 amino acids. We also found a plant-specific organ size regulation (OSR) domain in the deduced polypeptide, indicating that TaGS-D1, like OsGS3, does not belong to the PEBP family. DNA sequencing of the TaGS-D1 locus revealed no diversity in the coding sequence of exons, but there was a single nucleotide polymorphism (SNP) in the first intron, and 30 SNPs, a 40-bp InDel, and a 3-bp InDel were found in the second intron between genotypes with higher and lower thousand grain weights (TGW). Based on the 40-bp InDel, a co-dominant STS marker, designated GS7D, was developed to discriminate the two alleles. Linkage mapping indicated that GS7D was located 8.0 cM from Xbarc184 on chromosome 7DS. A QTL for TGW and grain length at GS7D locus explained up to 16.3 and 7.7%, respectively, of the phenotypic variances in a RIL population derived from Doumai/Shi 4185, grown in Shijiazhuang and Beijing. We genotyped 175 Chinese wheat cultivars with GS7D, indicating that TaGS-D1 was significantly associated with grain weight.

A total of 231 synthetic hexaploid wheats (SHWs) were grouped into five different sub-clusters by Bayesian structure analysis using unlinked DArT markers. Linkage disequilibrium (LD) decay was observed among DArT loci > 10 cM distance and approximately 28% marker pairs were in significant LD. In total, 197 loci over 60 chromosomal regions and 79 loci over 31 chromosomal regions were associated with grain morphology by genome wide analysis using the general linear model (GLM) and mixed linear model (MLM) approaches, respectively. They were mainly distributed on homoeologous group 2, 3, 6, and 7 chromosomes. Twenty eight marker-trait associations (MTAs) on the D genome chromosomes 2D, 3D, and 6D may carry novel alleles with the potential to enhance grain weight due to the use of untapped wild accessions of Aegilops tauschii. Statistical simulations showed that favorable alleles for TKW, grain length, width, and thickness have additive genetic effects. Allelic variations for known genes controlling grain size and weight, viz. TaCwi-2A, TaSus-2B, TaCKX6-3D and TaGw2-6A, were also associated with TKW, grain width and thickness. In silico functional analysis predicted a range of biological functions for 32 DArT loci, which showed significant similarity to the sequence of model species in public databases and draft genome sequence of Aegilops tauschii. Receptor-like kinase, known to affect plant development, appeared to be a common protein family encoded by several loci responsible for grain size and shape. Conclusively, we demonstrated the application and integration of multiple approaches including high-throughput phenotyping using DI, genome wide association studies (GWAS), and in silico functional analysis of candidate loci to analyze target traits, and identify candidate genomic regions underlying these traits. These approaches provided a great opportunity to understand the breeding value of SHWs for improving grain weight and enhanced our deep understanding on molecular genetics of grain weight in wheat.

Plant height (PH) and yield components are important traits for yield improvement in wheat breeding. In this study, 207 F 2:4 random inbred lines (RILs) derived from the cross Jingdong 8/Aikang 58 were investigated under limited and full irrigation environments at Beijing and Gaoyi, Hebei province, during the 2011-12 and 2012-13 cropping seasons. The RILs were genotyped with 149 SSR markers and QTLs for PH and yield components were analyzed by inclusive composite interval mapping (ICIM). PH QTLs on chromosomes 4D and 6A, explaining 61.3-80.2% of the phenotypic variation, were stably expressed in all environments. QPH.caas-4D is assumed to be the Rht-D1b locus whereas QPH.caas-6A is likely to be a new gene. The allele from Aikang 58 at QPH.caas-4D reduced PH by 11.1-16.6% and TKW by 2.6-3.7%; however, kernel number per spike (KNS) increased by 3.7-3.8%, as did spike number (NS) by 2.9-4.2 %. The QPH.caas-6A allele from Aikang 58 reduced PH by 8.0-10.4% and TKW by 6.5-8.2%, whereas kernel number per spike (KNS) increased by 2.4-3.5% and NS by 2.0-4.6%. Under full irrigation, the allele at QPH.caas-4D from Aikang 58 increased grain yield in 2011-12 and reduced it in 2012-13. Genotypes carrying both QPH.caas-4D and QPH.caas-6A alleles from Aikang 58 reduced PH by 28.5-30.7%, while simultaneously reducing TKW (13.6-15.3%) and increasing KNS (3.1-5.0%) and NS (6.4-10%). QTKW.caas-4B and QTKW.caas-5B.1 were stably detected and significantly associated with either KNS or NS. Major KNS QTLs QKNS.caas-4B and QKNS.caas-5B.1, and the GY QTL QGY.caas-3B.2, were only detected in water-limited environments and thus could be useful in improving yield under drought. The major TKW QTKW.caas-6D had no significant effect on either KNS or NS and it could have significant potential for improving yield. The same population was also used to map QTL for normalized difference vegetation index (NDVI) and ground cover (GC) before winter and in late spring. Significant differences in NDVI and GC among lines were detected. Broad-sense heritability of NDVI and GC ranged from 0.69 to 0.74 based on the mean values averaged across four environments. GC was highly correlated with NDVI (r = 0.74-0.85, P <0.001). Four seedling traits were positively correlated with TKW and grain yield.

Thirty-seven QTLs distributed on 14 chromosomes for the seedling traits were identified; 18 were on genome A chromosomes, 8 on genome B chromosomes, and 11 on genome D chromosomes. QTLs QGCs.caas-3B.1, QGCwcaas-1D, and QGCw-caas-5D explained more than 20% of the phenotypic variation in seedling traits, with overdominance effects. QGCw.caas-1A.1, QNDVIw-caas-6D, QGCs-caas-6A, QGCs-caas-2A.2, QNDVIs-caas-3, and QGCw-caas-5B explained more than 10% of the phenotypic variation in seedling traits. The major QTLs QGCscaas-6A and QGCw.caas-5B, showing strong additive effects and linked with agronomic traits, could be used for molecular marker-assisted selection to improve seedling vigor and yield-related traits.

Introduction

Rapid advances in remote sensing technologies, data processing, and availability of instruments have made it easier to implement remote sensing techniques to research numerous plant properties [START_REF] Leinonen | Combining thermal and visible imagery for estimating canopy temperature and identifying plant stress[END_REF][START_REF] Jones | Remote Sensing to Estimate Chlorophyll Concentration in Spinach Using Multi-Spectral Plant Reflectance[END_REF][START_REF] Möller | Use of thermal and visible imagery for estimating crop water status of irrigated grapevine[END_REF][START_REF] Berni | Thermal and Narrowband Multispectral Remote Sensing for Vegetation Monitoring From an Unmanned Aerial Vehicle[END_REF]Swain and Zaman 2012). The increase in demand for large scale vegetation monitoring means that there is a move to such remote sensing applications in which simultaneous measurements of greater target areas can readily be made. In particular, remote sensing offers a non-destructive, fast, and often easy way to implement high-throughput phenotyping. Plant phenotyping is a useful approach that can be applied to physiological breeding for the improvement of yield gains and traits that are related to the adaptation of different environments, such as high stress heat and drought (e.g. Reynolds et al. 1994;Reynolds et al. 1998) Light reflected by plants is a function of the absorption properties of the plant at any given wavelength; for example, chlorophyll is sensitive to the visible region of the electromagnetic spectrum while water has absorption features at wavelengths in the NIR region (Babar et al. 2006). Therefore, spectral indices derived from reflectance measured at canopy level have the potential to provide important information about the characteristics of a plant relating to vegetative growth, water status, and photochemistry. Vegetation indices are calculated using wavelengths within the NIR and red regions of the electromagnetic spectrum and are linked with the growth status of vegetation. One of the most commonly used spectral indices is NDVI, which uses the NIR and visible bands of electromagnetic spectrum and relates to the photosynthetic ability of the plant and hence green biomass. NDVI has been linked with grain yield [START_REF] Aparicio | Spectral Vegetation Indices as Nondestructive Tools for Determining Durum Wheat Yield[END_REF][START_REF] Raun | In-Season Prediction of Potential Grain Yield in Winter Wheat Using Canopy Reflectance[END_REF]. Other vegetation indices include the Transformed Vegetation Index (TVI), a modification of NDVI to introduce a normal distribution [START_REF] Deering | Measuring'forage production' of grazing units from Landsat MSS data[END_REF] to values, the Normalized Difference Chlorophyll Index (NDCI), and the Modified Soil Adjusted Vegetation Index (MSAVI), aimed at minimizing soil effects on spectral measurements of vegetation [START_REF] Qi | A modified soil adjusted vegetation index[END_REF]. Other spectral indices include the Pigment Simple Ratio (PSR) (Filella et al. 1995) and the Normalized Total Pigment to Chlorophyll Ratio Index (NCPI) [START_REF] Peñuelas | Reflectance indices associated with physiological changes in nitrogen-and water-limited sunflower leaves[END_REF], applied to assess the carotenoids to chlorophyll ratio of the target, the Pigment Specific Ratio (PSSR), which focuses on the content of chlorophyll a [START_REF] Blackburn | Quantifying Chlorophylls and Caroteniods at Leaf and Canopy Scales: An Evaluation of Some Hyperspectral Approaches[END_REF], and the Plant Senescence Reflectance Index (PSRI), linked to the senescence rate of plants [START_REF] Peñuelas | Reflectance indices associated with physiological changes in nitrogen-and water-limited sunflower leaves[END_REF]. Spectral indices making use of the water absorption band around 900 nm to investigate plant water status include the Water Index (WI) [START_REF] Peñuelas | The reflectance at the 950-970 nm region as an indicator of plant water status[END_REF]) and the Normalized Water Index (NWI) (Babar et al. 2006) Canopy temperature has been used in the past to investigate plant water status [START_REF] Blum | Infrared thermal sensing of plant canopies as a screening technique for dehydration avoidance in wheat[END_REF], stomatal conductance [START_REF] Amani | Canopy Temperature Depression Association with Yield of Irrigated Spring Wheat Cultivars in a Hot Climate[END_REF], and has also been linked to grain yield [START_REF] Blum | Infrared thermal sensing of plant canopies as a screening technique for dehydration avoidance in wheat[END_REF]Reynolds et al. 1994;Reynolds et al. 1998;[START_REF] Olivares-Villegas | Drought-adaptive attributes in the Seri/Babax hexaploid wheat population[END_REF]). Hence the monitoring of canopy temperature can be a key tool for plant selection in terms of adaptation to a particular environment (Cossani et al. 2012).

In this study, measurements from an airborne remote sensing platform were made of experimental wheat trials in Ciudad Obregon, northern Mexico, at the International Maize and Wheat Improvement Centre (CIMMYT) experimental research station. The platform consists of multiple cameras deployed on a helium filled blimp and an Unmanned Aerial Vehicle (UAV). Images of trials under fully irrigated, drought, and heat environments were taken in the growing seasons of 2012 and 2013. Airborne remote sensing measurements have the advantage over satellite imagery in that enough resolution is given for the derivation of information at plot level while at the same time providing the possibility of instantaneously capturing multiple. Ground-based remote sensing methods are useful for measurements of small scale target areas; however they can prove problematic when data collection is required of larger areas, due to changes in environmental conditions between the start and end of measurements.

A methodology was created to investigate the application of the airborne remote sensing platform for highthroughput phenotyping of experimental wheat trials, with two key objectives. Firstly, the verification of data derived from the airborne measurements using equivalent data collected at ground level. The focus of the airborne measurements was the derivation of spectral indices relating to canopy temperature, NDVI, and other vegetation, pigment, and water indices. A second aim was to investigate the relationship between these airborne indices at plot level with the dry biomass weight (g/m 2 ) and yield (g/m 2 ) of each individual plot. Identification of high biomass genotypes aids the breeding approach of increasing biomass potential of genotypes with high partitioning capabilities, with the end aim of increasing grain yield (Babar et al. 2006).

There have been numerous studies applying airborne remote sensing techniques to the process of vegetation monitoring, for example the use of thermal imagery to investigate crop water stress (e.g. [START_REF] González-Dugo | Canopy temperature variability as an indicator of crop water stress severity[END_REF][START_REF] Berni | Thermal and Narrowband Multispectral Remote Sensing for Vegetation Monitoring From an Unmanned Aerial Vehicle[END_REF]. Hyperspectral and multispectral imagery has been frequently used to investigate key spectral indices and relate them to plant growth status (e.g. [START_REF] Lelong | Assessment of Unmanned Aerial Vehicles Imagery for Quantitative Monitoring of Wheat Crop in Small Plots[END_REF][START_REF] Zhang | Analysis of vegetation indices derived from aerial multispectral and ground hyperspectral data[END_REF]Swain and Zaman 2012;[START_REF] Zarco-Tejada | Fluorescence, temperature and narrow-band indices acquired from a UAV platform for water stress detection using a micro-hyperspectral imager and a thermal camera[END_REF]). However, there have been limited studies with respect to the application of airborne remote sensing to investigate plant biomass and yield [START_REF] Shanahan | Use of Remote-Sensing Imagery to Estimate Corn Grain Yield[END_REF]Swain and Zaman 2012). The work presented here aims to start to fill this gap.

Material and methods

Study site

Measurements were made at the CIMMYT experimental station close to Ciudad Obregon, northwestern Mexico (27 o 20` N; 109 o 54` W; 38 masl). Environmental and management details of this this area are given in Sayre et al. (1997). Six trials were studied in three different environments: irrigation, drought, and heat. Table 1 gives a summary of each trial. Data was taken during 2012 and 2013. 

Ground-based data collection

Estimates of grain yield (g/m 2 ) and dry biomass weight (g/m 2 ) were made for each individual plot within the given trials; details of which can be found in Pietragalla and Pask (2011). Depending on the size of the plot and the available resources, harvest ranged from the whole plot to a subsection. Key phenological stages of emergence, heading, anthesis, and physiological maturity were recorded for each plot. The day of emergence was determined when 50% of the seedlings emerged. This day was then used as a reference for the remaining developmental stages (Pask 2011).

Canopy temperature (CT) measurements at ground level were taken with the Sixth Sense LT300 handheld infrared thermometer along each of the plots, angled to avoid bare soil and directed specifically at the part of the plot most exposed to the sun. Measurements were made typically with high sun angles, when cloud cover was minimal and at times of low wind speed. The Normalized Difference Vegetation Index (NDVI) uses the NIR and red bands of the electromagnetic spectrum to investigate the photosynthetic capacity of a plant. It allows for the estimation of vegetation present in each measurement via Equation 1 [START_REF] Rouse | Monitoring vegetation systems in the Great Plains with ERTS[END_REF]:

𝑵𝑫𝑽𝑰 = 𝑵𝑰𝑹 -𝑹 𝑵𝑰𝑹 + 𝑹 , 1
where NIR and R are the measured reflectance in the NIR and red spectral bands, respectively. NDVI was measured at ground level using the Greenseeker NDVI portable sensor, close to noon where solar intensity is at its maximum, wind speed is minimal, and the plant canopy is dry (Pietragalla and Vega 2011).

Airborne data collection

Aerial imagery was collected via the AscTec Falcon 8 Unmanned Aerial Vehicle (UAV) (Fig. 1a) and helium filled tethered blimp (Fig. 1b). The 8-rotar UAV has a maximum 750 g payload; hence its usage is restricted to small, lightweight instruments. The flight system includes an in-built GPS, altitude sensor, and compass on the UAV and a Mobile Ground Station (Fig. 1a, inset) allowing easy control and stability while flying. Flights can be carried out with up to 10 m/s windspeeds, with maximum flight altitudes of approximately 130 m. The helium filled blimp is manually operated using ropes tethered at the front and tail of the airship. The blimp is able to carry a payload weighing approximately 6 kg, with a maximum flight height of 300 m and windspeeds of up to 13 m/s. The blimp has the advantage of being able to carry heavier, more sophisticated instruments compared with the UAV; however the UAV is easier to operate and control during image acquisition. Aerial images were collected with three cameras mounted separately on the UAV and blimp (see Table 2 for camera specifications). Cameras used with the UAV were the ADD Lite Tetracam multispectral camera and the FLIR Tau 640 LWIR uncooled thermal imaging camera, while the Mini MCA Tetracam imaging spectrometer was operated on the blimp. The cameras attached to the UAV are powered by the 8000 mAh lithium battery that powers the vehicle, providing approximately 15 minutes flight time, depending on the altitude of the flight and windspeeds. Several batteries were bought to the field, allowing for multiple flights in one session; exchange of batteries was quick and easy. The Mini MCA camera was attached below the blimp, using an in-house built box. The camera was powered by a 12 v battery, approximately 1.5 hours flight time.

Table 2. Specifications of the three cameras included in the airborne remote sensing platform. The ADC Lite and FLIR were mounted on the UAV and the MCA Tetracam positioned underneath the blimp. Note that only one camera could be attached to the UAV per flight due to payload restrictions.

The ADC Lite Tetracam takes photos at the green, red, and NIR infrared regions of the electromagnetic spectrum (Fig. 2), allowing for the calculation of the NDVI vegetation index, while the FLIR thermal camera is used to derive a thermal index relating to the canopy temperature of the target plots. The Mini MCA multispectral camera positioned underneath the blimp records 12 simultaneous images at spectral bands between 445-980 nm (Table 3). With these bands it is possible to calculate various indices related to water, chlorophyll, and other pigment content of the canopy. See 'Image processing and analysis' for details on which indices were calculated using the Mini MCA camera. Bottom right hand image zooms in on green band, wheat plots can be identified as rectangles, with ground dimensions of 2.5 m x 0.5 m.

Instrument

As the FLIR Tau thermal camera records only video and does not have internal memory, the video was transmitted from the camera on the UAV to the mobile ground station where it was recorded on a laptop via a video to USB convertor. Videos were subsequently converted to still images for processing (Fig. 3a). The ADC Lite and Mini MCA have internal memory storage capabilities, therefore images were able to be captured and stored via activation from the mobile ground station for the ADC Lite and pre-programming before take-off for the Mini MCA on the blimp. For the latter case, the camera was programmed to record an image every 5 seconds. 

Image processing and analysis

All processing was carried out using ENVI version 5.0 (Exelis Visual Information Solutions, Boulder, Colorado). Radiometric distortions, e.g. lens vignetting (corners of image darker compared to the central area due to the optics of the lens), or other non-uniform illumination factors, were solved by applying a cross track illumination correction.

A polynomial is fit to sample or line means within the whole image, aiming to remove any broadband variation without affecting narrowband effects. Geometric distortions of the images, due to the tilting of the sensor away from the horizontal plane, are corrected using a 'warping' procedure. This is particularly important if multiple images with different viewing angles are to be joined together to cover one trial. Warping is the process by which an image is resampled to match the geometry of a 'base' image. This can be performed manually by selecting Ground Control Points (GCPs) i.e., points that are present in both the image to be warped and the base image, or by using a vector map as the base image, containing the location information of the image to be warped. In this study, both methods were used. Trials were mapped using a GPS; in cases where GPS data was not available, GCPs were selected as wooden stakes that were positioned in the corners and within each trial. White panels were positioned on top of these stakes to increase visibility within images. Warping was carried out using the RST method. This method uses an affine transformation (co-linearity is preserved) in which linear combinations of three variables (rotation, scaling, and translation) are used to find a relationship between the base and warped image. Resampling is then applied using the nearest neighbour method. Images are subsequently mosaicked together by identifying overlapping regions within images. This is done automatically if images are geo-referenced.

A mask is applied to the mosaic of each trial, aiming to remove any non-vegetation pixels such as soil. This is done using band ratio thresholds to differentiate between vegetation and non-vegetation pixels. An algorithm is then applied for the automatic detection of plots using pre-defined parameters by the user, for example the size of plot in pixels and the distance between plots in pixels. Pixels within each plot that exhibit high variance are removed. This aims to remove any non-vegetation pixels that the mask may have missed, as well as pixel mixing effects. An average of each plot at each band is then taken to derive the target indices at plot level (Fig. 4). The processed images collected from the FLIR Tau Thermal Camera on board the UAV are used to derive a temperature index, which relates to the canopy temperature of each plot. The lack of internal memory of the thermal camera means that the video captured needs to be recorded in colour analogue format to a laptop via the mobile ground control station. The temperature index T I was calculated using the sum of the green and blue bands of the plot averaged values of the processed images acquired from the recorded video:

𝑻 𝑰 = 𝑻 𝑮 + 𝑻 𝑩 , 2
where 𝑻 𝑮 and 𝑻 𝑩 are the averaged 'plot' values at the green and blue bands respectively.

Table 4 presents the indices calculated from the multispectral cameras on the UAV and blimp. The NDVI index was derived from the ADC Lite multispectral camera, while the larger spectral range of the Mini MCA multispectral camera allowed for the investigation of a wider range of spectral indices. In addition to NDVI, other vegetation indices derived using the Mini MCA images are the Transformed Vegetation Index (TVI), the Normalized Difference Chlorophyll Index (NDCI), and the Modified Soil Adjusted Vegetation Index (MSAVI). Indices relating to additional pigment concentration are the Pigment Simple Ratio (PSR), the pigment specific pigment ratio (PSSR), the Plant Senescence Reflectance Index (PSRI), and the Normalized total Pigment to Chlorophyll a ratio Index (NCPI). Three water indices were derived: the Water Index (WI) and two variations of the Normalized Water Index (NWI).

Table 3. Spectral locations of bands 1-12 (B 1 -B 12 ) from the Mini MCA camera.

Table 4. Details of the spectral indices calculated using the processed images from the ADC Lite and Mini MCA multispectral cameras. B 1 -B 12 are the plot -averaged values calculated from the Mini MCA bands 1-12. See Table 3 for the locations of these bands.

Results

Comparisons were made between the airborn-derived indices and their equivalent ground-based measurements, in an attempt to verify the airborne methodology. Where possible, additional comparisons were made between the airborne indices with yield and biomass. Note that in some cases, stronger correlations were found between variables if indices were normalized with phonological stages, usually days to heading, due to differences in phenology between plots in trials. Masking was applied to all images, however in some cases there was no further removal of pixels with the highest variance. This is discussed in more detail below. All airborne and ground-based data was spatially corrected using Breeding View version 1.1.0.10749. 

(NIR-R)/(NIR+R) PSR Mini MCA B7/B1 NDVI Mini MCA (B11-B7)/(B11+B7) NCPI Mini MCA (B7-B1)/(B7+B1) NDCI Mini MCA (B9-B8)/(B9+B8) PSRI Mini MCA (B7-B2)/B8 TVI Mini MCA ([(B11- B7)/(B11+B7)]+5) 2 WI Mini MCA B12/B11 MSAVI Mini MCA 2 x B9+1-[(2xB9+1) 2 - 8x(B9-B7)] 2 /2 NWI_1 Mini MCA (B12-B11)/(B12+B11) PSND Mini MCA (B10-B7)/(B10+B7) NWI_2 Mini MCA (B12-B10)/(B12+B10) PSSR Mini MCA B10/B7

Thermal index

Figure 5 presents examples of the thermal index (T I ) derived from the FLIR Tau thermal camera on-board the UAV against ground-based data from the same trials. Table 5 details the genetic correlations between the thermal index and ground based CT, as well as with corresponding yield/biomass data. Note that for the three heat trials in Table 5, thermal imagery was only available from one point in time. The thermal indexes were compared with the CT averaged over the corresponding growth stage at which the images were taken. Genetic correlations are shown to compare relationships between the target traits with the aim of removing environmental effects. There is minimal difference between the phenotypic and genotypic correlations from the two temperature variables given in Figure 5a and 5b, suggesting that environmental effects were arbitrary within these two heats trials. From Figure 5 and Table 5 it can be seen that correlations between the UAV derived thermal index and the ground-based CT are significant for all three heat trials. This gives confidence to the UAV thermal index. Difficulties arise when aiming to relatively equalize the output of the two different methodologies due to the sensitivity of canopy temperature to external environmental factors, particularly wind speed. The UAV thermal index was derived from just one measurement throughout the season; it would be more robust to derive the index from an average of multiple measurements, as is done with the ground-based measurements from the UAV, to help remove any bias caused by environmental factors on the particular day of measurement.

Comparing genotypic correlations between the UAV thermal index with yield and biomass, there is a significant correlation for all trials. It can be seen that these are higher than the corresponding ground-based CT correlations with the yield and biomass, albeit not by a large amount. With the possibility of using multiple thermal images to derive the thermal index, perhaps the gap between the differences of genetic correlations between the UAV thermal index/ground-based CT with yield/biomass may widen. Table 6 presents the genetic correlations between the NDVI index derived from the UAV with the equivalent ground-based NDVI for all trials and, where available, biomass and yield. Table 7 shows the genetic correlations between the indices outlined in Table 3 derived from the Mini MCA camera and the ground-based NDVI index for the trials FIGS and CIMCOG_I. The UAV-derived NDVI was calculated using images collected on two separate occasions for FIGS, CIMCOG_I, and Seed_Sel, while the NDVI from the rest of the experimental trials, as well as the indices extracted from the Mini MCA images, were retrieved from images on a single day. As with the ground based CT, the NDVI measured on the ground was an average of several measurements. As with the case of temperature variables, there is not much difference between the phenotypic and genotypic correlations of the airborne vs ground-based NDVI in Figure 5c and 5d and the spectral indices derived from the Mini MCA images in Figure 6. This suggests again that there were limited environmental influences on these traits.

Multispectral indices

Examining the relationship between the UAV and ground-based NDVI measurements (Figure 5 and Table 6), there is significant correlations for all trials. These genetic correlations are higher than those between the airborne and ground-based temperature traits. Perhaps this can be attributed to the fact that canopy temperature measurements may be more effected by environmental factors, hence comparing measurements from different days between the two methods may result in more variability compared to NDVI measurements. In a study investigating rice crop, Swain and Zaman (2012) compared airborne NDVI measurements derived from an ADC multispectral camera onboard a helicopter with ground-based NDVI measurements and found significant correlations between the two variables (r 2 within 0.6-0.85). However, images were taken at 20 m height, covering just one target plot per image. The UAV-derived NDVI index is significantly correlated with biomass and yield (Table 6). These correlations are greater than the respective ground-based NDVI with biomass and yield, although in some cases not by much. As with the thermal imagery, the NDVI index derived from the UAV could perhaps benefit from image collection on multiple dates. Several of the trials used multispectral imagery from two different dates to calculate the NDVI index; however this is still less than the ground-based measurements. Swain and Zaman (2012) found a strong relationship between airborne derived NDVI with rice biomass. However, as already stated, image resolution was much better than that studied here (one plot per image), this will not work when considering high throughout phenotyping.

The spectral indices derived from the Mini MCA multispectral camera on the blimp show significant genetic correlations with the equivalent ground-based NDVI indices ( 

Discussion and conclusions

The results presented in this study show the potential of the airborne remote sensing platform as a tool to investigate important traits of experimental wheat crops. Strong correlations have been presented between airborne indices with equivalent ground-based derived canopy temperature and NDVI. These ground-based measurements have already been proven to be linked with yield and biomass (e.g. Reynolds et al. 1994;Reynolds et al. 1998;[START_REF] Aparicio | Spectral Vegetation Indices as Nondestructive Tools for Determining Durum Wheat Yield[END_REF], hence the strong agreement acts to validate the use of the airborne indices. In addition to this, significant genetic correlations were found between the airborne indices derived using imagery collected from the cameras onboard the UAV and yield/biomass, larger than the equivalent correlations between the ground-based measurements and yield/biomass. This gives additional confidence to the methodology used here as a potential tool to be used for breeding with the aim to increase grain yield.

The ground-based measurements of CT and NDVI were derived using multiple measurements throughout the cycle.

To increase the accuracy of the indices derived from the airborne measurements, the same procedure should be carried out to help eliminate any environmental influences on the measurement day. Stronger correlations between the airborne and ground-based NDVI compared to the temperature traits suggests that the use of the NDVI index may be more robust, perhaps as it is less effected by external environmental conditions such as wind speed and ambient temperature.

The helium filled blimp has the potential to carry heavier, more sophisticated instruments compared to the UAV. However the UAV is easier to control and images are less affected by increasing wind speeds. It is possible to isolate key bands on the Mini MCA camera by comparing indices derived from its images with ground-based measurement and subsequently building a smaller camera with only a few key bands to mount on the UAV.

Introduction

The first CIMMYT Mexico Core Germplam Panel (1st CIMCOG) comprises 60 spring wheat genotypes displaying high yield potential or at least expressing traits of interest for maximizing this complex key trait. It is known from pedigree information that the 1st CIMCOG is likely to encapsulate a very significant proportion of the genetic variation currently deployed by CIMMYT bread wheat breeders. The extensive physiological characterization of this panel described elsewhere in this meeting, provides a unique foundation for an international research program in which breeding, genetics, and physiology augment one another to achieve the genetic gains required to achieve global food security for those who depend on wheat (Reynolds et al. 2011). The work described here aims to complement physiological efforts by developing genetic resources derived from the 1st CIMCOG. These resources will facilitate the genetic dissection of sub traits underlying yield potential, yield stability, and adaptation. The genes controlling these traits are identified as quantitative trait loci (QTL). The development of bi-parental segregating populations has been undertaken in such a way that the populations can be studied together using Nested Association Mapping (NAM; [START_REF] Yu | Genetic design and statistical power of nested association mapping in maize[END_REF]) and meta-QTL analysis. Examples of equivalent efforts focused on European winter wheat germplasm include heading date [START_REF] Griffiths | Meta-QTL analysis of the genetic control of ear emergence in elite European winter wheat germplasm[END_REF], crop height [START_REF] Griffiths | Meta-QTL analysis of the genetic control of crop height in elite European winter wheat germplasm[END_REF], grain shape [START_REF] Gegas | A genetic framework for grain size and shape variation in wheat[END_REF], and grain yield [START_REF] Snape | Dissecting gene× environmental effects on wheat yields via QTL and physiological analysis[END_REF]). The attributes of the QTL identified (additive effect, allele frequencies, and environmental interactions) will shape strategies for future genetic improvement. These QTL will be validated by the production of near isogenic lines (NILs). Our most advanced example of this approach for the 1st CIMCOG is the production of NILs from a QTL located on chromosome 7B and identified in Weebill x Bacanora that increases yield through grain size [START_REF] Griffiths | Genetic Dissection of Grain Size and Grain Number Trade-Offs in CIMMYT Wheat Germplasm[END_REF]. NILs are the materials by which QTL are converted to simple Mendelian factors and so they are the ideal starting material for high resolution mapping and cloning of genes underlying QTL. This is the long term goal of the work described here as it will provide: the best possible genetic markers for breeding; the means to search for new alleles of these important genes, stretching variation even further for traits shown to be crucial for yield potential; and an understanding of the wider molecular mechanisms controlling these traits. Here we describe progress in: genotypic characterization of 1st CIMCOG; development of NAM populations derived from 1st CIMCOG; and development of Weebill 7B NILs.

Materials and methods

1st CIMCOG Genotyping

The 1st CIMCOG panel was genotyped using 540 KASP single nucleotide polymorphism (SNP) markers according to standard procedures [START_REF] Allen | Transcript--specific, single--nucleotide polymorphism discovery and linkage analysis in hexaploid bread wheat (Triticum aestivum L.)[END_REF]. Markers were chosen to be evenly distributed across the bread wheat genome based on consensus genetic maps. In addition, markers based on functional polymorphisms for Ppd-1, Rht-1, and the presence of the 1BL.1RS translocation were used to describe the collection for allelic variation at all homoeoloci respectively for known allelic variation at these key genes. Neighbor joining (NJ) phylogentic trees were constructed using the 'ape' package within R.

Development of segregating populations

Available phenotypic information was used alongside molecular data to select the first cohort of 1st CIMCOG parents for population development. The common parents for the NAM method were Weebill for WYN and Paragon for parallel genetic resource development funded by the UKs Biotechnology and Biological Sciences Research Council (BBSRC) for the Wheat Improvement Strategic Programme (WISP), in which an equivalent NAM strategy is being used for gene discovery in the AE Watkins bread wheat landrace collection of near global distribution and the Gediflux collection of western European winter wheat. The NAM strategy is shown in Figure 1; each bi-parental population comprises at least 94 lines and is brought to homozygosity by a process of single seed descent under glasshouse conditions. 

Development of Near Isogenic Lines

The location of the 7B Weebill x Bacanora QTL [START_REF] Griffiths | Genetic Dissection of Grain Size and Grain Number Trade-Offs in CIMMYT Wheat Germplasm[END_REF]) is shown in Figure 2. The increasing thousand grain weight and grain yield allele of Weebill was introgressed into Bacanora using the simple sequence repeat (SSR) markers barc32 and gwm577 that detect loci flanking the QTL peak in this population. Initially, a Weebill x Bacanora double haploid line possessing Weebill alleles at the region of interest and the maximum genetic background of Bacanora was crossed with Bacanora. Five subsequent backcrosses to Bacanora were carried out, followed by self-fertilization and selection of siblings with Weebill and Bacanora in the 7B interval. These are the Weebill 7B NIL pairs. 

Results

Genotyping

The genotype of the 1st CIMCOG at 540 KASP marker loci was analyzed together with equivalent data sets from the WISP program. The NJ phylogenetic tree produced from the whole data set is shown in Figure 3. 

Population development

The Weebill 7B Near Isogenic Lines

The production of Weebil 7B NILs is complete. Five backcrosses were carried out. Because the F 1 was made with a Weebill x Bacanora doubled haploid line, the NIL pair will possess a genetic background greater than 96% Bacanora. These NILs have been glasshouse multiplied and our now drilled in 1m 2 field plots in the UK.

Discussion

For rice, maize, and (increasingly) wheat genetics, there is a well proven route to successful identification of genes underlying quantitative traits. It involves:

1. Careful characterization of germplasm for traits of interest; 2. The production of appropriate segregating populations for low resolution genetic mapping; 3. The development of Near Isogenic Lines for validation and 'Mendelisation' of QTL; 4. The production of high resolution segregating populations; 5. The alignment of high resolution genetic maps to whole genome sequence or the best approximation available (synteny); 6. The isolation of allelic variants for candidate genes; 7. Functional genomics approaches to prove gene function.

All of these activities are vital to the success of the WYN because cloned genes provide the means by which the molecular control of physiological traits can be understood and new allelic variants and gene combinations to manipulate these traits further can be hypothesized and found. Here we have reported on the 'half time' stages of resource development for the WYN, and only for points 1-3 from the above, so there is very little to discuss in terms of scientific results. However, the progress to date has demonstrated the complementarity of resource development activities between WYN and WISP even at very modest levels of funding. Increased investment in WYN would enable this work to be widened and accelerated, encompassing points 4-7 from the above list.

Introduction

Genetic gains of spring wheat in favorable environments averaged 0.6% per year between 1995 and 2010, based on data from hundreds of testing sites worldwide [START_REF] Sharma | Genetic Gains for Grain Yield in CIMMYT Spring Bread Wheat across International Environments[END_REF]. However, to reach predicted global demand, genetic gains would need to be ~2% per year, thereby increasing yield potential by 50% in ~20 years (Lopes et al. 2012b); the same target would take ~70 years at current rates of genetic gain. Clearly there is a need to complement conventional breeding approaches and a better understanding of the genetic basis of yield is a pre-requisite to this through the application of molecular markers.

The Wheat Yield Consortium (WYC) aims to raise the yield potential of wheat via a stepwise accumulation of yield potential traits and the delivery of new improved germplasm. For molecular marker-based approaches to assist, a better understanding of the underlying genetics of yield, its components, and dissecting physiological traits is required. (Reynolds et al. 2011). Gene discovery for these traits are challenging due to low heritability, high genotype by environment interaction (G × E), and confounding effects of plant phenology (plant height and flowering time) in molecular marker detection. CIMMYT developed the WAMI population, which is controlled for phenology and plant height for genome-wide association studies (Lopes et al. 2012c). Aligned with WYC objectives, the present study aims to identify molecular markers for grain yield, yield components, and physiological traits in the WAMI population to facilitate molecular breeding and strategic combination of traits.

Materials and methods

Plant material

The WAMI population consists of 294 elite lines of spring bread wheat that were assembled to detect molecular markers for heat and drought tolerance in spring wheat. This population was selected for minimum variation in flowering time and plant height to avoid confounding effects (Lopes et al. 2012a).

Genotyping and population structure

The population was genotyped with the 9K Infinium iSelect Beadchip SNP array. These markers were analyzed for polymorphism, minor allele frequency (>5%), and missing values (Lopes et al. submitted). A detailed analysis of population stratification that influences the discovery of marker-trait associations was performed through a model based clustering approach using the STRUCTURE software v. 3.0 [START_REF] Pritchard | Inference of population structure using multilocus genotype data[END_REF], in which a Bayesian approach identifies clusters based on Hardy-Weinberg equilibrium and linkage disequilibrium. Cluster analysis through neighbor joining tree using the software powermarker [START_REF] Liu | PowerMarker: an integrated analysis environment for genetic marker analysis[END_REF] and principal component analysis (PCA, script in R) were used as additional methods for determination of population structure (Lopes et al. submitted).

Phenotyping and association mapping

Phenotyping was carried out at the Centro Experimental Norman E. Borlaug (CENEB) at Cd. Obregon, Sonora, Mexico from 2009-2013. This is a high radiation temperate environment with adequate irrigation facilities. Details of the method of phenotyping grain yield and yield components can be found in Pask et al. (2012). Statistical analyses were performed using proc. mixed in SAS by adjusting for variability using the alpha lattice design. Least mean estimates were calculated for each trait. Phenotypic correlation of all the combination of traits was also estimated.

A dataset including 285 lines was obtained after combining phenotypic and genotypic data. Genome-wide scans in TASSEL [START_REF] Bradbury | TASSEL: software for association mapping of complex traits in diverse samples[END_REF]) using 5,623 markers with known positions were conducted using population structure (Q 2 to Q 6 ) as the fixed component and a K matrix (kinship matrix) as the random component after model testing. Model comparison was done in SAS in the mixed model framework using the Bayesian information criteria (BIC) to select the best model for testing marker trait associations. Simple model, population structure as a cofactor (Q) [START_REF] Pritchard | Inference of population structure using multilocus genotype data[END_REF], K matrix as random term in the mixed model, model involving population structure and familial relatedness (Q+K) [START_REF] Yu | A unified mixed-model method for association mapping that accounts for multiple levels of relatedness[END_REF], and principal components (PCs) from principal component analysis (PCA) and PCs +K were tested. A combination of Q+K model with model selection enabled was used to detect markers using Genome Association and Prediction Integrated Tool (GAPIT). GAPIT is an R-based program that considerably reduces the computing time required for association mapping (R Development Core Team 2011). Results were furthermore verified in SAS applying unified mixed model analysis [START_REF] Yu | A unified mixed-model method for association mapping that accounts for multiple levels of relatedness[END_REF]. The threshold for defining a marker to be significant was taken at 10 -3 considering the small number of markers and the deviation of the observed F-test statistics from the expected F-test distribution.

Results and discussion

Population structure

Even after selecting for plant height and flowering time to reduce the confounding phenology effects, the WAMI population still harbors enough genetic diversity for association mapping studies. Population structure analyzed with 900 random markers in STRUCTURE indicated that this population could be grouped into two major subpopulations based on the presence and absence of a 1B.1R rye translocation, and also based on the pedigree information (Lopes et al. 2014, submitted). Comparable results were obtained with PCA showing a broad stratification related with the rye translocation present in some of the lines (Lopes et al. submitted). Clustering according to pedigree included advanced lines derived from diverse globally important CIMMYT parents and cultivars such as 'Kauz', 'Pastor', 'Attila', and 'Whear'.

Phenotypic analysis and association mapping

Analysis of variance was conducted in SAS using PROC MIXED by considering replications and environments as the fixed components and all other components as random (Table 1). Least square means were estimated for each trait across environments for marker trait association. Phenotypic correlation estimates indicated that grain yield was positively correlated with grain number (r = 0.56), thousand grain weight (r = 0.18), SPADLLg (r = 0.19), biomass (r = 0.53) and harvest index (r = 0.35). A negative correlation was observed between grain yield and canopy temperature at vegetative and grain filling stages (r = 0.13 and r = 0.15) (Table 2). [START_REF] Huang | Advanced backcross QTL analysis for the identification of quantitative trait loci alleles from wild relatives of wheat ( Triticum aestivum L.)[END_REF]. We identified markers for kernel weight on chromosomes 1A, 5A, 5B, and 6A. Earlier studies have reported QTLs for kernel weight on chromosomes 1A, 1D, 2B, 2D, 4B, 5B, and 6B [START_REF] Ramya | QTL mapping of 1000-kernel weight, kernel length, and kernel width in bread wheat (Triticum aestivum L.)[END_REF]. We identified markers for days to heading in chromosomes 1D, 2B, and 5A. The marker on 5A at 59-60 cM is linked to the Vrn-A1 gene that was cloned [START_REF] Yan | Positional cloning of the wheat vernalization gene VRN1[END_REF]. Candidate gene association mapping also indicated that this marker is associated with days to heading (p-value < 10 -07 with the best model, pers. comm.), Vrn-A1 being dominant epistatic for vernalization requirement and shows the largest effect on flowering time among known Vrn genes. Marker wsnp_Ex_c55777_58153636 associated with days to anthesis was also associated with days to heading indicating the pleotropic effect of the gene. The average genotypic effect of this marker on the population was three days. Eight markers were detected for grain number in this study and none of them were colocalized with the markers for other traits. The maximum number of marker-trait associations was detected on chromosome 5B. This chromosome region in 5B is a multi-trait region significant for yield and yield components in spring wheat [START_REF] Edae E A | Genome-wide association mapping of yield and yield components of spring wheat under contrasting moisture regimes[END_REF].

MTA for physiological traits (CT, SPAD, and NDVI) through handheld devices are difficult to detect due to low heritability of the trait. Consistency in measuring these traits is important for marker detection. We detected markers for CT at grain filling in chromosomes 5A and 6A, markers for SPAD at grain filling in chromosome 6D, markers for NDVI on chromosomes 2B and 3A explaining 5-7% variation in the traits. An earlier study had detected QTL for CT in chromosome 5A (Pinto et al. 2010) but comparisons with the marker is not possible due to differences in the linkage maps used for the study. These traits were associated with yield that indicates their value as indirect selection criteria (Reynolds et al. 1998;Cossani and Reynolds 2012). Biomass was a trait with high G × E interaction and low heritability and we didn't detect any markers for this specific trait. Marker wsnp_Ex_c25467_34731005 on chromosome 4B was significantly associated with harvest index. A total of 56 marker-trait associations were detected in this study (Fig. 1).

Figure 1. Manhattan plot for the potential marker-trait associations' detected in WAMI using SNPs markers. The pvalue < 10 -03 was considered as the significant threshold for a potential marker-trait association.

How the observed marker trait associations are most efficiently used in breeding remains a challenge. Marker discovery for physiological traits mainly focus on minor genes that show high G x E interactions. Marker effects will need to be validated and combined in different backgrounds before more routine application for selection. There are generally many challenges in molecular breeding in wheat; it has a large genome size (17GB), is allohexaploidy with three different genomes (A, B, and D), and the unfinished genome sequence makes wheat a tough crop for marker discovery [START_REF] Sukumaran | Association Mapping of Genetic Resources: Achievements and Future Perspectives[END_REF]. Further advancements in genotyping technologies will improve genetic and physical maps such as genotyping-by-sequencing (GBS) markers [START_REF] Pfleeger | Wheat leaf rust severity as affected by plant density and species proportion in simple communities of wheat and wild oats[END_REF][START_REF] Elshire | A robust, simple genotyping-by-sequencing (GBS) approach for high diversity species[END_REF]) and the 90K Infinium iSelect Beadchip (Wang et al 2014) will add to the existing markers in this population for validation and further genome-wide association studies. A second bottleneck is precision phenotyping for complex traits such as yield. Phenotypic platforms that include precision phenotyping tools e.g. remote sensing and unmanned aerial vehicle (UAV) with remote cameras [START_REF] Tattaris | Airborne Remote Sensing for High Throughput Phenotyping of Wheat: Proceedings of Workshop on UAV-based Remote Sensing Methods for Monitoring Vegetation[END_REF] will increase the efficiency to capture the phenotypic differences between lines in a population.

Introduction

Conventional breeding achieves incremental yield gains by recombining alleles mainly from within elite materials and selecting among thousands of progeny per cross for expression of appropriate agronomic traits, resistance to a spectrum of prevalent diseases, and yield based on multi-location trials (Braun et al. 2010). While the genetic basis for improvements in biotic stress resistance of wheat are relatively well understood for the prevalent diseases [START_REF] Singh | Breeding spring bread wheat for irrigated and rainfed production systems of developing world[END_REF], the genetic basis of cultivar level differences in yield potential is largely unknown. Therefore, systematic deployment of yield-specific genes will only become the dominant breeding strategy when two conditions are met; firstly when the wheat genome is fully sequenced so that the identification of functional polymorphisms in wheat is as achievable as it is now for rice, and secondly when our understanding of the way genes interact to determine the expression of complex traits like yield can be modeled effectively for representative target environments; the first condition is getting closer, however the second is still on the horizon. That given, in order to accelerate genetic gains from their current rate of under 1% per year, the breeding effort for the foreseeable future will depend on four main strategies: 1) Strategic hybridization to combine traits associated with RUE and partitioning (e.g. Reynolds et al. 2012); 2) Use of exotic germplasm -including transgenes-to complement levels of expression in conventional genepools; 3) High throughput phenotyping and molecular marker assisted breedingincluding whole genome selection (WGS)-to permit the efficient deployment of yield and other trait-linked markers as they are identified through gene discovery and WGS modeling [START_REF] Tester | Breeding technologies to increase crop production in a changing world[END_REF]; 4) Conventional breeding.

Yield potential (YP) can be expressed as a function of the light intercepted (LI) and RUE, whose product is biomass, and the partitioning of biomass to yield, i.e. harvest index (HI). Physiological trait (PT) based breeding focuses on improving all three of these components. Using all information available on photosynthetic and partitioning traits and their interaction, hybridization schemes can be designed to combine PTs in such a way that the main drivers of yield potential are combined deterministically with the view to achieving cumulative gene action. Given limited understanding of the genetic basis of traits that contribute to yield, it is impossible to predict the outcome of combining albeit theoretically complementary characteristics. Nonetheless, it is axiomatic that a good level of PT expression in a genotype indicates a favorable -albeit unspecified-combination of positive alleles, and selecting for PTs is thereby a practical means of achieving cumulative gene action, as demonstrated by recent impacts in breeding for drought adaptation [START_REF] Rebetzke | Grain yield improvement in water-limited environments[END_REF]Reynolds et al. 2009). This approach will be complemented by marker assisted crossing and selection as more information from genetic dissection of complex physiological traits becomes available (Pinto et al. 2010) while diagnostic markers can currently be used for genes where the functional polymorphism has been identified.

Materials and methods

Lines of the 1st and 2 nd WYCYT include selected progeny from strategic crosses designed to simultaneously improve source and sink related traits. They were generated through simple two-way crossing of lines with superior expression of photosynthetic capacity (i.e. source traits such as cool canopy temperature, crop growth rate, stem water soluble carbohydrates) to lines showing favorable expression of spike fertility traits (i.e. sink traits such as spike index, spike density, kernel number, kernel weight). The information on source and sink traits came from phenotypic characterization of elite breeders material in previous cycles at the Mexican Phenotyping Platform (MEXPLAT) which is situated in the highly productive irrigated spring wheat growing environment in the Yaqui Valley, near Obregon, NW Mexico, where yields of up to 10 t/ha may be achieved (Sayre et al. 1997). In all trials, optimal crop management was used including control of biotic stresses.

The progeny of simple crosses based on the criteria described above, were advanced as bulks to the F4 generation, eliminating families, and lines within selected families, that were too late and/or too tall to fit the agronomic situation, as well as lines that were obviously susceptible to prevalent diseases (mainly leaf and yellow rust). Alternating generations were sown at MEXPLAT in the winter cycle and CIMMYT's El Batan station in the summer. At F4 or F5 generation at MEXPLAT, single plants were selected from bulks based on their expression of a favorable combination of spike length, number of spikes/plant, and well filled spikes. However, plants with foliar disease symptoms were not included, and once threshed, plants with shriveled seed were discarded. The remaining plants were sown in un-replicated yield trials as augmented designs during the following MEXPLAT cycle, and the best performing lines advanced to replicated yield trials in the subsequent MEXPLAT cycle. Agronomic and physiological data related to source and sink related traits-as outlined above-was used to select the final entries for the WYCYT national and international nurseries.

The 1 st WYCYT consisted of 30 entries. Of these 7 lines were elite checks (CHECKS) and 23 were new lines (NEW) based on the strategic crosses. The trial was grown in the 2013 spring wheat cycle at 18 international sites, as listed in Table 1. A subset of the 1 st WYCYT was grown at 6 sites in Mexico (listed in Table 1 of Solis et al., these proceedings) consisting of 3 of the CHECKS and 12 of the NEW lines. The 1 st WYCYT was also grown at the MEXPLAT in the 2012 cycle. The 2 nd WYCYT consisted of 25 lines and was sent to the same sites as the 1 st WYCYT and is currently being evaluated. The 2 nd WYCYT was also evaluated in the 2013 cycle at the MEXPLAT. All trials were sown with lattice designs in order to correct means for spatial heterogeneity in the field. 

Results

st WYCYT-MEXPLAT (2012 cycle)

The 5 best performing NEW lines of the 1 st WYCYT were compared with the 5 best performing elite CHECKs.

Comparing the two groups, the yield and biomass of the new lines were on average 2% and 8% larger than that of the checks, respectively. Other traits that were notably different were grains/m 2 and spikes/m 2 that were both higher in NEW, while harvest index and average kernel weight were both lower, as was the number of infertile spikelets (Table 2). Comparing individual lines, while the best yielding CHECK had 2% more yield than the best NEW line, the best expression of biomass among the NEW lines was 15% higher than that of the best CHECK. In terms of phenology the NEW lines were 0.5d later to maturity and 2d later to anthesis, while height was on average 3cm shorter. For each of the Mexican sites, the average value of the 5 best yielding NEW lines were compared with the single best yielding of the 3 CHECK lines included from the 1 st WYCYT. In Guanajuato, the 5 NEW lines averaged 23% and 14% more yield and biomass, respectively, than the best CHECK line. In Chihuahua, differences in yield and biomass between the average value of the 5 NEW lines and the best CHECK were not observed. In Guadalajara, the best CHECK (Quaiu) beat all of the NEW lines, however, the best 5 NEW lines expressed on average 8% more biomass than the best CHECK. In Baja California, the best 5 NEW lines expressed on average 2% and 5% more yield and biomass, respectively, than the best CHECK. In Sinaloa, the best 5 NEW lines expressed on average 5% more yield but 4% lower biomass than the best CHECK. In Sonora, the best 5 NEW lines expressed on average 6% more yield and 3% more biomass than the best CHECK. For all sites except Guadalajara, the best performing line was a NEW line, while the best expression of biomass was seen in a NEW line in 4 of the 6 sites (i.e. not Guadalajara or Chihuahua). However, at several sites local material performed well, often beating all CIMMYT material (Solis et al. these proceedings). In terms of phenology and height, the NEW material was comparable with the CHECK lines, though interaction with sites was apparent. In terms of yield components, in general, the NEW lines expressed more grains/m 2 and lower harvest index than CHECKS. For more details of the results of the Mexican sites, see Solis et al. (these proceedings).

st WYCYT-International Sites

The average yield of the best 3 and the best 5 performing NEW 1 st WYCYT lines at each of 18 international sites were compared with both local checks (2), and the same 3 CIMMYT checks, in the 2013 wheat cycle (Table 3). The same comparison was made for total above ground biomass at 8 of the sites, while phenology data was collected at 9 of the sites. Considering all 18 sites, the average yield of the best 3 NEW lines outperformed the average yield of the 2 local checks at 12 of the sites, and outperformed that of the 3 CIMMYT checks at 17 of the sites. The mean value of the average out-performances of the 3 best NEW lines at 18 sites, was 8% over local checks, and 18% over CIMMYT checks, respectively. Considering the 8 sites where biomass was measured, the average biomass of the best 3 NEW lines outperformed the average biomass of the 2 local checks and that of the 3 CIMMYT checks at all sites. The mean value of the average out-performances of the 3 best NEW lines at 8 sites were 19% over local checks, and 14% over CIMMYT checks, respectively. When considering the average response of lines across all environments, while the NEW lines performed slightly less (3%) than the local check average, and essentially the same as CIMMYT CHECKS, the NEW lines biomass was 10% larger than that of the local check average, and 5% higher than CIMMYT CHECKS. Days to maturity was measured at 9 sites; CIMMYT checks were on average 3 days later than local checks, and the NEW lines were on average 1 day later than CIMMYT checks. The 5 best performing NEW lines of the 2 nd WYCYT were compared with the 5 best performing elite CHECKs that were included in the trial. Comparing the two groups, the yield and biomass of the new lines were on average 5% and 9% larger than that of the checks, respectively. Other traits that were notably different were grains/m 2 and spikes/m 2 that were both higher in NEW. Harvest index and average kernel weight were about 3% lower, while the number of infertile spikelets was 17% lower (Table 4). Comparing individual lines, the best yielding NEW line had 8% more yield and 6% more biomass than the best yielding CHECK, while the NEW line with best biomass expressed 7% more biomass and 6% more yield than the best performing CHECK. In terms of phenology the NEW lines were 0.5d later to maturity and 0.5d earlier to anthesis, while height was on average 3cm taller.

Discussion and conclusions

The results of the 1 st WYCYT based on multi-location yield trials in Mexico and internationally -at a total of 25 sites-provide a first proof of concept that yield potential can be increased significantly through strategic crossing designed to simultaneously improve source and sink related traits, using as a germplasm baseline elite breeding material that has been well characterized physiologically. The results are even more promising in terms of the utility of this approach to increase biomass, which was most likely a result of increased radiation use efficiency, since differences in light interception (based on spectral reflectance measurements throughout the cycle -data not shown-) were not apparent. It is interesting that relatively modest differences in yield and biomass measured at the MEXPLAT were reflected in larger benefits in several other regions of Mexico. This effect was more pronounced at the international sites, where averaging over trials, yield and biomass, respectively, were expressed at 8% and almost 20% over local checks. This is consistent with previous observations that MEXPLAT is a highly favourable experimental sites for improving spring wheat yield internationally (Braun et al., 2010), being situated in highly productive irrigated spring wheat growing environment where RUE is among the best of any wheat growing environment in the world (Fischer et al. 1998). It is also promising that the NEW lines were not systematically associated with any change in agronomic type in terms of maturity class or height.

The fact that when considering the average response of lines across all environments, the NEW lines showed an advantage in biomass but not yield is an interesting point. The result is perhaps not unexpected when initiating a novel crossing strategy, where neither local nor broad adaptation were selection criteria per se. Nonetheless, the excellent expression of RUE at so many sites, illustrates the potential to achieve high RUE to the benefit of yield potential, if adaptation and favorable partitioning can be genetically improved in tandem with increased RUE.

While the NEW lines were generated by crossing lines with superior expression of a number of traits, including photosynthetic capacity (cool canopy temperature, crop growth rate, stem water soluble carbohydrates) to lines showing favorable expression of spike fertility traits (spike index, spike density, kernel number, kernel weight), the only traits that were systematically associated with improved yield in 1 st and 2 nd WYCYT were crop growth rate, spikes density, and kernel number. This is not surprising for a number of reasons, including the fact that systematic evaluation of trait expression was not possible in all environments, and not least the genetic complexity of yield, where alleles that remove an 'agronomic bottleneck' in one genetic background, may have quite a different effect when combined with favorable alleles from another. This is also to be expected considering the highly plastic response of the wheat phenotype to its environment. Now that improved yield potential and RUE has been identified in NEW lines using this approach, and validated at international sites, the next step will be to refine the approach in two ways. Firstly, the best performing NEW lines need to be studied side by side with their parents in highly controlled situations order to more clearly identify and understand the interaction among traits. Secondly, experimental progeny of the same crosses can be developed into mapping populations in an attempt to understand gene action for promising traits, as well as to identify candidates for gene discovery, cloning, and marker assisted selection.

Introduction

True-stem dry matter (DM) in wheat is partitioned between the structural DM in the stem wall and the soluble carbohydrate stored in the pith. The stem soluble carbohydrate principally consists of a range of fructosyloligosaccharides (fructan), together with sucrose and hexose [START_REF] Blacklow | Fructans polymerised and depolymerised in the internodes of winter wheat as grain-filling progressed[END_REF][START_REF] Winzeler | Absence of Fructan Degradation During Fructan Accumulation in Wheat Stems[END_REF][START_REF] Kiniry | Nonstructural Carbohydrate Utilization by Wheat Shaded during Grain Growth[END_REF][START_REF] Yang | Activities of fructan-and sucrose-metabolizing enzymes in wheat stems subjected to water stress during grain filling[END_REF]). These stem reserve carbohydrates are often designated 'water-soluble carbohydrates' (WSC) to distinguish them from the structural carbohydrates present in cell walls. By flowering, large amounts of WSC have accumulated in the true-stems and leaf sheaths of the wheat crop. Maximal amounts are reached about 10-20 days after flowering [START_REF] Austin | The fate of the dry matter, carbohydrates and 14C lost from the leaves and stems of wheat during grain filling[END_REF]Schnyder 1993;[START_REF] Foulkes | The ability of wheat cultivars to withstand drought in UK conditions: formation of grain yield[END_REF]. A significant proportion of these reserves can be subsequently re-translocated to grains during grain filling [START_REF] Bidinger | Contribution of stored pre-anthesis assimilate to grain yield in wheat and barley[END_REF]Schnyder 1993), and stems can lose up to 30% of their maximum dry weight by harvest [START_REF] Austin | The fate of the dry matter, carbohydrates and 14C lost from the leaves and stems of wheat during grain filling[END_REF].

At flowering, the proportion of DM as WSC in the true-stem and leaf sheath has been shown to vary in UK cultivars from 200-300 mg g -1 DM [START_REF] Austin | The fate of the dry matter, carbohydrates and 14C lost from the leaves and stems of wheat during grain filling[END_REF]. Similarly, for a set of 17 UK genotypes, [START_REF] Foulkes | Varietal typing trials and NIAB additional character assessments[END_REF] reported values in the range 290-390 mg g -1 ; equivalent to 250-400 g m -2 stem WSC DM. Shearman et al. (2005) observed values of 322-451 mg g -1 for eight cultivars in the UK, equivalent to 244-391 g m -2 . [START_REF] Ruuska | Genotypic variation in water-soluble carbohydrate accumulation in wheat[END_REF] reported there were significant and repeatable differences in stem WSC accumulation among 22 wheat genotypes grown in Australia (means ranging from 112 to 213 mg g -1 DM averaged across environments), associated with large broadsense heritability (H = 0.90). Their results were consistent with fructan biosynthesis occurring via a sequential mechanism that is dependent on the availability of sucrose, and differences in WSC contents of genotypes were reported to be unlikely to be due to major metabolic differences. In a set of 36 CIMMYT well-adapted spring wheats in northwest Mexico, overall stem WSC content of 170 mg g -1 (67.4 g m -2 ) under drought and 145 mg g -1 (117.5 g m -2 ) under irrigated conditions was found, and a stronger positive association amongst genotypes between stem WSC per area and grain yield was observed under drought (r = 0.42, P < 0.001) than under irrigated conditions (r = 0.26) [START_REF] Saint Pierre | Stem solidness and its relationship to water-soluble carbohydrates: association with wheat yield under water deficit[END_REF]. In a subset of six spring wheat Seri/Babax progeny and parents, values for stem WSC content under drought ranged from 26 to 38 mg g -1 (199 to 253 g/m 2 ) and WSC amount per area was positively correlated with grain yield (r = 0.26) in one year out of two [START_REF] Lopes | Partitioning of assimilates to deeper roots is associated with cooler canopies and increased yield under drought in wheat[END_REF]. Elsewhere worldwide, maximal levels of stem reserve carbohydrate have been reported of more than 400 mg g -1 of total dry weight of true-stem and leaf sheath in wheat (Schnyder, 1993;[START_REF] Housley | Role of fructans redistributed from vegetative tissues in grain filling of wheat and barley[END_REF].

The relative contribution of stem reserves to grain yield varies widely depending on environmental conditions and cultivar [START_REF] Borrell | The Influence of the Rht1 and Rht2 Alleles on the Deposition and Use of Stem Reserves in Wheat[END_REF][START_REF] Blum | Improving wheat grain filling under stress by stem reserve mobilisation[END_REF][START_REF] Foulkes | The ability of wheat cultivars to withstand drought in UK conditions: formation of grain yield[END_REF][START_REF] Ruuska | Genotypic variation in water-soluble carbohydrate accumulation in wheat[END_REF]. In general, a reduction in current assimilation under post-anthesis drought will induce greater stem reserve mobilization and utilization by the grain [START_REF] Palta | Remobilization of Carbon and Nitrogen in Wheat as Influenced by Postanthesis Water Deficits[END_REF][START_REF] Yang | Remobilization of Carbon Reserves Is Improved by Controlled Soil-Drying during Grain Filling of Wheat[END_REF][START_REF] Saint Pierre | Stem solidness and its relationship to water-soluble carbohydrates: association with wheat yield under water deficit[END_REF]. Thus a significant proportion of reserves are usually retranslocated to grains under drought to buffer effects of accelerated senescence [START_REF] Bidinger | Contribution of stored pre-anthesis assimilate to grain yield in wheat and barley[END_REF]Schnyder 1993). In a glasshouse experiment, drought increased mobilization efficiency, expressed as percentage of maximum DM mobilized, in the peduncle, penultimate, and the lower internodes by 65, 11, and 5%, respectively [START_REF] Ehdaie | Genotypic Variation for Stem Reserves and Mobilization in Wheat[END_REF]. However, there is evidence for significant deposition of stem WSC reserves in grains, contributing 10-20% grain yield in the absence of post-anthesis stress in wheat (Gebbing and Schnyder 1999). [START_REF] Foulkes | The ability of wheat cultivars to withstand drought in UK conditions: formation of grain yield[END_REF] estimated the contribution of stem WSC to grain yield for six winter wheat cultivars grown in the UK to vary from 23-34% in irrigated conditions and 32-48% under drought. The results of Shearman et al. (2005) and Saint Pierre et al. ( 2010) bear out the potential importance of stem WSC for grain yield potential even under favorable post-anthesis conditions.

Reducing the DM partitioning to the structural stem DM during stem extension would potentially favor spike DM partitioning. [START_REF] Beed | Predictability of wheat growth and yield in light-limited conditions[END_REF] studied winter wheat in the UK and demonstrated that shading from flag-leaf emergence to heading reduced stem soluble DM proportionally more than the stem structural DM, implying that stem soluble DM does not compete strongly with the spike for assimilate. Selecting for lower structural true-stem DM (or higher true-stem WSC) may therefore be a mechanism to raise spike partitioning index and HI. Cultivars allocating more DM to stem reserves should better positioned to buffer grain yield and maximize harvest index. In this paper, we examine the genetic variation in accumulation and utilization of WSC in the true stem, leaf sheath, and spike, and associations with harvest index in 26 CIMMYT spring wheat cultivars in high radiation, irrigated conditions in northwest Mexico.

Materials and methods

Experimental trials, design, and data analysis

Two field experiments were conducted in 2011/12 and in 2012/13 at the CIMMYT research station in northwest Mexico, in the Yaqui Valley near Ciudad Obregon, Sonora (27° N, 110° W; 38masl.). Experiments were carried out under fully irrigated conditions. The soil is coarse sandy clay; mixed montmorillonitic typic caliciorthid, low in organic matter and slightly alkaline (pH 7.7) (Sayre et al. 1997). Twenty six spring wheat genotypes were arranged in plots in a complete α-lattice design with three replications using raised beds as a planting system. Plots were 8.5 x 1.60 m, consisting of two raised beds with 2 rows each (24 cm row width), with a 0.4 m gap between beds. Cultivars were sown on 8 December 2011 and 23 November 2012. The seed rate was 110 and 108 kg ha -1 in 2011/12 and 2012/13, respectively.

In each season the previous crop was wheat. Each year the plots were irrigated five to seven times during the crop cycle in three to four week intervals. In 2011/12, emergence occurred on 17 December and irrigation was applied seven times (9 Dec, 14 Jan, 20 Jan, 9 Feb, 2 Mar, 16 Mar, and 31 Mar). The emergence date for 2012/13 was 2 December 2012 and six irrigations were applied (24 Nov, 8 Jan, 1 Feb, 22 Feb, 15 Mar, and 4 Apr). In each season, the first application of nitrogen (50 kg N ha -1 ) was applied as urea during land preparation, followed by 40 kg ha -1 of phosphorous as triple super phosphate at sowing. The second application of nitrogen (150 kg N ha -1 ) as urea was added at the time of the first irrigation. In both years, Buctril (1300 and 1000 ml ha -1 ) and Estrane (750 and 300 ml ha -1 ) were applied as herbicides for broad and narrow leaves weeds as required. Folicur (500 ml ha -1 ) was applied as fungicide three times per season. Muraya was applied as insecticide (300 and 175 ml ha -1 ) as required.

Germplasm

Twenty six spring wheat genotypes were selected from the CIMMYT breeding program, comprising part of the CIMMYT Mexico Core Germplasm (CIMCOG) panel. These genotypes were mostely modern, high yielding CIMMYT releases and advanced lines, together with a small number of historic releases that have been widely distributed and grown worldwide. For a better understanding of the intrinsic DM distribution amongst plant organs, a subset of 9 of the 26 lines were selected to represent contrasting partitioning among plant organs (based on DM at anthesis) and similar anthesis dates (Table 1). Yav_3/sco//jo69/cra/3/yav79/4/Ae.squarrosa * This subset of 9 cultivars was evaluated for detail partitioning.

Crop measurements

Each year, plants were counted in each plot after emergence within a 0.4 m 2 area (0.5 × 0.8 m). The dates of onset of stem elongation (GS31), initiation of booting (GS41), booting (GS45), and anthesis (GS61) were recorded following Zadoks et al. (1974). In addition, physiological maturity (GS91) (i.e. 50% of the peduncle, top-down, is completely senesced) was recorded. Growth stages were recorded when ca. 50% of shoots in the plat were at the growth stage. The final plant height was recorded at the end of the grain filling period. Biomass samples were taken at GS61 + 7 days (GS61+7d), GS31, GS41, and harvest in both years for the subset of nine cultivars and GS61 + 7 days and harvest for all cultivars. Each genotype was sampled on the actual date they reached the growth stage, with the exception of harvest where all genotypes were sampled on the same day. Plant material was sampled using the same area as used for shoot counts (0.4 m 2 ) at a ground level. Sampling was carried out at least 50 cm inside the plot to avoid edge effects. For GS31 and GS41 samplings, infertile shoots were defined as those that had no green area, or where the newest fully expanded leaf was completely senesced. The remaining shoots were classified as fertile [START_REF] Gaju | Relationships between Large-Spike Phenotype, Grain Number, and Yield Potential in Spring Wheat All rights reserved. No part of this periodical may be reproduced or transmitted in any form or by any means[END_REF]. At GS65+7d, the infertile shoots were defined as those without a spike. Biomass dry weight was determined by drying the plant material for 48 h at 70°C in a laboratory oven.

After physiological maturity was reached, grain yield was measured by machine-harvesting a plot area of approximately 3 m 2 in raised beds. Prior to that, a random sub-sample of 100 spike-bearing shoots was removed from each plot by cutting at ground level. The plant material was dried, weighed, and threshed, so that HI could be estimated. From this lot, 200 grains were randomly selected and weighed. Using this data and an estimate of individual kernel weight, yield components and final above-ground biomass were calculated.

Dry matter partitioning analysis

For DM partitioning, 10 fertile shoots were randomly selected from the plant material sampled per plot. In all samplings, plant components, as i) spike, ii) leaf lamina, iii) true stem and iv) leaf sheath (where applicable, according to the growth stage), were separated. For GS31, GS41, and GS65+7d, green area was measured on each component using a leaf area meter (LI3050A/4; LICOR, Lincoln, NE). DM of plant components was obtained by weighing components after oven drying for 48 h at 70°C. Plant component indices (proportion of aboveground DM in plant component; spike partitioning index, SPI; truestem partitioning index, TSPI; leaf lamina partitioning index, LLPI; and leaf sheath partitioning index, LSPI) were calculated by dividing the component DM by the AGDM, e.g. SPI at GS61+7d = Spike DM (GS61+7d) / Shoot DM (GS61+7d). WSC were determined in the true stem at GS41, in the spike, true-stem, and leaf sheath at GS65+7d, and in the true stem and leaf sheath at GS95 for the subset of nine cultivars. Plant material was weighed, milled (IKA-WERKE mill, model IKA MF 10, Staufen, Germany), and passed through a 0.5 mm sieve. Chemical analyses (Anthrone method; [START_REF] Van Herwaarden | Haying-off", the negative grain yield response of dryland wheat to nitrogen fertiliser II.Carbohydrate and protein dynamics[END_REF] were used to quantify percentage WSC content performed on a 10% sub-sample of the plant-component samples. WSC concentration is expressed as a percentage (%WSC) on a 100% DM basis.

The amount of WSC utilized for grain filling was calculated as the differences in WSC from GS61+7d to harvest. The proportion of grain DM from redistributed WSC was then calculated as the ratio of the WSC utilization to grain yield.

Statistical analysis

Analysis of variance with the GLM procedure of the SAS statistical software was used to obtain means for each genotype and to test for differences between genotypes (SAS 9th edition, SAS Institute Inc., Cary, NC, USA) considering the effects of blocks within replications as random and genotypes as fixed. Regression analysis was performed using a mean of all seasons for each genotype and trait using the regression procedure in Genstat 15. 1 (www.genstat.com). Phenotypic correlations between traits amongst genotypes were calculated using the correlation procedure in GenStat 15.1. Relationships between grain yield, HI, grains m -2 , and DM partitioning traits were explored by Principal Component Analysis (PCA) using the biplot procedure in SAS (SAS 9 th edition).

Results

Averaged over the two years, there were differences amongst the 26 genotypes in grain yield in the range 595 to 740 g m -2 , HI in the range 0.45-0.51, and harvest AGDM in the range 1283-1548 g m -2 (P < 0.001; Table 2). Significant differences were observed in all yield components (P < 0.001). Overall grain yield was positively linearly associated with harvest biomass (R 2 = 0.59, P < 0.001; Fig. 1). Non-linear (quadratic) associations were observed between each of HI and grain yield (R 2 = 0.26, P < 0.05) and HI and AGDM (R 2 = 0.34, P < 0.01). Grain yield increased with HI up to values of ca. 0.48, leveling off at higher values; harvest biomass decreased at values of HI above ca. 0.48. Overall plant height was linearly associated with AGDM (R 2 = 0.59, P < 0.001), but there was no association of plant height with HI or grain yield. Anthesis date was not associated with grain yield HI or AGDM amongst the cultivars.

Table 2. Grain yield (100% DM), grains per m 2 , harvest index (HI), above-ground dry matter (AGDM) at harvest, days after emergence to anthesis (GS65), plant height and spikes per m 2 (mean value per genotype for the sub-set of 9 cultivars in 2012 and 2013). Grand means, ranges, least significant differences (LSD) and probabilities correspond to the 26 cultivars.

Grain yield g m -2

Grains m At GS65 + 7d, the 26 cultivars differed in AGDM in the range of 945-1415 g m -2 and in the DM partitioning of each of the leaf lamina, leaf sheath, true stem (total, structural and soluble), and the spike (P < 0.01; Table 3, Fig. 2). The SPI was positively linearly associated with HI (R 2 = 0.16, P < 0.05), and there was a trend for a positive linear association with the true-stem WSC partitioning index and HI (R 2 = 0.13, P = 0.07; Fig. 1). There was a negative correlation between the true-stem PI and SPI at GS61 (r = 0.60, P < 001); the partitioning indices of the lamina and leaf sheath were not correlated with SPI. Overall in the subset of nine cultivars, the WSC content was greater in true-stem tissue (10.5-23.5 mg g -1 ) than in the spike (7.6-12.3 mg g -1 ) or leaf-sheath tissues (7.8-14.5 mg g -1 ) (P < 0.01). When expressed as a proportion of AGDM, WSC accumulated in the true stem and spike was much higher than in the leaf lamina or leaf sheath (Fig. 2). There was positive linear relationship between the WSC content in the true stem and the leaf sheath amongst the nine genotypes (R 2 = 0.88, P < 0.01). 

Table 4

Above-ground DM per shoot; total, soluble and structural DM in the spike, true stem, lamina and leaf sheath per shoot at anthesis + 7 days (GS65+7d).

Mean value per genotype of the 9 cultivars in 2012 and 2013; and phenotypic correlations with spike DM partitioning at GS65 + 7d and date of anthesis, GS65 (DTA). Genotype Overall, the WSC accumulated per shoot at GS65+7d varied amongst the subset of nine cultivars in the true-stem in the range 105-307 mg shoot -1 (P < 0.001), in the spike in the range 56-103 mg shoot -1 (P < 0.01), and in the leaf sheath in the range 33-95 mg shoot -1 (P < 0.001;Table 4). Genotype differences were generally expressed consistently across years, with the year x genotype interaction only significant for the leaf sheath (P < 0.05). In this case, although the interaction was significant there were few cross-over interactions and the cultivar rankings were similar in the two years. The total spike DM per shoot ranged from 670-1047 mg shoot -1 (P < 0.001). There was a negative correlation between both total true-stem DM (r = -0.67, P < 0.05) and the structural true-stem DM (r = -0.79, P < 0.01) and the spike DM per shoot. For the subset of nine cultivars, the temporal pattern of true-stem WSC expressed as proportion of total true-stem DM from onset of stem extension to harvest is shown in Fig 4 . Overall true-stem WSC increased significantly from 163 mg g -1 (203 mg shoot -1 ) at GS65+7d to 233 mg g -1 (346 mg shoot -1 ) at GS61+21d. For eight of the cultivars, the maximal concentration of true-stem WSC occurred at GS61+21d (205 -296 mg g -1 ), and for one cultivar CMH79A.955 at GS65+14d (269 mg g -1 ). Loss of true-stem WSC occurred only slowly between GS65+21d and GS65+28d (209.8 mg g-1), with rapid utilization then occurring between GS61+28d and harvest (12 mg g -1 ). The amount of DM per m 2 in the soluble and structural components of the leaf sheath and true stem from GS41 to harvest is shown in Fig 7b . At GS41, only a relatively small amount of soluble DM (17.2 g m -2 ) was accumulated in the true-stem. At GS65+7d, true-stem soluble DM had increased to 68.4 g m -2 (43.9-88.1 g m -2 ) and leaf sheath WSC was 20.5 g m -2 (range 12.9-28.4 g m -2 ). A greater proportion of soluble DM of the true-stem was apparently utilized than the leaf sheath, with the amount soluble DM decreasing to 4.0 g m -2 in the true-stem and 7.1 g m -2 in the leaf sheath. The true-stem structural DM accumulated at GS65+7d was 348.8 g m -2 and remained relatively unchanged at harvest 322.1 g m -2 . Structural leaf sheath DM at GS66+7d (184.8 g m -2 ) was approximately half that of the truestem and there was an indication of small decrease at harvest (141.5 g m -2 ). The respective partitioning indices are shown in Fig 7a. At harvest, the amount of the WSC remaining in true-stem was small for all cultivars, between 5.2-37 mg g -1 (5.9-54.4 mg shoot -1 ) for the true-stem and 39-60 mg g -1 (19.5-35.7 mg shoot -1 ) for the leaf sheath. Overall, of the 202.8 mg shoot -1 WSC in the true stem at GS65+7d, only 15.8 mg shoot -1 (7.7%) remained at harvest. The true-stem WSC utilization (difference between amount of true-stem WSC at GS65+7d and harvest) was strongly positively linearly related with the amount of true-stem WSC at GS65+7d (R 2 = 0.94, P < 0.001). Of the 61.7 mg shoot -1 WSC accumulated in the leaf sheath at GS65+7d, 26.9 mg shoot -1 (43.6%) remained at harvest. Genotypes differed in utilization of true-stem soluble DM in the range 97.9 -291.2 mg shoot -1 (P < 0.01) and of leaf-sheath soluble DM in the range 21.5-66.0 mg shoot-1 (P < 0.001; Table 6). The grain DM growth from post-anthesis photosynthesis (calculated as the difference in AGDM from GS65+7d to harvest, Δ AGDM GS65-HAR ) did not differ between the cultivars. However, the grain DM growth from stored soluble DM (calculated as difference between grain yield and Δ AGDM GS65-HAR ) differed amongst genotypes in the range 57.4-49.3 mg shoot -1 (P < 0.001).

Table 5. Amount of utilized soluble DM (mg shoot -1 ) for the true-stem and leaf sheath, estimated as the difference between amounts at GS65+75 and harvest; grain DM contributed from post-anthesis photosynthesis (mg shoot -1 ), estimated as difference between AGDM at GS65+7d and harvest, Δ AGDM GS65-HAR ; and grain DM contributed from storage, estimated as difference between grain DM yield and Δ AGDM GS65-HAR (mg shoot -1 ) for the nine cultivars.

Values represent means of 2012 and 2013. The product of a principal component analysis (PCA) between grain yield, HI, AGDM at harvest, AGDM at anthesis+7d, and DM partitioning traits for the 26 cultivars in 2012 and 2013 is represented as a biplot, where genotypes are shown as numbers (see table 1 for genotypes names) and traits as vectors (Fig. 8). The relationship between any two traits is defined by the angle formed when the two coordinates are projected as straight lines back to the origin. The more acute the angle, the greater the relatedness [START_REF] Reynolds | Physiological factors associated with genotype by environment interaction in wheat[END_REF].

Genotype

PCA analysis confirmed that grain yield was more closely related to AGDM at maturity than to HI amongst genotypes, and that HI was positively associated with the spike DM partitioning and the true-stem soluble DM partitioning at anthesis. Plant height was positively associated with the true-stem structural DM partitioning and negatively associated with the true-stem soluble DM partitioning amongst the genotypes. 

Discussion

For improvements in photosynthesis to result in additional crop yield, extra photo-assimilates must be partitioned to developing spikes and grains. Increased partitioning to grain yield could be achieved by reducing competition from alternative sinks, i.e. roots, leaves, stems (structural and soluble carbohydrate), and infertile shoots, especially during stem elongation when grain number is determined. The literature reports considerable genetic range for partitioning to the respective plant organs at anthesis: for spikes (0.12-0.27), leaf lamina (0.19-0.30), stems and leaf sheath (0.48-0.63), as a proportion of above-ground biomass (Reynolds et al. 2009;Foulkes et al. 2011). Our results gave DM partitioning ranges of spikes (0.21-0.27), leaf lamina (0.18-0.23), leaf sheath (0.16-0.19), and true stem (0.32-0.41).

The upper limits of these ranges are similar to those of the ranges reported in the literature, demonstrating considerable genetic variation for partitioning within modern CIMMYT spring wheats of high yield potential. Overall, these results showed that true-stem DM partitioning was negatively associated with the spike partitioning at GS65+7days, indicating that the true-stem was the plant component competing most strongly with the spike for assimilate during the stem-elongation period. The associations between leaf lamina and leaf sheath partitioning and spike partitioning at anthesis were not significant. Future strategies for enhancing spike growth at anthesis in modern CIMMYT spring wheats should thus consider the potential to reduce true-stem partitioning. Strategies to reduce structural stem DM must be jointly optimized with those for improving lodging resistance, e.g. with regard to potential trade-offs with stem width and material strength (Berry et al. 2003). Our results suggested that the leaf lamina and leaf sheath do not compete strongly with the spike for assimilate. So there could also be scope for reducing leaf-lamina and/or leaf-sheath partitioning to increase spike growth. However, reducing leaf lamina may be incompatible with raising photosynthetic capacity. Encouragingly, our results showed that there was a positive linear association between spike partitioning at anthesis and harvest index.

Optimizing the balance between structural and soluble DM will also need to be addressed to maximize HI. Our results showed a trend for a positive linear association between true-stem soluble DM partitioning at anthesis and HI (R 2 = 0.13, P = 0.07). Previous work has also reported a positive association between stem soluble DM and HI in wheat [START_REF] Foulkes | The ability of wheat cultivars to withstand drought in UK conditions: formation of grain yield[END_REF]. Overall, the amount of true-stem and leaf-sheath soluble DM accumulated at anthesis in the present study was relatively small (16.3% of total true-stem DM, range 10.5-23.2%, and 10% of total leaf sheath DM, range 7.7-14.5%), compared to values of up to 40% for true-stem and leaf sheath reported in wheat grown in the UK (Blacklow et al. 1974;[START_REF] Foulkes | Varietal typing trials and NIAB additional character assessments[END_REF]). The genetic variation in true stem and leaf sheath WSC (g m -2 ) was not significantly correlated with grain yield in the present study. In contrast, genetic variation in stem WSC (g m -2 ) has been shown to be positively correlated with grain yield in rainfed conditions in the UK (Shearman et al. 2005) [START_REF] Richards | Seedling vigour in wheat -sources of variation for genetic and agronomic improvement[END_REF]. It is possible that grain growth of the CIMCOG lines in the present study was less source-limited than in these investigations. Grain growth of wheat crops may be more source-limited under lower radiation conditions during grain filling in UK and with accelerated senescence under drought; the genetic variation in stem WSC was also less in the present study than in these investigations. On the other hand, the presence of WSC beyond a specific limit may indicate reduced allocation to the spike at anthesis and potential reduction in grain yield. Our results, however, showed no association between the allocation of DM to true-stem WSC amongst genotypes and spike DM partitioning at anthesis. Evidence from shading studies in the UK indicate that stem WSC may have a lower intrinsic sink strength during stem elongation than the spike. This suggests that WSC tends to accumulate mainly once the sink demand of the spike and structural stem has been satisfied, at least in the conditions of temperate northwest Europe. So selecting for large stem WSC may not be detrimental to spike partitioning and yield potential. Present results showed that WSC comprised approximately 10% of the spike DM at GS65+7d. It has been reported that floret survival is a positively associated with the sugar content of the spike [START_REF] Ghiglione | Autophagy regulated by day length determines the number of fertile florets in wheat[END_REF]). However, we found no association between WSC% of the spike and grains per spike or the fruiting efficiency (grains per g spike DM; data not shown).

Our results demonstrated that true-stem WSC continued to accumulate throughout the first 21 days of grain filling, suggesting that grain growth was not restricted by source supply during this phase of grain filling. Cultivars generally showed similar patterns of accumulation and loss of WSC with respect to time. Amounts of true-stem WSC remaining at harvest were small, in the range of 0.52-3.77% of total true-stem DM. It is uncertain how much of the loss in stem WSC from GS65+21 days to harvest related to grain DM growth and how much was potentially lost by respiration. In a field study in the UK with six winter wheat genotypes, [START_REF] Austin | The fate of the dry matter, carbohydrates and 14C lost from the leaves and stems of wheat during grain filling[END_REF] estimated that losses of DM from the stems between 10 days after anthesis to maturity averaged 172 g m -2 (range 82-236), and that respiration from the stems during the same period amounted to 106 g m -2 (range 104-225). It is possible that losses of WSC to respiration were relatively large given that the onset of the utilization of WSC in the true stem was about 21 days after anthesis. Breeding for high %WSC depends on the heritability as well as available genetic diversity for this trait [START_REF] Ruuska | Genotypic variation in water-soluble carbohydrate accumulation in wheat[END_REF]. [START_REF] Ruuska | Genotypic variation in water-soluble carbohydrate accumulation in wheat[END_REF] Genetic variation in anthesis date was not correlated with WSC%, WSC per area, or WSC per shoot in our study. [START_REF] Ehdaie | Genotypic Variation for Stem Reserves and Mobilization in Wheat[END_REF] also reported a lack of association between WSC-related traits and phenology and concluded that selections for stem and WSC traits could be conducted without significantly affecting maturity classes in wheat breeding programs. In an analysis of the key carbohydrate metabolic enzymes relevant to WSC metabolism, the genetic variation in stem WSC was shown to be associated with enhanced fructan deposition, reduced sucrose hydrolysis, and reduced carbon partitioning into cell wall polysaccharides [START_REF] Xue | Molecular Dissection of Variation in Carbohydrate Metabolism Related to Water-Soluble Carbohydrate Accumulation in Stems of Wheat[END_REF]. Our results showed that there was a strong positive associations between the WSC% in the true-stem and the leaf sheath at GS65+7d among the nine genotypes (R 2 = 0.88, P< 0.01); further work may test whether the fructan synthetic and sucrose hydrolysis enzymes influencing WSC% in these two plant components are regulated by the same genes. Genetic variation in WSC% and WSC per area has also been shown to be associated with tillering, with reduced tillering genotypes accumulating 20% more WSC in Australia (Van Herwaarden and Richards 2002). In our study, there was also a trend for higher stem WSC per area to be associated with lower spikes per m 2 (data not shown). On the other hand, plant height was positively associated with true-stem structural DM partitioning and negatively associated with truestem soluble DM partitioning. Further studies are required to identify the best combination of morphological and physiological traits conferring higher WSC%, and the optimum distribution of WSC within the stem internodes for high stem WSC storage to increase HI and grain yield under high yield potential conditions.

Supplementary tables Table 1. Means and analysis of variance of dry matter partitioning (% of total AGDM) in the different plant organs at GS31, GS41 and harvest for the subset of nine cultivars, means of 2012 and 2013 (see Fig. 3). 

Genotypes

Introduction

Grain growth may theoretically be limited by the grain sink size (storage capacity of the grains for assimilate) or the grain source size (photosynthetic capacity of the crop to supply assimilate to the grains) [START_REF] Olivares-Villegas | Drought-adaptive attributes in the Seri/Babax hexaploid wheat population[END_REF]. A source organ produces sugars which are translocated to a sink organ where these sugars are utilized [START_REF] Gardner | Physiology of crop plants[END_REF]. The grain sink size can be defined by the grain number per m 2 multiplied by the potential grain weight. There is evidence that genetic grain yield potential improvement in wheat has been limited by grain sink or co-limited by grain source and sink. For example, grain yield progress was highly associated with grain number per unit area in wheat (Canevara et al. 1994;Sayre et al. 1997;[START_REF] Brancourt-Hulmel | Genetic improvement of agronomic traits of winter wheat cultivars released in France from 1946 to 1992[END_REF]Shearman et al. 2005;Peltonen-Saino et al. 2007). Current evidence in the last decade suggests grain sink strength remains a critical yield-limiting factor (Borrás et al. 2004;Miralles and Slafer 2007;[START_REF] Fischer | Farming systems of Australia: Exploiting the synergy between genetic improvement and agronomy[END_REF]) and that improving the balance between source and sink is a promising approach for raising yield, biomass and post-anthesis radiation-use efficiency (Reynolds et al. 2001(Reynolds et al. , 2005(Reynolds et al. , 2012)).

Grain growth responses to degraining (removal of spikelets) shortly after anthesis may be indicative of the degree of sink limitation or any source limitation, a more positive response indicating a lesser degree of sink limitation of grain growth in the control crop. Snyder et al. (1993) reported no change in grain mass in soft red winter wheat in response to a sink manipulation treatment where 25% of spikelets were removed at four days post-anthesis. [START_REF] Cartelle | Grain weight responses to post-anthesis spikelet-trimming in an old and a modern wheat under Mediterranean conditions[END_REF] reported that, under Mediterranean conditions in Spain, degraining responses indicated grain yield in both old and modern varieties was mainly sink limited. [START_REF] Miralles | Yield, biomass and yield components in dwarf, semidwarf and tall isogenic lines of spring wheat under recommended and late sowing dates[END_REF] observed that in Rht isogenic lines of spring wheat removing all spikelets from one side of the ear at GS61+7 days (d) did not increase the individual grain weight in semi-dwarf and standard height lines, but resulted in a slight increase in grain weight in the dwarf lines. [START_REF] Slafer | Grain mass change in a semi-dwarf and a standard height wheat cultivar under different sinksource relationships[END_REF] found that altering the source-sink ratio by removing all spikelets from one side of the ear 10 days after anthesis did not affect the grain weight at apical, central or basal positions in the ear, and grain yield in the studied cultivars was either sink or co-limited by source and sink. [START_REF] Borras | Seed dry weight response to source-sink manipulations in wheat, maize and soybean. A quantitative reappraisal[END_REF] concluded in a review of 18 studies with different types of source-sink manipulation treatments that grain growth of wheat under favourable conditions was almost always sink limited, as the availability of the assimilates during the grain filling period were usually at a saturation level. On the other hand Acreche and Slafer (2009) reported in bread wheat genotypes released from 1940 to 2005 in Spain, when removing all the upper-half of the spike, grain weight was not changed in the old cultivars and increased in the newest cultivars. They concluded that modern genotypes had a co-limitation of grain growth by source and sink rather than sink limitation. Zhang et al. (2010) found of three spring wheat cultivars in SW Australia grain growth of two was sink limited. [START_REF] Yong-Zhan Ma | Differential effects of partial spikelet removal and defoliation on kernel growth and assimilate partitioning among wheat cultivars[END_REF] studying six red winter wheat varieties reported that in response to spikelet removal two cultivars showed no increase in grain growth but four varieties showed increases in grain growth, indicating grain growth was co-limited by sink and source. In general, these degraining studies tended to show that grain yield potential was limited under optimal conditions by the grain sink size rather than grain source size, and that there are some indications that more modern cultivars may be in closer source-sink balance than their predecessors.

Source-sink balance may also be tested by applying defoliation treatments during grain filling. Ahmadi et al. (2009) reported that defoliation of all leaf lamina at anthesis did not reduce the grain weight in winter wheat cv. Godes in Iran. However, [START_REF] Kruk | Grain weight in wheat cultivars released from 1920 to 1990 as affected by postanthesis defoliation[END_REF] found modern cultivars were had a lesser degree of sink limitation than an older cultivars based on responses to defoliation of the flag leaf during the post-anthesis period in cultivars released from 1920 to 1990. Also a recent investigation on spring wheat in Mexico found associations between post-anthesis senescence and grain yield under drought conditions (Lopes et al. 2012) possibly indicating some degree of limitation of grain growth by post-anthesis photosynthetic capacity. Increasing source size and assimilate supply preanthesis is important for increasing spike DM at anthesis, floret survival and consequently grains m -2 (Foulkes et al. 2009;Gonzalez et al. 2011). Higher grains m -2 may also increase grain growth post-anthesis through increasing postanthesis RUE in response to increased grain sink strength (Reynolds et al. 2005). Alternatively, Jenner andRathjen (1975, 1978) reported that the decline in the starch accumulation in grains was not due to a decrease in the assimilate supply but rather to factors operating within the grain itself leading to a fall in the capacity of the grains to synthesize starch.

Cruz-Aguado et al. (1999) found that, under tropical conditions, final grain weight in spring wheat decreased when all spikelets were removed except the four central spikelets due to feedback inhibition of photosynthesis. Limitation in sink capacity was concluded to be partly the reason for a reduction in radiation-use efficiency (RUE) during the second half of grain-filling in barley in the UK (Bingham et al. 2007). Additionally, some studies have indicated that increasing post-anthesis photosynthetic capacity was associated with genetic progress of grain yield, e.g. Fischer et al. (1998). These authors reported improvement in some leaf and canopy traits (stomatal conductance and canopy temperature depression) in both pre-and post-anthesis phases indicative of photosynthetic activity was correlated with genetic gains in yield potential in spring wheat in NW Mexico from 1962 to 1988. This likely reflected that post-anthesis source-type traits increased in response to an increased sink strength post-anthesis associated with genetic progress in grains m -2 . These authors also reported that there was no significant effect of other leaf traits such as flag-leaf area on grain yield progress.

Genetic gains in spike biomass at anthesis in wheat have been achieved historically through enhanced partitioning of dry matter to the spike in the critical period from about early booting to anthesis during stem extension. There is some evidence that RUE may now be directly contributing to gains in spike DM accumulation as well during the critical period during stem elongation (Shearman et al. 2005). In this situation increased RUE during the critical preanthesis period may directly cause increases in grain number, which then in turn may enhance RUE in the postanthesis period as a result of improved grain sink strength.

The present study examined 26 modern CIMMYT spring wheat cultivars in field experiments in NW Mexico and aimed to investigate: (i) the extent to which post-anthesis source-sink balance differs amongst modern CIMMYT cultivars and (ii) whether the grain growth of modern high yielding cultivars differs in the degree of sink limitation compared to their predecessors. This was done by quantifying responses of grain growth of genotypes to each of a degraining and a defoliation treatment imposed at GS65+10d and the association between these responses.

Materials and methods

Site and experimental design

The field experiments were conducted in the 2010-11, 2011-12, and 2012-13 seasons at the Yaqui Valley, Ciudad Obregón, experimental station of the International Maize and Wheat Improvement Center (CIMMYT) in Sonora, northwest Mexico (27°N, 110°W 38 m above sea level) under fully irrigated conditions. The soil type at the experimental station is a coarse sandy clay, mixed montmorillonitic Typic Caliciorthid, low in organic matter and slightly alkaline (pH 7.7; Sayre et al. 1997).

A lattice design was used with two replicates in 2010-11 and three replicates in 2011-12 and 2012-13. Twenty six CIMMYT spring wheat genotypes were randomized on plots in replicates in raised beds (Fischer et al. 2005). Plot size was 5 x 1.6 m in 2010-11 and 2.4 x 8.5 m in 2011-12 and 2012-13 (3 beds per plot; width of each bed was 80 cm, 2 rows 24 cm apart). Two beds per plot were allocated for physiological measurements and applying source-sink treatments, and one for measuring combine grain yield.

Plot management

The experiments were sown on 7 December 2010, 8 December 2011, and 23 November 2012 with a seed rate of 10.1 g m -2 , 10.8 g m -2 , and 11.0 g m -2 respectively. In each experiment, plots were irrigated using a gravity-based system four to five times during the crop cycle around 3-4 week intervals. In each season, 200 kg N ha -1 was applied as urea in a two-split program: 50 kg N ha -1 was applied to the seed bed during land preparation shortly before sowing and 150 kg N ha -1 in the first irrigation close to onset of the stem elongation. During land preparation, 50 kg P ha -1 as P 2 O 5 was applied to the seed bed. Insecticides (Imidacloprid:

1-(6-cloro-3-piridin-3-ilmetil)-N-nitroimidazolidin-2- ilidenamina and Betacyfluthrin: Ciano ((4-fluoro-3-fenoxifenil)metil-3-(2,2-dicloro etenil) -2,2- dimetilciclopropanocarbosilato)
were applied with a dose between 175 to 300 ml ha -1 . Herbicides and fungicides were applied as necessary to minimize diseases and weeds.

Plant material

Twenty six spring wheat CIMMYT genotypes from the CIMMYT Core Germplasm (CIMCOG I) panel were evaluated (Table 1). These genotypes comprised mainly modern high yield CIMMYT releases and advanced lines together with a small number of historic releases that have been widely distributed and grown worldwide.

Source-sink manipulation treatments

A degraining treatment was imposed to modify the grain sink size by manipulating the number of spikelets per spike at GS65+7 days in which 20 spikes per plot were manipulated and 20 shoots per plot were labeled as control shoots. In 2011, the top half of the spike was removed at GS65+7d. In 2012, half of the spikelets (all spikelets down one side of the spike, terminal spikelet not removed and first fertile basal spikelet removed) were removed at GS65+10d in 20 shoots and in 2013 the same treatment was applied in 12 shoots at GS65+10d. A leaf-lamina defoliation treatment was carried out in 2012 and 2013 in a subset of nine genotypes (Table 1) selected with a similar range of anthesis date and to be representative of the range of grain yield among the 26 genotypes. At GS65+10d, leaf lamina of three leaves (flag leaf, leaf 2 and leaf 3) was removed from 12 shoots and 12 shoots tagged as controls. 

Crop measurements

The date of anthesis (GS65) was recorded using the Zadoks et al. (1974) scale in each plot. Physiological maturity was assessed as when 50% of the peduncle is ripe (i.e., yellow) in half the shoots in the plot. In each experiment, at maturity in the control plot area, a subsample of 100 fertile shoots was taken cutting at ground level at random from the harvested area. The fresh weight was recorded and the plant material was dried at 75°C for 48 h, weighed and used for the calculation of spikes per m 2 , individual grain weight, harvest index, grains per spike, above-ground biomass and grain yield. The remaining culms from the harvested area were threshed with a thresher machine in 2011 and 2012 and by hand in 2013, and their grain weight was recorded. In 2010-11 and 2011-12 all plots were sampled on the same calendar date 2-3 days before harvest; and in 2012-13 on different calendar dates at physiological maturity.

At harvest, grain weight and shoot weight in the degraining and control shoots were assessed for 26 cultivars. Grain weight and grain weight per shoot in the defoliation treatments were assessed for nine cultivars in 2012 and 2013. Grain dry weight per shoot in the degrained treatment was multiplied by 2 for comparisons with the control spikes and the defoliated shoots. The number of grains per shoot was counted.

To calculate the grain sink size in g m -2 , the individual grain weight in the degrained treatment (taken as an estimate of the potential grain weight) was multiplied by the number of grains per m 2 . The grain source size was calculated following the method reported by Bingham et al. (2007) as:

Grain source size (g m -2 ) = Stem WSC at GS65 + 7 days (g m -2 ) + (RUE (g MJ -1 ) x LI (MJ m -2 )) (1)

where, Stem WSC = water soluble carbohydrates at GS65+7 days (g m -2 ); RUE = Radiation use efficiency (aboveground DM per unit radiation interception) pre-anthesis (g MJ -1 ) and LI = the amount of radiation intercepted (photosynthetically active radiation, 400-700 nm) post-anthesis by the canopy (MJ m -2 ).

The source-sink balance was calculated by subtracting the amount of grain source from the amount of grain sink.

Senescence measurements

In the control plot area a SPAD meter (SPAD-502, Minolta, Tokyo, Japan) was used in non-destructive measurements to assess the flag-leaf chlorophyll content. SPAD values were taken from onset of stem elongation to physiological maturity from the tip to the base of the leaf blade of each plant, after flag-leaf emergence and after anthesis (8 assessment dates in 2010-11, 12 in 2011-12 and 9 in 2012-13). Seventeen NDVI (Normalized Difference Vegetation Index) readings were taken in 2010-11, 11 readings in 2011-12 and 9 readings in 2012-13, these readings were taken throughout the crop cycle from onset of stem elongation to physiological maturity using a GreenSeeker (N-Tech Industries) photodiode sensor.

NDVI = (R 900 -R 680 )/R 900 +R 680 )) (2) 
where R 900 = is the reflectance in near infrared wavelength (900 nm) and R 680 = is the reflectance in red region (680 nm).

SPAD and NDVI values were regressed against thermal time (base temp. 0°C) post-GS65 to calculate the rate of senescence. The negative linear slope was converted to a positive value in order to align with the other calculated parameters of senescence (high value = faster senescence). Leaf senescence was scored non-destructively approximately every three days by visual assessment on 6-10 flag leaves, after anthesis and until plots had advanced to full canopy senescence. Visual measurements of flag leaf score (FLS) of senescence were taken along the plot using a diagnostic key 1 (for whole leaf green) to 10 (fully senesced). Senescence parameter slopes were calculated as the slope of the linear regression of each parameter with the thermal time (base temp 0°C) from early booting (GS41) for NDVI, and from anthesis (GS65) for SPAD, and FLS visual score.

Radiation interception and radiation use efficiency

Radiation interception was measured at GS31, GS41 and GS65+7d in three years, and in addition in 2011-12 and 2012-13 during late grain filling. At GS65+7 days, PAR was measured in different layers within the canopy: (i) below the spike at the spike collar, (ii) below the flag leaf, (iii) below the second leaf and (iv) below the third leaf and below the whole canopy. This was done using a ceptometer AccuPAR model LP-80 (Decagon Devices, Inc. 2365 NE Hopkins Ct. Pullman, WA 99163 -USA); PAR was also measured above the crop and at ground level below the canopy. Readings of the reflected PAR were taken by inverting the ceptometer approximately 5 cm above the crop. Readings at the level below the green canopy were also taken post anthesis. The ceptometer was placed with a horizontal angle to the plots and measurements were taken between the 11:00 hrs. and 14:00 hrs.

Pre-anthesis RUE was calculated from GS41 to GS65+7d as the ratio of cumulative above-ground dry matter (AGDM) increment between samplings at GS41 and GS65+7d to cumulative PAR interception over the same period.

Values of daily fractional PAR interception were obtained by interpolation of readings of fractional interception; and these were applied to the daily incident PAR to calculate daily radiation interception. Post-anthesis radiation-use efficiency (RUE) was calculated over the period from GS65+7d to GS91 as the ratio of AGDM increment between samplings to PAR interception over the same period. Values of daily fractional PAR interception were obtained by interpolation between readings of fractional interception; and these were applied to the daily incident solar radiation to calculate daily radiation interception. Above-ground biomass at GS41 and GS65+7days was taken by sampling a 0.8 m 2 area of the plot and recording the dry weight of an approximately 10% sub-sample (by fresh weight) after drying for 48 h at 75 o C. At GS65+7d spike partitioning index (DM partitioning based on sub-sample of 20 fertile shoots for 2011, 10 fertile shoots for 2012 and 2013) was measured. Green area of leaf lamina, true stem + leaf sheath and spike was measured using a leaf area meter (LI3050A/4; LICOR, Lincol, NE).

Statistical analysis

Differences between cultivars and treatments for shoot and crop variables were analyzed by analysis of variance and relationships between physiological traits and between physiological traits and grain yield using the SAS 9.0 statistical program.

Results

Grain weight responses to degraining for 26 genotypes

Averaging across 3 years and 26 cultivars, final grain weight increased in response to degraining by 5.19 mg (12.6%) (P < 0.001) and a linear positive association was found between grain weight in the degrained treatment and the control (R 2 =0.86, P < 0.001; Fig. 1). The percentage increase in individual grain weight ranged between 0.97 and 30.2% (P = 0.001), and the grain dry weight increase from 0.28 to 8.99 mg (P = 0.001). Averaging over three years, grain yield in the 26 genotypes ranged between 5.45 to 7.03 t ha -1 100% DM (P < 0.001; Table 3). Higher yielding genotypes had larger grain weight responses to degraining for both percentage and mg amount responses, and linear positive association was found between grain weight response (both % and mg amount) to degraining and grain yield in the 26 genotypes (R 2 =0.09, P = 0.13 and R 2 =0.167, P < 0.05, respectively; Fig 2). For grain weight, there was a significant interaction for year x degraining treatment x genotype indicating that the genotype response to degraining depended on year. 

Changes with year of release

The grain weight response to degraining (mg) showed a linear positive association with year of release with a slope of 0.069 mg yr -1 (P < 0.05; Table 2). Other changes with plant breeding in the 26 genotypes were a gain in grain yield of 19 kg yr -1 , grain weight of 0.26 mg yr -1 , potential grain weight (as indicated by final grain weight in the degrained treatment) of 0.19 mg yr -1 , and in post anthesis RUE of 0.008 g MJ -1 yr -1 . The range for the subset of nine genotypes in grain yield was from 5.93-7.01 t ha -1 (P < 0.001), and this range is similar to the 26 genotypes for 2 years mean (5.93-7.21 t ha -1 ). Comparing yield components for the 2-year mean shows that the subset of nine genotypes is representative of the range in grain weight, HI and biomass in the 26 genotypes (Table 3 and4). Date of anthesis overall ranged from 83 to 95 days after emergence (DAE) for the subset and from 77 to 97 days for 26 genotypes. Plant height ranged from 95.9 to 114.6 cm for the subset and from 84.2 to 119.5 cm for the 26 genotypes.

Variation in grain yield amongst the 9 genotypes was positively associated with biomass (R 2 =0.55, P < 0.05) and grain weight (R 2 =37, P = 0.08), but not with HI or grains m -2 . Grain yield was positively associated with potential grain weight (as indicted by the grain weight in the degrained treatment) (R 2 =0.55, P < 0.05) and grains m -2 was negatively associated with grain weight (R 2 =0.6, P < 0.05). 

Grain weight responses to degraining and defoliation for nine genotypes

Averaging across the nine genotypes and two years, effects of source-sink treatments (degraining, defoliation and control) for grain weight were significant (P < 0.001). The degrained treatment had heavier grains than the control which, in turn, had heavier grains than the defoliation treatment ranges of 41.9 -54.4 mg, 37.0 -53.7 mg and 32.5 -47.6 mg, respectively. The average grain weight response to the degraining treatment over the two years was 10.5% and to defoliation was -13.25% (Fig. 3a,3b). The average response to degraining in 2012 was 9.15% and in 2013 was 11.8%.

Similarly effects of treatments for grain weight DM shoot -1 averaging over two years and genotypes (degraining, defoliation and control) were significant (P < 0.001; Table 5). Cultivar ranges for grain DM per shoot were from 2.38 to 3.65 g, 2.05 to 3.08 g and 1.82 to 2.76 g, respectively. The average response to degraining treatment over the two years for grain DM shoot -1 was 16.9% and to defoliation was -9.8% (Fig. 3c,3d). The response to degraining for 2012 was 16.5% and 17.2% for 2013.

Averaged over two years, response of individual grain weight amongst genotypes to degraining treatment were from 1.7% to 16.3% (P < 0.001). Six genotypes showed responses > 10% indicating co-limitation of grain growth by source and sink. The range amongst genotypes in grain weight DM per shoot response to degraining was from 8% to 24.8% (P < 0.05). Seven genotypes showed responses > 10%. Overall individual grain weight responses to defoliation ranged from -17.8% to -8.75% (P = 0.07). Eight genotypes showed responses with reductions greater than -10%. The average response to defoliation was -13.25%. Responses of grain weight DM per shoot to defoliation ranged from -14.5% to -0.5% (P = 0.34). Six genotypes showed responses with reductions greater than -10%. The average response was -9.8% (Fig. 3b,3d). No year x source-sink treatment x genotype interaction was found for individual grain weight or for grain weight per shoot DM. Over the two years in the control crop, amongst the 9 genotypes flag-leaf area ranged from 28.3 to 42.2 cm 2 (P = 0.001), leaf area index from 3.03 to 4.11 (P = 0.001), green area per spike from 15.09 to 21.7cm 2 (P = 0.001) and true-stem and leaf sheath green area per shoot from 34.8 to 45.11 cm 2 (P = 0.001) (data not shown). There were no statistically significant associations amongst genotypes between these leaf or canopy area parameters and the individual grain weight or grain weight shoot -1 response to defoliation amongst the genotypes.

Relationships between responses to degraining and defoliation

Overall there was no significant linear relationship amongst the nine genotypes between the response to degraining and to defoliation for either grain weight or grain DM per shoot (Fig. 4). Genotypes 23 and 19 (TACUPETO2001 and SERI M 82), however, showed high responses to degraining but low responses to defoliation; amongst the remaining 7 genotypes there was a linear association between responses to degraining and defoliation for grain DM per shoot (P < 0.05; Fig 4b). 

Correlations between physiological traits and grain growth responses to source-sink manipulation treatments

Overall stronger correlations were observed between responses to source-sink treatments and sink traits (grain weight and grain m -2 ) in the control than source traits in the control (Table 6). For example, grain weight response (%) to degraining showed a negative correlation with grain weight (control) amongst genotypes (r = -0.81, P < 0.01) and a positive correlation with grains m -2 (r = 0.93, P < 0.001). Anthesis date ranged from 83 to 95 DAE, and genotypes with later anthesis date had a greater individual grain weight response to degraining at GS65+10d (r = 0.64, P = 0.06). Plant height ranged from 96 and 115 cm amongst the 9 genotypes (P < 0.001), and shorter plants had a greater response (%) to degraining (r = -0.74, P < 0.05). The amount of light intercepted post anthesis by the canopy showed a negative association with individual grain growth response (%) to degraining at GS65+10d. Stem WSC per shoot at GS65+7d and senescence parameters were not associated with grain weight responses to the source-sink treatments (Table 6). Crop Source Sink balance No significant differences were found in the whole crop source-sink balance calculated following the model of Bingham et al. (2007). There were significant differences in grain sink size in the range 686-828 g m -2 (when expressed as a percentage of source size equivalent to 168% to 98% (P < 0.001)). There was agreement between the different methods of estimating the degree of sink limitation in the 9 genotypes. Thus, there was a trend for the individual grain weight response to degraining to be positively associated with the estimated source-sink balance from the model of Bingham et al. (2007) (R 2 = 0.41, P = 0.06), and similarly a trend for individual grain weight response to defoliation to be associated with the model source-sink balance estimation (R 2 = 0.37, P = 0.08; Fig 5a,5b). 

Discussion

The balance of the source and sink size in the post-anthesis period in a crop is a very important factor influencing the yield potential of wheat (Reynolds et al. 2005). In this study, 26 genotypes showed positive responses to degraining ranging from 0.97 -30.16% indicating a level of either sink limitation of grain growth (< 10%) or co-limitation by source or sink (> 10%). The results of the defoliation treatment for 9 genotypes in general corroborated the levels of sink or co-limitation indicated by the degraining treatment, although two genotypes (lines 19 and 23) showed contrasting responses according to the two source-sink treatments. Our results showed that the grain weight response to degraining was positively associated with grain yield in the control amongst the 26 genotypes. There was also a positive linear regression between the grain weight response to degraining and year of release. Therefore, our results suggested that modern CIMMYT spring wheat cultivars with higher yield potential show a lesser dgree of sink limitation than their predecessors. Results overall in the control crop indicated that grain weight was strongly associated with grain yield amongst the genotypes and grain weight increased linearly with year of release by 0.195 mg year -1 . Potential grain weight (as indicated by grain weight in the degrained treatment) also increased with year of release by 0.264 mg year -1 . No association between grain yield and grains per m 2 was found. Our results showed post anthesis RUE increased with plant breeding at a rate of 0.008 g MJ -1 year -1 . There were no changes in pre-anthesis RUE, maximum green canopy area or stem soluble DM with plant breeding. Therefore, overall present results suggested the degree of sink limitation have decreased with plant breeding since grain source size increased with year of release but not as quickly as grain sink size. Furthermore, a trend for a positive association was found between the degraining response and the potential grain weight amongst the 26 cultivars. The positive correlation between grains m -2 and the degraining response may however be an autocorrelation reflecting a negative linear relationship between grains per m 2 and potential grain weight. [START_REF] Aisawi | Physiological processes associated with genetic progress in yield potential of wheat (Triticum aestivum L[END_REF] examining a smaller set of 12 CIMMYT cultivars and advanced lines released from 1966 to 2009 in irrigated conditions NW Mexico found no change with year of release in source-sink balance as indicted by grain growth response to degraining (percentage increase in grain weight ranged amongst cultivars from 0.5 to 13.2%). However, potential grain weight increased with plant breeding over the 43-year period, consistent with the present results.

Overall the defoliation treatment at GS65+10d decreased final grain weight from 43.6 mg in the control to 37.9 mg (-13.1 %; range -17.8% to -8.75%). The association amongst the nine cultivars between grain weight response to source-sink treatments was consistent for seven of the nine cultivars; the degraining response versus defoliation response amongst these seven genotypes showed a linear association for each of grain weight (P < 0.09) and grain weight per shoot (P = 0.016). Nevertheless, overall the association between grain weight responses to the degraining b and defoliation for the nine cultivars was not significant, since two cultivars (lines 19 and 23) showed much smaller responses to defoliation than to degraining. Interestingly a calculation of source-sink balance per unit area following the model of Bingham et al. (2007) indicated that, of the 9 cultivars, line 19 was the only one with sink-limited grain growth.

Overall these results indicated that new CIMMYT cultivars may have some extent of co-limitation of grain growth by source and sink. Similar results were found by Kruk et al. (1996) where modern spring cultivars were more sensitive to defoliation than the older cultivars, indicating a simultaneous limitation of grain growth by the sink and source. So for future gains in yield potential source traits which can be simultaneously increased with grain sink size may be a priority for plant breeding. In this respect, enhancing pre-anthesis RUE and stem WSC may offer some promise (Fischer & Edmeades, 2010;Reynolds et al. 2012). Lopes et al. (2012) reported that the stay green trait was associated with grain yield under heat and drought in different locations. In the present experiment, however, senescence rates were not associated with grain yield in the control treatment or grain yield responses to source-sink treatments. The source-sink balance according to the model of Bingham et al (2007) indicated that several of the genotype (line 19) were in close source-sink balance and one genotype (line 19) was sink limited. There was a strong trend for source-sink balance estimated by the model to show linear associations with the degree of sink limitation estimated by the source-sink manipulation treatments. The association between grain weight response to degraining and the source-sink balance from the model must be interpreted cautiously since the final grain weight in the degraining treatment was used in the model to estimate potential grain weight, so these two estimates for sourcesink balance are not completely independent. However, it is encouraging that there was also a trend for a linear association between the source-sink balance estimated according to the model and the grain growth responses to defoliation. These results support the hypothesis that the degree of sink limitation differed in these nine spring wheat genotypes and that there was some evidence that grain growth of higher yields lines to be co-limited by source and sink. Other recent studies have also indicated that co-limitation of grain growth by source and sink could occur in modern wheat cultivars in Mediterranean wheat (Acreche and Slafer, 2009) and from a comparative survey under high yielding conditions [START_REF] Sandana | Sensitivity of yield and grains nitrogen concentration of wheat, lupin and pea to source reduction during grain filling. A comparative survey under high yielding conditions[END_REF]. Similarly in 39 modern wheats in Argentina, Gonzalez et al. (2014) found the response of grain weight to an increment of 100% in the source per grain during grain filling ranged from 0 to 25% depending on cultivar and year suggesting a source-sink co-limitation during grain filling in the most responsive cases. Overall these results suggested that modern CIMMYT cultivars may have a co-limitation of grain growth by source and sink.

Introduction

Wheat yield is generally more related to grain number than to the average weight of the grains [START_REF] Fischer | The importance of grain or kernel number in wheat: A reply to Sinclair and Jamieson[END_REF][START_REF] Fischer | Wheat physiology: a review of recent developments[END_REF], as the number of grains is far more plastic than the size of the grains [START_REF] Sadras | Environmental modulation of yield components in cereals: Heritabilities reveal a hierarchy of phenotypic plasticities[END_REF]. Genetic gains in modern wheat under high yielding environments have been more related to improvements in the number than in the size of the grains (e.g. Canevara et al. 1994;[START_REF] Calderini | Genetic improvement in wheat bread and associated traits. A re-examination of previous results and the latest trends[END_REF]Sayre et al. 1997;Shearman et al. 2005;[START_REF] Acreche | Physiological bases of genetic gains in Mediterranean bread wheat yield in Spain[END_REF]. In this sense, it seems likely that further increases in yield potential may require additional improvements in grain number (Reynolds et al. 2001(Reynolds et al. , 2005;;Acreche and Slafer 2009;González et al. 2014).

Complementary strategies to raise yield potential are based on increasing photosynthetic capacity and efficiency (Parry et al. 2011). The identification of potential traits to increase grain number is of great interest to ensure that increased photosynthetic potential is fully utilized by matching it with adequate sink demand (Reynolds et al. 2012;[START_REF] Slafer | Coarse and fine regulation of wheat yield components in response to genotype and environment[END_REF]). To achieve this aim, it would be useful to understand the degree of variation of physiological drivers of grain number within elite lines. Grain number is largely determined during the stem elongation (SE) phase [START_REF] Fischer | Number of kernels in wheat crops and the influence of solar radiation and temperature[END_REF][START_REF] Slafer | Sensitivity of Wheat Phasic Development to Major Environmental Factors: a Re-Examination of Some Assumptions Made by Physiologists and Modellers[END_REF]. Therefore improvements of traits determined during SE would be required to further increase grain number.

Beyond increasing crop growth rate and further improving biomass partitioning before anthesis, it may also be relevant to optimize the developmental attributes to maximize spike fertility (Foulkes et al. 2011;Reynolds et al. 2012). This involves two different aspects of development: i) the pattern of partitioning of time to anthesis into different phases [START_REF] Slafer | Photoperiod Sensitivity during Stem Elongation as an Avenue to Raise Potential Yield in Wheat[END_REF], as lengthening the duration of the SE phase may increase yield [START_REF] Slafer | Genetic basis of yield as viewed from a crop physiologist's perspective[END_REF]Miralles and Slafer 2007); and ii) the dynamics of floret development [START_REF] Kirby | Analysis of leaf, stem and ear growth in wheat from terminal spikelet stage to anthesis[END_REF], as grain number is the consequence of the developmental process of floret generation/degeneration resulting in a certain number of fertile florets (González et al. 2011).

Searching for variation in the dynamics of floret development within modern elite cultivars could contribute to the elucidation of the mechanisms that are most likely to provide opportunities to identify a potential increase in grain number. Floret development in wheat has been long studied [START_REF] Stockman | Assimilate Supply and Floret Development Within the Spike of Wheat ( Triticum aestivum L.)[END_REF][START_REF] Sibony | Floret initiation and development in spring wheat (Triticum aestivum L.)[END_REF]Miralles et al. 1998;[START_REF] Wang | Effects of exogenous hormones on floret development and grain setin wheat[END_REF]González et al. 2003;[START_REF] Bancal | Positive contribution of stem growth to grain number per spike in wheat[END_REF][START_REF] Shitsukawa | Heterochronic development of the floret meristem determines grain number per spikelet in diploid, tetraploid and hexaploid wheats[END_REF][START_REF] Dreccer | More fertile florets and grains per spike can be achieved at higher temperature in wheat lines with high spike biomass and sugar content at booting[END_REF], especially its response to nitrogen applications [START_REF] Holmes | Inflorescence development of semidwarf and standard height wheat cultivars in different photoperiod and nitrogen treatments[END_REF][START_REF] Langer | A study of floret development in wheat (Triticum aestivum L.)[END_REF][START_REF] Ferrante | Floret development of durum wheat in response to nitrogen availability[END_REF]. It seems that, due to the difficulties involved with the developmental analysis of spike morphogenesis, there is an absence of research describing variation for this trait among elite cultivars. This study therefore aimed to promote understanding of the differences in generation of fertile florets among genotypes differing in yield components.

Materials and methods

General conditions

Two field experiments were conducted at the Mexican Phenotyping Platform (MEXPLAT) established at the Centro Experimental Norman E. Borlaug (CENEB) research station, near Ciudad Obregón, Sonora, Mexico (27º33'N, 109º09'W; 38 masl), with conditions that represent the high-yielding environments of wheat worldwide (Braun et al. 2010). Soil at the experimental station was a Chromic Haplotorrert (Vertisol Calcaric Chromic); low in organic matter (< 1%), and slightly alkaline (pH=7.7).

Treatments and experimental design

Experiments were sown on 06 December 2010 and 09 December 2011, within the optimal sowing period for the winter-spring cycle of cereals in the region. Sowing density was 101.5 and 108.8 kg ha-1 respectively, and 200 units of N fertilizer (urea) were applied. Weeds were removed by hand throughout the growing season and diseases and insects prevented by applying recommended fungicides and insecticides at the doses suggested by their manufacturers.

Treatments consisted of 10 wheat genotypes (Table 1); all elite material belonging to the first CIMMYT Mexico Core Germplam Panel (1 st CIMCOG) with good agronomic adaptation. The full set of 60 genotypes of the 1st CIMCOG panel are potentially useful in practical breeding programs aiming to further raise yield potential; for that reason this is the main germplasm studied so far by the Wheat Yield Consortium. The number of genotypes had to be restricted to 10 because of the detailed measurements required, particularly regarding floret development. However, it is worth noting that the selected genotypes do represent fairly well the entire 1 st CIMCOG panel in terms of yield and its major determinants both considering average values as well as range of variation (Table 2).

Table 1. Subset selected from the 1 st CIMCOG panel. For each entry, the name of the cultivar or cross is indicated, as well as the main trait for which the genotype was selected to be part of the CIMCOG. The experiment was designed in randomized complete blocks with two replicates, where plots were assigned to genotypes. In 2010-11 the plots were 5 m long and 3.2 m wide, consisting of four raised beds 0.80 m wide, with two rows per bed (0.24 m apart). During 2011-12, plots were 8.5 m long and 1.84 m wide, consisting of two raised beds 0.80 m wide, with two rows per bed (0.24 m apart) (Fig. 1, left panel). During 2011-12, three replicates were considered for main yield and yield components while two replicates were analyzed for floret development only. 

Measurements and analyses

Plots were inspected periodically and one plant per plot regularly sampled and dissected under binocular microscope (Carl Zeiss, Germany) to detect the timing of initiation of the terminal spikelet in each case. From then on until a week after anthesis, one plant per plot was randomly sampled twice or thrice weekly. The samples were taken to the lab and the apex of the main shoot dissected under binocular microscope. On the dissected juvenile spikes the total number of floret primordia was counted in each spikelet and also determined the stage of development of each of the florets within particular spikelets, representing the variability expected in the spikes, in developmental terms (see below). To determine the stage of development of the floret primordial, we followed the scale of [START_REF] Waddington | A quantitative scale of spike initial and pistil development in barley and wheat[END_REF]. This scale is based on gynoecium development from floret primordia present (W3.5), to styles curved outwards and stigmatic branches spread wide with pollen grains on well-developed stigmatic hairs (W10), which are considered fertile florets (for details see Fig. 1 in Ferrante et al. 2013a) .

The analyzed spikelets were in the apical (fourth spikelet from the top of the spike), central (middle spikelet of the spike), and basal (fourth spikelet from the bottom of the spike) positions of the spike (Fig. 1, right panel). Naming of florets within the spikelets followed the same system described by González et al. (2003); that is, from F1 to the last developed floret depending on their position with respect to the rachis (F1 was the floret most proximal to the rachis and the most distal floret primordia was F6-F8, depending on the specific spikelet and genotype analysed; Fig. 1, right panel).

To analyze the dynamics of development we used thermal time (°C d), which was calculated daily assuming (i) the mean temperature to be the average of the maximum and minimum values and (ii) a single base temperature (0 °C) for all genotypes and stages of development.

The determination of fertile florets was done up to the moment in time where, fitting the developmental score against thermal time in a bilinear model, an intersection was obtained. Data were subjected to analysis of variance (ANOVA), and the relationships between variables were determined by regression analysis (SAS statistics program, 2002). The adjusted means across the two years were obtained by using PROC MIXED procedure of the SAS statistical package (SAS statistics program, 2002). All the effects, years, replications within years, blocks within years and replications, and genotype by year interaction (GxE) were considered as random effects and only the genotypes were considered as fixed effects.

Results

There were significant differences in number of fertile florets per spikelet in each of the two experiments, and in addition these differences were reasonably consistent between years, with the unique exception of line 2 (Fig. 2). Line 8 was within the lines exhibiting the highest levels of spike fertility in both experiments, and line 9 was within those exhibiting the lowest values (Fig. 2).

Figure 2. Fertile florets per spikelet in both experiments for the subset of the 1st CIMCOG panel. Segments on each data-point stand for the standard error of the mean. Genotypes 2, 8 and 9 (Table 1) were labeled.

Genotype 2 was the exception, not behaving consistently between the two years, and genotypes 8 and 9 were those having respectively the highest and the lowest number of fertile florets per spikelet of the lines analyzed consistently between years. Data points of some genotypes are overlapped.

The number of fertile florets per spikelet was much more strongly related to the survival of floret primordia than to the maximum number initiated (Fig. 3). To further understand the processes involved in the genotypic differences within the 1 st CIMCOG panel we studied the dynamics of generation and survival of floret primordia in apical, central, and basal spikelets. The general dynamics was similar in all cases (genotypes x spikelet positions): during stem elongation the number of floret primordia firstly increased rapidly, reaching a peak representing the maximum number of floret primordia and finally decreased sharply until a certain number of fertile florets is established as the balance of the generation and degeneration process. Cultivars varied in the dynamics of generation/degeneration of floret primordia determining the number of fertile florets per spikelet at different spikelet positions. To illustrate these genotypic differences we compared the corresponding data-points of the genotypes exhibiting the lowest values of spike fertility (line 9) and one line exhibiting the highest values (line 8) for the apical, central and basal spikelets (Fig. 4). Both genotypes had a similar maximum number of floret primordia initiated in the apical and central spikelets, whilst in the basal spikelets in genotype 9 (lowest spike fertility) had a slightly lower maximum number of florets initiated. On the other hand, in all spikelets the decrease in number of floret primordia (floret mortality) was more noticeable in the genotype 9 than in genotype 8. Interestingly it seemed that in all spikelets, genotype 9 reached the maximum number of floret primordia closer to anthesis than genotype 8, implying that the time for floret survival was consistently shorter in the genotype with lowest final number of fertile florets at anthesis (Fig. 4). When analysing the development of the individual florets it was clear that florets 1 and 2 developed normally and always reached the stage of fertile florets : in all spikelets and all genotypes (data not shown). Thus, none of the differences between genotypes in number of fertile florets were related to the fate of the two most proximal florets. Similarly, none of the genotypic differences in spike fertility were related to the fate of florets 6, 7 and 8; as none of these florets developed normally to reach the stage of fertile florets ever. Therefore, genotypic differences in the developmental patterns of intermediate florets (3, 4 and 5) were critical for establishing the genotypic variation in spike fertility. Focusing on these particular florets it became clear that:

(i) Floret 3 developed normally achieving the stage of fertile florets in the two genotypes and in all the spikelets, though it seemed to have been developed with some delay in genotype 9 compared to genotype 8 (Fig. 5, left panels);

(ii) Floret 4 in the central spikelets did also develop normally achieving the stage of fertile florets in both genotypes, though again it seemed that this floret started its development in genotype 9 with some delay respect to the timing of development initiation in genotype 8 (Fig. 5, central panel);

(iii) Floret 4 in the basal and apical spikelets developed normally to become fertile only in genotype 8 (in the apical spikelets not in all replicates) but was never fertile in genotype 9 in apical spikelets (Fig. 5, top and bottom of the central panels);

(iv) Floret 5 was never fertile in the apical spikelets of any of the two genotypes (Fig. 5, top-right panel), while in the central and basal spikelets it was only fertile in some of the plants of genotype 8 but it was never observed in genotype 9 (Fig. 5, central-and bottom-right panels).

Even in the case of the floret*spikelet positions in which primordia did not continue developing normally to achieve the stage of fertile florets, there was a clear trend, though with few exceptions, for the floret primordia of genotype 8 to have developed more than the equivalent florets of genotype 9 (Fig. 5). 

Discussion

The importance of floret survival in setting the number of fertile florets at anthesis (without changes in maximum number of differentiated florets) was also highlighted when spike growth was altered by different growing conditions including shading during pre-anthesis [START_REF] Fischer | Kernel number per spike in wheat (Triticum aestivum L.): responses to preanthesis shading[END_REF], nitrogen [START_REF] Sibony | Floret initiation and development in spring wheat (Triticum aestivum L.)[END_REF][START_REF] Ferrante | Floret development of durum wheat in response to nitrogen availability[END_REF], nitrogen together with photoperiod treatments [START_REF] Langer | A study of floret development in wheat (Triticum aestivum L.)[END_REF], nitrogen in combination with sowing dates [START_REF] Whingwiri | Floret survival in wheat: significance of the time of floret initiation relative to terminal spikelet formation[END_REF], and photoperiod and shading treatments during the floret primordia phase (González et al. 2003b(González et al. , 2005a)).

Future wheat breeding needs to be extremely efficient as the land allocated to wheat (and most other major food crops) is unlikely to increase significantly, and the use of inputs cannot increase at similar rates as they have in the last half-century [START_REF] Chand | Challenges to ensuring food security through wheat[END_REF]Reynolds et al. 2012;[START_REF] Hall | Prognosis for genetic improvement of yield potential and water-limited yield of major grain crops[END_REF]. Although farm yields may be much lower than yield potential, they seem to be related [START_REF] Slafer | Physiological traits for improving wheat yield under a wide range of conditions[END_REF]Fischer and Edmeades 2010) and there is agreement that genetic gains in yield potential will need to be accelerated (Reynolds et al. 2009). Identifying opportunities for major improvements in crop photosynthesis is essential (Reynolds et al. 2000;Parry et al. 2011) but will not translate in yield gains without further gains in sink strength, the major determinant of which is grain number. In fact, genotypic differences in yield are most frequently associated with those in grains per m 2 (Slafer et al. 2014) and genetic gains in yield have been mostly explained by improvements in this component [START_REF] Calderini | Genetic gains in wheat yield and main physiological changes associated with them during the 20th century[END_REF] and references quoted therein). Further improving grain number would require the identification of variation in its physiological determinants within high-yielding, well adapted populations for breeding. As wheat is a cleistogamous plant, a major determinant of grain number is the number of fertile florets produced.

In this study we analyzed variation in the dynamics of floret primordia in a panel assembled for its potential relevance for breeding to further raise yield potential. The genotypic variation in maximum number of florets initiated was marginal (Fig. 3). The range of variation was only between 7 and 8 floret primordia (considering primordia to be a floret when it reached at least the stage 3.5 in the scale of [START_REF] Waddington | A quantitative scale of spike initial and pistil development in barley and wheat[END_REF]). Consequently the number of fertile florets at anthesis was related to the rate of floret primordia survival (Fig. 3). The fact that final number of fertile florets was related to floret primordia survival and rather independent of the maximum number of florets initiated is in agreement with results reported by [START_REF] Ferrante | Floret development of durum wheat in response to nitrogen availability[END_REF]Ferrante et al. ( , 2013a) ) and González et al. (2011) when they exposed the wheat plants to different levels of resources (N regimes, shading treatments) or light signals (photoperiod). These results are also in agreement with the reported differences between isogenic lines for semidwarfing genes affecting biomass partitioning to juvenile spikes [START_REF] Siddique | Ear: stem ratio in old and modern wheat varieties; relationship with improvement in number of grains per ear and yield[END_REF]Miralles et al. 1998). Thus, it seems that the differences between elite genotypes in spike fertility are based on similar processes responsible for differences in spike fertility when plants are grow under contrasting environmental conditions. The model hypothetically applicable is that wheat (and all other cereals) may produce an excessive number of floret primordia without penalties as it is energetically inexpensive. However, when progressing to later developmental stages, growth of these primordia requires increasing amounts of resources, so the plant adjusts the number of primordia that become fertile florets [START_REF] Sadras | Environmental modulation of yield components in cereals: Heritabilities reveal a hierarchy of phenotypic plasticities[END_REF]. This adjustment would be quantitatively related with the availability of resources for the growing juvenile spike before anthesis. Proofs supporting this model come from studies in which floret mortality was affected by modifying crop growth (e.g. modifying soil N availability; [START_REF] Ferrante | Floret development of durum wheat in response to nitrogen availability[END_REF]Ferrante et al. , 2013a)), crop development (e.g. manipulating daylength during stem elongation; González et al. 2003a;[START_REF] Serrago | Floret fertility in wheat as affected by photoperiod during stem elongation and removal of spikelets at booting[END_REF] or in both growth and development simultaneously (González et al. 2005b). This is further reinforced by evidence that the triggers for floret primordia death are not a purely developmental processes (Ferrante et al. 2013b) but likely resource-driven (González et al. 2011).

Much of the differences between the set of genotypes analyzed from the 1st CIMCOG panel, in terms of spike fertility, were associated with differences in floret survival that can be traced back to the processes of floret development. Comparing the two extreme genotypes (in terms of fertile florets produced per spikelet) of the subset studied, it seemed clear that the cultivar maximizing floret survival has a consistently longer period of floret development. Thus, it seemed possible to speculate that advancing development progress of labile florets increase the likelihood of a floret promordia becoming fertile floret. For instance, growing a particular genotype under relatively shorter photoperiods during the period of floret development (and spike growth) before anthesis normally brings about significant increases in floret primordia survival (González et al. 2003a;[START_REF] Serrago | Floret fertility in wheat as affected by photoperiod during stem elongation and removal of spikelets at booting[END_REF]. It seems consistent with this that genotypes having slightly longer periods of floret development may increase the number of fertile florets through reducing the proportion of primordia dying.

In the present paper we showed evidence that there is variation within elite germplasm on developmental properties of the florets which are ultimately responsible for differences in the number of floret primordia. Selecting lines exhibiting this property as prospective parents may help in further raising yield potential in wheat.

Introduction

Wheat is one of the primary food crops, feeding more than half of the world's population. At present, the demand for high yielding wheat mainly relies on the increase in yield per unit area. In a spike, grain number and weight are unevenly distributed depending on the spatial position of the kernel (Calderini and Reynolds 2000;[START_REF] Pan | Effects of spikelet and grain positions ongrain number, weight and protein content of wheat spike[END_REF].

A wheat plant comprises a number of tillers, and the grain number per spike, grain weight, and yield per spike decrease as the tiller position shifts from low to high (Zhang et al. 2010). Tillers develop from tiller buds and hormones play key roles in regulating the growth of tiller buds. Auxin indole-3-acetic acid (IAA) inhibits the growth of axillary buds [START_REF] Leopold | The control of tillering in grasses by auxin[END_REF][START_REF] Shimizu-Sato | Control of outgrowth and dormancy in axillary buds[END_REF][START_REF] Sorce | Indoleaceticacid concentration and metabolism changes during bud development in tubers of two potato (Solanumtuberosum) cultivars[END_REF]). The external application of naphthyl acetic acid (NAA, a synthetic auxin) completely inhibits tiller bud growth in rice (Liu et al. 2011a). In contrast to auxin, cytokinins (CKs) stimulate lateral bud outgrowth (Langer et al. 1973;[START_REF] Kariali | Hormonal regulation of tiller dynamics in differentially tillering rice cultivars[END_REF] and release lateral buds as a result of inhibition by auxin-induced apical dominance and promote axillary bud outgrowth (Chatfield et al. 2000). The application of gibberellic acid (GA) markedly inhibits the development of crop tillers [START_REF] Rood | Application of gibberellic acid to control tillering in early-maturing maize[END_REF][START_REF] Hong | Relationships between employ during tillering stage and promote the panicle bearing tiller rate[END_REF][START_REF] Zhang | Gibberellic acid 3 modifies some growth and physiologic effects of paclobutrazol (PP 333) on wheat[END_REF]) and enhances apical dominance by promoting the local biosynthesis of IAA and suppressing IAA degradation [START_REF] Phillios | Apocal dominance[END_REF]. Moreover, external ABA slightly slows the growth rate of rice tiller buds (Liu et al. 2011a), and higher ABA concentrations in the stem and tillers cause tiller death in wheat [START_REF] Ma | Studies on the effects of endogeneous hormones in winter whea ttillers during the course of senescence[END_REF]. External hormone application is therefore an effective measure to regulate the occurrence and development of tillers [START_REF] Cai | Exogenous hormonal application improves grain yield of wheat by optimizing tiller productivity[END_REF].

Numerous studies have implied that plant hormones are involved in determining grain set in cereal crops. Most hormonal studies have related to grain development after anthesis (Miralles et al. 1998). Different patterns of endogenous plant hormones occur between the development of potentially strong and weak kernels during grain filling [START_REF] Tian | The relationship between IAA and grain development of Indica japonica hybrid rice and regulation with S-07[END_REF][START_REF] Wang | Changes of endogenous plant hormone contents during grain development in wheat[END_REF]. Only a few studies have dealt with the pre-anthesis hormonal regulation of floret development in wheat. [START_REF] Youssefian | Pleitropic effects of the GA-insensitive rht dwarfing genes in wheat[END_REF] found that ABA induced floret infertility when applied over the three to six day period during the stage of pollen mother cell formation. [START_REF] Colombo | The effect of gibberellic acid on male fertility in bread wheat[END_REF] showed that the sensitive period for male sterility caused by GA3 application was from plume differentiation to premeiotic interphase in the oldest florets of the spike in wheat. So the role of hormones in the regulation of floret development at different floral stages is still not clear, especially for the promotion of floret development. Studies by [START_REF] Cai | Exogenous hormonal application improves grain yield of wheat by optimizing tiller productivity[END_REF] on endogenous hormones indicated that a change of hormone levels is developmental stagedependent during floret development. This study was therefore undertaken to explore the regulatory effects of exogenous auxin (AUX), anti-gibberellin (AGA), and cytokinin (CK) on spikes, applied at tillering and the end of jointing. This information will be helpful for elucidating the roles of plant hormones in the regulation of floret development and therefore spike fertility in wheat plants.

Materials and methods

Plant material and experimental design

Field experiments were carried out under semi-drought conditions from January 2013 to May 2013 (late sowing), at the CIMMYT research stateion, Cd. Obregon, Sonora, NW Mexico (27°20 ′N, 105°55′ W; 39 masl). One cultivar of winter wheat (Movas), currently used in the experimental field in CIMMYT as a border windbreak, was selected to test the effect of different hormones under different concentrations in yield, yield components, and morphological traits. The experiment was conducted under a complete randomized design consisting of three replications for each concentration and control. The plot size was 10 m x 0.8 m. Each plot was subdivided into seven uniform sub-plots of 1 m length for the application of products and control (no product application). Between two sub-plots, 0.25m of non-treated material was left as a border to avoid contamination due to applications and/or concentration differences.

Hormone products and field methodology

We tested Auxin (AUX), Cytokinin (CK), and Gibberellin (GA) using indol-3butiric acid (IBA; Commercial name Rooter Plus-3000), 6-Benzylaminopurine (6-BAP; Pure concentrate state 99.9%), and 1,1-dimethylpiperidinium chloride (Mepiquat chloride, an inhibitor of Gibberelin; AGA; Commercial name Regulex), respectively. Concentrations were determined according to the recommended dose stated by the manufacturer, except for 6-BAP.

The first concentrations for AUX and AGA were double the recommended dose. Four concentrations were applied for each product (Table 1). 

Table 1. Hormones concentration applied according to treatments

Field methodology

Three conventional sprayers (4 liters capacity) were used to apply the concentrations. The discharge of each sprayer was initially calculated (50 ml/15 seconds) in order to estimate the volume released during the application process.

Each application was protected by a "U" shape screen (Fig. 1) in order to apply treatments to only one meter of crop and not to contaminate the other sub-plots. The screen also helped as a windbreak and to avoid drift problems. After application of each product, the screen was cleaned with water and dried with paper to avoid contamination by any remaining product on the screen.

The application was done at 3:00 pm when plants reached the tillering stage. It was then repeated three weeks later at the end of the jointing stage.

Measurement

At maturity, all of the 1 meter plot plants were cut at the ground level and 50 culms were extracted randomly. Remaining culms were inserted in a separate bag to be weighed and threshed. The 50 culms were divided, in the 103 field, into 50 spikes and 50 stems in order to determine yield components and spike index. After weighing these bags, the spikes were threshed and weighed. Total yield was composed by using the remaining culms plus 50 spikes.

Results

Yield and biomass

Yield was significantly reduced by AGA-C1 and CK-C3, as well as by AUX-C1, AGA-C3, and CK-C1 (Fig. 2), compared to control plants. However, yield in AGA_C2 appears higher than the control, though not significantly so.

Similarly, biomass was significantly reduced by AGA-C1, CK-C3, and AUX-C2. As with yield, AGA-C2 appeared with biomass slightly higher than the control, but CK-C4 appeared significantly higher than the control. Other concentrations (AUX-C1, AGA-C3, and CK-C1) did not significantly reduce yield or biomass (Fig. 3). 

Harvest index and spike index

Harvest index (HI) was significantly reduced with all treatments, except with AGA-C2 and CK-C4 (Fig. 4), compared to the control spike index (SpkI) was reduced significantly only with CK-C3 and AUX-C1, and significantly increased by CK-C4 (Fig. 5). Other treatments did not show significant differences with the Ctrl. was significantly reduced by AGA-C1, CK-C1, and CK-C3. Thousand grain weight (TGW) was significantly reduced by all treatments compared to the control, except for CK-C1, which retained the same TGW despite the hormone application. Figure 6 display the results for yield and yield components according to the treatments. Despite these variations in yield components, the correlation between yield and number of grains per area (m 2 ) appeared high according to Pearson's correlation (r 2 = 0.74), suggesting that the relationship between these two parameters kept a behavior similar as that for non-stress conditions environment (Fig. 7). The principal component analysis (PCA) corroborated all results (Fig. 8). PCA did show the positive close relationship between yield and number of grains per area, which was highly favored by treatment AGA-C2, followed by the control, while AGA-C1 had a complete opposite behavior regarding number of grains per area. In contrast, CK-C3 was the treatment that reduced yield the most, while treatments AUX-C3 and C1, CK-C2, AGA-C3 and C4 increased the number of infertile spikelets. Furthermore, the PCA showed that treatment CK-C4 promoted most the number of stems per area, as well as biomass, and that treatment AUX-C2 was most associated to the number of spikelets per spike, as well as the number of grains per spike. In turn, CK-C1 promoted most the grain weight, followed by AUX-C4. Interestingly, spike index shows a close relationship with yield, which is composed by spike biomass and grain yield. Grain yield per spike (GYS) can be considered as GYS = Grains/spike x TGW. However, TGW did not show any correlation which can be interpreted by the reduction of one when the other is increasing. 

Morphological traits

The inhibitor of GA reduced the size of the stems, but biomass remained similar or even slightly higher than the control, but without significant differences. Only the highest concentration (C1) showed a reduction of biomass (Fig. 3). All treatments reduced spike length; only CK-C1 showed a similarity with the control. However, the number of spikelets per spike, as well as the number of fertile spikelets per spike, was reduced similarly in all treatments (compared to the control), including CK-C1, but with the exception of AUX-C2, AGA-C1, and CK-C3. Nevertheless, CK-C1-C3, Aux C1-C3 and AGA C1-C2 developed a similar number of fertile spikelets per spike as the control (Fig. 9). Table 1 summarizes all the effects due to the hormone application treatments in yield, yield components, and morphological traits. 

Conclusions

These results are in agreement with those obtained by [START_REF] Cai | Exogenous hormonal application improves grain yield of wheat by optimizing tiller productivity[END_REF] in two winter wheat genotypes. They found that yield and all yield components tended to decrease with exogenous application of hormones (IA, GA, ABA). An explanation of this would be that, similar to rice, a wheat plant consists of a main stem and tillers, where low position tillers have higher production capacity than high position tillers [START_REF] Zhao | Studies on plant characters of main stem and tillers and tillers to rational use in winter wheat[END_REF]Zhang et al. 2010). So we can infer that, in the present study, high position tillers were predominant as a consequence of the semi-drought imposed at a critical phenological stage that forced the plant to thrive only by the main stems at expense of the low position tillers, therefore reflecting a decrease of yield and yield components. These effects are produced under drought conditions by spring [START_REF] Nicolas | Effects of drought and high temperature on grain growth in wheat[END_REF]Kilic and Yagbasanlar 2010) and durum wheat (Giunta et al. 1993). A reduction in number of spikes per area (and therefore number of fertile stems per area) was about 60% in durum wheat due to drought conditions.

The occurrence of wheat tillers is regulated by endogenous and environmental cues. In addition to genetic characteristic (Tanget al. 2001;[START_REF] Wang | Isolation and genetic research of a dwarf tillering mutant rice[END_REF] and nutrition [START_REF] Yang | Effects of uniconazole waterless-dressing seed on endogenous hormones and C/N ratio at tilleringstageofwheat[END_REF][START_REF] Sakakibara | Interactions between nitrogen and cytokinin in the regulation of metabolism and development[END_REF]Liu et al. 2011b), hormones participate in the development of wheat tillering. The external application of hormones can regulate the occurrence and growth of tillers (Morris et al. 1996;Chatfield et al. 2000;Liu et al. 2011b). In this study, the occurrence of tillers was as reported in the literature for all the treatments, except for the external application of the anti-GA (AGA), which caused a completely contrasting effect than those described for GA. Thus, AGA-C2 and C4 increased the percentage of tiller occurrence, instead of reducing it as GA effects reported by [START_REF] Cai | Exogenous hormonal application improves grain yield of wheat by optimizing tiller productivity[END_REF], which was expected. Indeed, AGA-C2 reduced plant height, but increased the number of grains per area. These results are in agreement with those of [START_REF] Rebetzke | Gibberellic acid-sensitive dwarfing genes reduce plant height to increase kernel number and grain yield of wheat[END_REF]. In the case of AUX treatment, the number of tillers appeared similar to the control. Auxins are derived from the shoot apex, inhibiting the growth of lateral buds by repressing the local biosynthesis and transshipment of CTKs [START_REF] Wang | Involvement of auxin and CKs in boron deficiency induced changes in apical dominance of pea plants[END_REF]. So, in agreement with previous studies (Liu et al. 2011a), exogenous application of AUX did not promote tiller bud development. Similar to the AGA treatment, external CK-C4 also promoted the occurrence of tillers. CK has a stimulatory effect on lateral bud growth [START_REF] Cai | Exogenous hormonal application improves grain yield of wheat by optimizing tiller productivity[END_REF]). AUX-C2 showed a positive relationship with fertile spikelet per spike and grains per spike, but this treatment did reduce the spike length and the TGW, and thus did not significantly affect final yield. PCA demonstrated that grain yield is strongly positively associated with number of grains per area, as well as with above ground biomass, number of stems per area and spike index. In turn, number of stems per area shows a strong negative relationship with number of grains per spike, number of spikelets per spike, and grain weight. These relationships that directly influence grain yield could be explained by the balance of resources allocation by the plant, which in turn is linked to hormone balance. The next step of this research will be the analysis of endogenous hormones (AUX, GA, CK) to elucidate their effect in spike fertility, associating them to the results of exogenous application.

Introduction

Crop plants produce ethylene, under normal and stress conditions, with the rate dependent on the species and environmental conditions. Higher spike-ethylene and its spatial distribution have been shown to reduce pollen viability, leading to kernel abortion in many species including cereals, particularly under high temperature stress conditions [START_REF] Hays | Heat stress induced ethylene production in developing wheat grains induces kernel abortion and increased maturation in a susceptible cultivar[END_REF]). Moreover, higher ethylene concentrations may shorten the grain-filling period, hasten maturity, and trigger premature senescence. Synthetic chemicals that reduce ethylene levels in plants have shown to improve yields in, for example, seed cotton [START_REF] Brito | 1-Methylcyclopropene and Aminoethoxyvinylglycine effects on yield components of field-grown cotton[END_REF]). However, this knowledge has not been systematically been explored so far, from a crop production viewpoint. This study focused on: 1) Identification of wheat germplasm for variation in spike-ethylene under heat stress conditions; and 2) determining ethylene-inhibitor effects on spike-ethylene.

Materials and methods

A field experiment was carried out in Obregon, Mexico in 2013 using a combination of CIMMYT elite lines and Mexican wheat landraces (130 lines in total). These genotypes exhibit variation in biomass and yield potential under heat stress conditions. All genotypes were grown under severe heat stress environment and irrigated field conditions. Two treatments were maintained: heat stress and heat stress + ethylene inhibitor. Treatments were imposed at the early booting stage (starting from ~40 DAS), where a synthetic chemical, ethylene inhibitor, silver nitrate (0.01%) mixed with T20 surfactant (0.01%) and absolute alcohol (0.1%), was sprayed on wheat plants for three consequent days. Spraying was staggered as all genotypes reached early booting at different times. For heat-stress plants (control), distilled water mixed with T20 surfactant (0.01%) and absolute alcohol (0.1%) was sprayed. At the anthesis stage, spikes were collected; their fresh weight was noted and they were immediately incubated in 15 ml glass tubes (one spike per tube) for 2 hours under artificial temperature conditions (Fig. 1A), mimicking ambient temperature. At the end of the incubation period, 6 ml of ethylene gas was transferred into 6 ml glass-head vials, sealed and maintained until ethylene measurement. Ethylene was measured using an ethylene detector, Sensor Sense (ETD-300, Fig. 1B). All the data were corrected for incubation time, tube volume, tissue weight, and expressed in nL gDW -1 h -1 . After the incubation, all spikes were dried under constant temperature and dry weight was noted. 

Results and discussion

Establishing genetic variation for spike ethylene

Spike ethylene of wheat genotypes (CIMMYT elite lines and Mexican wheat landraces) was studied under severe heat stress field conditions (ranging from 35 °C to 40 °C). Genetic variation and genetic range in spike-ethylene under both heat stress and heat stress + ethylene inhibitor was established. Data analysis at the anthesis stage shows a genetic range of 0.016-0.203 (mean: 0.047 nL gDW -1 h -1 ) with a variation of more than 100% under heat stress conditions (Fig. 2A). This indicates that there is genetic variation in the rate of spike ethylene production measured at anthesis stage, which may be involved in kernel abortion [START_REF] Hays | Heat stress induced ethylene production in developing wheat grains induces kernel abortion and increased maturation in a susceptible cultivar[END_REF], grain maturation, and ear/leaf senescence [START_REF] Beltrano | Ethylene as promoter of wheat grain maturation and ear senescence[END_REF][START_REF] Huberman | The novel ethylene antagonist, 3cyclopropyl-1-enyl-propanoic acid sodium salt (CPAS), increases grain yield in wheat by delaying leaf senescence[END_REF].

We separated all genotypes into two groups: elite lines and landraces. Landraces showed a higher spike ethylene emission rate (25%, Fig. 2B) and a larger genetic range (0.017-0.203 nL g DW -1 h -1 ) than elite lines (0.016-0.147 nL g DW -1 h -1 ). This indicates that the genetic variation for spike-ethylene in modern lines was lower, perhaps due to the indirect selection for higher grain yield. These results indicate the importance of selection for 'optimal' spikeethylene genotypes to reduce the negative effects of spike-ethylene on final grain yield. 

Sensitivity of wheat spikes vary greatly to ethylene-inhibitor

Ethylene inhibitor was sprayed on wheat plants at the early booting stage in order to reduce the negative effects of spike-ethylene on spike fertility at anthesis stage. There is considerable genetic variability among wheat genotype responses to foliar applied ethylene-inhibitor, varying from 0% to 65% (Fig. 2A). The ethylene-inhibitor reduced spike-ethylene by 21% at the anthesis stage (Fig. 3A). The spike-ethylene responses to ethylene-inhibitor do not correlate with spike-ethylene concentration under either heat stress or heat stress + ethylene inhibitor, indicating that spike-ethylene responses to ethylene inhibitor may be genotype-dependent (Fig. 3B). This indicates that such responses may also be dependent on other stress-related traits such as stomatal conductance, transpiration efficiency, and water content of spikes. However, a general tendency could be observed that higher spike-ethylene genotypes appear to be more responsive to ethylene-inhibitor than lower spike-ethylene genotypes (Fig. 2A). It is important to consider whether the selection for optimal spike-ethylene genotypes could be effective due to potential interaction between genetic, environmental (temperature), and management factors (ethylene inhibitor) on ethylene production. The results presented here therefore need to be corroborated with additional data sets and measurements in future experiments.

Spike-ethylene vary among wheat genotypes that inherently differ in spike biomass

Ethylene measurement is more laborious and needs sophisticated equipment. Therefore, identifying surrogate traits could be useful in estimating ethylene concentration under field conditions. We performed a correlation analysis and a second-order polynomial was fitted between spike-ethylene and spike dry weight. Spike-ethylene showed a strong negative correlation with spike dry weight in both the conditions (Fig. 4A) indicating genotypes having higher spike dry weight might produce lower spike ethylene and vice-versa. We created two extreme spike-ethylene groups (each consisting of six genotypes): higher spike-ethylene group (HSEG, Fig. 4B) and lower spike-ethylene group (LSEG, Fig. 4D). The spike dry weight of these two groups was pooled separately. The data shows that HSEG has lower spike dry weight under heat stress, but higher spike dry weight under ethylene-inhibitor conditions (Fig. 4B). According to this data set, this may reflect that for every one nL of spike-ethylene reduction, spike dry weight would approximately increase by 1.2 g. However, such a relationship between spike-ethylene and spike dry weight was not evident in LSEG, perhaps if the total spikeethylene concentration is lower than threshold levels (Fig. 4D). Lower levels of spike-ethylene may interfere with the normal functioning of plant processes affecting tissue biomass; for example, spike DW was slightly reduced under ethylene-inhibitor conditions (mean 0.93 g), compared to non-spray conditions (mean 1.03 g, Fig. 4C). This hypothesis needs to be tested further. Nevertheless, the negative association between spike-ethylene and spike dry weight was also observed between elite lines and landraces under each treatment separately (compare Fig. 2B and Fig. 4C). Overall, these data indicate that selection for lower spike-ethylene would increase spike dry weight. Additionally, higher spike dry weight could be used as an 'index' for lower spike-ethylene under field conditions.

Introduction

Molecular assisted breeding in crops allows us to uncover the importance of particular genes in the determination of complex traits such as grain yield, in order to improve the efficiency of plant breeding of crops for food production.

Identifying the functionally-linked mechanisms of yield components, i.e., grain number (GN) and average grain weight (TGW), and understanding their genetic bases, is necessary to boost the yield potential of wheat. Historically, wheat grain yield has been increased by genetic improvement and management progress, mainly by augmenting GN (e.g. [START_REF] Austin | Genetic improvements in winter wheat yields since 1900 and associated physiological changes[END_REF][START_REF] Calderini | Changes in yield and yield stability in wheat during the 20th Century[END_REF]Shearman et al. 2005). However, many studies have reported a trade-off between TGW and GN (Peltonen-Sainio et al. 2007;[START_REF] Sadras | Evolutionary aspects of the trade-off between seed size and number in crops[END_REF]. The main cause of this negative relationship between TGW and GN has been ascribed to non-competitive reasons, i.e. when GN, and in turn grain yield, is increased, the proportion of smaller grains set in distal positions of the spikes augments, thus lowering the average grain weight (Acreche and Slafer 2007). Although this negative relationship has not hampered yield potential in the past, GW was been recently recognized as a key trait for yield improvement [START_REF] Kesavan | Seed size: apriority trait in cereal crops[END_REF] and also for seed and grain quality [START_REF] Marshall | Effects of Grain Shape and Size on Milling Yields in Wheat. II. Experimental Studies[END_REF][START_REF] Wiersma | Recurrent Selection for Kernel Weight in Spring Wheat[END_REF][START_REF] Richards | Seedling vigour in wheat -sources of variation for genetic and agronomic improvement[END_REF]. Moreover, curvilinear associations between grain yield and GN were recently reported for wheat [START_REF] Bustos | Combining high grain number and weight through a DHpopulation to improve grain yield potential of wheat in high-yielding environments[END_REF][START_REF] García | Grain yield potential strategies in an elite wheat double-haploid population grown in contrasting environments[END_REF]. Negative associations between TGW and GN were also found in CIMMYT elite genotypes (CIMCOG panel), even when individual GW (IGW), instead of average GW, was plotted against GN (Calderini et al. 2013). These findings highlight the need to increase GW to avoid compensations between the two main yield components, which negatively affect the efficiency of wheat yield improvement.

To date, doubled haploid (DH) and RIL populations have been developed that show variation for both GN and TGW components (e.g. Breseghello and Sorrels 2007;Dreccer et al. 2009;[START_REF] Bustos | Combining high grain number and weight through a DHpopulation to improve grain yield potential of wheat in high-yielding environments[END_REF]). However, cultivars showing high GN and high TGW in the same genotype have scarcely been released, emphasizing the need to further improve our knowledge of GW determination and the causes affecting the trade-off between GW and GN. Little research has been conducted on GW by integrating physiological, molecular, and genetic approaches to develop breeding tools for increasing potential grain weight (PGW) in wheat as well as to improve the balance between GN and GW. This is the central objective of SP 2.4 (Improving grain filling and potential grain size) of the Wheat Yield Consortium (WYC).

Positive associations between IGW and the weight of the flower ovary (carpels) at anthesis or pollination have been reported for wheat (Calderini and Reynolds 2000;[START_REF] Hasan | Carpel weight, grain lenght and stabilized grain wáter content are physiological drivers of grain weight determination of wheat[END_REF], supporting the hypothesis that the outer tissues of grains (the pericarp) impose an upper limit to GW, thereby controlling PGW. A close relationship between GW and both the stabilized water content and grain length (GL) were also found in wheat [START_REF] Lizana | Expansins expression is associated with grain size dynamics in wheat (Triticum aestivum L.)[END_REF][START_REF] Hasan | Carpel weight, grain lenght and stabilized grain wáter content are physiological drivers of grain weight determination of wheat[END_REF]. Interestingly, GL is set early in the grain filling period, even earlier than the stabilized water content, and has been found to be closely related to carpel weight at pollination [START_REF] Hasan | Carpel weight, grain lenght and stabilized grain wáter content are physiological drivers of grain weight determination of wheat[END_REF]. Stabilized water content and GL show promise for a better understanding of determinants of PGW and in turn, to develop molecular markers. The relationship between GL and several GW traits emphasizes the importance of processes controlling grain enlargement. The association of GL dynamics and the expression of expansins genes, primarily ExpA 6 [START_REF] Lizana | Expansins expression is associated with grain size dynamics in wheat (Triticum aestivum L.)[END_REF], supports the putative role of these proteins as drivers of the kernel growth. This study aimed to evaluate the trade-off between GW and GN in the CIMCOG population under high yielding environments, assessing its putative causes and main mechanisms controlling PGW.

Materials and methods

Experiments in Ciudad Obregón (Mexico)

We evaluated 30 CIMCOG genotypes in the CIMMYT experimental fields at the Centro Experimental Norman E. Borlaug (CENEB; 27°23'N, 109°55'W), Sonora, Mexico, during three growing seasons (2010-2011, 2011-2012, and 2012-2013). Genotypes were sown in bed plots in a completely randomized design with two replicates in the first season and three replicates in the second and third seasons. In the first season, plots consisted of four beds (5 m long and 3.2 m wide) with two rows per bed; during the other two seasons the genotypes were sown in three beds (8.5 m long and 2.4 m wide). Sowing dates were December 6, December 8, and November 23 in 2010, 2011, and 2012, respectively.

Experiments in Valdivia (Chile)

Two sets of CIMCOG genotypes were assessed at the Estación Experimental Agropecuaria Austral (39˚ 47' 18"S, 73˚ 14' 5"O) at the Universidad Austral de Chile (UACH), Valdivia, Chile, during the 2012-2013 growing season.

One set was integrated by 60 genotypes and the other by 9, contrasting in the arrangement of TGW and GN chosen from the 60 CIMCOG genotypes. Both sets were sown at the end of September 2012 and were arranged in a completely randomized design with three replicates. The first set was sown in a continuous plot, where three rows corresponded to each genotype, separated by a row of the spring wheat cultivar Pantera as a border. Conversely, the set of nine genotypes was sown in plots 1.2 m long and 0.6 m wide. The seed rate was 350 seeds per square meter in both experiments. Treatments in the nine genotype experiment consisted of a control and a thinning plot treatment at booting to increase the availability of resources to the remaining plants. Plot thinning was carried out by removing all the plant of the two closer rows of plants left to make the measurement. Additionally, the source-sink ratio was increased in 20 control plants 10 days after anthesis by halving the spikes. In both experiments, plots were irrigated when necessary, weeds were periodically removed by hand, and recommended doses of pesticides were used to prevent and control insects and diseases.

We recorded phonological stages in both C. Obregón and Valdivia according to Zadoks et al. (1974). Physiological maturity was estimated when grain growth stopped, following [START_REF] Hasan | Carpel weight, grain lenght and stabilized grain wáter content are physiological drivers of grain weight determination of wheat[END_REF]. At harvest, grain yield, GN, and TGW were recorded at each experiment. IGW and grain dimensions of grain position 2 (the second grain from the rachis; G2) of two central spikelets were measured in at least five spikes per plot. Grain volume was calculated as per [START_REF] Hasan | Carpel weight, grain lenght and stabilized grain wáter content are physiological drivers of grain weight determination of wheat[END_REF].

In the nine genotype experiment, 18 main-shoot spikes of similar size and development were targeted at anthesis in each plot to follow grain growth. From anthesis onwards, two main shoot spikes were harvested eight times (A+5, A+10, A+15, A+20, A+25, A+30, A+35 and PM). The IGW was measured in G2. At each sampling, two main-shoot spikes per plot were harvested.

Data from México and Chile were subjected to analysis of variance (ANOVA), and mean comparison by least significant difference procedures. Correlation analyses were also performed to assess the degree of association between variables.

Results

Experiments in Ciudad Obregón

Grain yield of 30 selected CIMCOG genotypes evaluated during the three growing seasons in Cd. Obregon ranged from 448 to 787 g m -2 . Averaged across the seasons, the durum wheat cultivar CIRNO 2008 achieved the highest grain yield (749.5 g m -2 ), while the lowest was recorded for PFAU/SERI.1B//AMAD/3/WAXWING (562 g m -2 ). Grain yield showed a curvilinear relationship with GN across the seasons (Fig. 1a) due to a clear trade-off between TGW and GN (Fig. 1b). Additionally, a very low association was found between TGW and both the date of anthesis (R 2 = 0.15) and the average temperature during grain filling (R 2 = 0.05) across the seasons (data not shown). These results support the suggestion that the trade-off between the two main yield components was not a consequence of different environmental conditions when the grains were growing. Negative relationships between TGW and GN were also found for each individual growing season (data not shown). These results highlight the need to improve GW to counteract the negative association between TGW and GN, and to increase the efficiency of wheat breeding aimed at boosting grain yield potential. (2010-11, 2011-12, and 2012-13).

A negative relationship was also found when the IGW of G2 was plotted against GN across the seasons (Fig. 2a), demonstrating that the trade-off between TGW and GN was not only due to the setting of smaller grains in distal positions of the spikes in genotypes with higher GN. On the contrary, the decrease of IGW largely explained the trade-off shown in Fig. 1b. Remarkably, a close positive association between TGW and IGW of grain position 2 was consistently found across the seasons (Fig. 2b), supporting the hypothesis that the negative association between TGW and GN was due to lower IGW of proximal grain positions within the spike. 2010-11, 2011-12, and 2012-13).

IGW of G2 was explained by the grain volume reached at maturity in the three experimental seasons of the 30 CIMCOG genotypes (Fig. 3a). Grain weight of G2 was also associated with GL (Fig. 3b), highlighting that the enlargement of grains is a driver of final GW. 2010-11, 2011-12, and 2012-13).

Experiment in Valdivia

The In contrast to Cd. Obregón, CIRNO 2008 gave a lower grain yield (790.2 g m -2 ) than the 60 genotype average. The relationship between grain yield and GN was curvilinear when the highest yielding genotypes at each GN were considered (Fig. 4a). These genotypes showed that grain yield levelled off by 20,000 grains m -2 . As in Cd. Obregón, a negative association was found between TGW and GN, however, this relationship showed lower slope (less negative) and lesser regression coefficient than in Mexico (Fig. 4b). Interestingly, TGW and IGW were higher in Valdivia than in Cd. Obregón. The nine genotypes contrasting in the arrangement of TGW and GN chosen from the 60 CIMCOG genotypes achieved grain yields between 557.9 and 1,067 g m -2 in controls. Grain yield components ranged from 10,382 to 19,392 for GN, and from 40.5 to 63.4 g for TGW. When the plots were thinned at booting, grain yield increased up to 1850.4 g m -2 . However, the sensitivity to the thinning treatment was different among the genotypes as grain yield improved from 20 to 100%. Remarkably, both GN and IGW of G2 were increased by the thinning treatment (Fig. 5). However, the response of GN to thinning was higher than that of IGW when you consider that, averaged across genotypes, GN increased 59% while IGW only 10% (Fig. 5). Similar to grain yield, the extent of the components response depended upon the genotype and no association was found between the increase of GN and IGM (p > 0.05). The highest increase of G2 (24%) was recorded in CIRNO 2008. When the spikes of the nine genotypes were trimmed in controls 10 days after anthesis, no grain weight increase (p > 0.05) was detected, minimizing, therefore, the effect of the improvement of the source-sink ratio on IGW during grain filling. The slope of the negative association between TGW and GN in the thinning treatment (y= -0.0005x + 70.6; R 2 = 0.32) was lower than in controls (y= -0.0011x + 64.7; R 2 = 0.31). Although not conclusive, the improvement of IGW seems to be helpful in counteracting the trade-off between GW and GN. As in C. Obregón, GW of G2 was positively associated with both the grain volume and length (Fig. 6), with a single relationship for control and thinned plot treatments. Differences in GL among genotypes were due to the rate of enlargement, as is shown in Fig. 7 by two contrasting genotypes, i.e. Bacanora T88 (the shortest, GW of G2 = 52.1 mg) and TC870344/GUI//TEMPORALERA M 87/AGR/3/2*WBLL1 (the longest, GW of G2 = 76.5 mg). A a b preliminary evaluation of the expression of expansin 6 (TaExpA6) by semi-quantitative PCR showed higher expression in heavier and longer grain genotypes at 15, 20, and 30 days after anthesis (Figure 8). 

Discussion and Conclusions

The need to increase GW to improve grain yield potential and the efficiency of wheat breeding has been supported by the assessment of CIMCOG genotypes in experiments carried out in two contrasting high yielding environments (Cd. Obregón and Valdivia). These results agree with other evaluations assessing a doubled haploid population [START_REF] Bustos | Combining high grain number and weight through a DHpopulation to improve grain yield potential of wheat in high-yielding environments[END_REF][START_REF] García | Grain yield potential strategies in an elite wheat double-haploid population grown in contrasting environments[END_REF]. The trade-off between GW and GN was confirmed in the experiments of Mexico and Chile when TGW was plotted against GN, but also when the IGW of proximal grains (G2 and others) was considered. Nevertheless, it is important to highlight that the extent of the trade-off was different between Cd. Obregón and Valdivia, as a lower negative slope was found in Chile (Figs. 1b and4b). Environment therefore seems to affect the trade-off between the two main yield components, as previously reported (e.g. Sadras et al. 2012;[START_REF] García | Grain yield potential strategies in an elite wheat double-haploid population grown in contrasting environments[END_REF]. The cause of this interaction is little understood but work under SP 2.4 is being undertaken to improve the knowledge about it. PGW and growing conditions during grain filling seems to affect this trade-off.

Another objective of SP 2.4 is to uncover the drivers of PGW to facilitate wheat breeding aimed at increasing yield potential by GW per se or via a better balance between GW and GN. Consistently, GL accounted for an important proportion of IGW (by 70%) in a wide range of genotypes and environments (Figs,3b and 6b), as in previous evaluations (e.g. [START_REF] Lizana | Expansins expression is associated with grain size dynamics in wheat (Triticum aestivum L.)[END_REF][START_REF] Hasan | Carpel weight, grain lenght and stabilized grain wáter content are physiological drivers of grain weight determination of wheat[END_REF]. Furthermore, the rate of grain enlargement would be the main cause of final GL. Interestingly, the dynamics of grain and pericarp cell length parallel each other (Muñoz, personal communication), supporting that the mechanisms involved in pericarp cell growth, especially cell enlargement, may drive final GW. [START_REF] Lizana | Expansins expression is associated with grain size dynamics in wheat (Triticum aestivum L.)[END_REF] showed similar dynamics between GL, grain water content, and the gene expression of proteins called expansins with the putative function of loosening the cell wall [START_REF] Mcqueen-Mason | Two endogenous proteins that induce cell wall extension in plants[END_REF][START_REF] Cosgrove | Growth of the plant cell wall[END_REF]). Among five expansins showing similar dynamics than GL by [START_REF] Lizana | Expansins expression is associated with grain size dynamics in wheat (Triticum aestivum L.)[END_REF], TaExpA 6 was reported as the most promising. Taking into account the preliminary evaluation of the TaExpA 6 expression shown in Fig. 8, it is plausible to suggest that this alpha expansin could be a driver of grain growth. These results should be confirmed by real-time PCR and protein evaluation of TaExpA 6 in growing grains of the selected CIMCOG genotypes; those evaluations have been initiated. QTL for IGW and GL found in chromosomes 6A and 7Bb and reported in a previous evaluation (see [START_REF] Calderini | 2.4: Improving grain filling and potential grain size[END_REF]) should be also investigated by SP 2.4 to integrate the physiological, molecular, and genetic bases of GW determination. The next step of this subprogram, in addition to the reported work plan (WYC), is to find support to evaluate QTL for GW and GL in the mapped Seri/Babax and WAMI populations, which will be contrasted with the recorded data of the Bacanora x Weebil DH population.

Introduction

The falling-over of cereal crops, known as lodging, causes large reductions in grain yield and quality. The principal method by which growers minimize lodging is through the use of lodging resistant cultivars. Two types of lodging exist. Root lodging occurs when the anchorage of the root/soil system fails. Stem lodging occurs when the stem base buckles. Plant breeders and cultivar testers often use observations of naturally occurring lodging to rank cultivars for lodging resistance. This method has been a valuable way of assessing lodging for many years, but it does have several shortcomings, such as being reliant on lodging events occurring within the cultivar trials and not necessarily accounting for the different risks behind stem and root lodging. The methods used by Berry et al. (2003) to calculate stem and root lodging risks do not rely on lodging events, but are time-consuming because they necessitate sampling and laboratory measurement of the stems and roots. Therefore, it is clear that a rapid method of assessing stem and root lodging resistance is required. The most important lodging-associated traits to develop rapid assessment methods for are the stem strength and anchorage strength. The objective of this paper is to develop and test methods for rapidly assessing the most important plant characteristics associated with lodging.

Materials and methods

A fully randomized two-way factorial design field experiment with variety (15 winter wheat varieties) and seed rate (100 and 300 seeds/m 2 ) as the two treatment factors was established on a sandy loam soil in the UK. Each treatment combination was replicated 3 times. Plot size was 2m x 24m. No PGRs were applied to the trial.

The standard protocol for measuring lodging traits was carried out as follows. At GS 69-79 (Zadoks et al. 1974), 10 whole plants were excavated from within the first 4-m length of each plot but not from the outer two rows. The root system with associated soil was excavated to a depth of 8-10cm. Laboratory measurements of all the traits required as inputs to the lodging model (Berry et al. 2003) were made including: overall height, height at center of gravity, natural frequency, and ear area of the shoot; number of shoots per plant, the length, breaking strength, diameter, wall width and material strength of the second to bottom internode (internode 2); the spread and depth of the root plate. The internode breaking strength was measured using a three-point breaking test with a Mecmesin ® basic force gauge, UK (200 N x 0.05 N). Stem diameter was measured with digital calipers. Additional measurements included the stem dry weight per unit length both at GS69-79 and of the stubble post-harvest, root biomass in the top 10cm of soil, grain yield and any natural lodging. Four methods for rapidly assessing lodging traits were tested against the standard laboratory measurements described above. These included 1) 'pull up and measure' tests, 2) stem dry 123 weight per unit length as a surrogate for stem strength, 3) multispectral reflectance from the crop and 4) ground penetrating radar.

'Pull up and measure' tests were carried out in the field for the following plant characteristics at GS 71-79. A single height measurement was made per plot. On 10 plants, the width and depth of the root/soil ball, the number of fertile shoots per plant, and the diameter and the breaking strength of internode 2 were measured. A simple device for holding the stem was constructed to aid stem breaking strength measurement using the Mecmesin basic force gauge described above. Digital calipers were used to measure the stem diameter.

The relationship between stem dry weight per unit length and stem strength was analyzed using data from the laboratory measurements described above. Methods of rapidly measuring stem dry weight per unit length were tested including: 1) collecting stem samples from the remaining stubble after the crop had been harvested and measuring the stem length, dry weight and strength, and 2) rapidly measuring the length of multiple stems simultaneously using a WinRhizo scanning system (Win-RHIZO STD LC1600+ scanner [Regent instruments Inc., Sainte Foy, Qc, Canada]).

A multispectral radiometer ('Crop Scan', Cropscan Inc., USA) was used to measure spectral reflectance at 3 points per plot at GS 31, 39, 65, 79, 90 and post-harvest. Four vegetation indices were calculated from the spectral reflectance data. These indices were enhanced vegetation index (EVI), normalized differenced red edge (NDRE), normalized vegetation index (GDVI) and normalized difference vegetation index (NDVI).

At GS 69-79 a ground penetrating radar (GPR) instrument (Groundvue 5C GPR with a resolution of 2mm) was tested. The experimental plot area to be scanned was mown approximately 5 days before scanning and any remaining stems were cut down to ground level to ensure the GPR could run along the ground as smoothly as possible. Scanning areas were either 1m x 3m or 1m x 1m and the scan direction was with the rows. Scans were performed at 5-cm intervals along the width of the plot. Markers were used to allow alignment of the scan data when being analyzed. Data was analyzed using ReflexW software.

All calculations of the lodging characters were done using the formulae described in Berry et al. (2003). The stem strength (failure moment) of internode two was calculated from the length and breaking strength of the internode. Material strength of the stem wall was calculated from the internode diameter, wall width and stem strength. GenStat (14 th Edition) was used for all ANOVA, t-test, and regression analyses.

Results

The standard lab measurements of lodging traits are currently carried out on 10 plants per plot and include: plant height, shoot height at center of gravity, shoot natural frequency, ear area, shoot number, root plate spread and depth, and diameter, wall width, breaking strength and length of the bottom two internodes. This process takes one person 100 to 120 minutes per plot. Previous work by Piñera- [START_REF] Fj | Identifying traits and developing genetic sources for increased lodging resistance in elite high yielding wheat cultivars[END_REF] showed that satisfactory accuracy and precision would be achieved by reducing the lab measurements to 7 plants per plot, just one internode and omitting the shoot height at the center of gravity. This reduced set of measurements takes about 50 minutes per plot.

Using 'pull up and measure' tests in the field showed that measuring plant height, root plate spread and stem strength in the field took about 20 minutes per person (or 10 minutes for two people). This involved measuring 10 plants per plot. The results from the field detected a significant effect of seed rate and variety on the spread of the root plate. This contrasted with the laboratory results which unexpectedly showed no effect of seed rate and had a higher standard error of difference for the variety effects than the field method. These results suggest that the field method of determining root plate spread may have been superior to the laboratory method. The measurement of root plate spread on 'intact' root/soil balls pulled up from the field may in fact be more informative than the lab measurement on washed roots because leaving the soil attached to the roots makes it easier to measure the size of the soil/root ball which provides anchorage. The prediction of lab stem strength from in-field measurements of stem strength had an r 2 value of 0.74 based on treatment means (Fig. 1). Therefore, the field measurement of stem strength looked very promising. One drawback of the 'pull up and measure' method is that it will be difficult (sometimes impossible) to pull up a root/soil ball when the soil is dry, particularly on clay soils. However, this problem could be overcome in some situations by measuring immediately after irrigation. It should also be recognized that this method uses plant height as a surrogate for natural frequency and height at center of gravity. This is a reasonable assumption, but it may reduce the accuracy of estimating lodging resistance by a modest amount.

Figure 1. Relationship between internode 2 stem strength measured in the field and in the lab (y=1.24x+23.9, R 2 =0.74, P <0.001). Data points represent the 15 varieties at 100 seeds/m 2 (blue) or 300 seeds/m 2 (red).

Stem dry weight per unit length was shown to be a reasonable proxy measurement for stem dry weight. Regression analysis between internode 2 strength and dry weight per unit length (both measured in the lab at GS69-79) showed a strong positive correlation with an R 2 value of 0.63 (Fig. 2). Repeating this test on stems sampled from the stubble post-harvest resulted in a much weaker relationship between stem strength and stem dry weight per unit length.

Using the WinRhizo scanning system to measure the length and average diameter of multiple internodes showed good predictive ability, but was not substantially faster than measuring each individual stem with calipers. Spectral reflectance methods are potentially the most rapid (aside from genetic markers) and they have the advantage of being non-destructive. In this study promising relationships were found between GDVI or NDRE and root plate spread at around ear emergence (Fig. 3). Promising relationships were also found between several spectral reflectance indices and stem strength at a range of growth stages between GS39 and GS91. Lab stem strength was predicted with modest precision by all spectral reflectance indices at GS37-39 and GS55, EVI at GS65 and GDVI and NDVI at GS91. Lab stem diameter was predicted reasonably by most spectral reflectance indices at GS37-39, GS55 and GS77-83. It is possible that a substantial proportion of the variation in root plate spread, and to a lesser extent stem strength, was caused by variation in plant population. Further work needs to test whether these spectral reflectance indices can detect varietal differences in lodging traits, if all the varieties have the same plant population. 

Ground penetrating radar (GPR)

For both the high and low plant population areas of crop that were tested, the greatest signal appeared in the first 5-6 scanned horizontal slices; i.e., the top 5cm of the soil. The intensity of the signal and image generated by the GPR for a high plant population area (106 plants/m 2 ) was greater than that for a very low plant population area (6 plants/m 2 ) (Fig. 4). GPR signal differences were inconsistent between plots with smaller differences in plant population. This may indicate that GPR can detect large differences in surface root biomass, but not moderate differences. One of the main limitations of this method was the need to remove the crop to perform the scanning, and even without any crop relatively small undulations due to the remaining stubble or soil unevenness made the scanning difficult. Good quality GPR results require the soil to be relatively dry and this was the case in this experiment. 

GDVI

Conclusions

A summary of the pros and cons of the various rapid assessment methods that were evaluated is described in Table 1. This illustrates that the best rapid assessment methods were the 'pull-up and measure' tests with spectral reflectance indices potentially the next most useful test.

In-field 'pull-up and measure' tests have been shown to be very promising for rapidly assessing the key lodging traits. The time required to measure one plot was 20 minutes per person. This compared with 100 to 120 minutes per plot for the standard laboratory methods. Further work is required to test these methods in a different experimental system, especially the irrigated bed system used in NW Mexico. These methods should be field tested by plant breeders for their practicality.

Crop spectral reflectance shows promise as a very rapid indicator of lodging traits and should be investigated further, including testing a wider range of spectral reflectance indices.

Other rapid assessment methods tested, including stubble measurements of stem dry weight and strength, WinRhizo scanning of stems for length and thickness, and ground penetrating radar, were either too time consuming, poor predictors or destroyed too much of the test plot to be of value. However, there may be other traits that ground penetrating radar can usefully predict (e.g., rooting depth).

Finally, it should be recognized that genetic markers of lodging traits will ultimately be the most rapid and efficient method by which breeders can select for lodging resistance. However, substantial research work will be required to identify reliable genetic markers that work across a range of genetic backgrounds and environments. 

Introduction

Lodging is a complex phenomenon caused by the interactions between wheat crop, wind, rain and soil and is defined as the permanent displacement of plant stems from their vertical position (Pinthus, 1973;[START_REF] Berry | Controlling plant form through husbandry to minimise lodging in wheat[END_REF][START_REF] Berry | Understanding and reducing lodging in cereals[END_REF][START_REF] Berry | Ideotype design for lodging-resistant wheat[END_REF] which can result from either failure of the stem base (stem lodging) or failure of the anchorage system (root lodging) (Foulkes et al. 2011). It has been reported that lodging reduces grain yield by 31% to 80% [START_REF] Berry | Understanding and reducing lodging in cereals[END_REF][START_REF] Berry | Research to understand, predict and control factors affecting lodging in wheat[END_REF][START_REF] Spink | The effect of location and management on the target drilling rate for winter wheat[END_REF][START_REF] Berry | Predicting yield losses caused by lodging in wheat[END_REF] and bread making quality [START_REF] Berry | Understanding and reducing lodging in cereals[END_REF]) affecting crop productivity. In the UK alone this phenomenon has a periodicity of three or four years affecting approximately 20% of the wheat growing area [START_REF] Berry | Research to understand, predict and control factors affecting lodging in wheat[END_REF]).

Plant breeders have historically reduced lodging risk by introducing dwarfing genes to produce shorter varieties. However, a recent review reported that selection of shorter genotypes to reduce lodging risk could be limited because a range of 0.7 to 1.0 m crop height has been reported as the minimum crop height (observed in many environments) compatible with high yields [START_REF] Berry | Understanding and reducing lodging in cereals[END_REF]).

Recent investigations have demonstrated that lodging risk can be reduced by strengthening the plant support structures such as the stem base and anchorage system. Relatively small amounts of strengthening would cause large reductions in the risk of both stem and root lodging (Berry et al. 2003b). Furthermore, large variation has been observed for anchorage strength and stem strength within winter wheat varieties currently grown in the UK (Berry et al. 2003a) and CIMMYT spring wheat elite varieties (unpublished work). Plant breeders are unlikely to have exploited this variation yet because the high importance of these traits has only recently been identified.

A preliminary attempt to quantify the stem strength and anchorage strength required by winter wheat to withstand 1 in 25 year wind gust in the UK by using a model of lodging has been made by [START_REF] Berry | Ideotype design for lodging-resistant wheat[END_REF]. This indicated that substantial amounts of dry matter may need to be invested in the stem and anchorage system to make plants lodgingproof. This would mean that the maximum harvest index (ratio of grain dry matter to total dry matter) for a 0.7m tall crop yielding 8 t ha -1 would only be 0.42, rising to 0.50 for a crop yielding 16 t ha -1 , which is significantly less than the theoretical maximum harvest index estimated by [START_REF] Austin | Physiological limitations to cereals yields and ways of reducing them by breeding[END_REF]. Additionally it is possible that the investment in dry matter for the stem and anchorage system may compete for resources with grain yield determination. The implications of [START_REF] Berry | Ideotype design for lodging-resistant wheat[END_REF] are that the dual requirements of breeding for greater yield and greater lodging resistance will be challenging. However, the analysis of the latter had two short comings including basing the relationship between stem strength and dry matter requirements on results from only one field trial and not being able to distinguish between the structural dry matter and water soluble carbohydrate in the stem.

The aims of this paper are to 1) calculate the value of the lodging associated characteristics required to make spring wheat grown in NW Mexico lodging-proof and 2) estimate the structural biomass requirements for a lodging-proof spring wheat plant.

Materials and methods

Calculations of the lodging-proof ideotype

A validated model of wheat lodging was used to calculate stem and root lodging risk [START_REF] Baker | A method for the assessment of the risk of wheat lodging[END_REF]Berry et al. 2003b). The risk of stem and root lodging was calculated in terms of the wind speeds required to cause failure of the stem base and the anchorage system. Stem lodging is predicted when the wind-induced leverage of a single shoot exceeds the failure moment of the stem base. Root lodging is predicted when the wind-induced leverage of all shoots belonging to a single plant exceeds the anchorage failure moment. The wind induced shoot and plant leverage was calculated from the wind speed, ear area, shoot height at center of gravity, shoot natural frequency and number of shoots per plant. Stem strength was calculated from the diameter, wall width and material strength of the stem wall.

Anchorage strength was calculated from the spread and depth of the root plate, together with the strength of the surrounding soil. Methods described in [START_REF] Berry | Understanding and reducing lodging in cereals[END_REF] were used to relate the commonly measured traits grain yield, shoots/m 2 and shoot height to the wind induced shoot and plant leverage, with the precise relationships being recalibrated for spring wheat using data collected from the experiment described below.

The wind gust speeds have recently been characterized for the NW Mexico environment (in the Yaqui Valley) using daily data spanning an approximately 40-year period from 1973 to 2013 (Berry et al. 2014). Data were taken from the Ciudad Obregon Airport weather station (62 masl) close to the grid reference 27.3°N and 109.1°W (38 masl) from the Yaqui Valley wheat growing area. Methods described by Berry et al. (2003b) were used to determine the probability of experiencing any particular wind gust during a lodging risk period of 50 days. These methods were developed based on UK Meteorological Office data and should therefore be applied with care in other locations. In particular, these methods are only applicable where synoptic (non-convective) winds are the norm.

Measurements of lodging traits

Lodging characteristics were measured on a collection of 27 spring wheat varieties grown during crop seasons of 2010-11, 2011-12, and 2012-13 at CENEB (Centro Experimental Norman E. Borlaug) in the Valle del Yaqui, Sonora, Mexico (27.9°N and longitude 109.9°W). Trials were established using a raised bed sowing system and local conventional agricultural management was used to grow the crop under optimal conditions for yield potential. Measurements included grain yield, the lodging associated traits described above, stem biomass, water soluble carbohydrate in the stems and surface root biomass (Piñera-Chavez 2013).

Results

Wind gust speed probabilities

The maximum wind gust speed during 5, 10, 15, and 25 year periods for the UK environment reported in the literature and for the NW Mexico environment are described in the Table 1. As was described in the previous section this probability was calculated based on 50 day period which corresponds to the lodging risk period (from GS65 going through whole grain filling span). Calculating the lodging-proof ideotype

Previously the lodging-proof ideotype for a UK environment has been quantified by [START_REF] Berry | Ideotype design for lodging-resistant wheat[END_REF] for a crop yielding 8 t ha -1 with 500 shoots per plant and 200 plants m -2 . This section describes a lodging-proof ideotype for spring wheat grown in NW Mexico estimated using the same methodology as [START_REF] Berry | Ideotype design for lodging-resistant wheat[END_REF]. Table 2 summarizes the ideotype targets in UK and Mexico environments for withstanding different gust speeds. The NW Mexico ideotype must resist a maximum 22 m s -1 wind gust speed once in 25 years (Table 1). It is assumed that the spring wheat ideotype would have a yield of 6 t ha -1 with 500 shoots m -2 and 200 plants m -2 , which are the average yield and plant shoot density for the Yaqui Valley. Based on a minimum height compatible with high yield of 0.7m it has been calculated that the biophysical properties for a spring wheat ideotype grown in NW Mexico would include a plant anchorage strength of 833 Nmm and a stem strength of the bottom internode of 333 Nmm. To achieve the target anchorage strength in soil at field capacity the plant would need a root plate spread of 63 mm (assuming rolled soil after sowing). To achieve the target stem strength the stem base would need to have a diameter of 4.45 mm if the stem material strength was 50 MPa and the wall width was 0.65 mm, or a diameter of 6.63 mm if the material strength was 20 MPa and the wall width was 0.65 mm (Table 2). Based on stem material strength of 35 MPa for all the internodes, a wall width of 0.65 mm for internodes 1 to 4 and 0.55 for the peduncle, the target stem diameter would be 5.22 mm for the bottom internode (internode 1), 5.08 mm for internode 2, 4.87 mm for internode 3, 4.55 mm for internode 4 and 2.88 mm for internode 5. 

Structural biomass requirements for lodging-proof spring wheat

Under the current average grain yield for the NW Mexico environment (6 t ha -1 ) and a hypothetical crop height of 0.7 m the desired 25 year lodging proof ideotype is estimated to require approximately 4.19 t ha -1 of structural stem biomass (true stem, not including leaf-sheath or water soluble carbohydrate) and 1.21 t ha -1 for the root biomass in the top 10 cm of soil (Fig. 1). Different crop height scenarios (0.5 to 1.3 m) result in a range of structural stem biomass requirements of 1.93 for a 0.5m tall crop to 19.8 t ha -1 for a 1.3 m tall crop, while root biomass ranged from 1.00 to 1.66 t ha -1 (Fig. 1a). On the other hand, grain yield ranging from 4 to 16 t ha -1 required a structural stem biomass ranging from 3.17 to 9.24 t ha -1 and root biomass in the top 10 cm of soil of 1.05 to 1.73 t ha -1 (Fig. 1b). Ideotype

Discussion

This paper describes a lodging proof plant for spring wheat growing in NW Mexico conditions and compares this with the UK winter wheat lodging proof plant reported by [START_REF] Berry | Ideotype design for lodging-resistant wheat[END_REF]. Important differences have been identified regarding to the maximum gust wind speed probabilities between these two environments. The NW Mexico wind database indicated a 22 m s -1 wind gust speed at least once in 25 years which is about 20 % greater than the identified for the UK environment (Table 1). Consequently, the target stem strength of the bottom internode has increased to 333 N mm for the NW Mexico ideotype even though the yield potential is lower than in the UK. Target dimensions for the bottom internode could range from a stem material strength of 20 MPa with a diameter of 6.63 mm to a stem material strength of 50 MPa with a diameter of 4.45 mm. Data for a range of spring wheat varieties showed that maximum values for stem diameter ranged from 4.36 to 4.86 mm and for stem material strength ranged from 34 to 90 MPa across three crop seasons (Piñera-Chavez 2013). A root plate spread of 63 mm would be required to produce an anchorage strength of 833 mm to avoid root lodging under a wind gust speed of 22 m s -1 . Spring wheat data also showed root plate spread maximum value of 55 which is below the optimum root plate spread ideal dimension.

It has been shown that any increase of crop yield or height will substantially increase the crop lodging risk by increasing the wind induced leverage of the plant. Increasing yield is a primary objective of all breeding programs and it is clear that plant breeders must consider strategies for mitigating the impact of increased yield on lodging risk.

Minimizing shoot leverage could be done by shortening the plant and increasing the shoot density, although in extreme cases the former could reduce the crop productivity and the latter would increase the load that each plant must bear and thereby increase the risk of root lodging [START_REF] Berry | Ideotype design for lodging-resistant wheat[END_REF]). An optimum plant density of 200 plants m -2 [START_REF] Spink | The effect of location and management on the target drilling rate for winter wheat[END_REF]) with a shoot number ranging from 400 to 600 shoots m -2 has been estimated to minimize both shoot and plant leverage [START_REF] Berry | Ideotype design for lodging-resistant wheat[END_REF]. Several husbandry practices suggested by [START_REF] Berry | Controlling plant form through husbandry to minimise lodging in wheat[END_REF] could help to achieve the minimum shoot leverage for a high yielding crop including the use of plant growth regulators and optimal use of nitrogen fertilizer.

Any increase in the stem and anchorage strength to improve lodging resistance is associated with a dry matter cost [START_REF] Berry | Ideotype design for lodging-resistant wheat[END_REF][START_REF] Fj | Identifying traits and developing genetic sources for increased lodging resistance in elite high yielding wheat cultivars[END_REF]. It has been estimated that significant extra stem and root biomass is required for high yield crops in NW Mexico. Reducing crop height to an optimum of 0.7 m appears to be the best alternative for both winter wheat [START_REF] Berry | Ideotype design for lodging-resistant wheat[END_REF]) and spring wheat, but this may have the undesirable effect of reducing straw yield. Clearly improving lodging resistance in wheat would be associated with modifications in the harvest index (HI) and according to Foulkes et al. (2011) a maximum value of HI will be determined by the minimum requirements for the crop support structure. This paper estimates a HI of 0.42 for a lodging-proof ideotype in NW Mexico, which was similar to the HI for the UK lodging-proof ideotype. This is significantly less than the theoretical HI of 0.62 derived by [START_REF] Austin | Physiological limitations to cereals yields and ways of reducing them by breeding[END_REF] which did not account for lodging proof state. It may be necessary to breed for plants which are shorter than 0.7m or which accumulate more total biomass to increase yield and achieve lodging-proofness. Alternatively a greater frequency of lodging may have to be tolerated.

Introduction

Rubisco (EC.4.1.1.39) catalyzes the first step in the Benson-Calvin cycle, fixing carbon dioxide through the carboxylation of ribulose-1,5-bisphosphate (RuBP). In addition to having a very low turnover rate, the enzyme catalyzes a competing oxygenase reaction which leads to a reduction in photosynthetic efficiency. Therefore, Rubisco is a prime target for the improvement of photosynthesis through the improvement of reaction rate and/or specificity for CO 2 . There is evidence for considerable variation in the catalytic properties of Rubisco from diverse species (Parry et al. 2013). The goal of this study is to identify a Rubisco enzyme with superior kinetic properties compared to the enzyme found in Triticum aestivum (bread wheat), by surveying a range of closely related monocot species that have adapted to grow in different climates. The most promising Rubisco will be used for crop engineering to improve wheat photosynthetic capacity and yield potential.

Materials and methods

For all kinetic measurements, samples were compared to values obtained in T. aestivum (cv. Cadenza), which was used as control. Thus far, a total of 18 genotypes were analyzed. Seeds were obtained from CIMMYT (Mexico); the Royal Botanic Gardens, Kew (UK); and colleagues at Rothamsted Research (Mark Wilkinson, Caroline Sparks, Jennifer Postles, Till Pellny, and Steve Harvey).

Plants were grown from seed in trays containing Rothamsted Research compost mix, under semi-controlled conditions in a glasshouse at 20°C, with a 16-h photoperiod. Additional lighting was provided whenever the external light was below 500 μmol m -2 s -1 . All plants were kept well watered. Young, fresh leaves were harvested two to three weeks after sowing.

Rubisco was purified from young leaves that were stored at -80°C, essentially as described by [START_REF] Haslam | Specificity of diatom Rubisco[END_REF]. Specificity factor was determined at 25ºC and 35ºC by measuring oxygen consumption during the total consumption of RuBP in an oxygen electrode (Hansatech Instruments, UK), as described by [START_REF] Parry | Variation in the specificity factor of C 3 higher plant Rubisco determined by the total consumption of ribulose-P2[END_REF]. Measurements taken at 25ºC were normalized to T. aestivum cv. Cadenza, which was assigned a value of 100±9 (Carmo-Silva et al.

2010).

Rubisco was extracted essentially as described previously [START_REF] Carmo-Silva | Rubisco activities, properties, and regulation in three different C 4 grasses under drought[END_REF]. Kinetic parameters were measured through the incorporation of 14 CO 2 into acid-stable products, both at 25 and 35ºC [START_REF] Parry | Regulation of Rubisco by inhibitors in the light[END_REF].

Rubisco was quantified by the [ 14 C]-CABP binding assay as described by [START_REF] Parry | Regulation of Rubisco by inhibitors in the light[END_REF]. Values of Michaelis-Menten constants and maximum velocities were estimated using Sigmaplot (v12.5, Systat Software Inc).

All statistical analyses were performed using Sigmaplot. Correlations were determined using Pearson Product Moment Correlation method.

Results

For all monocot species studied, the maximum carboxylation velocity of Rubisco (V c ) was significantly higher at 35 than at 25ºC, ranging from 1.3 times higher for Aegilops-2, to 2.6 times higher for Triticum-3&4 at 35ºC (Fig. 1).

Compared to the control species, T. aestivum cv. Cadenza, the test genotypes Triticum-4, Aegilops-1, and Triticale-3 had higher V c at 25ºC. In contrast, at 35ºC only Triticum-3&4 showed a V c superior to that of Cadenza wheat. A positive correlation was observed between V c and K c for Rubisco from all 18 genotypes (Fig. 2). The correlation coefficient was stronger at 35 than at 25ºC. This positive correlation means that faster enzymes have lower affinity for CO 2 . A candidate enzyme for photosynthesis improvement in wheat would have higher V c and relatively low K c . The Rubisco from Aegilops-1 stands out as a promising enzyme with superior characteristics since it has a higher Vc without a compromised Kc. The full set of kinetic properties of this enzyme along with initial modelling of the effect of replacing the enzyme in Cadenza wheat by the enzyme in Aegilops-1 (Fig. 3) supports the hypothesis that photosynthesis in bread wheat will be improved by taking advantage of this superior Rubisco. 

Discussion and conclusions

The Rubisco kinetic properties determined for an initial set of 18 genotypes show that variation exists even amongst closely related genotypes. Importantly, some of the genotypes tested have improved properties that will be exploited for improving photosynthesis in wheat. The positive correlation between V c and K c indicates that an increase in V c leads to a decrease in effective affinity for CO 2 . [START_REF] Savir | Cross-species analysis traces adaptation of Rubisco toward optimality in a lowdimensional landscape[END_REF] have previously noted this relationship and concluded that Rubisco efficiency is mainly determined by this V c -K c tradeoff, rather than by specificity for CO 2 .

The greatest differences in kinetic properties between bread wheat cv. Cadenza and the test genotypes were observed at 25ºC, whereas the control wheat variety showed largely optimal values at 35ºC. Some of the genotypes showing superior kinetic values are closely related to domesticated wheat. For instance, Aegilops species have readily been crossed with Triticum wheat, with Aegilops tauschii being the donor of the D genome in Triticum aestivum [START_REF] Salamini | Genetics and geography of wild cereal domestication in the Near East[END_REF]. In the photosynthesis model shown above, Aegilops-1 has a higher photosynthetic rate than bread wheat cv. Cadenza, especially at internal CO 2 values lower than 600µbar. The modeled photosynthetic rates of bread wheat cv. Cadenza closely reflect those as calculated in the CIMMYT lines in this study (Triticum-1, -2, -3, and -4), indicating that further improvements are also possible in these wheat lines.

Triticale showed a better performance than bread wheat cv. Cadenza when comparing V c /K c . In triticale, the donor of the female genome is wheat [START_REF] Larter | Triticale[END_REF]. Since the Rubisco large subunit, which contains the catalytic site, is inherited maternally, it will be interesting to determine if the reciprocal cross using S. cereale as the female parent leads to improved Rubisco kinetics. It has been shown that wheat cytoplasmic genotype leads to differences in the in vitro Rubisco V c [START_REF] Evans | The specific activity of ribulose-1,5-bisphosphate carboxylase in relation to genotype in wheat[END_REF][START_REF] Terachi | The molecular basis of genetic diversity among cytoplasms of Triticum and Aegilops. VI. Complete nucleotide sequences of the rbcL genes encoding H-and L-type Rubisco large subunits in common wheat and Ae. crassa 4x[END_REF], so further investigation in this direction is warranted. In conclusion, from the initial set of 18 Triticeae genotypes studied, a number of candidates have been identified that have superior Rubisco kinetic characteristics compared to bread wheat cv. Cadenza. Additional measurements are underway and modelling of the effect of the full set of Rubisco kinetic properties determined for each genotype will be used to establish the very best enzyme for introduction into wheat, either by directed mutagenesis or wide crosses, to improve photosynthesis and yield in this crop.

Introduction

Photosynthesis is co-limited in the canopy by the kinetics of Rubisco and the regeneration rate of its substrate, ribulose-1,5-bisphosphate (RuBP). RuBP regeneration is particularly limiting when leaves operate at sub-saturating light, which occurs frequently in a canopy environment. The two limiting enzymes in RuBP regeneration are sedoheptulose-1,7-bisphosphatase (SBPase) and fructose-1,6-bisphosphate aldolase (FBP aldolase) [START_REF] Raines | The Calvin cycle revisited[END_REF][START_REF] Raines | Transgenic approaches to manipulate the environmental responses of the C 3 carbon fixation cycle[END_REF]. Increasing RuBP regeneration in model plant species by overexpressing these enzymes substantially increases photosynthesis [START_REF] Lefebvre | Increased sedoheptulose-1,7-bisphosphatase activity in transgenic tobacco plants stimulates photosynthesis and growth from an early stage in development[END_REF]. The goal of this project is to produce transgenic wheat to increase photosynthetic capacity though increased supply of RuBP.

Materials and methods

Constructs were made to overexpress SBPase and FBP aldolase in wheat, using a vector designed at Rothamsted Research (Alison Huttly). Biolistic transformation of wheat (Triticum aestivum) was carried out by the Cereal Transformation Group at Rothamsted Research (Sparks and Jones 2014). Transgenic plants were produced overexpressing SBPase or FBP aldolase in the common UK wheat cultivar Cadenza as well as in the CIMMYT lines HIST10 and HIST13.

The presence of the SBPase or FBP aldolase transgenes was verified by PCR analyses. Gene expression levels and protein amounts in plants harboring the foreign DNA are being determined by RT-qPCR and Western Blotting. Photosynthetic performance is being measured by the response of net CO 2 assimilation (A) to the intercellular CO 2 concentration (Ci) using an infrared gas analyzer from LICOR (LI-6400XT). Further molecular, biochemical, and physiological studies will include characterization of the amounts of SBPase and FBP aldolase (essentially as in [START_REF] Lefebvre | Increased sedoheptulose-1,7-bisphosphatase activity in transgenic tobacco plants stimulates photosynthesis and growth from an early stage in development[END_REF] in the different transgenic lines and the corresponding effects on photosynthetic performance.

Results

Constructs were made to overexpress either SBPase or FBP aldolase in wheat. A number of wheat transformant lines have been produced for the two constructs with the UK common wheat cultivar Cadenza or the CIMMYT lines HIST10 and HIST13 as background (Table 1).

Table 1. Transformant lines of wheat produced using the UK cultivar Cadenza or the CIMMYT lines HIST10 and HIST 13 as background for overexpression of sedoheptulose-1,7-bisphosphatase (SBPase) and fructose bisphosphate aldolase (FBP aldolase). The production of these lines was funded by CIMMYT and the BBSRC, through the CIRC and the 20:20 Wheat ® ISP of Rothamsted Research. The first set of T1 FBP aldolase and SBPase transgenic plants have been analyzed for improved photosynthetic performance (Figs. 1 and2). From the few lines analyzed thus far, only FBP4 showed a potential increase in photosynthetic capacity at elevated CO 2 . )

Ci (μmol mol --1 ) Ci (μmol mol --1 )

Preliminary immunoblotting analyses suggest that the line FBP4 above has increased expression of FBP aldolase (10-15%), but there is no clear evidence for increased expression of either SBPase or FBP aldolase in the remaining lines shown in Figure 2. Further analyses will verify these observations and characterize the other lines in Table 1.

Discussion and conclusions

RuBP regeneration limits photosynthetic capacity, particularly at sub-saturating light. Overexpression of the enzymes SBPase and FBP aldolase successfully resulted in increased photosynthesis in model plants [START_REF] Lefebvre | Increased sedoheptulose-1,7-bisphosphatase activity in transgenic tobacco plants stimulates photosynthesis and growth from an early stage in development[END_REF]. A large number of wheat transgenic lines were produced to overexpress either of the two enzymes in three different background wheat genotypes, the common UK cultivar Cadenza and the two CIMMYT lines HIST10 and HIST13. The hypothesis is that lines showing considerable overexpression of SBPase or FBP aldolase will have marginally increased photosynthetic capacity, which through the growing season will translate into significant increases in biomass production and wheat yield. The lines with largest expression of either of the enzymes will be crossed to make full use of the potential increase in photosynthetic capacity.

Transformant T 1 and T 2 plants are being characterized for the presence of the transgene, gene expression and protein amounts of SBPase or FBP aldolase and photosynthetic performance. Preliminary data suggesting that increased expression of FBP aldolase results in at least slightly increased photosynthetic capacity warrants further characterization of all the lines in Table 1. Moreover, the comparison of increased RuBP regeneration capacity in the three different wheat background genotypes will indicate whether there is advantage in using either of them for optimizing RuBP regeneration to increase photosynthesis.

Introduction

The primary determinant of crop biomass is cumulative photosynthesis over the growing season. Ribulose-1,5bisphosphate carboxylase/oxygenase (Rubisco) is a key enzyme; it catalyzes the assimilation of CO 2 through carboxylation of RuBP in the Calvin-Benson cycle. Rubisco is prone to inactivation by non-productive binding of sugar-phosphates to active sites (Parry et al. 2013). Conformational remodeling by the specific chaperone, Rubisco activase, is required to reactivate Rubisco. Rubisco activase is extremely sensitive to elevated temperatures and an important determinant of the heat stability of photosynthesis [START_REF] Salvucci | Inhibition of photosynthesis by heat stress: the activation state of Rubisco as a limiting factor in photosynthesis[END_REF][START_REF] Barta | Structural changes associated with the acute thermal instability of Rubisco activase[END_REF]. Importantly, the Rubisco activase from cool-season species, such as wheat, becomes inactive at considerably lower temperatures than the enzyme from warm-adapted species, such as cotton (Carmo-Silva and Salvucci 2011). The goal of this project is to produce wheat germplasm with improved photosynthetic tolerance to heat stress by introducing cotton Rubisco activase into wheat.

Materials and methods

Constructs were made to express cotton Rubisco activase α-and β-isoforms [START_REF] Salvucci | Two isoforms of Rubisco activase in cotton, the products of separate genes not alternative splicing[END_REF] in wheat, using a vector designed at Rothamsted Research (Dr. Alison Huttly). The two isoforms are being expressed independently because of their different regulatory properties (Carmo-Silva and Salvucci 2013). Biolistic transformation of wheat (Triticum aestivum cv. Cadenza) was carried out by the Cereal Transformation Group at Rothamsted Research to generate transgenic plants expressing the cotton Rubisco activase (Sparks and Jones 2014).

The activation of Rubisco purified from wheat by recombinant cotton Rubisco activase was measured in vitro as previously described [START_REF] Barta | Structural changes associated with the acute thermal instability of Rubisco activase[END_REF]. The presence of the cotton Rubisco activase transgene is being verified by PCR analyses. Rubisco activase gene expression levels and protein amounts in plants harboring the foreign DNA are being determined by RT-qPCR and Western Blotting. Further molecular, biochemical, and physiological studies will include characterization of the amounts of cotton and wheat Rubisco activase isoforms in the transgenic lines and the corresponding effects on Rubisco activation and photosynthesis at different temperatures [START_REF] Carmo-Silva | The temperature response of CO 2 assimilation, photochemical activities and Rubisco activation in Camelina sativa, a potential bioenergy crop with limited capacity for acclimation to heat stress[END_REF][START_REF] Scales | A non-radioactive method for measuring Rubisco activase activity in the presence of variable ATP:ADP ratios, including modifications for measuring the activity and activation state of Rubisco[END_REF].

Results

In vitro experiments confirmed that recombinant cotton Rubisco activase competently activates Rubisco purified from wheat. Hence, the duo cotton Rubisco activase and wheat Rubisco is expected to function in vivo. Constructs were made to target the cotton Rubisco activase to the wheat chloroplast, with a constitutive promoter plus the cotton genes for either the α-isoform or the β-isoform of activase, including their respective transit peptide. To increase the probability of success, an additional pair of constructs was made using the wheat Rubisco small subunit transit peptide. A number of transformed wheat lines have been identified for each of the four constructs (Table 1) and T 0 plants of the most recent lines or T 1 plants of the most advanced lines are being grown in the glasshouse (Fig. 1).

Table 1. Transformant lines of wheat produced on a Cadenza background for expression of the cotton Rubisco activase (Rca) α-and β-isoforms using the corresponding cotton Rca transit peptide or the wheat Rubisco small subunit (rbcS) transit peptide to target the protein to the chloroplast. The production of these lines was funded by CIMMYT and the 20:20 Wheat ® ISP of Rothamsted Research. In order to identify wheat transformant lines expressing significant amounts of cotton Rubisco activase, a preliminary experiment was carried out to characterize the separation of wheat and cotton α-and β-isoforms of Rubisco activase (Fig. 2). In wheat the α-isoform of Rubisco activase is present in very low amounts compared to the β-isoform. Contrarily, in cotton, the α-isoform is present in only marginally lower amounts than the β-isoform.

Gene of interest

Importantly, the isoforms from wheat and cotton are very close in molecular weight and could not be readily separated under the conditions used for gel electrophoresis. 

Discussion and conclusions

Rubisco activation decreases at moderately high temperatures, compromising photosynthetic capacity and efficiency. Wheat transgenic lines have been produced to express the more thermally stable Rubisco activase from cotton. The hypothesis is that wheat plants expressing both the cool-adapted wheat and the warm-adapted cotton Rubisco activase isoforms will operate at a broader range of temperatures (Carmo-Silva and Salvucci 2011).

Transformant plants of T 0 and T 1 generations are now being characterized for the presence of the transgene, expression of Rubisco activase and protein amounts.

The wheat and cotton Rubisco activase isoforms were not readily distinguished by SDS-Page. A possible alternative to distinguish between the wheat and cotton Rubisco activase isoforms is two-dimensional electrophoresis, using isoelectric-focusing followed by SDS-Page. Nonetheless, if the cotton Rubisco activase is expressed in considerable amounts and if the expression of the native wheat Rubisco activase remains unaffected, the increase in amount of protein will be observed using SDS-Page only. Analysis of gene expression by RT-qPCR will provide further evidence of wheat lines with significant amounts of cotton Rubisco activase. These lines will be taken through the T 3 generation and plants will then be fully characterized for their temperature response of Rubisco activation and photosynthesis. Lines with improved thermal tolerance of photosynthesis will be tested under controlled environments and then field conditions. 50 37
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Introduction

It was recently suggested that -in both wheat and rice -significant gains in yield potential are no longer possible solely through improvements in harvest index and grain number; thus further advances must come through increased biomass (Parry et al. 2011). One way to increase crop biomass is by improving photosynthetic performance and hence radiation use efficiency. Basic research in photosynthesis suggests that substantial improvements in yield are theoretically possible (Zhu et al. 2010), and there is evidence that historic gains in wheat yield potential have actually been associated with increases in photosynthesis, in parallel with increases in grain number (Fischer et al. 1998).

Photosynthetic performance can be assessed by measuring gas exchange with portable instruments and using the Farquhar, von Caemmerer, and Berry photosynthesis model (Farquhar et al. 1980) to estimate Rubisco activity and electron transport rate from CO 2 response curves. The properties of Rubisco and its role in the photosynthetic process are key to improve photosynthesis and yield potential because Rubisco catalyses the first step of CO 2 fixation in C 3 photosynthesis, using RuBP, and catalyzes an oxygenation reaction, leading to photorespiration, which wastes carbon and energy (Zhu et al. 2010). At present, modifying Rubisco properties in a cereal such as wheat, via genetic engineering, is likely to have a timeframe of more than 15 years, whereas "mining" existing germplasm for superior genetic material could be achieved in a timeframe of around five years (Parry et al. 2011). Therefore, exploring wheat diversity for photosynthetic efficiency and capacity, and understanding the mechanisms responsible for this genetic variation, is a priority for improving wheat yield potential.

Photosynthetic performance in wheat can be influenced by: i) the investment in photosynthetic machinery per unit leaf area (photosynthetic capacity) and by ii) the efficiency of this machinery in harvesting light and fixing CO 2 per unit investment of nitrogen (photosynthetic efficiency). Photosynthetic Capacity (P c ) is determined by the maximum velocity of carboxylation of the Rubisco enzyme (V cmax ) and the maximum rate of RuBP regeneration (J max ), which can be derived from measurements under given conditions of light, temperature, humidity, and CO 2 . Photosynthetic efficiency (P eff ) can be analyzed from different perspectives. In this work, we use V cmax per nitrogen leaf area, calculated from the photosynthetic rate under specific conditions of light, temperature, and CO 2 . Therefore, more efficient genotypes will present higher V cmax for a given quantity of nitrogen.

In this study, we used leaf CO 2 gas exchange and the photosynthetic model of Farquhar et al. (1980) to extract the parameters described above, related to photosynthetic performance. This project aims to: i) identify genetic variation in photosynthetic rate (A), V cmax , and J in a range of genotypes and ii) compare the photosynthetic efficiency and capacity with leaf anatomy and leaf nitrogen content.

Materials and methods

Genetic variation in photosynthetic performance was measured in two collections of elite wheat cultivars grown in the glasshouse (Table 1). In the Early Vigor trial, strong low/high nitrogen treatments were used to create variation in leaf nitrogen content during late anthesis. In the BUNYIP trial, lighter low/high nitrogen treatments were used to create smaller variation in leaf nitrogen content during booting. Three sets of wheat genotypes were grown in the field (Table 2) under high yield potential irrigated conditions at CIMMYT. Gas exchange was measured using a LICOR LI-6400XT infrared gas analyzer (LI-COR Inc., Lincoln, NE, USA) to determine the relationship between photosynthetic rate (A) and intercellular CO 2 (Ci), from which V cmax and the electron transport rate or RuBP regeneration capacity (J) were calculated, based on the leaf biochemical model of photosynthesis (Farquhar et al. 1980). A SPAD chlorophyll meter (Minolta, Plainfield, Illinois, USA) was used as a surrogate for chlorophyll content [START_REF] Mullan | Chlorphyll content[END_REF] to measure flag leaves. Leaf samples were measured, dried for 48h at 70°C and weighed to obtain leaf mass area (LMA, g m -2 ). Nitrogen content, N mass (N mg g -1 ) was determined on the same samples by flow injection analysis (QuikChem ® Method, Lachat Instruments, CO. USA) after the Kjeldahl digestion nitrogen. LMA and N mass were used to calculate nitrogen leaf area N area (N mg m -2 ).

In the glasshouse, an ANOVA test was used to analyze the effects of fertilizer and genotype on the results. In the field, some plants were stressed due to irrigation scheduling, resulting in low stomatal conductance. These data were therefore removed. However, there were still plants with low stomatal conductance regardless of irrigation, which may be due to other environmental influences or the genotype itself; these data were not excluded.

P c was determined by the maximum velocity of carboxylation (V cmax ) and the rate of J under 1800 µmol PAR photons m -2 s -1 , calculated from CO 2 response curves using a leaf temperature of 25°C. In this project, P eff is defined as V cmax per unit leaf nitrogen, under 1800 µmol PAR photons m -2 s -1 , and leaf temperatures of 24-25°C in the glasshouse. In the field, the temperature reached up to 34°C at the end of the measurements. Additional experiments are being undertaken to understand the effect of temperature on these results.

Results

Photosynthesis performance in glasshouse

To explore the magnitude of variation in photosynthetic performance in wheat, genotypic comparisons were made at two nitrogen nutrition regimes to assess the influence of soil available nitrogen on A, V cmax , and J. The two diversity panels EV and BUNYIP showed highly significantly different responses to fertilizer treatment (Table 3), driving different ranges for these photosynthetic variables (Table 4). A: photosynthetic rate (µmol m -2 s -1 ); V cmax : maximum velocity of carboxylation of Rubisco (µmol m -2 s -1 ); J: rate of RuBP regeneration (µmol m -2 s -1 ); N area : Nitrogen content (N mg m -2 ), N mass : Nitrogen content (N mg g -1 ); SPAD: chlorophyll content (SPAD units), LMA: Leaf Mass Area (g m -2 ), V cmax / N area (µmol m -2 s -1 (mgN -1 ))

Within genotypes, the analysis of variance for, J, N area , N mass , SPAD, and LMA was significant in the EV set and highly significant for the BUNYIP set when low/high fertilization was involved. Conversely, when the fertilized genotypes were analyzed separately, the significances decreased in both collections. A stronger pattern was observed for A and V cmax (Table 4). A: photosynthetic rate (µmol m -2 s -1 ); V cmax : maximum velocity of carboxylation of Rubisco (µmol m -2 s -1 ); J: rate of RuBP regeneration (µmol m -2 s -1 ); N area : Nitrogen content (N mg m -2 ), N mass : Nitrogen content (N mg g -1 ); SPAD: chlorophyll content (SPAD units), LMA: Leaf Mass Area (g m -2 ) , V cmax / N area (µmol m -2 s -1 (mgN -1 ))

The highest photosynthetic rates achieved in the glasshouse were observed for the durum wheats V40 and V20, in both fertilized and unfertilized plants. In contrast, V9 and V8 from EV set showed the lowest A values (Figure 1). Photosynthesis in the EV genotypes was generally lower than BUNYIP because they were measured in late anthesis while BUNYIP was measured during booting. Genotypes did not present a similar trend between high/low fertilization, like V2, it has higher A with high fertilization and very low A with low fertilization. Alhough V cmax of EV and BUNYIP genotypes under fertilized conditions were not significant within their set (Table 3), both collections and their genotypes varied from 54 to 177 µmol m -2 s -1 (Table 4). Figure 2 shows V cmax of EV and BUNYIP genotypes under fertilized conditions. V29 and V20 had the highest photosynthetic capacity, defined by V cmax ; the EV set remain at the lower end of these values but the ranking of many of the other genotypes changes significantly.

Figure 2. V cmax of EV (white) and BUYIP (grey) collections evaluated under fertilized conditions in the glasshouse.

There were highly significant differences for V cmax between treatments and genotypes (Table 3). This spread is shown in the Figure 3. When N area varies, V cmax also varies. There was a small trend at higher nitrogen with lower V cmax , but not a low nitrogen levels in the EV set. BUNYIP showed the lower variation, which explains the low significance for genotypes when they were fertilized, even when they are normalized with N area (Table 3). BUNYIP and EV sets showed variation in LMA from 27.5 to 64.7 g m -2 (Table 4), and V cmax /N area and J/N area varied significantly across a small range of LMA. Overall, there was no trend between LMA and these two variables (Figure 3).

In this study, we define P eff as V cmax per unit leaf nitrogen. Using the results for genotypes of EV and BUNYIP under fertilization, genotypic differences in P eff are readily observed and germplasm sets no longer cluster as they did for A or V cmax . For instance, V29 and V20 had the highest mean for P c of V cmax, i.e., 163.8 and 163.7 µmol m -2 s -1 , ranking them first and second place, respectively, from 40 genotypes (Figure 2). They are clearly not the most efficient genotypes; for V29 and V20 the P eff (V cmax /N area ) was 54.7 and 54.9 µmol m -2 s -1 (mgN -1 ), ranking them 29 th and 30 th respectively (Figure 4). However, the ANOVA indicated low or no significant differences between genotypes (EV: ≤0.05 and BYP: 0.136; Table 3). Photosynthetic rate in the glasshouse v.s field Significant differences (P≤0.001) were observed between genotypes and sets of genotypes for A (Figure 5). Higher rates of CO 2 assimilation were observed for genotypes of BUNYIP grown in the glasshouse and CIMCOG Subset II in anthesis and booting, set characterized for high yield. A wider behavior was found in the group of elite plants (Candidate to CIMCOG II) and landraces; the genotypes with lower values are interesting targets for further study and for comparing with the BUNYIP and CIMCOG Subset II. applied to the photosynthetic model [START_REF] Bernacchi | Temperature response of mesophyll conductance. Implications for the determination of Rubisco enzyme kinetics and for limitations to photosynthesis in vivo[END_REF]. Despite these issues, genetic variation in SPAD (as a surrogate measure of leaf chlorophyll) and photosynthesis has been previously observed with different sets of genotypes released across different years [START_REF] Watanabe | Changes in the Photosynthetic Properties of Australian Wheat Cultivars over the Last Century[END_REF], Fischer et al. 1998, Sadras et al. 2012). The preliminary results obtained here in the field also show differences between booting and anthesis in the CIMCOG Subset II (Figure 5). When leaf N data is available for these experiments it will be interesting to determine if P eff removes this developmental trend. The elite set is a set of genotypes selected as candidates for high yield experiment to analyze during 2013-2014; their variability in photosynthetic parameters was therefore expected but the magnitude of variation is considerable. The landraces set have the lowest photosynthetic rates of all wheat measured, so could be interesting material in which to study the mechanisms underpinning photosynthetic capacity and efficiency and variation in leaf anatomy.

Results of photosynthesis measurements made in the field are subject to large scale variation in environmental conditions. High temperature is one of the most difficult variables to control in field gas exchange. Preliminary results obtained here in the field were obtained over a leaf temperature range of 25 to 34°C. Since leaf biochemistry is strongly influenced by temperature and may have a significant effect on the rankings obtained, complementary experiments are being carried out to reduce the effect of the temperature in the biochemistry model of Farquhar et al. (1980) to analyze the field data.

The experiments presented here show a variation in photosynthetic performance in wheat but no significant differences in V cmax in fertilized genotypes. However, there is still a window with genetic variation in photosynthetic traits to be exploited in breeding. Separating photosynthetic performance into "capacity" and "efficiency" proved to be a useful approach in screening material, and provides insight into the potentially confounding effects of leaf age and stomatal conductance that underlie punctual measurements of assimilation rate.

In summary, a glasshouse screen of wheat germplasm has helped to define photosynthetic efficiency (V cmax N area -1 ), which allows robust genotypic resolution of higher and lower photosynthetic performance. These results suggest that genetic variation exists for use in breeding and that this variation is not constrained by leaf anatomy. Preliminary results from the field also suggest significant genetic variation in photosynthesis in wheat. However, the biochemical model used to extract P eff requires modification for high field temperatures.

Introduction

One way to raise yield is to increase crop biomass by improving photosynthesis (Parry et al. 2011). The photosynthetic performance of a leaf can be measured with a portable gas exchange system (e.g. Li-Cor LI-6400XT) and analyzed with a model [START_REF] Von Caemmerer | Some Relationships between the Biochemistry of Photosynthesis and the Gas-Exchange of Leaves[END_REF] to extract biochemical parameters such as Rubisco activity (V cmax ) and electron transport rate (J). However, the time taken by this method limits its use in highthroughput screening, whereas high resolution reflectance spectra can be measured on a leaf in about 30 seconds. It has been shown that these spectra can be used to predict V cmax , J, nitrogen content, and leaf mass area in different species [START_REF] Doughty | Predicting tropical plant physiology from leaf and canopy spectroscopy[END_REF][START_REF] Serbin | Leaf optical properties reflect variation in photosynthetic metabolism and its sensitivity to temperature[END_REF][START_REF] Ecarnot | Assessing leaf nitrogen content and leaf mass per unit area of wheat in the field throughout plant cycle with a portable spectrometer[END_REF].

Reflectance spectra can be obtained non-destructively, which has advantages over traditional methods for measuring nitrogen content and leaf mass per area. Such traits are important determinants of photosynthetic capacity and efficiency (Poorter et al. 2009;[START_REF] Badger | Role of plant leaf development in optimising photosynthetic efficiency, capacity, growth and yield[END_REF]. Leaf spectra also have the potential to predict grain yield, grain water content, protein, starch and gluten concentration [START_REF] Overgaard | Comparisons of two hand-held, multispectral field radiometers and a hyperspectral airborne imager in terms of predicting spring wheat grain yield and quality by means of powered partial least squares regression[END_REF], and other leaf constituents such as chlorophyll and carotenoids [START_REF] Asner | Leaf chemical and spectral diversity in Australian tropical forests[END_REF]. The spectra from 350 to 2500 nm provide the basis for comparison with remotely sensed vegetation indices [START_REF] Feret | Optimizing spectral indices and chemometric analysis of leaf chemical properties using radiative transfer modeling[END_REF].

Remote sensing of canopies has been extensively used over the previous 40 years and still has a huge potential in crop predictions. The technique is complex as it involves the analysis of solar radiation and the interaction with different surfaces, vegetation, soil, water, atmosphere, etc. [START_REF] Jones | Remote sensing of vegetation: principles, techniques, and applications[END_REF]. The advantage of measuring at the leaf level is that most of these problems are eliminated, but other kinds of issues still need to be solved.

This research seeks to develop and validate new tools to screen for superior photosynthetic performance among a broad range of wheat germplasm. Here we tested the use of hyperspectral reflectance to predict the main photosynthetic parameters in five sets of wheat genotypes, and compared this with the data obtained with a portable gas exchange system (Li-Cor LI-6400XT).

Materials and methods

We measured five set of wheat genotypes. Two were grown in glasshouses in Australia: 1) Early Vigor (EV), n=94;

2) Best and UNrealized YIeld Potential (BUNYIP), n=120; and three were grown in the field in Mexico: 3) CIMCOG Subset II at anthesis (CIMAV), n=90; 4) Candidates for CIMCOG (Elite population), n=48, and 5) Landraces (L), n=52. Details of these experiments are presented in Silva- [START_REF] Silva-Pérez | Wheat variability in photosynthetic capacity and efficiency for increased yield potential[END_REF].

The variables observed were: 1) Photosynthesis (A), measured through gas exchange using Li-Cor LI 6400XT; 2) Maximum velocity of carboxylation (V cmax ) and 3) Electron transport rate (J), both calculated based on the leaf biochemical model of photosynthesis (Farquhar et al. 1980); 4) SPAD was used as surrogate of chlorophyll content; and 5) Leaf Mass Area (LMA, dry mass per unit leaf area, g m -2 )

To measure reflectance, the ASD FieldSpec® 3 Full-Range (350-2500 nm) spectroradiometer (Analytical Spectral Devices, Boulder, CO, USA), coupled with a leaf-clip with internal light source, was used to measure the leaf adaxial surface. Measurements were performed after the gas exchange and SPAD measurements, using the same region of the leaf. The instrument was calibrated before each measurement for dark current and stray light with a white standard (Spectralon) and measurements were made using the black background. Each measurement (including calibration) lasted about 25 seconds.

For pre-treatment of spectra and calibration, a jump correction was applied at 1000 and 1800 nm, and the spectra from 400-2500 nm was pretreated with derivatives using the Spectral Analysis and Management System, version 3.2. University of California, Davis.

Preliminary analysis from this research revealed that the algorithms of [START_REF] Serbin | Leaf optical properties reflect variation in photosynthetic metabolism and its sensitivity to temperature[END_REF] failed to predict photosynthetic and leaf characters for wheat. Consequently, another approach using projection of latent structures (PLS) of the spectra against measured leaf characters has was used [START_REF] Haaland | Partial Least-Squares Methods for Spectral Analyses .1. Relation to Other Quantitative Calibration Methods and the Extraction of Qualitative Information[END_REF][START_REF] Mevik | The pls package: Principal component and partial least squares regression in R[END_REF] under R software version 2.15.0. Two-thirds of the observed measurements from three different sets of genotypes (EV, BUNYIP, and CIMAV trials, hereafter termed EBC trials) were used to generate models to predict the remaining third of the data from EBC and the complete set of Elite and Landraces genotypes. Only one latent variable was used to avoid overfitting the model, and the calculation leave-one-out cross validation was used.

Results

The raw spectra (400-2500 nm) from fresh leaves of EBC genotypes are shown in Figure 1A as an example of the spectra obtained during the measurements. The visible region is from 400-700 nm; the greatest reflectance is in the near infrared between 750-1200nm; and two troughs associated with absorption by water are at 1420 and 1900nm.

In this experiment, we used 2100 wavelengths to predict photosynthetic parameters based in PLSR coefficients. The coefficients for SPAD with one component or latent variable explained 80.8% (Figure 1B). The coefficients for SPAD differed from those for LMA and J (Figure 1C), suggesting that these variables each generate different spectral signatures. 

Discussion

Hyperspectral reflectance spectroscopy has not commonly been used in plant breeding [START_REF] Furbank | Phenomics -technologies to relieve the phenotyping bottleneck[END_REF].

While it may prove to be a promising tool, several measurement protocol and analysis issues need to be solved. The main advantages are that the measurements are definitely faster than gas exchange and provide a range of leaf properties non-destructively.

Building the PLS model represents a challenge. First, it takes time to collect observed data for the training and calibration of the model. Second, the spectra need to be corrected, removing the noise from 350-400nm, applying jump corrections to eliminate discontinuity of spectra between diffraction gratings, and identifying and eliminating outliers. Third, testing combination of pre-treatments such as standard normal variate, derivatives, etc. [START_REF] Barnes | Standard Normal Variate Transformation and De-trending of Near-Infrared Diffuse Reflectance Spectra[END_REF]. Fourth, finding the best component or latent vector and set of training data to use in the PLSR, and analyzing the standard error of the cross-validation in the result. These lengthy steps are needed to set up the model and, to justify this investment in time, the model must be useful across a broad range of germplasm. Nevertheless, once the best parameters for the PLSR have been chosen and the script of the program has been defined, processing predictions are easy and fast.

The PLSR worked better when wide variation in leaf nitrogen content was present, as shown for EV genotypes (Figure 2A,2C). Predictions in these genotypes were good for photosynthetic parameters and SPAD, but not for LMA, which contrasts to findings in trees [START_REF] Doughty | Predicting tropical plant physiology from leaf and canopy spectroscopy[END_REF][START_REF] Serbin | Leaf optical properties reflect variation in photosynthetic metabolism and its sensitivity to temperature[END_REF] and previous experiments in wheat [START_REF] Ecarnot | Assessing leaf nitrogen content and leaf mass per unit area of wheat in the field throughout plant cycle with a portable spectrometer[END_REF]. For both Landraces and Elite candidates, SPAD could be predicted using a model developed from completely independent genotypes. However, the prediction of other photosynthetic parameters was variable (Figure 3). Thus we have made progress toward building predictive models for photosynthetic parameters, but further work is needed to improve predictive power. We are currently expanding the database to include leaf nitrogen and phosphorous content as potential variables.

In summary, predictions of SPAD from leaf hyperspectral reflectance performed quite well on completely independent genotypes. However, predictions of photosynthetic parameters were biased and perform poorly with independent Landrace genotypes. The technique therefore needs further refinement to be useful as a tool in screening for photosynthetic efficiency and capacity in wheat. Previous reports with diverse species [START_REF] Asner | Leaf chemical and spectral diversity in Australian tropical forests[END_REF][START_REF] Doughty | Predicting tropical plant physiology from leaf and canopy spectroscopy[END_REF][START_REF] Serbin | Leaf optical properties reflect variation in photosynthetic metabolism and its sensitivity to temperature[END_REF][START_REF] Ecarnot | Assessing leaf nitrogen content and leaf mass per unit area of wheat in the field throughout plant cycle with a portable spectrometer[END_REF]) have demonstrated the power of predictions from reflectance spectra, thus we are optimistic that we can build a model that can assist in empirical breeding for yield potential.

Introduction

The efficiency of carbon gain during photosynthesis determines the relative production of biomass. The stomatal conductance (g s ) and the mesophyll conductance (g m ) describe the travel of CO 2 from the atmosphere, via substomatal cavity, to the chloroplast, where carboxylation takes place. The mesophyll pathway is formed by a series of barriers to CO 2 diffusion: air, cell wall, lipid membranes, cytoplasm and stroma. The differences in physical characteristics and in the size of these barriers among leaves are responsible for the large variation in g m among species, making this parameter species-specific [START_REF] Flexas | Mesophyll diffusion conductance to CO 2 : an unappreciated central player in photosynthesis[END_REF].

A slow diffusion of CO 2 to the site of carboxylation in chloroplasts can significantly limit photosynthesis [START_REF] Flexas | Rapid variations of mesophyll conductance in response to changes in CO 2 concentration around leaves[END_REF]). Conversely, a higher g m value will result in increased CO 2 levels near Rubisco and increased photosynthetic yield. Zhu et al. (2010) simulated a doubled g m for typical C 3 crop, which resulted in an increase of photosynthetic capacity of nearly 20%, and the value of water use efficiency similarly increased. The goal of this project is to identify variations in wheat g m as a means of improving photosynthetic rate and, ultimately, yield potential of this important crop.

Materials and methods

The [CO 2 ] in the substomatal cavity (Ci), minus the [CO 2 ] at the sites of carboxylation in the chloroplasts (Cc), is used to calculate g m . Cc can be estimated by measuring the electron transport rate. The more extensively used method to calculate J is using data produced from chlorophyll fluorescence measurements. In this study, an approach developed by [START_REF] Bellasio | The operation of two decarboxylases (NADPME and PEPCK), transamination and partitioning of C 4 metabolic processes between mesophyll and bundle sheath cells allows light capture to be balanced for the maize C 4 pathway[END_REF] was followed that derives J from gas-exchange measurements at low and ambient O 2 concentrations, combined with fluorescence measurements made simultaneously. J is calibrated by analyzing response curves of photosynthetic rates to light or CO 2 (A/Ci) under non-photorespiratory conditions, typically low (1-2%) oxygen (Warren 2006;[START_REF] Yin | Theoretical reconsiderations when estimating the mesophyll conductance to CO 2 diffusion in leaves of C 3 plants by analysis of combined gas exchange and chlorophyll fluorescence measurements[END_REF].

Leaf photosynthesis, stomatal conductance, and leaf fluorescence measurements were made simultaneously using a portable leaf gas exchange and fluorescence system (LI-6400XT; LI-COR, Lincoln, NE, USA). Seven lines from the Watkins Landrace Wheat Collection and Paragon, an elite line, growing in Rothamsted field trials were analyzed at booting stage. CO 2 response curves were measured at a leaf temperature of 20°C and a saturating quantum flux density of 1800 µmol m -2 s -1 . The CO 2 concentration in the cuvette (Ca) was lowered stepwise from 400 to 60 µmol CO 2 mol air -1 , then raised again to 400 µmol CO 2 mol air -1 and then raised stepwise to 1200 µmol CO 2 mol air -1 . After a first CO 2 response curve at ambient oxygen concentration (21%), a tank containing 2% of oxygen was connected to the air inlet of the LI-COR system and a second CO 2 response curve measured.

Results

Gas-exchange and fluorescence measurements in eight field-grown genotypes, including lines of the Watkins Landrace Wheat Collection and the UK cultivar Paragon, were used to calculate g m (Fig. 1). A novel approach of the methodology was introduced, in which a corrected value for electron transport rate (J) was obtained and used in the Variable J method for the calculation of g m . This proved to retrieve robust results, the same not being observed when using the Variable J method without calibration. For most genotypes analyzed, g m values were close to the values reported in the literature (yellow bar for wheat and red bar for grasses). For three of the genotypes of the Watkins collection, g m was almost 20% higher than in Paragon.

Figure 1. The mesophyll conductance (g m ) for 8 different wheat genotypes, including Paragon and cultivars of the Watkins collection, calculated using the Variable J method calibrated for J. Average from 3 different plants ± S.E.M. values. Data from grasses and wheat are taken from von Caemmerer and Evans (1991) and [START_REF] Niinemets | Role of mesophyll diffusion conductance in constraining potential photosynthetic productivity in the field[END_REF].

When comparing the values obtained for stomatal (g s ) and mesophyll conductance (g m ), identical values were observed for the cultivar Paragon, whereas for the Watkins collection cultivars, g m tended to be higher than g s (Fig. 2). The relative variation in photosynthesis and g s across the different genotypes showed the same pattern (Fig. 3), and this was similar to the variation in g m . Interestingly, Paragon has a relatively low g m , but high photosynthetic rate and g s compared to the Watkins collection cultivars. The water use efficiency showed essentially an inverse relative variation across genotypes to that of g s (and g m ). 

Discussion

Mesophyll conductance is commonly estimated by simultaneous measurements of gas exchange and chlorophyll a fluorescence or instantaneous discrimination against 13 CO 2 [START_REF] Flexas | Rapid variations of mesophyll conductance in response to changes in CO 2 concentration around leaves[END_REF]). After performing various measurements and calculations, it became evident that an accurate estimation of J is essential for the reliable estimation of g m .

From an evolutionary point of view, g m values of different plant groups are more correlated with the phylogenetic evolutionary tendency (with the highest belonging to grasses and the lowest for liverworts and hornworts) than g s , which is a relatively constant value across plants [START_REF] Meyer | To concentrate or ventilate? Carbon acquisition, isotope discrimination and physiological ecology of early land plant life forms[END_REF][START_REF] Flexas | Mesophyll diffusion conductance to CO 2 : an unappreciated central player in photosynthesis[END_REF]. Maximum g m values for a given plant variety are related to leaf anatomical properties, depending particularly on the surface of chloroplast adjacent to intercellular airspaces [START_REF] Niinemets | Role of mesophyll diffusion conductance in constraining potential photosynthetic productivity in the field[END_REF][START_REF] Tholen | The mechanistic bases of internal conductance: a theoretical analysis of mesophyll cell photosynthesis and CO 2 diffusion[END_REF]. A higher g m to g s ratio, as observed in some of the wheat genotypes analyzed, is a trait of interest as it is likely to result in increased CO 2 supply to the chloroplast without a compromise in terms of water loss. Further characterization of a diverse set of wheat genotypes, including those grown in the UK and at CIMMYT in Mexico will aim to identify those characterized by high g m , with correspondingly high photosynthetic efficiency and yield potential. 

Introduction

The UN prediction for 2050 is that the world's human population will reach 9.3 billion (FAOSTAT 2013). The challenge to accommodate this world population growth in a context of global (i.e. social and climate) change implies adaptations to secure future feed demand and food supply (Foulkes et al. 2011). Hence, the most direct solution to meet this challenge would be to increase productivity through the use of new cultivars with enhanced genetic yield potential. Wheat (Triticum aestivum L.) is one of the main staple crops. One of the avenues proposed to increase yield potential and improve adaptation to abiotic stresses, such as drought, is to select for higher ear photosynthesis [START_REF] Tambussi | Ear of durum wheat under water stress: water relations and photosynthetic metabolism[END_REF]Tambussi et al. , 2007;;Parry et al. 2011). Indeed, the ear in wheat and other small grain cereals is believed to play a significant role as a source of photoassimilates during grain filling, not only under drought or other abiotic stresses but also under good agronomical conditions (Araus et al. 1993;Bort et al. 1994;[START_REF] Tambussi | Ear of durum wheat under water stress: water relations and photosynthetic metabolism[END_REF]Tambussi et al. , 2007;;Maydup et al. 2010).

Although several studies have analyzed ear photosynthesis (Araus et al. 1993;Bort et al. 1994;Tambussi et al. 2007;Maydup et al. 2010), its contribution to grain filling still remains unclear. In fact, compared with the leaves, the photosynthetic contribution of the ear has been less studied, in part due to methodological limitations.

Most of the methods for inferring the photosynthetic contribution of different plant parts to filling grains have involved intrusive approaches based on a differential (i.e. organ-specific) prevention of photosynthesis of some parts of the plant. Such approaches include, for example, shading the ears, the flag leaf blade or the entire shoot [START_REF] Aggarwal | Source-sink relations and effects of postanthesis canopy defoliation in wheat at low latitudes[END_REF]Araus et al. 1993;[START_REF] Peralta | Effect of the defoliation regime on grain production in dual purpose wheat[END_REF], application of herbicides that prevent photosynthesis (Mayrup et al. 2010), or simply defoliating leaf blades (Ahmadi et al. 2009).

The use of the stable carbon isotope signature in its natural abundance may help to elucidate the relative contribution of the different photosynthetic organs with the added advantage of being a non-intrusive approach (Sanchez-Bragado et al. 2014). The carbon isotope composition (δ 13 C) in plant matter reflects the photosynthetic performance of the plant [START_REF] Farquhar | Carbon isotope discrimination and photosynthesis[END_REF]) and is one of the most successful time-integrated physiological traits used by plant breeders [START_REF] Araus | Plant breeding and drought in C3 cereals: What should we breed for?[END_REF]. Whereas environmental factors such as water availability may affect δ 13 C, mostly through an effect on stomatal conductance, there are also constitutive differences in δ 13 C associated with the specific plant part considered [START_REF] Hubick | Carbon isotope discrimination and the ratio of carbon gains to water lost in barley cultivars[END_REF]Araus et al. 1993). Thus, regardless of the growing conditions the δ 13 C of photoassimilates from the flag leaf blade is lower (more negative) than from the ear (Araus et al. 1992(Araus et al. , 1993)).

It has been suggested that even under normal non-stressed conditions, preanthesis assimilates stored in stem tissues may subsequently be remobilized to the grains and contributing to 20-40% of their final weight (Dreccer et al. 2009). However, remobilization of stem reserves begins only when current photosynthesis cannot sustain the maximum fill rate of the grains (Bingham et al. 2007;[START_REF] Slewinski | Non-structural carbohydrate partitioning in grass stems: a target to increase yield stability, stress tolerance, and biofuel production[END_REF]. Therefore, the actual contribution of stem reserves to filling grains may be minor under well-managed agronomic conditions.

The main objective of this work was to assess the relative contribution of ear photosynthesis to grain filling compared to culm plant using different experimental approaches on a set of high-yielding advanced lines of bread wheat from CIMMYT (International Maize and Wheat Improvement Center) growing under well-managed agronomic conditions. Three different techniques were used: inhibition of ear and culm photosynthesis through i) DCMU application, or ii) by shading each organ and iii) the use of the δ 13 C of assimilates from different plant parts (awns and peduncle) as a criterion to assess in a non-disturbing manner the relative contribution of ear and culm photosynthesis to grain filling. In such a way the δ 13 C of assimilates from the awns and peduncle were analyzed at about the mid stage of grain filling.

Materials and methods

Germplasm used and experimental conditions

Six advanced bread wheat (Triticum aestivum L.) lines were selected on the basis of their similar phenology, high grain yield and biomass, from the CIMCOG (CIMMYT Mexico Core Germplasm) population, which is composed of 60 elite lines generated from CIMMYT breeding programs. 

Agronomic traits

For each plot, yield components were determined in approximately 5.7 m 2 using standard protocols (Pask et al. 2012). In addition, phenology was recorded throughout the cycle using the Zadocks scale (Zadocks et al. 1974).

Leaf and ear photosynthesis and respiration

Photosynthetic and respiration rates of the flag leaf blade and the ear were measured as carbon uptake using a LI-6400XT portable gas exchange photosynthesis system (Li-COR, Lincoln, Nebraska, USA). Photosynthesis measurements were performed approximately two weeks after anthesis. The flag leaf photosynthetic assimilation rate (A) was estimated at a saturating PPFD of 1500 µmol m -2 s -1 and 30 o C. Ear photosynthesis was measured using a hand-made chamber connected to the Li-6400XT as described elsewhere (Sanchez-Bragado et al. submitted). Dark respiration of the flag leaf and the ear were measured immediately after the photosynthetic measurements at a temperature of 30ºC, where the plants were adapted to dark conditions until reach stable values.

Total water-soluble carbohydrates

Water-soluble carbohydrates (WSCs) were analyzed in plants sampled about twenty days after anthesis. Ten representative ears, flag leaves and peduncles per plot were harvested, cleaned and immediately frozen with liquid nitrogen. The samples were stored at -20 o C and then lyophilized for 48h on 2012. For the 2013 crop season samples were oven dried at 70 °C for 48 h immediately after sampling. Further, awns, flag leaves and peduncles were separated, weighed and finely ground. For the 2013 crop season the peduncle was entirely sampled and thereafter separated in two sections, the upper section (Peduncle 1) and the lower sections (Peduncle 2). WSCs were analyzed as described by [START_REF] Yem | The estimation of carbohydrates in plant extracts by anthrone[END_REF] using the anthrone method and following the procedures described in [START_REF] Galicia | Laboratory protocols. Soluble sugars determination using anthrone reagent[END_REF]. Total soluble carbohydrates are expressed on a dry weight basis. Further, total soluble carbohydrates per whole organ were calculated.

Carbon isotope analysis

The stable carbon isotope composition (δ 13 C) in the water-soluble fraction (WSF) of the peduncle and awns was analyzed from the same dry samples used for WSCs. WSF was extracted as described previously [START_REF] Yousfi | Comparative response of δ 13 C, δ 18 O and δ 15 N in durum wheat exposed to salinity at the vegetative and reproductive stages[END_REF]. δ 13 C was also analyzed in mature kernels. For δ 13 C analysis, approximately 1 mg of each dry sample (40 µl for WSF) was weighed into tin capsules and measured with an elemental analyzer coupled with an Isotope Ratio Mass Spectrometer (Delta C IRMS, ThermoFinnigan, Bremen, Germany) operating in continuous flow mode in order to determine the stable carbon ( 13 C/ 12 C) isotope ratios of the same samples. The 13 C/ 12 C ratios of plant material were expressed in δ notation [START_REF] Coplen | Explanatory glossary of terms used in expression of relative isotope ratios and gas ratios[END_REF]): δ 13 C = ( 13 C/ 12 C) sample / ( 13 C/ 12 C) standard -1, where 'sample' refers to plant material and 'standard' to international secondary standards of known 13 C/ 12 C ratios (IAEA CH7 polyethylene foil, IAEA CH6 sucrose and USGS 40 L-glutamic acid) calibrated against Vienna Pee Dee Belemnite calcium carbonate (VPDB) with an analytical precision (SD) of 0.10‰. Isotopic analyses were carried out in the Scientific-Technical Services of the University of Barcelona, Spain.

Relative photosynthetic contribution to grain filling

The relative contribution to grain filling of the different photosynthetic organs of the plant was assessed through a comparison of the δ 13 C of the WSF of the different organs and the δ 13 C of mature kernels. The approach takes into consideration several assumptions. It considers that the photosynthetic organs fixing CO 2 from the atmosphere are the awns and the green culm parts (leaf blades, sheaths and peduncles) and therefore it excludes the glumes because this organ mainly fixes CO 2 from grain respiration [START_REF] Gebbing | C-13 labeling kinetics of sucrose in glumes indicates significant refixation of respiratory CO2 in the wheat ear[END_REF]. It assumes that the WSF in the peduncle reflects the pooled assimilates produced by the different photosynthetic organs (leaf blades, sheaths and the peduncle itself) during grain filling (plus the preanthesis reserves) eventually moving to growing kernels. Analyzing only the WSF of the peduncle as an indicator of the pooled photosynthetic contribution of the culm (understood as all the photosynthetic organs below the ear, therefore including leaf blades, sheaths and the peduncle) is a way to economize analyses, while developing a feasible technique for breeding, in terms of numbers of analyses required. Therefore it is expected that the δ 13 C of the kernels will directly reflect the isotopic signal resulting from the combinations of the δ 13 C of assimilates coming from different photosynthetic sources.

Inhibition of photosynthesis with DCMU

Five main tillers were randomly selected in each plot for the photosynthetic inhibition treatments in 2012. Seven days after anthesis, ears or culms (including leaf blades, sheaths and the peduncle) were sprayed with DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea) in order to inhibit photosynthesis. DCMU is a specific inhibitor of the photosynthetic electron transport through the photosystem II. The inhibition of photosynthesis was checked by measuring chlorophyll fluorescence and photosynthetic gas exchange (Li-COR, Lincoln, Nebraska, USA) 3-4 days after DCMU application. At maturity, the weight and number of grains per ear in the different treatments and control were obtained in order to estimate the photosynthetic contribution of the ear and the stem to grain filling (Maydup et al. 2010). Subsequently, the carbon isotopic composition (δ 13 C) in mature grains of different treatments was analysed as previously described.

Shading treatment

A total set of three main tillers were randomly selected in each plot for the shading treatment in 2013. Eight days after anthesis the ear, the culm (leaf blades, sheaths and the peduncle) and the whole shoot were shaded. In the stem treatment, the entire vegetative part of the plant was covered, enabling the ears to remain into full sunlight. In the whole-shoot treatment, shade covered the full main tiller (including the ears). Shading treatment consisted in wrapping each ear, culm or entire tiller with textile foil, translucent enough to be able the plant to reach the light compensation point. At the time shading treatments were set up in the field (eight days after anthesis), ten ears per plot were de-grained and grain weight per ear measured.

Statistical analysis

Data were subjected to one-way analyses of variance (ANOVA) using the general linear model in order to calculate the effects of genotype and organ on the studied parameters. Means were compared by Tukey's HSD test. A bivariate correlation procedure was constructed to analyze the relationships between the measured traits. Statistical analyses were performed using the SPSS 18.0 statistical package (SPSS Inc., Chicago, IL, USA). Figures were created using the Sigma-Plot 10.0 program (SPSS Inc.).

Results

Photosynthetic contribution of the ear and the culm to grain filling: δ 13 C comparison.

The relative contribution of the δ 13 C awns and the δ 13 C peduncle that accounted for the δ 13 C grains was assessed through a linear fit (Table 1). The δ 13 C grains was used as a dependent variable and a combination of the δ 13 C in the WSF of awns and peduncle were used as the independent variables, with assignment of a different weight for the awns and peduncles δ 13 C depending on the δ 13 C grains. Thus the δ 13 C awns had a relative contribution of 75% (δ 13 C awns *0.75) and the peduncle, 25% (δ 13 C peduncle *0.25), towards the δ 13 C grain , when the δ 13 C grain values were between -25.2 ‰ and -25.8‰. Conversely, the relative contribution of the awns was 25% (δ 13 C awns *0.25) and the peduncle 75% (δ 13 C peduncle *0.75) when δ 13 C grain values were between -26.4‰ and -27.0‰. In such a way a linear fit with a slope of one and origin to zero was achieved (r = 0.78, P<0.001).

Table 1. Pearson correlation coefficient of the relationship between stable carbon isotope composition in mature grains (δ 13 C grains ) and the combination of the δ 13 C from the peduncle and the awns (δ 13 C peduncle +δ 13 C awns ) in the water-soluble fraction (WSF). The Peduncle (%) represents the relative contribution of the culm (i.e. the whole plant below the ear) to the grain filling in percentage and Awns (%) represents the relative contribution of the awns to the grain filling in percentage. The six genotypes and three replications per genotype were considered. For each plot the relative weight assigned to the δ 13 C of each of the two organs depended on the δ 13 C grains (see intervals δ 13 C grains Photosynthetic contribution of the ear and the culm to grain filling: DCMU application.

In order to estimate the relative contribution of the ear and the culm to filling grains, the photosynthesis of the ear or the culm (all the assimilation organs below the ear) were inhibited with DCMU (Table 2). Mean values of carbon isotope composition for control plants in mature grains (δ 13 C grains ) were higher (less negative δ 13 C) in comparison to the δ 13 C grains in DCMU ear (ear photosynthesis inhibited) but similar to the δ 13 C grains in DCMU stem (culm photosynthesis inhibited). However, grain weight per ear (GW ear ) in the DCMU stem showed the lowest values (1.29 g) compared to the control plants (2.89 g) and DCMU ear treatment (1.99 g), whereas the number of grains per ear (NG ear ) did not differ within the treatments and control plants. In addition genotypic differences existed for δ 13 C grains and GW ear .. In order to monitor the efficiency of the inhibition method with DCMU, the photosynthesis of the ear (Table 3) and the flag leaf blade (Table 4) was measured. When DCMU was applied to the ear, the net photosynthesis of the ear was significantly inhibited (-0.022 µmol ear -1 s -1 ) in comparison to the control ear (0.020 µmol ear -1 s -1 ) but not the net photosynthesis of the flag leaf blade (where differences: 0.058 µmol flag -1 s -1 versus 0.066 µmol flag -1 s -1 did not reach significance). Conversely, when DCMU was applied to the stem (culm plant), the net photosynthesis was not solely inhibited in the stem, but also the photosynthesis of the ear become affected (0.007 µmol ear -1 s -1 ). 

Total water soluble carbohydrates per organ

The analysis of the total amount of water-soluble carbohydrates (WSCs) per whole organ present at mid grain filling during the 2012 crop season in the awns, glumes and the flag leaf blades showed similar values, whereas in the peduncles the WSCs were significantly higher (Fig. 1, upper panel). In the 2013 crop season the amount of WSCs (Fig 1, lower panel) showed similar values in the awns, glumes, flag leaf blade, sheath and the peduncle 1 (upper section of the peduncle). Conversely, WSCs in the peduncle 2 (lower section of the peduncle), showed comparatively higher values than the rest of the analyzed organs. 

Discussion

Our study compares different intrusive and non-intrusive methodologies addressed to quantify in wheat the relative contribution of different organs to grain filling. Although there were some differences in the apparent ear photosynthesis contribution within the different methods (DCMU, shading and δ 13 C), the ear photosynthesis contribution was generally consistent between the shading and δ 13 C experimental approaches and somewhat different using DCMU.

The GW ear exhibited lower values in DCMU applied to the culm compared to GW ear in DCMU applied to the ear (Table 2). Apparently the organ which most affected grain filling due to the inhibition of the photosynthesis was the culm. However, when the DCMU was applied to the culm, not only the photosynthesis of the stem (measured in the flag leaf blade) was affected (Table 4), but the photosynthesis of the ear was also partly inhibited (Table 3). These results suggest that DCMU is carried upwards from the stem toward the ear, and not vice versa. Conversely, mean values of δ 13 C grain in the control plant were similar to δ 13 C grain in DCMU stem, but different compared to δ 13 C grain DCMU ear (Table 2). These results suggest that the ear is a main photosynthetic contributor to grain filling, due to the fact that δ 13 C grain it is not maintained when the ear photosynthesis is inhibited. In fact the key role of the ear photosynthesis is supported by the other two experimental approaches. In the textile-shading approach mean values of GW ear in the ear shaded (Table 5) were similar compared to culm shaded, indicating that ear photosynthesis could be comparable the culm photosynthesis (leaf blades, sheath and peduncle) in terms of contribution to grain filling. However, it should be kept in mind the intrusive nature of treatments such as DCMU or shading together with the fact potential compensation effects triggered by these treatments may eventually increase the contribution of unaffected photosynthetic organs or of preanthesis reserves to grain filling [START_REF] Aggarwal | Source-sink relations and effects of postanthesis canopy defoliation in wheat at low latitudes[END_REF][START_REF] Eyles | Whole-plant versus leaf-level regulation of photosynthetic responses after partial defoliation in Eucalyptus globulus saplings[END_REF].

Our study also proposes a non-intrusive methodology to quantify relative contribution of different organs to grain filling (Table 1) which also avoids the unwanted compensatory effects of unaffected photosynthetic organs. The approach is based on the constitutive differences in natural abundance of carbon isotopic composition (δ 13 C) of assimilates from the different photosynthetic organs active during grain filling. Thereby, in order to develop a feasible technique for breeding and keeping a balance between economy and accuracy, only a few photosynthetic organs were considered.

From the available literature there is evidence that the flag leaf blade and the ear are considered the main photosynthetic organs that contribute to grain filling [START_REF] Evans | Wheat[END_REF][START_REF] Araus | Photosynthetic gas exchange characteristics of wheat flag leaf blades and sheaths during grain filling[END_REF]Araus et al. 1993;Bort et al. 1994;Tambussi et al. 2007;Maydup et al. 2010). However, some evidence in the past has shown that only 49% of carbon assimilated by the flag leaf moves to the grain in comparison to 80% of the ear-derived photosynthates [START_REF] Carr | Supply of photosynthetic assimilates to grain from flag leaf and ear of wheat[END_REF]. In an experiment carried out by [START_REF] Aranjuelo | Does ear C sink strength contribute to overcoming photosynthetic acclimation of wheat plants exposed to elevated CO 2 ?[END_REF] in durum wheat, the C fixed by the flag leaf during the beginning of post-anthesis was studied using 13 C labelling. In this study only a small amount of the soluble sugars coming from the C fixed by the leaf arrived at the ear, and the rest was stored as structural C compounds and starch and then respired. This study also concluded that the C synthesized in the ear was used for grain filling.

Another basic point of our approach is that water-soluble organic matter is a proper indicator for newly produced assimilates, which agrees with available literature [START_REF] Brandes | Short-term variation in the isotopic composition of organic matter allocated from the leaves to the stem of Pinus sylvestris: effects of photosynthetic and postphotosynthetic carbon isotope fractionation[END_REF][START_REF] Gessler | On the metabolic origin of the carbon isotope composition of CO 2 evolved from darkened light-acclimated leaves in Ricinus communis[END_REF]). An additional requirement of our approach is that the δ 13 C signature in the sink is the direct consequence of the δ 13 C of assimilates produced by photosynthetic organs. The existence of post-carboxylation fractionation effects in the δ 13 C of the newly assimilated compounds in photosynthetic organs and further fractionation during their remobilization (i.e. phloem loading, unloading, or transport) to heterotrophic tissues for herbaceous plants (i.e. from leaves to sink tissues) has not been confirmed (Yoneyama et al. 1997;[START_REF] Ghashghaie | δ 13 C of CO 2 respired in the dark in relation to δ 13 C of leaf metabolites: comparison between Nicotiana sylvestris and Helianthus annuus under drought[END_REF][START_REF] Badeck | Post-photosynthetic fractionation of stable carbon isotopes between plant organs a widespread phenomenon[END_REF][START_REF] Gessler | On the metabolic origin of the carbon isotope composition of CO 2 evolved from darkened light-acclimated leaves in Ricinus communis[END_REF][START_REF] Kodama | Short-term dynamics of the carbon isotope composition of CO 2 emitted from a wheat agroecosystem -physiological and environmental controls[END_REF].

Furthermore, the δ 13 C of the assimilates was analysed in the awns because this organ may play an important role in terms of ear photosynthesis (Blum 1985). In a study carried out by [START_REF] Motzo | Awnedness affects grain yield and kernel weight in near-isogenic lines of durum wheat[END_REF] in durum wheat under Mediterranean conditions, it was concluded that the presence of awns increased the average grain yield by 10-16%.

The positive role of awns may be even higher under drought stress. A study performed by [START_REF] Evans | Effect of awns and drought on supply of photosynthate and its distribution within wheat ears[END_REF] using 14 CO 2 labelling, revealed that the presence of awns doubled the net photosynthesis rate in the ear, and the proportion of assimilate contributed by ear photosynthesis to grain filling was greater in awned ears compared to awnless ears under drought conditions. Furthermore, the glumes, which are photosynthetically active, are believed to be a significant source of assimilates for grain filling in wheat and other cereals (Araus et al. 1993;Bort et al. 1994). Hence, the importance of the ear's contribution to grain filling may thus be under-estimated because in the approach presented here the glumes were not included. Whereas awns may be the organ of the ear that is preeminent in fixing atmospheric CO 2 [START_REF] Motzo | Awnedness affects grain yield and kernel weight in near-isogenic lines of durum wheat[END_REF], the glumes may also play a major photosynthetic role in re-assimilating CO 2 respired by the ear (Bort et al. 1996). In a study performed by [START_REF] Gebbing | C-13 labeling kinetics of sucrose in glumes indicates significant refixation of respiratory CO2 in the wheat ear[END_REF] with labeling of the atmospheric CO 2 surrounding the ear, the view was supported that the CO 2 used for glume photosynthesis mainly derived from CO 2 respired by the grains.

In addition, the δ 13 C of the assimilates was also analysed in the peduncle because this organ represents the pathway through which the current culm assimilates (i.e. produced by the different non-ear photosynthetic organs during grain filling) plus the preanthesis reserves (assimilates accumulated before flowering) are mobilized towards growing kernels (Gebbing et al. 1999). Because the use of the preanthesis reserves is reported to take place during the first the half of grain filling [START_REF] Wardlaw | Carbohydrate storage and mobilisation by the culm of wheat between heading and grain maturity: the relation to sucrose synthase and sucrose-phosphate synthase[END_REF]Gebbing et al. 1999;[START_REF] Zhou | Evidences for the association between carbon isotope discrimination and grain yield-ash content and stem carbohydrate in spring wheat grown in Ningxia (Northwest China)[END_REF], assimilates present in the peduncle at the time that samples were collected in our study may integrate the potential contribution of such reserves. The modest contribution of the flag leaf blade to the grain filling is also inferred from the amounts of total soluble carbohydrates per whole organ at mid grain filling, which represents the potential amount of assimilates ready to be transported from that organ during grain filling. Values of WSC were similar in the awns, the glumes, the flag leaf blade (Fig 1 . upper panel) and peduncle 1 (Fig. 1 lower panel) but these values were approximately only one sixth of the level recorded in the peduncle 2 (Fig. 1 lower panel).

Our results from the shading and the δ 13 C approaches indicate that total culm photosynthesis (i.e. combining the contribution of the different leaves plus the peduncle together with the preanthesis stem reserves) represents on average 50% of total assimilates going to the grain, and up to 75% of the assimilates during grain filling when δ 13 C grains values were in the most negative interval (-26.4, -27.0 ‰) which means water conditions are the best. On the other hand contribution of the ear may even overcome to that of the culm if water conditions are less optimal (with δ 13 C grains values in the less negative interval: -25.2, -25.8 ‰).

In accordance with the results obtained in this study, even under good agronomical conditions, the contribution of the ear to filling grains may be comparable to that of the rest of the plant. In that sense the photosynthetic role of the flag leaf during grain filling has been probably overestimated. Such conclusion is also supported by our results on the content of WSC in the whole organs, with the flag leaf blade and sheath showing similar values than the awns and glumes. Previous studies using the δ 13 C approach also support a very limited role of the flag leaf in both durum wheat (Sanchez-Bragado et al. 2014) and bread wheat (Sanchez-Bragado et al. submited). However, our results are not in conflict with a basic role of the flag and the lower leaves of the culm in providing assimilates to the growth and development of the reproductive sink; specifically culm photosynthesis may determine the number of fertile florets and even further, the number of kernels and their potential size [START_REF] Slafer | Grain mass change in a semi-dwarf and a standard height wheat cultivar under different sinksource relationships[END_REF]. In addition, the flag leaf also plays an important role as a source of nitrogen that is later remobilized to the grain [START_REF] Bahrani | Flag leaf role in N accumulation and remobilization as affected by nitrogen in a bread and durum wheat cultivars[END_REF].

Introduction

In wheat and other C3 cereals, reproductive structures are sources of photosynthates that can substantially contribute to grain filling [START_REF] Blum | The Effect of Heat Stress on Wheat Leaf and Ear Photosynthesis[END_REF]Araus et al. 1992Araus et al. , 1993;;Bort et al. 1994;Tambussi et al. 2007). The reported contributions of spike photosynthesis (SP) from wheat plants can be high (ranging from 10 to 76% of the assimilates deposited in grains), depending on cultivar, growing conditions and even on the methodology used to derive the estimates (Kriedemann 1966;[START_REF] Evans | Photosynthesis and respiration by the flag leaf and components of the ear during grain development in wheat[END_REF]Araus et al. 1993;Maydup et al. 2010). Even considering the minimum value reported, SP contribution is of great importance, in particular when we consider final yield in economic terms. The importance of spike photosynthesis has also been noted due to its delayed chlorosis relative to leaves, especially under stress [START_REF] Abbad | Comparative relationship of the flag leaf and the ear photosynthesis with the biomass and grain yield of durum wheat under a range of water conditions and different genotypes[END_REF], its ability to maintain a better water status than the leaves under drought [START_REF] Tambussi | Ear of durum wheat under water stress: water relations and photosynthetic metabolism[END_REF] and its capacity to safeguard seed-filling when leaf area is reduced by pests or other biotic stresses (Maydup et al. 2010). Another important characteristic is that spike photosynthesis partially uses respiratory CO 2 made available by grain respiration during grain filling, thereby increasing the transpiration efficiency of the organ compared with leaves (Araus et al. 1993;Bort et al. 1996).

Due to its crucial role determining final grain yield, SP has been suggested as an important trait in the conceptual model for drought tolerance (Reynolds et al. 2005), heat adaptation (Cossani and Reynolds 2012) and yield potential (Reynolds et al. 2011). However to date, no cereal breeding program has ever made a systematic attempt to improve spike photosynthesis or to use this trait as a selection criterion, despite preliminary evidence for genetic variation in wheat as mentioned above. The main explanation for this is that the photosynthetic contribution of the spike to grain filling is tedious to measure. Direct techniques to measure SP have been developed at the Mexican Phenotyping Platform (MEXPLAT) and validated under field conditions [START_REF] Molero | Proceedings of the 3rd International Workshop of the Wheat Yield Consortium[END_REF]. However, since these measurements are time consuming and laborious, few genotypes can be evaluated each cycle. The development of surrogates to estimate SP contribution to grain filling is therefore of great importance and have been addressed recently by the authors [START_REF] Molero | Proceedings of the 3rd International Workshop of the Wheat Yield Consortium[END_REF]Sanchez-Bragado et al. 2014). The direct and indirect evaluation of spike photosynthesis was assessed in different lines with the aim to identify genetic variation among the genotypes and their correlation with yield and yield components.

Because of the importance of photosynthesis in determining crop growth, identifying QTLs controlling photosynthesis is an important step in enhancing MAS for improved yield. This assertion is supported by growing evidence that there is genetic variation for photosynthetic rates among available germplasm and that recent yield progress in cereals from breeding was associated with increased photosynthesis (Fischer and Edmeades 2010).

Several QTLs have been associated with photosynthetic traits in rice (Gu et al. 2012) and other grasses. In wheat plants, few molecular markers have been associated with dry matter accumulation [START_REF] Zhou | Evidences for the association between carbon isotope discrimination and grain yield-ash content and stem carbohydrate in spring wheat grown in Ningxia (Northwest China)[END_REF]), stomatal conductance (Rebetzke et al. 2013), and chlorophyll fluorescence (Yang et al. 2007) from the leaves. To our knowledge, no attempt to identify molecular markers associated with spike photosynthesis has been performed to date. Therefore, this the first approach in wheat (and in any other species) aiming to identify QTL associated with spike contribution to grain filling.

The objectives of this study were (i) to study the spike contribution to the total grain yield and (ii) to identify molecular markers for spike photosynthesis. To do so, a recombinant inbred population (RILs) was developed from a cross between a durum wheat line (Triticum turgidum L. ssp. durum) and T. Dicoccum. Both parents were previously identified for contrast in the relative contribution of spike photosynthesis to grain filling, and the effect was consistent under different environmental conditions [START_REF] Molero | Proceedings of the 3rd International Workshop of the Wheat Yield Consortium[END_REF]. The present study is the first step towards development of fine markers for spike photosynthesis; eventually facilitating the combination of spike photosynthesis with other photosynthetic efficiency and capacity related traits in breeding.

Materials and methods

Plant material and experimental conditions

Three different experiments were conducted at MEXPLAT (Mexican Phenotyping Platform) situated at CENEB in the Yaqui Valley, near Ciudad Obregón, Sonora, México (27°24' N, 109°56' W, 38 m asl): PADs POP, CIMCOG and RILs ATIL/Dicoccum A panel of twelve lines -used previously as parents to generate mapping populations (PADs POP)-was considered for evaluation of spike photosynthesis during 2011-12 and 2012-13 growing cycles under irrigation. Spike photosynthetic rate (expressed as spike area and dry matter basis) and spike photosynthesis contribution (estimated using photosynthesis inhibition treatments, see below) to grain yield were evaluated during the two years in the twelve genotypes. Yield was evaluated for the two years of study.

Thirty lines selected from the CIMMYT Core Germplasm (CIMCOG) were evaluated during 2011-12 and 2012-13 growing seasons under irrigation. All the genotypes were evaluated for spike contribution to yield applying inhibition treatments (see below) and 15 genotypes were also considered for direct spike photosynthesis evaluation (expressed as spike area, dry matter and number of spikes per square meter basis) during two years. Pre-anthesis contribution and dry matter translocation efficiency were evaluated for the 30 lines during 2012-13. Yield and yield components were evaluated for the two years of study A population of 95 recombinant inbred lines (RILs ATIL/Dicoccum) was developed from a cross between durum wheat (Triticum turgidum L. ssp. durum, ATIL C 2000) and T. Dicoccum (PI94628). The two parents were contrasting in terms of their relative contribution of spike photosynthesis to grain filling [START_REF] Molero | Proceedings of the 3rd International Workshop of the Wheat Yield Consortium[END_REF]). In addition, Atil is a high yielding drought tolerant durum and T. dicoccum has acceptable agronomic type and good performance under hot irrigated conditions. Due to the dimensions of the experiment, only spike photosynthesis contribution was evaluated in the population using spike photosynthesis inhibition treatments during 2011-12. This phenotypic information was used to identify molecular markers associated with spike photosynthesis. Yield and yield components were evaluated in the whole population. In all experiments appropriate fertilization, weed, disease, and pest control were implemented to avoid yield limitations. Plots were fertilized with 50 kg ha -1 N and 50 kg ha -1 P at soil preparation and another 150 kg ha -1 N with the first irrigation.

A mapping population of 96 recombinant inbred lines (RILs) was developed through single seed descent (SSD) method from a cross between Atil × Dicoccum. The 96 RILs along with its parents were genotyped and a genetic map was constructed using 603 DArT markers in Joinmap software (Van Ooijen et al., 2011). Least square means were used to do composite interval mapping (CIM) in QTL cartographer. A stepwise regression model 6 was used to select cofactors for CIM. A 10 cM scan window was used for analysis and the LOD statistic was computed at a walk speed of 2 cM. QTLs were detected with an LOD threshold of 2.5 and phenotypic variation explained (PVE) by the QTL was reported in the results.

Results

Genetic variation in spike photosynthetic rate

Spike photosynthetic CO 2 assimilation rate was evaluated in a total of 27 lines from PADs POP and CIMCOG trials using the hand-made designed chamber connected to Li-6400XT (Fig. 1). The values presented were corrected according the area of the spike for each individual measurement. The net photosynthetic rates of spike photosynthesis obtained varied between 8.4 to 23.4 µmol CO 2 m -2 s -1 showing a large phenotypic variation among genotypes. The variation in spike photosynthetic rate was close to 120% in PADs POP and 100% in CIMCOG lines. The genotypic effect in PADs POP was significant for the spike photosynthetic rate expressed on an organ basis at P<0.05 but only marginally significant (P<0.1) for spike photosynthesis expressed on area basis (data not shown). In the CIMCOG lines evaluated over two years, the genotypes were significantly different for spike photosynthesis calculated on an area, dry matter and spike density basis (Table 1). Broad sense heritability (h 2 ) was high for spike photosynthetic rates expressed on an area (SPA) and spike density (SPSM2) basis (Table 1) where the values were low for spike photosynthesis expressed on a dry matter (SPDM) basis in the 15 genotypes from CIMCOG trial evaluated during two growing seasons. Higher values of h 2 were obtained in PADs POP for SPDM (0.796) and lower for the SPA (0.386) for the one year where data of 12 genotypes was evaluated. The genotypic effect was significant for all the variables considered whereas the year was not significant for SPA, awn length and light intercepted by the spikes (Table 1). The G × Y interaction was only significant for SPDM, awns and spike length (Table 1).

Awns and peduncle length were positively correlated with SPSM2 (P<0.05) and marginally significant with SPA (P<0.1). No significant correlations were found for the other parameters in the table. The correlation between spike photosynthetic rate and yield showed marginally positive correlations for with SPSM2 (P<0.1) among the 15 CIMCOG genotypes evaluated for two years. A positive correlation between SPDM and SPA with yield (P<0.001) was obtained for the twelve genotypes evaluated in PADs POP during 2011-12 (Fig. 2a and 2b respectively). The SPSM2 are not presented in PADs POP trial since yield components were not obtained. 

Genetic variation in spike photosynthesis contribution

In order to evaluate larger sets of genotypes, the use of spike photosynthesis inhibition treatments where used to estimate spike photosynthesis contribution (SPC) to grain yield. Textile and DCMU were applied in PADs POP (n=12), CIMCOG (n=30) and the mapping population RILs Atil/Dicoccum (n=97) as previously described in [START_REF] Molero | Proceedings of the 3rd International Workshop of the Wheat Yield Consortium[END_REF]. The results obtained are presented in Table 2. A wide phenotypic range for spike photosynthesis contribution (SPC) was observed (Table 2). In general, broad sense heritability was moderate to high for SPC for the different trials and treatments with the exception of CIMCOG-DCMU and RILs ATIL/Dicoccum-Tx where very low or no heritability was observed for SPC (Table 2). In general SPC estimated with DCMU presented lower values than the ones using Textile treatments (Table 2) probably due to the fact that the effect of DCMU on inhibiting photosynthesis was not immediate, and few days were necessary to completely inhibit spike photosynthetic rate (data not shown). Also the CV values for DCMU treatment where higher than the ones obtained with textile in the same trials (data not shown) as was previously reported by the authors [START_REF] Molero | Proceedings of the 3rd International Workshop of the Wheat Yield Consortium[END_REF] No correlation was observed between SPC and Yield among the three different trials. However, a negative correlation was observed between pre-anthesis contribution to grain weight and spike photosynthesis contribution in the CIMCOG trial (Fig. 3) at P=0.05. No correlation between spike or awns length with SPC was observed in CIMCOG (data not shown). However, peduncle length showed a positive correlation with SPC (P<0.05) and negative correlation with PreAC (P<0.001). The relationship between SPC and PreAC with dry matter translocation efficiency (DMTe), number of grains per square meter (GM2) and thousand grain weight (TGW) are presented in Fig. 4. In general we can observe that DMTe is negatively correlated with Pre-Ac and positive with SPC (P<0.001 and P<0.05 respectively). GM2 was positively correlated with PreAC (P<0.001) and negatively correlated with SPC (P<0.05). TGW was negatively correlated with PreAC (P<0.01) but, even though a positive tendency could be observed, this was only marginally significant (P<0.2) (Fig. 4). DMTe was negatively correlated with grain number (r= -0.547, P<0.001) and positively correlated with thousand grain weight (r = 0.442, P<0.05). The histograms of spike contribution to final grain weight for RILs ATIL/Dicoccum with different spike photosynthesis inhibition treatments (Textile and DCMU) are presented in Figure 5. A normal distribution for spike photosynthesis contribution to grain yield was obtained for both treatments (Fig. 5). 

Mapping population and QTL detected

The mapping population RILs ATIL/Dicoccum was selected for this study because the two parents were contrasting in terms of their relative contribution of spike photosynthesis to grain filling [START_REF] Molero | Proceedings of the 3rd International Workshop of the Wheat Yield Consortium[END_REF]Fig. 3) and they also show differences in spike photosynthetic rate evaluated under field conditions (Fig. 1).

A genetic map constructed using 603 DArT markers consisted of 45 linkage groups with a total genetic distance of 3142.8cM. Spike contribution was calculated as the percentage reduction in thousand grain weight after masking the spike with Textile or applying DCMU treatments. For QTL analysis LS means from 2 replications of one year data for each treatment was estimated. A consistent QTL was identified in chromosome 7A, at 28.0 cM (LOD = 3.66) with a marker interval of (wp1441t-wpt5964) 22.9-40.2 for textile and at 33.2 cM (LOD = 2.83) with a QTL interval of 27.0-40.5 cM (wpt1441-wpt5964) and DCMU treatments, respectively. This QTL had a phenotypic variation explained (PVE) value of 11.8% and 8.64% for textile and DCMU treatments, respectively (Table 3). The higher contributing parent of the QTL was Atil with an effect of 0.44 for spike contribution to the GW. QTLs were detected in chromosome 3A and 3B for DCMU and Textile treatments, respectively. The QTL in chromosome 3A had a peak at 69.9cM (LOD = 4.37) with a PVE value of 10.3% and the QTL on 3B had a peak at 12.9cM (LOD = 3.18) with a PVE value of 23.4%. The marker interval at 3A was 53.9 -89.8cM and at 3B was 11.6 -19.6% (Fig. 6). 

Discussion and conclusions

Few studies have been presented showing direct measurement of spike photosynthesis (SP) under field conditions and this is the first time to report a positive correlation between spike photosynthetic rate and grain yield (Fig. 2). Even though the correlation was only marginal for the set of elite lines evaluated, these results highlight the importance of SP under yield potential conditions. The high phenotypic range for spike photosynthetic rate (Fig. 1, Table 1) and spike photosynthesis contribution (SPC, Table 2) makes this trait attractive for breeding programs. This is also supported by the relatively high heritability estimates for SP and SPC (Tables 1 and2) suggesting that sustainable genetic gains can be achieved by including SP as a selection trait.

The general higher photosynthetic values in PADs POP in comparison with CIMCOG lines (Fig. 1) could be due to differences where the measurements were performed. In PADs POP, the SP measurements were performed around anthesis whereas in CIMCOG they were measured during grain filling. This is consistent with the previous study reported under controlled conditions where spike photosynthesis contributed a greater proportion to total grain requirements during early growth than during the period of most rapid grain growth in grain filling [START_REF] Evans | Photosynthesis and respiration by the flag leaf and components of the ear during grain development in wheat[END_REF]. The positive correlation between SP and yield was observed in the trial evaluated around anthesis. This can be explained because the photosynthetic rate obtained with measurements is the sum of net carbon fixation and grain respiration. In this sense, the respiration rate of the grains together with the refixation of CO 2 by the glumes (Araus et al. 1993;Bort et al. 1996) could add another source of variation to the measurements. Therefore, SP evaluation is recommended around anthesis. This evaluation, due to it being time demanding, is only feasible for dozens of lines and could be very useful to identify potential parents with enhanced spike photosynthesis,

The use of surrogates to estimate spike photosynthesis contribution to grain yield was previously reported for aluminium and DCMU (Maydup et al. 2010) and can be used as a feasible approach to identify genetic variation for this trait (Table 2). The novel use of textile in these experiments to inhibit SP seems a more robust technique to evaluate different set of lines since DCMU presented higher CV and very low heritability for the elite line population

Introduction

Ongoing basic research in photosynthesis suggests that substantial improvements in yield are theoretically possible through the increase of photosynthetic efficiency and capacity (Zhu et al. 2010). These consider the fundamental inefficiency of carbon fixation in so-called C 3 crops (wheat, rice, beans, potatoes, and most vegetables) and compare it with that of C 4 crops (maize, sorghum, millet, sugar-cane) which show up to 50% greater radiation use efficiency (RUE). In wheat, genetic modification of the enzyme responsible for C fixation (Rubisco) and its regulation are major targets to improve photosynthetic efficiency [START_REF] Parry | Prospects for increasing photosynthesis by overcoming the limitations of Rubisco[END_REF]); a more ambitious approach in rice is to introduce all of the characteristics of C 4 photosynthesis [START_REF] Furbank | C4 rice: a challenge for plant phonemics[END_REF]). While increasing photosynthetic potential will require considerable research focused on cellular and subcellular processes, this must go hand in hand with genetic modification of structural and reproductive aspects of growth, since these will determine the net agronomic benefit of increased RUE in yield potential (YP) (Reynolds et al. 2011). To do so, it is proposed that YP can be conveniently expressed as a function of the light intercepted by canopy (LI) and RUE, whose product is biomass; and the partitioning of biomass to yield, i.e. harvest index (HI): YP = LI x RUE x HI (1)

An increase in yield potential should arise from an increase in any one of the components indicated above.

Comparisons of genetic progress in HI of spring and winter wheat indicate no systematic progress in the last decades (Sayre et al. 1997;[START_REF] Reynolds | Physiological and genetic changes of irrigated wheat in the post-Green Revolution period and approaches for meeting projected global demand[END_REF]Shearman et al. 2005), suggesting that, while the potential for further increases remains (Foulkes et al. 2011), it seems unlikely that much greater HI values will be achieved [START_REF] Long | Can improvement in photosynthesis increase crop yields?[END_REF]. Under favorable conditions, within-crop LI is close to 100%, suggesting that it is probably not currently a major bottleneck for improving yield potential (Reynolds et al. 2009). Calculations of theoretical limits to RUE indicate that there is still considerable potential to increase the biomass of C 3 species [START_REF] Long | Can improvement in photosynthesis increase crop yields?[END_REF][START_REF] Murchie | Agriculture and the new challenges for photosynthesis research[END_REF]. In this sense, future genetic progress in yield will most likely be achieved by focusing on constraints to improve RUE. It is important to mention that few studies have considered light distribution among the canopy and its importance in determining greater RUE. Recent modeling studies have considered light distributions as a key component to model the optimal canopy architecture in order to maximize photosynthesis [START_REF] Song | Optimal crop canopy architecture to maximize canopy photosynthetic CO2 uptake under elevated CO2? A theoretical study using a mechanistic model of canopy photosynthesis[END_REF]). To date, no studies have tried to determine the genetic variation of light interception and distribution at different canopy strata in a set of elite lines. Moreover, differences among planting system and light distribution, together with RUE, have not been considered.

2. For each genotype, plant height was measured from the soil surface to the tip of the spike, ligule of flag leaf, leaf 1, and leaf 2. Two additional years of evaluation in a subset of 30 genotypes under raised beds for LI at different strata were performed during 2011-12 and 2012-13 seasons.

Yield and yield components

At maturity, BM (g m -2 ), grain yield (GY, g m -2 ), HI (GY/BM) and yield components, grains m -2 (G M -2 ), spikes m -2 (S M -2 ), and grains spike -1 (G S -1 ), were determined for all genotypes as described elsewhere (Sayre et al. 1997).

Statistical analysis

Data were subjected to analysis of variance (ANOVA), and the least significant difference (Lsd, P 0.05) was calculated for the comparison of means (SAS Statistics Program 2002). Adjusted means were obtained using the PROC MIXED procedure of the SAS statistical package (SAS Statistics Program 2002). All effects were considered as random effects, with only the genotypes considered as fixed effects. Broad sense heritability (h 2 ) was calculated as described in [START_REF] Vargas | META: A Suite of SAS Programs to Analyze Multienvironment Breeding Trials[END_REF].

Results

Variation in grain yield, harvest index, biomass, yield components, and radiation use efficiency

Variation in GY, BM, HI, grain yield components, and RUET among genotypes at maturity was significant in both flat and raised beds; GY, BM, RUET, and grain yield components had greater variation than HI (Table 1). ANOVA showed significant variation (P ≤ 0.05) for GY, BM, RUET, and yield components among genotypes; GY, BM, spikes m -2 , grains m -2 , and RUET between planting systems; and GY, HI, spikes m -2 , grains m -2 , and grains spike -1 for interactions of genotypes x planting systems (Table 1). Broad sense heritability ranged from 0.897 to 0.493 for grains m -2 , spikes m -2 , grain yield, grains spike -1 , BM, RUE, and HI. Grains m -2 , spikes m -2 , grains spike -1 , GY, final aerial BM, and RUE showed higher broad sense heritability than HI (Table 1). GY was positively and significantly associated with BM and HI in flat and raised beds; genotypes with greater GY had higher BM (Figs. 1a and1b) and HI (Figs. 1c and1d). There were modern genotypes that had greater GY and BM than old varieties and cultivars released in the 70's, 80's and 90's in flat (Fig. 1a) and raised beds (Fig. 1b).

Genotypes with high GY had also a greater HI; some modern genotypes had higher GY and HI than old varieties and varieties released in the 70's, 80's and 90's in flat (Fig. 1c) and raised beds (Fig. 1d). It was noticeable that the relationship between GY and BM (Figs. 1a y 1b) was stronger than that between GY and HI in flat (Figs. 1c) and raised beds (Fig. 1b). GY and HI were more strongly associated in the raised beds (Fig. 1d) than in flat beds (Fig. 1c). 

Relationship between grain yield and radiation use efficiency

GY was positive and significantly related to the RUE determined from E+40 to PM (RUET) in flat (Fig. 2a) and raised beds (Fig. 2b). Genotypes with high RUET had greater GY; most of the modern genotypes had higher GY and RUET than old varieties and varieties released in the 70's, 80's, and 90's in both flat (Fig. 1a) and raised beds (Fig. 2b). 

Discussion

The optimization of photosynthesis in wheat could be achieved by using photosynthesis models that allow identification of key factors that determine genetic variation in LI, BM production, and RUE. Available experimental evidence suggests that, in major grain crops like wheat, capacity for photosynthesis at anthesis is high and that photosynthesis is not limiting during the grain filling period. In order to use this surplus of photosynthesis capacity it is suggested that carbon and nitrogen partitioning to the spike be increased so as to establish a high potential grain number and the potential for a large kernel size [START_REF] Richards | Selectable traits to increase crop photosynthesis and yield of grain crops[END_REF].

In the present research, work activities focused on the responses of a group of wheat lines to different planting systems, and on identifying physiological and morphological traits that may help increase LI, accumulation of BM and RUE, and so GY. The planting systems used for these studies had a huge effect on most of the measured morphological and physiological traits: GY, final aerial BM, spikes m -2 , grains m -2 , grains spike -1 , and RUE in flat beds were 12, 14, 12, 15, 3, and 13 % higher than in raised beds, respectively. Fischer et al. (2005) also observed that GY in flat beds was 12 % higher than in raised beds in northwestern Mexico. This difference in GY was ascribed to differences in the time to reach 95% of LI. Two bread wheat cultivars -Bacanora 88 and Opata 85 -reached 95% light capture around 30 days before anthesis in raised beds with rows separated at 20, 20 cm, and when they were planted in raised beds with rows separated at 20, 50 cm, these cultivars reached 95% of light intercepted almost at anthesis. The relative difference in light capture between planting systems was approximately equal to that in GY, thus supporting the idea that lost photosynthetically active radiation was the reason for the yield loss in beds, under the experimental conditions used for these studies (Fischer et al. 2005). In this study, LI in flat beds was about 27% higher than in raised beds; this difference was due to greater losses of light transmitted to the ground below the canopy in the beds and to the ground in the gaps between beds. This loss in the photosynthetically active radiation in raised beds may be reduced with an increase in the amount of light intercepted to the export of more photosynthate for biomass accumulation and grain production (Murchie et al. 2007). Furthermore, a combination of an improved growth rate and high storage of water soluble carbohydrates in the pre-anthesis period may significantly contribute to increasing GY (Shearman et al. 2005). In this study, GY, grains m -2 , spikes m -2 , grains spike -1 , final aerial BM, and RUE had higher broad sense heritability than HI, suggesting that there is scope for using these traits for selection to increase GY by increasing final aerial BM, RUE, or major yield components. Final aerial BM and RUE appear the most appropriate physiological traits to select for, as they do not interact significantly with planting systems.

The observed variation in the extinction coefficient, green leaf area index, light intercepted by the canopy, and light intercepted at different strata show that there is potential for increasing LI during the grain filling period by further reducing the proportion of transmitted radiation to the ground and increasing the amount of light intercepted by spikes and flag leaf. It also seems that the length of peduncle and leaf 1 internode may play an important role in allowing light penetration to the inferior green leaves to contribute to increase LI. These plant features may be used for selection of genotypes with higher capacity for LI and final aerial BM production that is reflected in higher grain yield, as RUET, extinction coefficient, LAI, and light intercepted by spikes presented high broad sense heritability in the experiments conducted during 2010-11, 2011-12, and 2012-13. GY and final aerial BM were positive and significantly associated; this relationship was stronger than the relationship observed between GY and HI in both flat and raised beds, suggesting that the arrangement of the canopy in flat beds reduces the size of the gaps between rows of plants. This may help increase LI and thus BM production, compared to plants grown in raised beds. It is interesting to note that most of the increases in wheat GY have been achieved via increases in HI, rather than increases in above-ground BM, although there is some evidence for an increased BM in most favorable environments [START_REF] Austin | Genetic improvement in the yield of winter wheat: a further evaluation[END_REF]. In maize, current genetic progress in potential yield is linked to increased BM accumulation, and it is suggested that this will remain the way forward in the future, given the limits of increasing HI. This increase in BM is attributed to increased photosynthesis (i.e., greater RUE) at the canopy level and/or maximum photosynthetic rate (P max ) at saturating irradiance at the leaf level before or around anthesis (Fischer et al. 2010).

The positive relationship between GY and RUET suggests that the increase in GY via selection in the CIMMYT breeding program has come about from a significant increase in BM accumulation and crop RUE. An increase in yield potential may arise from an increase in any of: canopy LI, RUE, and/or HI (Reynolds et al. 2011). A rapid leaf area development early in the season may help display a photosynthetic machinery that quickly increases LI and dry matter accumulation, and thus RUE. There are several ways to improve LI during the early development period of wheat; among the most important plant traits for this are large coleoptile tillers, broad seedling leaves, fast seedling emergence rates, and quick leaf expansion rates [START_REF] Richards | Selectable traits to increase crop photosynthesis and yield of grain crops[END_REF]. It is worth noting that most of experimental lines used in this study showed the presence of coleoptile tillers in the early seedling stages (data not shown).

Additionally, rapid leaf and tiller appearance rates when it is cool and radiation is low may help achieve a further increase in radiation interception and dry matter accumulation and so, higher RUE.

Studies continue to further identify plant traits that may help increase early canopy growth when it is cool and leaf area development and LI are slow due to cool conditions. The utilization of some plant traits identified at this stage, namely radiation interception by heads, flag leaf, and leaf 1, may result in the selection of genotypes with higher radiation interception, final aerial BM production, RUET, and so GY.

Conclusions

GY, BM, RUE, and yield components of plants grown in flat beds were greater than in raised beds. The higher BM and GY of plants grown in flat beds arose from greater LI by the canopy (LI in flat beds was 27% greater than in raised beds). Note that the genetic variation of plant traits among genotypes in raised beds was greater than in flat beds. A very important issue was to determine that the LI by heads represented about 30% of the canopy LI in flat beds, and was similar to that of the flag leaf and leaf 1. Genetic variation in the extinction coefficient in flat beds was wider than variation in raised beds. The length of peduncle and the length of internode for leaf 1 seemed to be important in allowing greater light penetration into the canopy. LAI in flat beds was greater than in raised beds and specific leaf mass (as a rough estimate of photosynthesis rate) was lower in top leaves of flat beds than raised beds. GY was positively related to BM and HI, and was also positively associated with RUE determined during the grain filling period. Final aerial BM and RUET did not interact significantly with planting systems. Grains m -2 , spikes m -2 , grains spike -1 , final aerial BM and RUET had high broad sense heritability; moderate heritability was determined for extinction coefficient, green leaf area and light intercepted by spikes.
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 1 Figure 1. Principal component analysis (PCA) of agronomic traits yield under irrigated conditions of CIMCOG-INIFAP trial evaluated across six INIFAP experimental stations during 2012-13. The first two PCA axes explained 59% of the total variation.
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 2 Figure 2. AMMI analysis for principal component and yield (t ha -1 ) of sixty wheat genotypes and six environments on fall winter cycle 2012-2013.
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 1 Figure 1. The airborne remote sensing platform used in this study. The AscTec Falcon 8 Unmanned Aerial Vehicle (UAV) (a), operated with the Mobile Ground Station (inset), and the helium filled tethered blimp (b).
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 2 Figure 2. Raw image of an area within the drought trials, taken using the ADC Lite Tetracam via the UAV at approximately 100 m height. The image is split into the three individual bands in the NIR, red, and green regions.Bottom right hand image zooms in on green band, wheat plots can be identified as rectangles, with ground dimensions of 2.5 m x 0.5 m.

Figure 3 .

 3 Figure 3. Raw greyscale image taken using the FLIR Tau thermal camera within the heat area. This image was extracted from video footage. Flight altitude was approximately 30 m. Individual wheat plots can be distinguished as rectangles, with the soil between appearing as lighter shades of grey. The ground size of plots were 2 x 0.8 m. b: Raw image from the Mini MCA Tetracam within the spectral range 442-452 nm (band 1), approximately 60 m height. The image was taken in the irrigation environment, plot sizes at 8.5 x 0.8 m.

Figure 4 .

 4 Figure 4. Example of the processing of images in which (a) a mask is applied to remove any non-vegetation pixels; (b) the detection of plots using pre-defined location parameters; and (c) the removal of high variance pixels. An average of pixel values over each band is taken to get a value per band for each plot. This value is then subsequently used to calculate the target indices.

Figure 5 .

 5 Figure 5. Thermal Index (T_I) derived from the thermal imagery collected on-board the UAV against ground-based measurements of CT for the trials CIMCOG_H_1 (a) and CIMCOG_H_2 (b). NDVI from UAV measurements against NDVI ground-based measurements for drought trials Seed_Sel (c) and FIGS (d). Shown for each case is the phenotypic (r) and genotypic (r_G) correlation. * = normalized by phenology.

Figure 5

 5 Figure 5 compares the NDVI derived from the ADC Lite camera on-board the UAV with the corresponding groundbased NDVI for the two drought trials (Seed_Sel and FIGS).Figure 6 shows several spectral indices derived from the Mini MCA camera on the blimp from the FIGS drought trial and CIMCOG_I from the irrigation environment, against ground-based NDVI data from each trial.
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 6 Figure 6. Examples of spectral indices derived from imagery collected using the Mini MCA multispectral camera on-board the blimp, against the NDVI collected on the ground for the drought trial FIGS and the irrigation trial CIMCOG_I.
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 1 Figure 1. A description of nested association mapping (NAM) population development for the Wheat Yield Network and BBSRC WISP Landrace Pillar. This figure is adapted from Yu et al. 2008.
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 2 Figure 2. QTL identified on chromosome 7B in the Weebill x Bacanora doubled haploid population. Traits: TGRWT-thousand grain weigh; SPTNBpEAR-spikelet number per ear; PLBM-Final plant biomass; HI-harvest index; GRYLD-grain yield; EARLG-ear length. Environments: BA-Buenos Ares; CF-Church Farm (UK); Ob-Obregon. 07, 08, 09, 10 are years.

  A similar analysis of the 1st CIMCOG panel alone is shown in Figure 4. The resolution of Figure 4. is low, but it is shown to demonstrate that the molecular diversity of 1st CIMCOG is being studied in the context of different adaptive types (European winter wheat) and very diverse materials such as the AE Watkins landrace collection.
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 3 Figure 3. Phylogenetic tree for the 60 entries of the 1st CIMCOG germplasm panel alongside other NAM parents used in the BBSRC WISP landrace pillar.

Figure 4 .

 4 Figure 4. Hierarchical cluster dendrogram for the 60 entries of the 1ST CIMCOG germplasm panel with the inclusion of Weebill (highlighted by red star) which is the common parent for most of the segregating populations proposed for use here. The dendrogram is based on 380 KASP markers developed and validated in the BBSRC Crop Club project involving the University of Bristol and the John Innes Centre. The 1st CIMCOG parents of populations prioritised through MasAgro funding are shown in blue stars.

  Yield (a), biomass (b), and maturity (c) of the best performing NEW lines (at each site) in 1st Wheat Yield Consortium Yield Trial (1 st WYCYT) compared with local checks, and the same 3 CIMMYT checks, at 18 international sites, 2013. a) Yield (t/ha) for sites at:
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 1 Figure 1. Regressions of a) grain yield on harvest index (HI), b) grain yield, on harvest above-ground DM (AGDM), c) harvest AGDM on HI and d) HI on true stem soluble DM partitioning and spike DM partitioning at GS65 + 7 days for 26 CIMMYT spring wheat cultivars. Values represent means across 20011-12 and 2012-13.

Figure

  Figure 2. Structural (LHS y axis) and redistributable soluble DM (RHS y axis) partitioning (% of total AGDM) between the plant organs at GS65+7 d. Values represent means of 9 cultivars in 2012 and 2013. Bars represent maximum and minimum values for the 9 cultivars.
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 34 Figure 3. Spike, true stem, lamina and leaf sheath total DM partitioning (% of total AGDM) at GS31, GS41, GS65+7d and GS95. Mean values at each stage and plant component (mean of nine cultivars, 2012 and 2013), dotted lines indicate ranges for maximum and minimum values at each stage. Error bars represent SED for nine cultivars for true-stem DM partitioning.
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 567 Figure 5. True-stem water soluble carbohydrates (% per g of true-stem DM) with time. Each set of points represents each cultivar, and means of 2012 and 2013. Error bars represent the SED for the sub-set of nine cultivars. Numbers in parenthesis show days after sowing separately for 2012 and 2013, respectively.
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 8 Fig. 8 Principal component analysis (PCA) of GY, HI, AGDM at harvest, AGDM at anthesis+7d, Spike DM PI, lamina DM PI, true stem DM PI, leaf sheath DM PI, TS Stem WSC PI, Structural stem DM PI, at GS61+7d for the 26 cultivars in 2012 and 2013.
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 12 Figure. 1 Individual grain weight in control shoots versus individual grain weight in degrained shoots for 26 genotypes. Values represent means across 2010-11, 2011-12, and 2012-13. Dashed line represents the 1:1 ratio.

  degrained treatment (mg/grain)

Figure 3 .

 3 Figure 3. a) Grain weight (GW) in control shoots versus a) grain weight in degrained shoots, and b) grain weight in defoliated shoots; and c) grain weight per shoot in the control versus grain weight per shoot in degrained treatment (multiplied by 2), d) grain weight per shoot of defoliated treatment for 9 spring wheat genotypes. Values represent means across 2011-12, 2012-13. Dashed line represents the 1:1 ratio.
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 4 Figure 4. a) Relationship between grain weight response to degraining and grain weight response to defoliation (%), b) relationship between grain weight per shoot response to degraining and grain weight per shoot response to defoliation for 9 genotypes. Values are means of 2011-12 and 2012-13.

Figure 5 .

 5 Figure 5. Source sink balance (g m -2 ) versus a) Grain weight response to degraining A+10d (%), b) Grain weight response to defoliation at GS65+10d (%) for nine wheat genotypes. Values represent means across 2011-12, 2012-13.
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 1 Figure 1. The 60 1st CIMCOG lines were grown under raised beds (left panel); and schematic diagram illustrating spikelet positions within the spike as well as the position of florets within the spikelet that were used in this study to characterize floret development in 1 st CIMCOG (right panel).
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 3 Figure 3. Number of fertile florets per spikelet related to either the maximum number of floret primordia initiated (left panel) or the percentage of these primordia which developed normally surviving to produce fertile florets at anthesis (right panel). Data are averaged across both experiments.

Figure 4 .

 4 Figure 4. Dynamics of the number of living floret primordia (those developing normally at the time of measurement) from the onset of stem elongation onwards, plotted against thermal time from anthesis in genotypes 8 and 9, which consistently had high and low spike fertility, respectively, within the subset analysed from the CIMCOG panel in the apical (left panel) central (middle panel) and basal spikelets (right panel).
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 5 Figure 5. Developmental progress of floret primordia 3, 4 and 5 (from left to right panels) in apical, central and basal spikelets (from top to bottom panels) from the onset of stem elongation onwards, plotted against thermal time from anthesis in genotypes 8 and 9 of the subset analysed from the 1 st CIMCOG panel. The florets are fertile when achieving the stage 10 in the scale developed by Waddington et al. (1983).
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  Figure 1: "U" Shape screen

Figure 2 :Figure 3 :

 23 Figure 2: Yield-Ctrlvs Yield-Hormones

Figure 4 :

 4 Figure 4: HI-Ctrl vs HI-Hormones Figure 5: SpkI-Ctrl vs. SpkI-Hormones
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 6 Figure 6: Effect of exogenous hormone application on yield components: a) on number of stems per square meter (top, left); b) on number of grains per spike (top, right); c) on number of grains per square meter (bottom, left); and d) on thousand grain weight (bottom, right).
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 7 Figure 7: Pearson's correlation coefficient for all the treatments at all concentrations (averaged).

Figure 8 :

 8 Figure 8: Relationship between yield (YLD) and yield components according to the exogenous hormone application treatments.

Figure 9 .

 9 Figure 9.Effects of hormone application on morphological traits: a) on plant height (top, left), b) on spike length (top, right), c) on number of spikelets per spike (bottom, left), and d) on number of fertile spikelets per spike (bottom, right).
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 1 Figure 1. Ethylene gas detector and the incubation procedure. A. Single spikes was incubated in 15 ml glass tubes for ~2 hours in artificial temperatures, mimicking ambient temperature. B. The ethylene gas detector, Sensor Sense.
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 2 Figure 2. Natural variation for spike-ethylene among 130 wheat genotypes composed of CIMMYT elite lines and Mexican landraces grown under severe heat stress and heat stress + ethylene-inhibitor conditions in Obregon, 2013. B. Spike-ethylene variation between elite lines and landraces.
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 3 Figure 3. Wheat genotype responses to ethylene-inhibitor. A. Correlation analysis between spike-ethylene under heat stress and heat + ethylene-inhibitor. B. Correlations between spike-ethylene under heat / heat + ethyleneinhibitor and spike-ethylene response to ethylene-inhibitor, silver nitrate. Spike-ethylene response was calculated by spike-ethylene under heat+spray / spike-ethylene under heat stress.
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 4 Figure 4. Correlation analysis between spike ethylene and spike dry weight. A. A negative correlation between spike-ethylene and spike-dry weight under heat and heat+inhibitor conditions. B. Spike ethylene and dry weight responses in high spike ethylene group (HSEG) and LSEG (D). C. Spike dry weight responses in elite lines and landraces under heat and heat + inhibitor conditions.
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 1 Figure 1. Relationships between grain yield and grain number (a), and between average grain weight (TGW) and grain number (b) of 30 CIMCOG genotypes evaluated in Ciudad Obregon during three growing seasons(2010-11, 2011-12, and 2012-13).
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 2 Figure 2. Relationships between individual grain weight and grain number (a), and between average grain weight (TGW) and grain number (b) of 30 CIMCOG genotypes evaluated in Ciudad Obregon during three growing seasons (2010-11, 2011-12, and 2012-13).

Figure 3 .

 3 Figure 3. Relationships between grain weight and grain volume of G2(a), and between grain weight and grain length of G2 (b) of 30 CIMCOG genotypes evaluated in Ciudad Obregon during three growing seasons(2010-11, 2011-12, and 2012-13).

  60 CIMCOG genotypes evaluated in Valdivia during 2012-13 achieved higher grain yields than in Cd. NH//H567.71/3/SERI/4/CAL/NH//H567.71/5/2*KAUZ/6/PASTOR/7/CROC_1/AE.SQUARROSA(205)//KAUZ/3 /ATTILA/8/CAL/NH//H567.71/3/SERI/4/CAL/NH//H567.71/5/2*KAUZ/6/PASTOR) to 1204.3 g m -2 (BCN/RIALTO).

Figure 4 .

 4 Figure 4. Relationships between grain yield and grain number (a), and between average grain weight (TGW) and grain number (b) of 60 CIMCOG genotypes evaluated in Valdivia during the 2012/\-13 growing season. The line in (a) shows the association between the variables for the highest yielding cultivars at each grain number (closed circles).
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 5 Figure 5. Relationships of grain number (a) and individual grain weight of G2 (b) between the thinning and control treatments of nine CIMCOG genotypes contrasting in GW and GN arrangement evaluated in Valdivia during the 2012-13 growing season. The lines show the 1.1 ratio.

Figure 6 .

 6 Figure 6. Relationships between grain weight and grain volume of G2 (a) and between grain weight and grain length of G2 (b) of nine CIMCOG genotypes contrasting in GW and GN arrangement under the control (open circles) and thinned plot (circles symbols) treatments evaluated in Valdivia during the 2012-13 growing season.
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 7 Figure 7. Time-course of grain length of G2 in two contrasting grain weight genotypes from the nine CIMCOG genotypes evaluated in Valdivia during the 2012-13 growing season.

Figure 8 .

 8 Figure 8. Expression of the expansin 6 (TaExpA6) gene of growing grains of genotypes shown in Fig. 6 evaluated in Valdivia during the 2012-13 growing season.
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 2 Figure 2. Relationship between internode 2 dry weight/unit length and lab stem strength (y=96.7x-19.7, R 2 =0.63, P <0.001). Data points represent the 15 varieties at 100 seeds/m 2 (blue) or 300 seeds/m 2 (red).

  weight/unit length (mg mm -1 )

Figure 3 .

 3 Figure 3. Relationship between GDVI determined at growth stage 55 and root plate spread measured in the field (y=-0.647x+50.297, R 2 =0.525). Data points represent the 15 varieties at 100 seeds/m 2 (blue) or 300 seeds/m 2 (red).
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 4 Figure 4. Ground penetrating radar (GPR) output scans. 2D vertical slice from a 1m length of a) a low plant population plot area (6 plants/m 2 ) and b) a high plant population plot area (105 plants/m 2 ) The Y axis represents depth and each nanosecond on y-axis correlates to 10cm.
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 1 Figure 1. Effect of crop height (a) and grain yield (b) on the on the structural stem biomass and surface root biomass required to avoid lodging for the NW Mexico environment.
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 1 Figure 1. Rubisco maximum carboxylation velocity (Vc) at 25 and 35ºC in 18 different genotypes of the Triticeae tribe (including species of Triticum, Aegilops, and triticale).

Figure 2 .Figure 3 .

 23 Figure 2. Relationship between V c and K c for Rubisco from 18 Triticeae genotypes at 25 and 35ºC. Regression lines indicate the best fit through the data (R 2 values shown). The data point represented by bread wheat cv. Cadenza is highlighted by a circle and arrows indicate genotypes that showed Rubisco properties superior to those of Cadenza.
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 1 Figure 1. Gas-exchange analyses (LI-6400XT) of wheat T1 transformant plants growing in the glasshouse.
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 2 Figure 2. Net CO 2 assimilation (A) response to the intercellular CO 2 concentration (Ci) in T1 transformant plants of 2 lines expressing SBPase and 4 lines expressing FBP aldolase in the CIMMYT background line HIST13 in relation to the respective control.
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 1 Figure 1. Plants of wheat lines transformed with the cotton Rubisco activase genes, growing in the glasshouse.

Figure 2 .

 2 Figure 2. Rubisco (left hand-side image, SDS-Page) and Rubisco activase α-and β-isoforms (right hand-side image, immunoblotting) in leaf extracts of wild-type wheat (W), cotton (C) or a mix of both in equal amounts (WC). Molecular weight markers of 50 and 37 kDa are indicated for reference. Proteins were extracted from duplicate samples (1 and 2) of young fully-expanded leaves of wild-type cotton (Gossypium hirsutum cv. Vicky) and wheat (Triticum aestivum cv. Cadenza). An identical amount of 2 μg total soluble protein was loaded of each sample into an 8-16% precise protein gel (15 well; Thermo Scientific). After separation of polypeptides by SDS-Page, half of the gel was stained with Coomassie Blue and the other half was immunoblotted with antibody against Rubisco activase (Carmo-Silva and Salvucci 2012).
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 1 Figure 1. Assimilation rate (A) ordered by overall mean for EV (left) and BUNYIP (right) genotypes, under low (yellow) and high fertilization (green). Boxplots graphs report the distribution of the data. The colored section is the interquartile range (IQR), representing 50% of the data. The lower IQR edge is the point at 25% of the data. The middle black point is the mean and the line the median, located in the 50% point. The upper IQR edge is the 75% point. The whiskers are 1.5 times IQR, showing the minimum and maximum data.

Figure 3 .

 3 Figure 3. Rate of velocity of carboxylation (V cmax ) at 25°C normalized with the nitrogen leaf area (N area ). Relationship between leaf mass area (LMA) and V cmax or J normalized with Nitrogen per area (N area ) from EV (open circles) and BUNYIP (close circles) genotypes grown under glasshouse conditions during 2012.
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 4 Figure 4. Photosynthetic efficiency (V cmax per unit leaf nitrogen) of fertilized genotypes of EV (white) and BUNYIP (gray) grown under glasshouse conditions during 2012.

Figure 5 .

 5 Figure 5. Density plot showing the distribution of photosynthesis (A) for early vigor and BUNYIP set in the glasshouse and fertilized. In the field, CIMCOG Subset II (anthesis and booting), elite or, candidate to CIMCOG II and landraces.
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 1 Figure1. Mean leaf reflectance spectrum of EBC n=306 (A); PLS SPAD coefficients (B); and difference between coefficients for SPAD and LMA or J (C). In order to plot comparable dimensions for the coefficients for each variable, they were normalized running the PLSR program with the observed data divided by their average.

Figure 4 .

 4 Figure 4. Relationships between observed values of J and SPAD (A) or LMA (B)

Figure 2 .Figure 3 .

 23 Figure 2. Comparison of stomatal (g s ) and mesophyll conductance (g m ) values measured for 8 different wheat genotypes, including Paragon and cultivars of the Watkins collection. Average from 3 different plants ± S.E.M. values.

Figure 1 .

 1 Figure 1. Total amount of soluble carbohydrates in 2012 (upper panel) and 2013 (lower panel) per whole organ in the awns, glumes, peduncle 1 (upper section of the peduncle), peduncle 2 (lower section of the peduncle), flag leaf and sheath blades of the six genotypes around mid-grain filling. Each bar represents the mean values plus standard deviation of the 6 genotypes and the three replications per genotype. Mean values with different superscripted letters are significantly different according to the Tukey's honestly significant difference test (P<0.05).

Figure 1 .

 1 Figure1. Spike Photosynthetic rate screening for 27 lines including PADs (grey bars) and CIMCOG lines (black bars) conducted at anthesis and during grain filling respectively. The 12 lines from PADs POP were evaluated during 2011/2012 growing cycle and the values are the mean of two replicates, each one is the average of at least two measurements per plot. The 15 lines from CIMCOG were evaluated during two growing cycles: 2011/2012 and 2012/2013, three replicates were considered in each year (every replicate is the average of at least two measurements per plot) and the values are the adjusted means from a combined analysis.
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 2 Figure 2. Relationship between adjusted means of net spike photosynthetic rate express per organ, SPDM (a) or area, SPA (b) basis with yield (combined analysis for two years) in PADs POP. Each value for photosynthesis represents the mean of 2 replicates for one year and the mean value for yield results from the combined analyses of two years of evaluation.
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 3 Figure 3. Relationship between adjusted means of pre-anthesis contribution to grain weight with spike photosynthesis contribution in CIMCOG evaluated during 2012-2013. Four negative values obtained for Pre-Anthesis contribution to grain yield (PreAC) were removed from the figure (n=26). The correlation is marginally significant at P<0.1.

Figure 4 .

 4 Figure 4. Relationship between adjusted means of dry mater translocation efficiency (DMTe), grain number per square meter (GM2) and thousand grain weight (TGW) with Pre-anthesis contribution to grain weight and Spike Photosynthesis Contribution to grain weight evaluated in 30 genotypes of CIMCOG during 2013-2013 under fully irrigated conditions. Four negative values obtained for Pre-Anthesis contribution to grain yield (PreAC) were removed from the figure (n=26).
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 5 Figure 5. Histogram of spike contribution obtained with the textile (a) and DCMU application (b) at RILs ATIL/Dicoccum applied during 2011-2012 growing cycle ten days after anthesis under full irrigated conditions. The values of the parents are shown in the figures.

Figure 6 .

 6 Figure 6. LOD curve for chromosomes 3A, 3B, and 7A showing potential QTLs for spike photosynthesis calculated based on reduction in thousand grains weight. A QTL on chromosome 7A was detected for SP individually after Textile and DCMU treatments.
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 1 Figure 1. Relationship between grain yield and biomass at maturity in flat (a) and raised beds (b), and harvest index in flat (c) and raised beds (d) at for CIMCOG genotypes during winter-spring 2010-11 in Cd. Obregon, Sonora, Mexico.

Figure 2 .

 2 Figure 2. Relationship between grain yield and radiation use efficiency determined from E+40 to physiological maturity (RUET) in flat (a) and raised beds (b) at using CIMCOG genotypes during winter-spring 2010-11 in Cd. Obregon, Sonora, Mexico.

  

  

  

Table 1 .

 1 Site and details of the experimental sites where genotypes were evaluated during 2011-13 autumn-winter cycles. Researchers in charge of the experiments at each INIFAP experimental station are shown in the table.

	Site	Coord.	masl (m)	Researcher	Location
	Baja California	32 o 18'N 115 o 4W	8.6	M.C. Jorge Iván Alvarado Padilla	Campo Experimental Valle De Mexicali. Carretera a San Felipe Km. 7.5. Mexicali, Baja California
				Dr. Víctor	
	Chihuahua	28 o 10'N 105 o 29W	1178	Manuel Hernández	Campo Experimental Delicias. Km. 2. Carretera Delicias-Rosales, Cd. Delicias, Chihuahua
				Muela	
	Guanajuato	20 o 32'N 100 o 49W	1752	Dr. Ernesto Solís Moya	Campo Experimental Bajío Km 6.5 Carr. Celaya-San Miguel de Allende, Celaya, Guanajuato
	Jalisco	21 o 18'N 102 o 30W	1541	M.C. Javier Ireta Moreno	Campo Experimental Centro-Altos de Jalisco. Km 8 carretera Tepatitlán-Lagos de Moreno, Tepatitlán, Jalisco
	Sinaloa	25 o 45'N 108 o 48W	14	M.C. Alberto Borbón Gracia	Campo Experimental Valle del Fuerte. Carretera México -Nogales, Km 1609. Los Mochis, Sinaloa
	Sonora	32 o 18'N115 o 4W	37	Dr. Pedro Figueroa López	Campo Experimental N.E. Borlaug. Km 12 Carretera Dr. Norman Borlaug. Ciudad Obregón, Sonora

Table 2 .

 2 Name of genotypes evaluated in the CIMCOG-INIFAP trial during the 2012-13 autumn-winter season, at six locations in Mexico. Details of the origin of the genotypes (CIMCOG, 1 st WYCYT, or INIFAP) are shown in brackets

	Entry Num.	Cross Name
	1	BABAX/LR42//BABAX/3/VORB (CIMCOG)
	2	BACANORA T 88 (CIMCOG)
	3	BCN/RIALTO (CIMCOG)
	4	BECARD (CIMCOG)
	5	BECARD/KACHU (CIMCOG)
	6	BRBT1*2/KIRITATI (CIMCOG)
	7	SAUAL/4/CROC_1/AE.SQUARROSA (205)//KAUZ/3/ATTILA/5/SAUAL (CIMCOG)

Table 5 .

 5 Correlation coefficients between agronomical traits measured in CIMCOG-INIFAP evaluated at six experimental sites during the 2012-13 autumn-winter cycle.

		Height (cm)	DF	DM	YLD (kg*ha -1 )	TKW (g)	HI	BM	GPSM	SPSM
	Height	1							
	DF	-0.215	1						
	DM	-0.365**	0.819***	1					
	YLD	-0.0903	-0.2929* -0.1341	1				
	TKW	0.528***	-0.16782 -0.2498 ms	0.1973	1			
	HI	-0.373**	-0.3295* -0.2478 0.5893***	0.0636	1		
	BM	0.2437	-0.14088	0.001	0.5495***	0.1378	-0.282*	1	
	GPSM	-0.516***	-0.13771	0.0679 0.5967*** -0.654*** 0.437*** 0.2840*	1
	SPSM	0.1141	-0.354** -0.317* 0.4218*** -0.2814*	-0.0401 0.597*** 0.551***	1

*, **, *** Refer to level of significance, P ≤ 0.05, 0.01 and 0.001, respectively. ms, marginal significance (P<0.06)

Table 6 .

 6 AMMI analysis of variance of 60 wheat genotypes in six environments.

		df	Sums of Squares (SS)	%SS
	Environment (E)	5	1242451007**	66.7
	Genotype (G)	59	105354409**	5.6
	G x E	295	345594793**	18.5
	PC1	63	163.311**	47.25
	PC2	61	85.010**	24.59
	PC3	59	40.111**	11.63
	Residue	112	57.1	16.5

Table 7 .

 7 Broad sense heritability (h 2 ) values for grain yield, harvest index (HI), height, days to flowering, days to maturity, thousand kernel weight (TKW), biomass, grain number per square meter and spike number per square meter of the 30 CIMCOG genotypes in common for the two years of evaluation during 2011-12 and 2012-13 under irrigated conditions at six INIFAP experimental stations

			Heritability (h 2 )				
		Year 2011-2012 Year 2012-2013 Across years	Mean	LSD	CV
	Grain Yield (kg h -1 )	0.00	0.46	0.47	5338	459	4.4
	HI	0.39	0.63	0.70	0.46	0.02	2.7
	Height (cm)	0.73	0.88	0.91	86.7	3.2	1.9
	Days to Flowering	0.79	0.66	0.87	84	1.0	0.6
	Days to Maturity	0.20	0.85	0.59	123	2.6	1.1
	TKW (g)	0.96	0.95	0.98	42.9	1.5	1.7
	Biomass (t h -1 )	0.12	0.24	0.40	12.2	1.3	5.5
	Grain number (m -2 )	0.78	0.71	0.89	12487	1132	4.6
	Spike number (m -2 )	0.74	0.66	0.84	332.3	34.4	5.3

Table 1 .

 1 . Statistical analysis of a yield trial. Agron. J. 80:388-393 Averages for the characters measured in 60 wheat genotypes evaluated in six INIFAP experimental sites under irrigated conditions during fall Winter 2012-2013 cycle

	Supplemental Material							
	Supplemental GEN Height	DF	DM	TKW	HI	BM	GPSM	SPSM	YLD
	53	89	79	115	45	0.47	13.7	13358	384
	56	82	74	113	41	0.45	14.6	14440	444
	52	85	76	114	41	0.43	13.8	14020	391
	46	81	81	117	39	0.45	13.3	14451	340
	1	90	83	118	48	0.40	14.0	11408	366
	5	82	84	118	41	0.43	13.2	13373	355
	38	87	85	121	40	0.39	15.0	13547	401
	10	77	82	120	51	0.45	12.7	10636	290
	35	80	85	119	38	0.43	13.2	14093	384
	57	87	75	115	43	0.42	13.8	12901	373
	60	92	80	116	45	0.39	15.1	11862	406
	28	85	82	119	43	0.43	13.1	12384	344
	27	85	81	117	44	0.44	12.5	12201	349
	14	86	82	120	41	0.38	14.7	12664	326
	12	89	82	117	40	0.38	14.2	12967	404
	23	83	84	120	45	0.39	14.5	11359	350
	54	83	77	115	39	0.42	13.4	13512	396
	18	85	78	115	42	0.43	12.8	12593	361
	34	92	83	118	44	0.41	13.3	11799	335
	50	86	83	117	41	0.42	13.0	12685	362
	22	89	82	119	46	0.39	13.9	10877	325
	43	93	82	117	44	0.39	13.8	11696	399
	3	68	86	124	31	0.43	12.4	16069	361
	26	85	83	118	39	0.42	12.7	12747	347
	24	95	83	117	49	0.42	12.9	10387	318
	4	83	82	118	41	0.44	12.2	12164	323
	2	78	83	117	34	0.43	12.3	14781	386
	21	91	82	117	43	0.37	14.1	11662	391
	30	86	83	117	41	0.43	12.6	12070	326
	51	91	82	117	43	0.38	14.0	11627	373
	36	89	80	119	41	0.40	12.9	12118	327
	33	90	83	119	44	0.40	13.0	11273	351
	32	91	80	117	42	0.40	13.4	11890	340

Table 1 .

 1 Details of the six trials in which measurements were made under the three environments of drought, irrigation, and heat.

	Trial	Year	Environment Lines	No. of	Reps Plot Size	Beds
					Plots		(m)	
	CIMCOG_H_1	2012	Heat	Elite/Historical	60	2	2 x 0.8	1
	CIMCOG_H_2	2012	Heat	Elite/Historical	60	2	2 x 0.8	1
	DIVERSITY_SET	2012	Heat	Elite	80	2	3.5 x 0.8	2
	CIMCOG_I	2013	Irrigation	Elite/Historical	90	3	8.5 x 2.4	2
	FIGS	2013	Drought	Landraces	416	2	2 x 0.8	2
	SEED_SEL	2013	Drought	Landraces	450	2	2 x 0.8	2

Band Location (nm) Band Location (nm) Band Location (nm)

  

		B 1	442-10	B 5	570-02	B 9	760-10
		B 2	500-05	B 6	650-05	B 10	800-10
		B 3	530-02	B 7	675-05	B 11	900-10
		B 4	550-10	B 8	700-10	B 12	970-10
	Index	Camera	Calculation		Index	Camera	Calculation
	NDVI	ADC Lite				

Table 5 .

 5 Genetic correlations between the airborne derived thermal index for the three heat trials against the corresponding ground-based canopy temperature (CT), yield and biomass. * = normalized by phenology.

	Trial		CT Ground ( o C)	Yield (g/m 2 )	Biomass (g/m 2 )
	Diversity_Set	Thermal Index	0.59	-0.57	-0.64
		CT Ground ( o C)		-0.56	-0.60
	CIMCOG_H_1	Thermal Index	0.76	-0.73	-0.78
		CT Ground ( o C)		-0.55	-0.61
	CIMCOG_H_2	Thermal Index	0.73*	-0.74	-0.78
		CT Ground ( o C)		-0.62	-0.67

Table 6 .

 6 Genetic correlations between the airborne derived NDVI via the ADC Lite multispectral camera against the corresponding ground-based NDVI, yield and biomass. * = normalized by phenology.

Table 7 .

 7 Genetic

correlations between the indices derived from the Mini MCA multispectral camera positioned on the blimp and equivalent ground-based NDVI measurements for the FIGS and CIMCOG_I trials. * = normalized by phenology.

Table 7

 7 ) for the trials FIGS and CIMCOG_I. Again this airborne/ground-based relationship is more robust than that of the temperature traits. As expected, some of the strongest correlations in Table7are between the ground-based NDVI and the spectral indices related to chlorophyll content (NDVI, TVI, NDCI, and MSAVI) and other pigments (PSND, PSR, NCPI, PSSR, and PSRI). Correlations between the ground-based NDVI and the water indices (WI, NWI_1 and NWI_2) are stronger for the case of the irrigated trial CIMCOG_I compared to the drought trial FIGS, perhaps due to the more abundant biomass and later phenology in the irrigation trial.[START_REF] Berni | Thermal and Narrowband Multispectral Remote Sensing for Vegetation Monitoring From an Unmanned Aerial Vehicle[END_REF] demonstrated the ability of a 6-band MCA multispectral camera on-board a UAV to estimate chlorophyll content at crown level from imagery obtained over an olive orchard.

However Zhang et al. (2009) 

found inconsistent results when comparing ground-based NDVI with several vegetation indices derived from airborne multispectral imagery.

Table 1 .

 1 1st CIMCOG parents chosen for population development with Weebill as a common parent are shown in Figure4. The stage of population development is given in Table1. This table also shows populations developed with WISP that include CIMMYT parents, or parents of interest for CIMMYT target environments; these can be made available for use in the WYN. For some of these populations genetic maps are already available, if this is the case it is shown in the table. Populations developed within the BBSRC WISP programme and supported by funding from MasAgro in some cases. Populations with an * are complete and have associated genetic maps. Development will be completed with WISP. The aim is to develop all SSD to population to at least F 4 and then produce linkage maps, currently using KASP.

	Parents	Individuals	Reason for choice of parent
	1ST CIMCOG-3 x Weebill	200 F 3	Grain per spike
	1ST CIMCOG-18 x Weebill	200 F 2	Spike index
	1ST CIMCOG-20 x Weebill	200 F 2	High grain yield
	1ST CIMCOG-26 x Weebill	100 F 3	Spikes m2 and early
	1ST CIMCOG-32 x Weebill	200 F 2	Harvest index and grains per spikelet
	1ST CIMCOG-47 x Paragon	430 F 3	Biomass
	1ST CIMCOG-49 x Paragon	430 F 3	High grain yield/biomass
	Paragon x Garcia	300 F 6 (complete)	Drought tolerance*
	Weebill x Bacanora	106 DH	Grain size*
	Becard Kachu x Paragon	94 F 4	Earliness
	Syn type CIM15x Paragon	94 F 4	Earliness
	Misr-1xParagon	94 F 4	Earliness
	Super 152x Paragon	94 F 4	Earliness
	Baj x Paragon	94 F 2	Earliness
	Pfau x Paragon	94 F 4	Earliness
	Waxwing x Paragon	94 F 4	Earliness
	Wyalkatchem x Paragon	94 F 5	Phenology

Table 1 .

 1 Descriptive statistics and variance parameters estimated using mixed model (PROC MIXED in SAS) for grain yield and yield components studied on 294 lines wheat association mapping initiative (WAMI) population grown in Mexico from 2010-2013.

	Trait	Min	Mean	Max	Repeatability
	YLD (kg/ha)	4.73	6.79	8.20	0.62
	TKW (g)	34.25	42.50	53.40	0.92
	GNO	10890. 00	16139.96	20827	0.75
	Hed † (Days)	75.71	82.01	88.82	0.81
	Ant (Days)	82.58	87.92	95.12	0.75
	Mat (Days)	125.87	130.35	135.37	0.70
	PH (cm)	89.65	103.35	118.55	0.89
	SPADLLg	38.29	44.95	50.37	0.55
	SPADvg	39.50	43.82	48.43	-
	CTvg	21.66	23.10	24.17	-
	CTLLg	23.57	24.60	25.56	0.22
	NDVIvg	0.30	0.41	0.51	0.23
	NDVILLg	0.32	0.44	0.52	0.59
	PL † (cm)	27.16	35.49	44.11	0.84
	BM †	13.18	17.26	21.36	0.09
	HI †	0.36	0.44	0.49	0.40
	† indicates two year data, σ 2 G: Genotypic variance; σ 2 G x E: Genotype x Environment variance; σ 2 E: residual
	variance. YLD: Grain yield/m 2 , TKW: Thousand Kernel Weight; GNO: Grain Number/m 2 ; HED: Days to heading;
	ANT: Days to anthesis; MAT: Days to maturity, PH: Plant height, SPADLLG: SPAD meter reading at grain filling,
	SPADvg: SPAD reading at vegetative state, CTvg: canopy temperature at vegetative stage, CTLLg: Canopy
	temperature at grain filling stage; NDVIvg: Normalized differential vegetative index at vegetative stage; NDVILLg:
	NDVI at grain filling stage; PL: Peduncle length; BM: Biomass; HI: Harvest index.

Table 2 .

 2 Pearson correlation coefficient (r) for the traits in the 294 line WAMI population.

			G		D											
		TK	N	DT	T	DT		SPAD	SPA	CT	CTL	NDV	NDVI			
		W	O	H	A	M	PH	LLg	Dvg	vg	Lg	Ivg	LLG	PL BM HI
	YLD	0.1 8	0.5 6	0.0 8	0.0 5	0.1 2	-0.0 1	0.19	0.12	-0.1 3	-0.15 -0.04	-0.01	0.0 2	0.5 3	0.3 5
	TKW	1.0 0	-0.7 0	-0.2 9	-0.3 3	-0.2 2	0.5 0	0.20	0.28	0.0 7	-0.19	0.03	-0.12	0.4 8	0.2 3	-0.0 7
	GNO		1.0 0	0.2 9	0.3 0	0.2 6	-0.4 3	-0.02	-0.15	-0.1 6	0.05 -0.06	0.09	-0.3 8	0.1 9	0.3 2
	DTH			1.0 0	0.9 2	0.5 0	0.0 0	-0.06	-0.22	0.0 1	-0.12	0.00	0.48	-0.3 1	0.0 8	-0.0 4
	DTA				1.0 0	0.6 2	-0.0 5	-0.04	-0.26	0.0 2	-0.11 -0.02	0.49	-0.3 0	0.1 0	-0.0 9
	DTM					1.0 0	-0.1 8	0.04	-0.20	-0.0 9	-0.18 -0.07	0.46	-0.1 4	0.1 9	-0.1 1
	PH						1.0 0	-0.10	-0.04	0.1 8	-0.36	0.29	0.10	0.6 3	0.2 4	-0.3 9
	SPAD LLg							1.00	0.35	-0.1 8	0.00 -0.05	-0.02	0.0 6	0.0 7	0.2 1
	SPAD vg								1.00	-0.0 8	-0.02 -0.05	-0.07	0.0 9	0.0 3	0.1 5
	CTvg †									1.0 0	0.16	0.17	0.01	0.1 5	-0.0 1	-0.1 4
	CTLL g †										1.00	0.01	-0.32	-0.2 6	-0.1 4	0.1 1
	NDVI vg											1.00	-0.13	0.2 3	-0.0 3	-0.1 2
	NDVI LLG												1.00	0.0 4	0.1 3	-0.2 2
	PL													1.0 0	0.1 5	-0.2 9
	BM †														1.0 0	-0.3 2
	HI †															1.0 0

± Please see Table

1

footnotes.

Table 3 .

 3 Summary of SNP markers identified for yield, yield components, and physiological traits in WAMI phenotyped at Cd. Obregon, Sonora, Mexico, from 2009 to 2013. Only the markers with a p-value <10 -04 are mentioned here. ± Please see Table1footnotes for abbreviations, PVE= phenotypic variation explained by marker

Trait Marker Marker ID Chr. Position P-value MAF

  

	Marker wsnp_Ex_c34842_43092205 for grain yield was detected in chromosome 5B close to a QTL for grain yield
	detected in an earlier study (Edae et al. 2014). Earlier studies have detected yield QTLs in the short and long arm of
	chromosome 5B					
	Yield	wsnp_Ex_c24711_33964543	M1	2B	166.96 9.75 × 10 -04	0.10
		wsnp_Ex_c55051_57706127	M2	3A	18.76 4.10 × 10 -05	0.10
		wsnp_Ex_c49319_53953814	M3	4B	60.99 3.40 × 10 -04	0.10
		wsnp_Ex_c34842_43092205	M4	5B	54.22 5.65 × 10 -04	0.40
	TKW	wsnp_Ex_c1943_3663067	M6	5A	50.96 2.61 × 10 -04	0.30
		wsnp_Ex_c16963_25554400	M9	5B	131.82 7.82 × 10 -04	0.10
		wsnp_BF200644A_Ta_1_1	M10	6A	89.87 7.72 × 10 -04	0.20
	GNO	wsnp_Ex_c55051_57706127	M11	3A	18.76 9.52 × 10 -04	0.10
		wsnp_Ku_c10515_17368422	M12	4B	106.45 5.11 × 10 -04	0.30
		wsnp_JD_c20604_18293112	M14	5A	140.67 3.08 × 10 -04	0.10
		wsnp_BE500291A_Ta_2_1	M15	5A	150.04 6.78 × 10 -05	0.20
		wsnp_Ex_c14182_22122844	M16	5D	50.08 9.52 × 10 -04	0.40
		wsnp_Ex_c20062_29096454	M17	7A	51.17 5.39 × 10 -04	0.20
		wsnp_Ex_c11658_18773159	M18	7B	1.73 6.74 × 10 -04	0.20
	Hed	wsnp_JD_c42879_30043973	M20	2B	39.06 2.95 × 10 -04	0.20
		wsnp_Ex_c8543_14357051	M22	5A	59.32 9.34 × 10 -05	0.20
	Ant	wsnp_BJ224975A_Ta_2_1	M29	5A	66.23 1.29 × 10 -04	0.20
		wsnp_Ex_c64709_63402325	M36	7B	31.89 7.62× -04	0.20
		wsnp_JD_c42879_30043973	M37	2B	39.06 9.72× -04	0.20
	Mat	wsnp_Ex_rep_c107564_91144523	M38	4D	0.51 8.93× -05	0.20
		wsnp_Ra_c323_681466	M39	5A	152.32 9.87× -04	0.10
		wsnp_Ku_c60707_62509051	M40	7B	98.96 7.33× -04	0.30
	PH	wsnp_Ex_c10595_17291999	M41	1A	52.28 3.74× -04	0.20
		wsnp_Ku_c3201_5970486	M42	5B	101.63 5.23× -04	0.20
		wsnp_Ku_c7052_12196253	M43	7B	47.11 8.74× -04	0.30
	HI	wsnp_Ex_c25467_34731005	M44	4B	73.47 2.66× -05	0.10
		wsnp_Ex_c22785_31991891	M45	4B	73.46 2.36× -04	0.06
	CTLLg	wsnp_Ex_rep_c71219_70023450	M48	5A	163.52 5.19× -05	0.49
		wsnp_Ex_c22089_31270950	M49	6A	75.45 1.77× -04	0.41
	SPADLLg wsnp_Ex_c23383_32628864	M51	6D	58.05 2.08× -04	0.44
	NDVIvg	wsnp_Ex_c8884_14841846	M53	3A	116.24 5.83× -04	0.24
		wsnp_Ex_c1690_3206784	M54	6D	43.68 6.42× -04	0.25
	NDVILLg wsnp_JD_c42879_30043973	M55	2B	39.05 1.80× -04	0.16
		wsnp_Ex_c8884_14841846	M56	3A	116.24 2.75× -04	0.24

Table 1 .

 1 a) International sites of the 1 st Wheat Yield Consortium Yield Trial WYCYT, b) Meteorological data of the sites of the 1st WYCYT showing long term maximum (Tmax), minimum (Tmin) and average (Tmin) temperatures for the cycle based on the ten year mean from 2002-2012.

		Country	Institution	Site	State	Latitude	Longitude	Alt. (m)
	1		Bangladesh	Joydebpur	Rangpur	25º 38' N	88º 41' E
			Agricultural				
		Bangladesh	Research Institute				
	2		University of	Rajshahi	Rajshahi	24º 22' N	88º 39' E
			Rajshahi				
	3		Indian Agricultural	New Delhi	Delhi	28º 24' N	76º 50' E
			Research Institute				
	4		University of	Dharwad	Karnataka	15º 26' N	75º 07' E
			Agricultural				
			Sciences, Dharwad				
	5		University of	Ugar	Karnataka	16º 37' N	70º 51' E
			Agricultural				
		India	Sciences, Ugar				
	6		IARI Regional	Indore	Madhya Pradesh 22º 37' N	75º 50' E
			Research Station				
	7		Punjab Agricultural	Ludhiana	Punjab	30º 54' N	75º 48' E
			University				
	8		Banaras Hindu	Varanasi	Uttar Pradesh	25º 15' N	82º 59' E
			University				
	9	Nepal	Research Council Nepal Agriculture	Bhairahawa	Rupandehi	27º 32' N	83º 25' E
	10		National	Islamabad	Islamabad	33º 43' N	73º 06' E
			Agricultural				
			Research Council				
		Pakistan					
	11		CIMMYT-Pakistan	Islamabad	Islamabad	33º 43' N	73º 06' E
			Experimental				
			Station				
	12		CIMMYT Iran	Karaj	Karaj	35º 50' N	50º 58' E
		Iran	Experimental				
			Station				
	13		CIMMYT China	In.Mongolia	Inner Mongolia	44 00' N	113 00' E
		China	Experimental				
			Station				
	14	Egypt	Research Center Agricultural	Sohag	Giza	26º 36' N	31º 38' W
	15		CIMMYT-HQ, El	El Batan	Mexico	19º 31' N	98º 50' W
		Mexico	Batan Experimental				
			Station				

Table 2 .

 2 Agronomic and physiological traits of the top five candidates of the 1st WYCYT versus elite conventional checks under optimal management, NW Mexico,

2013 YIELD BIOM TKW HI GM2 Sp/m2 Grains/ %Gfill Anth Mat Height WSC Ant Spike Indx CHL--Gfill Spklts Infertile

  

	(SPAD) /s pike s pkl ts
	%
	cm
	d
	d
	(%)
	spike
	#
	#
	g
	g/m2
	g/m2

Avg PT (n=5) 815 2218 46.1 0.37 17794 381 47.0 30.7% 93.7 135.1 109 15.3 0.291 50 22.1 1.43 Avg CONV (n=5) 800 2048 48.4 0.39 16560 350 48.1 31.3% 91.7 133.4 112 14.5 0.298 49 21.9 1.72

  

	--16.9		1.1	2.2		1.1	1.2	1.7		1.6	1.4	1.8	1.70	2.2	1.02
	0.6		20.8	23.9		19.8	22.7	23.0		22.2	21.0	21.5	22.6	22.3	1.44
	3.2		51.8	48.8		50.3	48.2	53.4		52.0	47.1	52.5	45.6	47.4	3.89
	--2.4		0.311	0.267		0.305	0.308	0.267		0.335	0.299	0.320	0.276	0.262	0.05
	5.6		15.7	19.1		13.0	13.8	15.0		14.1	14.5	14.3	15.2	15.3	0.03
	--2.5		107		109	110	112	108		109	115	108	117	111	6.9
	1.3		138		133	135	136	135		136	133	132	132	135	2.87
	2.2		97.0		90.0	93.5	94.5	93.5		93.5	91.0	91.0	91.5	91.5	1.92
	--1.9		29%		32%	30%	31%	30%		31%	31%	31%	31%	32%	
	--2.3		50.9		46.0	46.8	44.0	47.5		55.1	44.4	45.4	54.0	41.8	10.22
	9.1		403		359	373	404	367		300	370	358	319	401	73.9
	7.5		20619		16485	17377	17426	17063		16328	16308	16253	17116	16794	2758
	--5.5		0.386		0.388	0.386	0.337	0.358		0.415	0.390	0.365	0.409	0.384	0.046
	--4.7		39.8		50.0	47.1	46.3	47.5		51.0	48.9	47.2	47.3	47.6	5.64
	8.3		2128		2107	2136	2418	2300		2013	2045	2109	1989	2082	364
	1.9		822		815	822	810	809		836	786	777	806	796	83.3
	% difference	1st WYCYT Candidates	BCN/RIALTO//ROLF07	CMH79A.955/4/AGA/3/4*SN64/CNO67//INIA66/	5/NAC/6/RIALTO/7/ROLF07	NL623/W-78//ROLF07	WBLL1//YANGLING SHAANXI/ESDA/3/ROLF07	WBLL1//YANGLING SHAANXI/ESDA/3/ROLF07	Elite Conventional Checks	TACUPETO F2001/BRAMBLING*2//KACHU**	QUAIU* **	SOKOLL*	WBLL1*2/KUKUNA* **	BABAX/LR42//BABAX*2/3/KURUKU	LSD

*checks included at Mexican INIFAP sites, ** checks included at International sites

1 st

WYCYT-INIFAP sites, Mexico (2013 cycle) 

Table 4 .

 4 Agronomic and physiological traits of the top five candidates of the 2nd WYCYT versus elite conventional checks under optimal management, NWMexico, 2013 

Table 3 .

 3 

Table 1 .

 1 Spring wheat CIMMYT genotypes, evaluated in 2011-12 and 2012-13).

	ENTRY	Genotype name
	1*	Babax/lr42//babax/3/vorb
	2	Bacanora t 88 (hist 4)
	3	Bcn/rialto
	4*	Becard/kachu
	5	Brbt1*2/kiritati (hist 14)
	6	Sahual/4/croc_1/ae.squarrosa(205)//
	7*	Sahual/whear//saual
	8*	Cmh79a.955/4/aga/3/4*sn64/cno67//inia66/5/
	10	Cno79//pf70354/mus/3/pastor/4/bav92*2/5/fh6-1-7
	11	Croc_1/Ae.squarrosa (205)//borl95/3/
	12	Kbird//inqalab 91*2/tukuru
	13	Milan/kauz//prinia/3/bav92
	14*	Pavon f 76
	15	Pbw343*2/kukuna*2//frtl/pifed
	16	Pfau/seri.1b//amad/3/waxwing
	17*	Seri M 82 (hist 3)
	18	Siete cerros T66 (hist 1)
	19	Sokoll//pbw343*2/kukuna/3/attila/pastor
	20	Tacupeto f2001/saual/4/babax/lr42//babax*23/
	21*	Tacupeto f2001/brambling*2/kachu
	22	Tc870344/gui//temporalera m 87/agr/3/2*wbll1
	23	Trap#1/bow/3/vee/pjn//2*tui/4/bav92/rayon/5/kachu
	24*	Up2338*2/4/sni/trap#1/3/kauz*2/trap//kauz/5/
	25*	Becard
	26	Wbll1*2/kuruku*2/5/reh/hare//2*bcn/3/croc_1/
	27	

Table 3

 3 Above-ground dry matter (AGDM) at anthesis + 7 days (GS65+7d); DM partitioning in spike, true stem, lamina and leaf sheath (proportion AGDM) at GS65+7d; and soluble DM (percentage of plant component DM) at GS65+7d. (Mean values in 2012 and 2013); and phenotypic correlations with harvest index, spike DM partitioning at GS65 + 7d and date of anthesis, GS65 (DTA).

	Genotype	AGDM		%AGDM GS61+7d		Soluble DM (% plant organ DM GS61+7d)
		(g m -2 )	Spike T. Stem Lamina	L. Shth	Spike T. Stem L. Shth
	BABAX/LR42	1170	0.215	0.403	0.205	0.177	12.1	16.4	9.9
	BECARD/KACHU	1200	0.242	0.367	0.208	0.183	9.4	13.7	8.4
	SAUAL/WHEAR	1138	0.212	0.394	0.211	0.183	9.0	15.5	9.3
	CMH79A.955	1215	0.261	0.321	0.223	0.194	9.2	23.2	11.8
	PAVON F 76	1019	0.260	0.346	0.232	0.161	7.6	12.4	8.0
	SERI M 82	1058	0.255	0.347	0.211	0.186	12.3	22.8	14.5
	TACUPETO F2001	1240	0.248	0.363	0.206	0.184	8.5	19.0	11.5
	UP2338*2	1184	0.221	0.392	0.206	0.182	7.7	13.0	8.5
	BECARD	1073	0.240	0.408	0.191	0.161	8.1	10.5	7.8

Mean and ranges for 26 cultivars Mean and ranges for 9 cultivars

  

	Mean	1120	0.237	0.380	0.206	0.177	9.3	16.3	10.0
	Max	1415	0.266	0.408	0.232	0.194	12.3	23.2	14.5
	Min	945	0.212	0.321	0.181	0.161	7.6	10.5	7.8
	LSD 5% Gen.	141.7	0.017	0.022	0.017	0.019	2.16	3.50	1.96
	Prob. Gen.	<0.001 <0.001 <0.001	<0.001	<0.01	<0.01	<0.001 <0.001
	Prob. Year	ns	<0.001 <0.001	<0.001	ns	<0.001 <0.001 <0.001
	Prob. G*Y	<0.01	ns	<0.001	ns	ns	<0.05	ns	<0.01
	Corr. HI	0.01 ns	0.40						

* -0.15 ns -0.21 ns 0.03 ns 0.47 ns 0.28 ns 0.45 ns Corr. Spike PI -0.14 ns --0.60* 0.00 ns -0.19 ns -0.10 ns 0.38 ns 0.37 ns Corr. DTA 0.61 ns 0.34 ns -0.69* 0.47 ns 0.75* 0.02 ns 0.56 ns 0.32 ns * Significant at P< 0.05, ** at < 0.01, *** at < 0.001and ns: Non-significant. HI: harvest index, Spike PI: Spike DM, proportion of total AGDM at GS65+7d.

TS sol DM util LS sol DM util AGDM Harv AGDM GS65+7d Grain DM Post-anth Ps

  

							Grain DM
							storage
	BABAX/LR42	167.4	27.6	5638.0	3440.3	2197.7	164.3
	BECARD/KACHU	166.5	37.9	5104.6	3594.7	1509.9	165.5
	SAUAL/WHEAR	210.4	35.3	5627.2	3492.9	2134.3	207.4
	CMH79A.955	291.2	64.8	6367.9	3977.2	2390.7	305.2
	PAVON F 76	97.9	9.4	4912.6	2565.9	2346.7	114.4
	SERI M 82	230.9	58.5	5032.0	3187.6	1844.5	249.3
	TACUPETO F2001	224.3	66.0	6183.7	3558.9	2624.8	213.7
	UP2338*2	164.1	27.6	4971.3	3289.0	1682.3	162.5
	BECARD	131.3	21.5	5057.3	3167.2	1890.1	57.4
	Mean	187	39	5433	3364	2069	191
	Max	291	66	6368	3977	2625	305
	Min	98	9	4913	2566	1510	57
	LSD (5%)Gen	75	21	926	490	916	93
	Prob. Gen	<0.01	<0.001	<0.05	<0.001	ns	<0.001
	Prob. Year	<0.01	<0.001	<0.01	ns	<0.05	ns
	Prob. G*Y	Ns	<0.01	ns	ns	ns	ns

  , in irrigated conditions in northwest Mexico[START_REF] Saint Pierre | Stem solidness and its relationship to water-soluble carbohydrates: association with wheat yield under water deficit[END_REF], and under drought conditions in northwest Mexico(Lopes and Reynolds,2010;[START_REF] Saint Pierre | Stem solidness and its relationship to water-soluble carbohydrates: association with wheat yield under water deficit[END_REF] and Australia (Van Herwaarden and

Table 2 .

 2 Means and analysis of variance of soluble and structural dry matter partitioning (% of total AGDM) and in gm -2 in the spike, leaf sheath and true stem at GS65+7d for the subset of nine cultivars, means of 2012 and 2013 (see Fig.2).

		GS31	GS41				Harvest				
		Lamina	Lamina	T. Stem	L. Shth	Spike	T. Stem	Lamina	L. Shth
	1	0.707	0.474		0.223	0.303	0.548	0.248		0.105	0.099
	4	0.722	0.476		0.192	0.331	0.578	0.218		0.109	0.095
	7	0.676	0.461		0.238	0.301	0.553	0.247		0.102	0.098
	8	0.692	0.446		0.224	0.331	0.595	0.212		0.094	0.099
	14	0.688	0.516		0.187	0.297	0.490	0.272		0.119	0.119
	17	0.700	0.441		0.197	0.362	0.595	0.214		0.098	0.093
	21	0.701	0.476		0.220	0.304	0.558	0.233		0.109	0.101
	24	0.692	0.472		0.208	0.319	0.544	0.242		0.112	0.103
	25	0.680	0.448		0.232	0.320	0.560	0.250		0.098	0.092
	Mean	0.695	0.468		0.213	0.319	0.558	0.237		0.105	0.100
	LSD 5% Gen	0.024	0.021		0.034	0.037	0.050	0.026		0.015	0.019
	Prob. Gen	0.015	<0.001	0.047	0.025	0.007	<0.001	0.034	0.183
	Prob. Year	<0.001	<0.001	0.036	0.002	0.161	0.185		0.26	0.276
	Prob. GxY	0.069	0.522		0.854	0.659	0.177	0.072		0.444	0.175
		Soluble					Structural			
	Genotype	Spike	T. Stem	T. Stem	L. Shth	L. Shth	Spike	T. Stem	T. Stem	L. Shth	L. Shth
		PI	PI	gm -2	PI	gm -2	PI	PI	gm -2		PI	gm -2
	1	0.027	0.067	77.9	0.017	20.9	0.184	0.334	390.9		0.159	185.8
	4	0.023	0.049	60.7	0.016	18.6	0.217	0.310	375.4		0.167	198.2
	7	0.019	0.061	69.0	0.017	19.4	0.194	0.333	371.8		0.166	189.4
	8	0.024	0.075	88.2	0.023	27.2	0.230	0.246	287.3		0.171	209.1
	14	0.020	0.043	43.9	0.013	12.9	0.233	0.298	304.3		0.148	150.8
	17	0.032	0.080	86.5	0.027	28.4	0.222	0.265	285.0		0.159	168.6
	21	0.022	0.069	80.6	0.021	25.1	0.228	0.291	338.7		0.163	204.1
	24	0.017	0.051	61.4	0.015	18.3	0.198	0.341	409.6		0.166	197.5
	25	0.020	0.045	47.0	0.012	13.4	0.219	0.363	376.6		0.148	159.3
	Mean	0.023	0.060	68.4	0.018	20.5	0.214	0.309	348.8		0.161	184.8
	LSD 5% Gen	0.007	0.016	22.6	0.004	4.42	0.016	0.025	55.4		0.021	34.6
	Prob. Gen	0.005	<0.001	0.004	<0.001 <0.001 <0.001 <0.001 <0.001		0.324	0.014
	Prob. Year	<0.001 <0.001 <0.001 <0.001 <0.001 0.204	<0.001	0.001		0.226	0.054
	Prob. GxY	0.042	0.063	0.298	0.006	0.002	0.421	0.035	0.263		0.648	0.179

Table 3 .

 3 Means and analysis of variance of true stem soluble dry matter (% of g DM) at GS41, GS55, GS65+7d, +14d, +21d, +28d and at harvest for the subset of nine cultivars, means of 2012 and 2013 (see Fig.5).

	Genotype	GS41	GS55	GS65+7d GS65+14d GS65+21d GS65+28d Harvest
	1	11.3	11.9	16.4	21.1	25.6	24.0	3.8
	4	12.3	14.7	13.7	19.0	23.7	14.1	0.6
	7	10.8	11.0	15.5	24.7	28.5	27.0	0.7
	8	17.1	15.4	23.2	26.9	26.0	17.7	1.1
	14	10.2	12.3	12.4	17.8	21.6	19.8	0.6
	17	15.9	17.6	22.8	26.2	29.6	25.7	2.0
	21	11.1	11.5	19.0	24.8	27.3	23.4	0.8
	24	11.1	12.1	13.0	21.4	25.2	21.3	0.6
	25	12.1	11.3	10.5	17.2	20.4	15.9	0.5
	Mean	12.4	13.1	16.3	22.1	25.3	21.0	1.2
	LSD 5% Gen	2.49	1.98	3.50	3.18	3.80	3.52	0.772
	Prob. Gen	<0.001	<0.001	<0.001	<0.001	0.001	<0.001	<0.001
	Prob. Year	<0.001	<0.001	<0.001	0.012	0.099	<0.001	0.283
	Prob. GxY	0.173	0.002	0.071	0.426	0.524	<0.001	<0.001

Table 4 .

 4 Means and analysis of variance of true stem and leaf sheath soluble and structural dry matter partitioning (% of total AGDM) and in g m -2 at GS41 and harvest for the subset of nine cultivars, means of 2012 and 2013 (see Fig.6).

	GS41
	Genotype

Table 1 .

 1 Spring wheat CIMMYT genotypes evaluated.

	ENTRY	Year of Release	Genotype Name
	1*	Release 2008	BABAX/LR42//BABAX/3/VORB
	2	1988	BACANORA T 88 (Hist 4)
	3	2008	BCN/RIALTO
	4*	2009	BECARD/KACHU
	5	2005	BRBT1*2/KIRITATI (HIST 14)
	6	2009	SAHUAL/4/CROC_1/AE.SQUARROSA(205)//
	7*	2009	SAHUAL/WHEAR//SAUAL
	8*	2009	KAUZ/3/ATTILA/5/SAUAL CMH79A.955/4/AGA/3/4*SN64/CNO67//INIA66/5/
	10	2009	CNO79//PF70354/MUS/3/PASTOR/4/BAV92*2/5/FH6-1-7
	11	2009	NAC/6/RIALTO CROC_1/AE.SQUARROSA (205)//BORL95/3/
	12	2009	KBIRD//INQALAB 91*2/TUKURU
	13	2001	PRL/SARA//TSI/VEE#5/4/FRET2 (Hist 13) MILAN/KAUZ//PRINIA/3/BAV92
	16*	1976	PAVON F 76
	17	2009	PBW343*2/KUKUNA*2//FRTL/PIFED
	18	2005	PFAU/SERI.1B//AMAD/3/WAXWING
	19*	1982	SERI M 82 (Hist 3)
	20	1966	SIETE CERROS T66 (Hist 1)
	21	2008	SOKOLL//PBW343*2/KUKUNA/3/ATTILA/PASTOR
	22	2009	TACUPETO F2001/SAUAL/4/BABAX/LR42//BABAX*23/
	23*	2009	TACUPETO F2001/BRAMBLING*2/KACHU
	24	2006	KURUKU TC870344/GUI//TEMPORALERA M 87/AGR/3/2*WBLL1
	25	2008	TRAP#1/BOW/3/VEE/PJN//2*TUI/4/BAV92/RAYON/5/KACHU
	26*	2009	UP2338*2/4/SNI/TRAP#1/3/KAUZ*2/TRAP//KAUZ/5/
	27*	2005	BECARD
	28	2009	MILAN/KAUZ//CHIL/CHUM18/6/UP2338*2/4/SNI/ WBLL1*2/KURUKU*2/5/REH/HARE//2*BCN/3/CROC_1/
	30	2009	YAV_3/SCO//JO69/CRA/3/YAV79/4/AE.SQUARROSA
			TRAP£1/3/KAUZ*2/TRAP//KAUZ AE.SQUARROSA(213)//PGO/4/HUITES
			(498)/5/LINE1073/6/KAUZ*2/4/CAR//KAL/BB/3/NAC/5/
			KAUZ/7/KRONSTAD F2004/8/KAUZ/PASTOR//PBW343

* This subset of 9 genotypes was evaluated for a defoliation and degraining treatment in two seasons.

Table 2 .

 2 Changes in traits for the 26 genotypes with year of release (YoR). Grain yield (GY), grain weight (GW), potential grain weight (PGW), post anthesis radiation use efficiency (RUE), grain weight response to degraining in milligrams (GW response to degraining)

	Traits	Correlation with YoR	Linear slope yr -1	Prob. Linear reg.
	GY (t ha -1 )	0.64*	19.786	0.001***
	GW mg	0.60*	0.264	0.001***
	PGW	0.446*	0.195	0.02*
	Post-RUE g MJ -1	0.34	0.0087	0.09
	SPAD Sen rate oCd -1	-0.29	-0.0003283	0.15
	NDVI Sen oCd -1	-0.24	-1.322 x 10-6	0.23
	Flag leaf Sen oCd -1	-0.26	-7.843 x 10 -5	0.19
	GW resp to deg (mg)	0.41	0.069	0.03*

*Significant at the 0.05 probability level.

**Significant at the 0.01 probability level. ***Significant at the 0.001 probability level.

Table 3 .

 3 Grain yield (GY, 100% DM), grains m -2 (GM2), grain weight (GW), aerial biomass at harvest (BM), harvest index (HI), spikes m -2 (SM2), grains spike -1 (GPS), anthesis date (GS65, days after emergence, DAE), physiological maturity date (GS91) and plant height for 26 wheat genotypes. Values represent means of three or two years.

		YLD	GM2	GW	BM	HI	SM2	GSP	GS65	GS91	Plant
		t ha -1		mg	g m -2				DAE	DAE	height cm
					MEAN 2011, 2012 and 2013			
	Mean	6.64	15915	42.4	1415.2	0.47	305.2	52.8	87.7	128.1	107.0
	Max	7.03	22739	50.6	1518.9	0.50	392.1	70.3	96.7	133.8	118.8
	Min	5.45	13156	29.7	1248.7	0.43	238.8	44.4	77.7	123.3	80.6
	LSD(5%) Gen	0.3545	1309.5	2.57	84.02	0.0191	27.26	6.18	1.35	2.90	4.35
	(Prob)	***	***	***	***	***	***	***	***	***	***
						MEAN 2012 and 2013				
	Mean	6.82	16301	42.5	1426.7	0.48	298.2	55.4	86.9	129.5	108.3
	Max	7.21	23416	51.1	1532.5	0.51	401.2	72.1	97.0	135.5	119.5
	Min	5.93	13107	30.6	1283.4	0.45	236.3	44.3	77.0	124.0	84.2
	LSD(5%) Gen	0.306	1057.7	2.08	70.83	0.015	21.12	4.76	1.17	1.84	2.96
	(Prob)	***	***	***	***	***	***	***	***	***	***

*Significant at the 0.05 probability level. **Significant at the 0.01 probability level. ***Significant at the 0.001 probability level.

Table 4 .

 4 Grain yield (GY, 100% DM), grain number per m 2 (GM2), grain weight (GW), aerial biomass at physiological maturity (Biomass PM), Harvest Index (HI), Spike per m 2 (SM2), Grains per spike (GPS), anthesis days (AD) and days at physiological maturity (PM) for 9 wheat genotypes. Values represent means across2011-12, 2012-13. 

											Plant
	Genotype	Yield	GM2	GW	BM	HI	SM2	GSP	AD	PM	Height
	1	6.94	13722	53.7	1494.0 0.465	287	48	87	130	114.6
	4	7.01	17118	42.6	1413.2 0.497	304	56	91	133	105.3
	7	6.47	14651	44.7	1352.0 0.481	259	57	86	128	105.9
	8	6.51	16821	41.7	1394.5 0.469	236	72	95	135	101.3
	16	5.93	16451	37.0	1319.8 0.450	351	47	87	129	103.7
	19	6.52	16380	39.1	1283.4 0.509	280	58	88	129	95.9
	23	6.95	16132	46.4	1460.5 0.476	271	60	88	131	104.2
	26	6.92	17288	41.1	1513.2 0.458	333	52	90	131	105.5
	27	6.89	15098	46.0	1411.4 0.489	314	49	83	125	105.6
	Mean	6.68	15962.21 43.59 1404.7 0.477 292.8	55.5	88.1	129.9	104.7
	LSD (5%)										
	Gen	0.279	1326.3	2.37	89.800 0.0243 32.86 6.6113 1.77	1.74	2.92
	Prob.	**	***	***	***	***	***	***	***	***	***
	Correl.						-				
	with Yield	1.000	-0.098	0.628 0.745* 0.315	0.145 -0.005 0.032	0.111	0.395

*Significant at the 0.05 probability level.

**Significant at the 0.01 probability level. ***Significant at the 0.001 probability level.

Table 5 .

 5 Individual grain weight and grain weight DM per shoot of the source:sink treatments and control (Cont=control, Deg=degraining and Def=defoliation) for 9 wheat genotypes. Values represent means across 2011-12 and 2012-13.

		Grain weight (mg)	Grain weight per shoot (g)
	Genotype	Cont	Deg	Def	Cont	Deg	Def
	1	53.7	54.4	47.6	2.6	2.9	2.5
	4	42.6	47.3	35.4	2.5	3.0	2.1
	7	44.7	46.8	38.6	2.7	3.0	2.4
	8	41.7	48.4	34.3	3.1	3.7	2.6
	16	37.0	41.9	32.5	2.1	2.4	1.8
	19	39.1	44.3	35.6	2.4	3.0	2.2
	23	46.4	51.3	43.0	2.8	3.4	2.8
	26	41.1	47.1	34.7	2.4	2.9	2.1
	27	46.0	49.7	39.8	2.5	2.7	2.3
	Mean	43.6	47.9	37.9	2.6	3.0	2.3

*Significant at the 0.05 probability level.

**Significant at the 0.01 probability level. ***Significant at the 0.001 probability level.

Table 6 .

 6 Correlations coefficients between physiological traits and responses to degraining and defoliation for 9 genotypes. Based on means across2011-12, 2012-13. 

		GW Resp Deg	GWResp Deg	GW Resp Def	GW Resp Def
	Traits	A+10	A+10	A+10	A+10
		(mg)	(%)	(mg)	(%)
	GW degraining A+10 (mg)	-0.48	-0.57	-0.41	0.00
	GW Control (mg)	-0.75*	-0.81**	-0.31	0.13
	Yield (t ha -1 )	-0.17	-0.27	-0.42	-0.13
	GM2	0.93***	0.93***	-0.03	-0.38
	Anthesis date GS65	0.64 †	0.62	-0.44	-0.59
	Plant height cm	-0.73*	-0.74*	-0.44	-0.11
	WSC GS65+7d g shoott -1	0.14	0.10	-0.13	-0.04
	Post GS65 rad. Inter (MJ m -2 )	-0.66 †	-0.68*	0.22	0.51
					

† Significant at P = 0.10; *Significant at the 0.05 probability level; **Significant at the 0.01 probability level; ***Significant at the 0.001 probability level

Table 7 .

 7 Grains per m 2 (GM2), potential grain weigh (PGW), grain sink size, water soluble carbohydrates (WSC) at GS65+7 days, radiation-use efficiency pre anthesis (RUE Pre A), PAR interception post-anthesis (GS65+7 days), grain source size and source-sink balance for 9 wheat genotypes. Values represent means across2011-12, 2012-13. 

	Genotype	GM2	PGW (mg)	Sink size (gm -2 )	WSC GS65+7d (gm -2 )	RUE Pre A (gMJ -1 )	PAR inter Post GS65+7 d (MJ m -2 )	Source size (gm -2 )	S-Sink balance (gm -2 )
	1	13721.9 54.5	738.9	87.0	2.6	234.3	633.0	49.0
	4	17117.9 47.3	809.4	74.8	2.7	212.0	664.9	129.3
	7	14650.8 46.8	686.3	70.9	2.8	229.6	662.6	17.4
	8	16820.6 48.4	815.5	89.8	2.3	210.3	485.4	299.2
	16	16451.3 41.9	688.9	52.9	2.0	223.8	459.2	238.1
	19	16379.6 44.3	723.7	99.2	2.8	210.6	738.0	-23.1
	23	16131.6 51.3	827.5	86.5	2.8	240.3	643.4	141.9
	26	17288.2 47.1	814.5	74.4	2.5	209.9	602.0	221.7
	27	15098.0 49.7	749.8	60.1	2.6	223.1	635.4	107.6
	Mean	15962.2 47.9	761.6	77.3	2.6	221.5	613.8	131.2
	LSD (5%) Gen	1326.3 1.448	69.41	21.83	1.115	35.12	244.6	238.1
	Prob.	***	***	***	**				
	LSD (5%) Env	1070.8 0.922	51.31	14.43	0.482	37.3	150.1	165.8
	Prob.		**			**	*		
	*Significant at the 0.05 probability level.						
	**Significant at the 0.01 probability level.						
	***Significant at the 0.001 probability level.					

Table 2 .

 2 Comparison of yield and its determinants between the 1 st CIMCOG panel and the subset of ten genotypes. Data are the adjusted means from a combined analysis of the wheat genotypes grown during the 2010-11 and 2012 at CENEB, near Ciudad Obregon, Mexico.

		Average		CIMCOG			Subset	
	Trait										
		CIMCOG Subset		Range		LSD 0.05		Range		LSD 0.05
	Yield (Mg ha -1 )	6.42	6.40	4.99	-	7.63	0.7	6.13	-	6.61	0.7
	Biomass (Mg ha -1 )	14.12	13.97	11.73 -15.76	1.5	13.23 -14.72	1.5
	Harvest index	0.46	0.46	0.41	-	0.52	0.02	0.43	-	0.49	0.03
	Number of grains per m -2	15072	16554	11626 -21769	1848	13752 -21950	2639
	Number of grains per spike -	50	50	41	-	63	8.3	45	-	56	9.1
	Grain weight (mg grain -1 )	43	39	30	-	52	3.1	30	-	45	4.4
	Days to anthesis	87	87	78	-	95	2.5	80	-	95	1.2

Table 1 .

 1 Summary of the effect of exogenous hormones in durum wheat.

	Traits	Effect	Yield Biomass	Harvest Index	Spike Index	Stems per m 2	Grains per m 2	Grain per Spike	TGW	Plant height	Spike length	# Spikelets per spike	# Fertile Spikelets per spike
		Increased							C2				
	AUX	Reduced	C1	C2		C1	C2			C1, C2, C3, C4	C1, C2, C3, C4	C1, C2, C3, C4	C1, C4	C1, C3
		Increased					C2		C1				
	AGA	Reduced	C1, C3	C1	C2		C1	C1		C1, C2, C3, C4	C1, C2, C3, C4	C1, C2, C3, C4	C2, C3, C4	C4
		Increased					C4						
	CK	Reduced	C3, C1	C3	C4	C3			C4	C2, C3, C4	C1, C2, C3	C2, C3, C4	C1, C2, C4	C2, C4

Table 1 .

 1 Comparison of rapid phenotyping methods for lodging traits.

			Time taken	
			(mins per plot	
	Phenotyping method	Trait addressed	per person)	Additional comments
	Standard lab lodging trait	Stem, roots and leverage	100-120	10 plants/plot, 2 internodes per plant
	assessment	traits		
	Cut down lab	Stem, roots and leverage	50	7 plants/plot, 1 internode per plant
		traits		
	Pull up and measure in-	Height, stem strength, root	20	Root plate spread better than lab test
	field	plate spread, shoot		
		number		
	Spectral reflectance	Stem strength and root	2	Non-destructive; some promising
		plate spread		correlations
	Stubble measurements	Diameter and dry	8	Poor correlations with stem strength
		weight/unit length		
	WinRhizo scanning of	Internode length and	9	No quicker than manual measure
	stems	diameter		
	Ground penetrating radar	Root biomass	30 + data analysis	Destructive method. Potentially not
			time	sensitive enough

Table 1 .

 1 Maximum seasonal wind gust speed return period.

	Lodging return period UK (Berry et al. 2007) NW Mexico
	Years	Maximum wind gust speed (m/s)
	5	15	18
	10	16	19
	15	17	21
	25	18	22

Table 2 .

 2 United Kingdom and NW Mexico ideotype targets based on the maximum wind gust speed return periods for winter and spring wheat, respectively. Assumptions include; soil at field capacity, stem material strength of 20 to 50 MPa, stem wall width of 65 mm and plant height of 0.7 m.

	Trait		UK ideotype target a			NW Mexico ideotype target	
	Lodging return period	5 years	10 years	15 years	25 years	5 years	10 years	15 years	25 years
	Wind gust speed	(15 m s -1 )	(16 m s -1 )	(17 m s -1 )	(18 m s -1 )	(18 m s -1 )	(19 m s -1 )	(21 m s -1 )	(22 m s -1 )
	Anchorage strength (N mm)	373	488	550	625	558	620	760	833
	Root plate spread (mm)	48	53	55	57	55	57	61	63
	Bottom								
	internode	149	195	220	250	223	248	304	333
	strength (N mm)								
	Bottom internode diameter (mm)	3.27-4.71	3.63-5.27	3.81-5.55	4.00-5.86	3.83-5.58	3.99-5.84	4.33-6.37	4.45-6.63

a Adapted from:

[START_REF] Berry | Ideotype design for lodging-resistant wheat[END_REF] 

Table 1 .

 1 Collections of wheat used in the glasshouse experiments (2012).

	Trial	Description	Stage	Environment	Variables
	EV	14 genotypes	Anthesis and Late	Well irrigated plants	Photosynthesis
	Early Vigor	3 repetitions	Anthesis	0-No fertilized plants	V cmax , J
		2 nitrogen levels (with	73-83 DAE	1-Fertilized plants	SPAD
		or without Nitrogen)		Glasshouse, Australia	Nitrogen Content
	BUNYIP	30 genotypes	Ear Emergence and	Well irrigated plants	Photosynthesis
	Best and	2 repetitions	Anthesis	0-No fertilized plants	V cmax , J
	Unreleased Yield Potential	(with or without Nitrogen) 2 nitrogen levels	Flag Leaf Measurements in 48 to 56 DAE	Glasshouse, Australia 1-Fertilized plants	Nitrogen Content
	V cmax : Rubisco; J: Electron transport rate; SPAD: Surrogate for chlorophyll content; DAE: Days after emergence. Fertilized plants irrigated with ~300 mL per pot of 1.77g L -1 N:27%, P:5.5%, K:9%

Table 2 .

 2 Collections of wheat used in the field experiments grown for high yield potential(2012)(2013).

	Trial	Description	Stage	Environment	Variables
	CB	30 genotypes	Booting	Well irrigated plants	Photosynthesis
	CIMCOG	3 repetitions	67-82 DAE	Field -CENEB, Mexico	V cmax , J
	Subset II				ETR 400
					SPAD
	CA	30 genotypes	Anthesis	Well irrigated plants	Photosynthesis
	CIMCOG	3 repetitions	88-103DAE	Field -CENEB, Mexico	V cmax , J
	Subset II				ETR 400
					SPAD, LMA
	CC	12 genotypes	Anthesis and Late	Well irrigated plants	Photosynthesis
	Candidates	2 repetitions	Anthesis	Field -CENEB, Mexico	J
	CIMCOG		114 DAE		ETR 800
					SPAD
	LS	19 genotypes	Anthesis and Late	Well irrigated plants	Photosynthesis
	Landraces	5 checks	Anthesis	Field -CENEB, Mexico	J
			117 DAE		ETR 800
					SPAD, LMA
	V				

cmax : Rubisco; J: Electron transport rate from gas exchange; ETR: Electron transport rate from fluorescence; SPAD: Surrogate for chlorophyll content; DAE: Days after emergence.

Table 3 .

 3 Analysis of variance for the fertilization treatment, genotypes, and genotypes under high fertilization levels for the EV and BUNYIP genotypes grown in the glasshouse in 2012.

			EV			BUNYIP	
	Variable	Treatment	Genotype	Fertilized	Treatment	Genotype	Fertilized
				Genotypes			Genotypes
	A	≤0.001	≤0.01	0.29	<0.001	≤0.01	0.06
	V cmax	≤0.001	≤0.05	0.22	<0.001	0.058	0.55
	J	≤0.001	≤0.01	0.15	<0.001	<0.001	≤0.05
	N area	≤0.001	≤0.01	0.26	<0.001	<0.001	≤0.01
	N mass	≤0.001	≤0.001	0.16	<0.001	<0.001	≤0.01
	SPAD	≤0.001	≤0.01	0.17	<0.001	<0.001	≤0.01
	LMA	≤0.01	≤0.001	≤0.01	<0.001	<0.001	≤0.01
	V cmax / N area	≤0.001	≤0.05	≤0.05	<0.001	<0.001	0.136

Table 4 .

 4 Minimum, maximum, and mean values of photosynthetic variables for a combined analysis of EV and BUNYIP genotypes grown in the glasshouse during 2012.

			Unfertilized			Fertilized	
	Variable	Min	Mean	Max	Min	Mean	Max
	A	3.96	20.66	32.01	11.94	227.97	36.03
	V cmax	17.53	93.88	146.00	62.42	131.00 177.20
	J	106.9	198.1	250.00	106.90	195.80 250.00
	N area	0.409	1.54	2.43	1.611	2.55	3.30
	N mass	11.84	32.05	46.76	39.12	50.85	58.94
	SPAD	16.80	39.37	55.00	28.80	48.79	60.50
	LMA	27.50	46.58	60.62	32.38	50.06	64.67
	V cmax / N area	36.07	61.31	85.66	28.48	51.77	69.59

  The field experiments were conducted during the spring growing seasons of 2012 and 2013 at MEXPLAT (Mexican Phenotyping Platform) situated at CIMMYT's Experimental Station, Norman E. Borlaug (CENEB) in the Yaqui Valley, near Ciudad Obregón, Sonora, México (27°24' N, 109°56' W, 38 m asl), under fully irrigated conditions. Experimental design was a randomized lattice with three replications in 8.5 m long plots as explained elsewhere(Sanchez-Bragado et al. submitted).

	The
	experiment was sown on 9 December 2011and 23 November 2012 and immediately irrigated to promote
	germination. The emergence dates were 16 and 2 December of 2011 and 2012, respectively. Harvest was performed
	with machine on 15 May 2012 and manually on 6-7 May 2013, respectively, about 15-20 days after reaching
	physiological maturity.

Table 2 .

 2 Mean values of stable carbon isotope composition in mature grains (δ 13 C grains ), total grain weight per ear (GW ear ) and the number of grains per ear (NG ear ) in control, DCMU culm (inhibition of the whole culm photosynthesis) and DCMU ear (inhibition of ear photosynthesis). Analysis of variance (ANOVA) for the effect of genotype and treatment is shown. Mean values with different superscripted letters are significantly different according to the Tukey's honestly significant difference test (P<0.05). Each value represents six genotypes and three replications per genotype. Experiment in 2012 crop season.

	Treatment	δ 13 C grain (‰)	NG ear	GW ear (g)
	DCMU culm	-26.0 b	65.7 a	1.29 a
	DCMU ear	-26.7 a	62.7 a	1.99 b
	control	-26.3 b	65.5 a	2.89 c
	Level of significance			
	Genotype (G)	0.000 ***	ns	0.000 ***
	Treatment (T)	0.008 **	0.000 ***	0.009 **
	GxT	ns	ns	ns

Table 3 .

 3 Mean values of ear photosynthesis expressed as instantaneous net photosynthetic rate (Net Photo.) plus dark respiration (Gross Photo.) for the control and the two DCMU treatments. Analysis of variance (ANOVA) for the effect of genotype and treatment is shown. Mean values with different superscripted letters are significantly different according to the Tukey's honestly significant difference test (P<0.05). Each value represents six genotypes and three replications per genotype. Experiment in 2012.

		Ear (µmol ear -1 s -1 )		
	Treatment	Net Photo.	Dark respiration	Gross Photo.
	DCMU culm	0.007 b	-0.032 b	0.040 b
	DCMU ear	-0.022 a	-0.028 c	0.004 a
	Control	0.020 c	-0.034 a	0.053 c
	Level of significance			
	Genotype (G)	ns	0.003 **	ns
	Treament (T)	0.000 ***	0.042 *	0.000 ***
	GxT	ns	ns	ns

Table 1 .

 1 Spike photosynthesis, morphological traits (awns, spike and peduncle length) and light intercepted by the spikes seven days after anthesis (LI Spike) of 15 lines from CIMCOG trial grown for two years in northeast Mexico under full irrigation conditions. *P<0.05; **P< 0.01, ***P<0.001; ns, not significant (P>0.05). G, genotype; Y, year. Heritability presented is referred to broad sense heritability. Spike Photosynthesis calculated on spike area basis (SPA) b Spike Photosynthesis calculated with dry weight of the whole spike (SPDM) †Spike Photosynthesis adjusted to the rate of spikes per square meter -spikes density-(SPSM2)

	Variable	Mean	LSD	CV	Heritability	G	Y	G × Y
	Spike Photosynthesis (µmol CO 2 m -2 s -1 ) a	11.6	3.5	15.0	0.720	**	ns	ns
	Spike Photosynthesis (µmol CO 2 organ -1 s -1 ) b	0.016	0.012	39.5	0.331	***	**	***
	Spike Photosynthesis (µmol CO 2 m -2 s -1 ) †	5.9	2.1	18.1	0.700	**	*	ns
	Awns length (cm)	5.1	0.8	7.7	0.978	***	ns	**
	Spike length (cm)	12.1	0.9	3.9	0.960	***	**	**
	Peduncle length (cm)	18.5	2.3	6.1	0.969	***	*	ns
	LI Spike (%)	32.1	9.5	14.9	0.367	*	ns	ns

a

Table 2 .

 2 Combined analysis of Spike photosynthesis contribution (SPC) to grain weight (%) during 2011-12 and 2012-13 growing cycles on MEXPLAT in parental lines population (PADS POP, n=12 genotypes), CIMCOG (n=30 genotypes) and the RILs ATIL/Dicoccum mapping population (n=97 genotypes). Two different spike photosynthesis inhibition treatments were used: Textile (Tx) and DCMU and were applied ten days after anthesis. *P<0.05; **P< 0.01, ***P<0.001; ns, not significant (P>0.05). G, genotype; Y, year. Heritability presented is referred to broad sense heritability.

			SPC	SPC	SPC				G ×
		Years*	Mean	Min	Max Heritability Gen Year	Y
	PADs POP-Tx	2012 & 2013 34.6	25.2	41.2	0.878	***	*	*
	PADs POP-DCMU	2012 & 2013 35.4	24.3	43.3	0.901	**	ns	ns
	CIMCOG-Tx	2012 & 2013 28.2	16.1	41.6	0.657	***	ns	ns
	CIMCOG-DCMU	2012 & 2013 20.4	5.1	31.6	0.034	*	ns	*
	RILs ATIL/Dicoccum-Tx	2012	27.3	1.2	45.1	0.218	**	-	-
	RILs ATIL/Dicoccum-DCMU	2012	17.7	-1.3	36.3	0.445	ms	-	-

ms marginally significant P = 0.067 *2012 and 2013 refers to 2011-2012 and 2012-2013 growing cycles respectively

Table 3 .

 3 Potential QTLs for spike photosynthesis contribution (SPC) detected in the study. Spike photosynthesis contribution was calculated as the reduction in grain weight after applying textile (Tx) and DCMU treatments.

	Trait	Chromosome	Flanking markers	Peak LOD (cM)	Marker Interval (cM)	LOD	PVE (%)	Additive Effect
	SPC Tx	3B	wpt8056-wpt3725	12.7	11.6 -19.6	3.18 10.3	0.44
		7A	wp1441t-wpt5964	28.0	22.9 -40.2	3.66 11.8	0.44
	SPC-DCMU	3A	wpt2957-wpt8699	69.9	53.9 -89.8	4.37 23.4	0.59
		7A	wpt1441-wpt5964	33.2	27.0 -40.5	2.83 8.64	0.44

Table 1 .

 1 Ranges of phenotypic variation for grain yield, yield components, and radiation use efficiency in flat and raised beds of CIMCOG genotypes during winter-spring 2010-11 in Cd. Obregon, Sonora, Mexico. Biomass corresponds to the biomass at physiological maturity; radiation use efficiency corresponds to RUET; LSD value is showed in parentheses. *P < 0.05; **P < 0.01, ***P < 0.001; ns, not significant (P > 0.05). h 2 , broad sense heritability among planting systems.
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8 SAUAL/WHEAR//SAUAL (CIMCOG) 9 CMH79A.955/4/AGA/3/4*SN64/CNO67//INIA66/5/NAC/6/RIALTO (CIMCOG) CIRNO C 2008 (CIMCOG) CNO79//PF70354/MUS/3/PASTOR/4/BAV92*2/5/FH6-1-7 (CIMCOG) CROC_1/AE.SQUARROSA (205)//BORL95/3/PRL/SARA//TSI/VEE#5/4/FRET2 (CIMCOG) KINGBIRD #1//INQALAB 91*2/TUKURU (CIMCOG) KFA/3/PFAU/WEAVER//BRAMBLING/4/PFAU/WEAVER*2//BRAMBLING (CIMCOG) MILAN/KAUZ//PRINIA/3/BAV92 (CIMCOG) PAVON F 76 (CIMCOG) PBW343*2/KUKUNA*2//FRTL/PIFED (CIMCOG) PFAU/SERI.1B//AMAD/3/WAXWING (CIMCOG) SERI M 82 (CIMCOG) SIETE CERROS T66 (CIMCOG) SOKOLL//PBW343*2/KUKUNA/3/ATTILA/PASTOR (CIMCOG) TACUPETO F2001/SAUAL/4/BABAX/LR42//BABAX*2/3/KURUKU (CIMCOG) TACUPETO F2001/BRAMBLING*2//KACHU (CIMCOG) TC870344/GUI//TEMPORALERA M 87/AGR/3/2*WBLL1 (CIMCOG) TRAP#1/BOW/3/VEE/PJN//2*TUI/4/BAV92/RAYON/5/KACHU #1 (CIMCOG) UP2338*2/3/SNI/TRAP#1//KAUZ*3/TRAP/4/MILAN/KAUZ//CHIL/CHUM18/5/UP2338*2/3/S NI/TRAP#1//KAUZ*3/TRAP (CIMCOG) BECARD (CIMCOG) WBLL1*2/4/BABAX/LR42//BABAX/3/BABAX/LR42//BABAX (CIMCOG) WBLL1*2/KURUKU*2/5/REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES (CIMCOG) YAV_3/SCO//JO69/CRA/3/YAV79/4/AE.SQUARROSA (498)/5/LINE 1073/6/KAUZ*3/4/CAR//KAL/BB/3/NAC/7/KRONSTAD F2004/8/KAUZ/PASTOR//PBW343 (CIMCOG) SAUAL #1 (1st WYCYT) WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1 (1st WYCYT) BCN/WBLL1//ROLF07 (1st WYCYT) WBLL1//YANGLING SHAANXI/ESDA/3/ROLF07 (1st WYCYT) BCN/RIALTO//ROLF07 (1st WYCYT) CMH79A.955/4/AGA/3/4*SN64/CNO67//INIA66/5/NAC/6/RIALTO/7/ROLF07 (1st WYCYT) CMH79A.955/4/AGA/3/4*SN64/CNO67//INIA66/5/NAC/6/RIALTO/7/ROLF07 (1st WYCYT) BCN/RIALTO//ROLF07 (1st WYCYT) TACUPETO F2001 (1st WYCYT) SAUAL #1 (1st WYCYT) WBLL1*2/KUKUNA (1st WYCYT) WHEAR/KUKUNA/3/C80.1/3*BATAVIA//2*WBLL1 (1st WYCYT) QUAIU (1st WYCYT) CMH79A.955/4/AGA/3/4*SN64/CNO67//INIA66/5/NAC/6/RIALTO/7/BCN/WBLL1/8/C80.1/3* QT4118//KAUZ/RAYON/3/2*TRCH (1st WYCYT) CMH79A.955/4/AGA/3/4*SN64/CNO67//INIA66/5/NAC/6/RIALTO/7/BCN/WBLL1/8/C80.1/3* QT4118//KAUZ/RAYON/3/2*TRCH D67.2/PARANA 66.270//AE.SQUARROSA (1st WYCYT) (320)/3/CUNNINGHAM/7/CMH79A.955/4/AGA/3/4*SN64/CNO67//INIA66/5/NAC/6/RIALTO/ 8/WBLL1*2/KURUKU (1st WYCYT) C80.1/3*QT4118//KAUZ/RAYON/3/2*TRCH/7/CMH79A.955/4/AGA/3/4*SN64/CNO67//INIA6 4 6/5/NAC/6/RIALTO/8/WBLL1*2/KURUKU (1st WYCYT) 48 C80.1/3*QT4118//KAUZ/RAYON/3/2*TRCH/7/CMH79A.955/4/AGA/3/4*SN64/CNO67//INIA6 6/5/NAC/6/RIALTO/8/WBLL1*2/KURUKU (1st WYCYT) 49 SERI/BAV92/7/CMH79A.955/4/AGA/3/4*SN64/CNO67//INIA66/5/NAC/6/RIALTO (1st WYCYT) 50 UP2338*2/3/SNI/TRAP#1//KAUZ*3/TRAP/4/MILAN/KAUZ//CHIL/CHUM18/5/UP2338*2/3/S NI/TRAP#1//KAUZ*3/TRAP (1st WYCYT) 51 SOKOLL (1st WYCYT) 52 COLIBRI/FINSI (INIFAP) 53 COLIBRI/MONARCA F2007 (INIFAP) 54 COLIBRI/KRONSTAD F2004 (INIFAP) 55 ICA 30.05/MONARCA F2007 (INIFAP) 56 ROMO96//BUC/GJO/4/AZ/3/MRNG/BUS//BLO/PSN (INIFAP) 57 GEMA C2004*2/ACO89 (INIFAP) 1988).

Phenotypic selection for spike ethylene

Ravi Valluru 1,2 , Arnauld Thiry 1,2 , Sally Wilkinson 2 , Matthew P Reynolds 1 , and William J Davies 2 1 CIMMYT, Mexico; 2 LEC, Lancaster, UK

Abstract

High temperature stress induces an increase in ethylene production in plants. Literature reports suggest that higher spike-ethylene reduces spike fertility leading to kernel abortion. Information on spike-ethylene may thus be important in selection programs to increase grain yields under heat stress. A selection of elite and landraces of spring wheat (130) was grown under heat stress, and irrigated field conditions to study the natural variation in spikeethylene and to examine effects of the ethylene-inhibitor -silver nitrate -on spike-ethylene production, when applied at early booting stage. A large genotypic variation for spike-ethylene was observed among wheat genotypes. Landraces exhibited a large variation and produced more spike-ethylene (25%) than elite wheat lines. Application of ethylene-inhibitor reduced spike-ethylene by 21% at the anthesis stage, suggesting that selection for lower spikeethylene would increase spike dry weight. Spike-ethylene showed a strong negative correlation with spike dry weight indicating that higher spike dry weight could be used as a surrogate for lower spike-ethylene under field conditions.

Methods for rapidly measuring lodging traits in wheat

S. Kendall 1 , F.J. Piñera---Chavez 2 , and P.M. Berry 3 1 ADAS, Nottinghamshire UK; 2 University of Nottingham, UK and CIMMYT, Mexico; 3 ADAS, North Yorkshire, UK Designing an ideotype for lodging-proof spring wheat F. J. Piñera---Chavez 1,3 , P. M. Berry 2 , and M. P. Reynolds 3 1 University of Nottingham, UK; 2 ADAS High Mowthorpe, North Yorkshire, UK; 3 CIMMYT, Mexico

Abstract

The lodging-proof ideotype dimensions of spring wheat grown in NW Mexico were calculated using a validated model for the lodging process. Lodging-proof ideotype dimensions include a plant anchorage strength of 833 Nmm (root plate spread of 63 mm) and a stem strength of the bottom internode of 333 Nmm. To achieve the target stem strength the stem base would need to have a diameter of 4.45 mm if the stem material strength was 50 MPa, or a diameter of 6.63 mm if the material strength was 20 MPa, all with a minimum wall width of 0.65 mm. This ideotype would resist a 1 in 25 year wind gust and is assumed to have a yield of 6 t ha -1 , 500 shoots m -2 , 200 plants m -2 and a crop height of 0.7 m. It was estimated that this ideotype would require 4.19 t ha -1 of structural stem biomass and 1.21 t ha -1 of root biomass in the top 10 cm of soil.

Discussion

Assimilation rate (A) is sensitive to stomatal conductance; thus for estimating photosynthetic capacity, the maximum velocity of carboxylation (V cmax ) may be a better parameter to detect genetic variation. This is because it is derived from the entire modeled response of assimilation to intercellular CO 2 and is therefore less sensitive to variation in stomatal conductance.

Nitrogen is crucially important for photosynthesis in higher plants; 22 to 28% is invested into thylakoids, 34 to 37% into soluble protein, and 8 to 24% in Rubisco [START_REF] Ghannoum | Chapter 8 Nitrogen and Water Use Efficiency of C4 Plants[END_REF]). In addition, applying nitrogen fertilizer to wheat significantly increases the flag leaf area and leaf nitrogen content [START_REF] Evans | Nitrogen and Photosynthesis in the Flag Leaf of Wheat (Triticum-Aestivum L)[END_REF][START_REF] Lawlor | Photosynthesis by Flag Leaves of Wheat in Relation to Protein, Ribulose Bisphosphate Carboxylase Activity and Nitrogen Supply[END_REF]). The increases in A, V cmax , and J when nitrogen fertilization was applied (Table 4) reflect the importance of nitrogenous fertilizer to build photosynthetic machinery and the nexus between the studies reported here and work on nitrogen use efficiency in wheat. Effects of fertilizer on leaf photosynthetic rates are confounded by effects on partitioning within the plant, such as reduced tillering and total biomass at low N. Some genotypes had low N area and high V cmax /N area ; it may be that N area declines faster with leaf age than V cmax , or that these plants are more efficient in using available nitrogen to avoid Rubisco limitation (Figure 3). Glasshouse experiments often show small increases in photosynthesis under high nitrogen fertilization [START_REF] Evans | Nitrogen and Photosynthesis in the Flag Leaf of Wheat (Triticum-Aestivum L)[END_REF], but greater differences have been observed in flag leaves of wheat measured in the field [START_REF] Lawlor | Photosynthesis by Flag Leaves of Wheat in Relation to Protein, Ribulose Bisphosphate Carboxylase Activity and Nitrogen Supply[END_REF]). Thus the significant differences observed here between fertilized and unfertilized treatments in EV and BUNYIP in the glasshouse would likely be magnified in the field and genotypic differences may also be larger in the field. P c is determined by V cmax and J max , which can be derived from measurements under given conditions of light, temperature, humidity, and CO 2 . In wheat, we used a light intensity of 1800 µmol m -2 s -1 , temperature of approximately 25°C, and high ambient CO 2 (Ca) of 800 µmol CO 2 mol -1 to find genotypes with higher and lower photosynthetic capacity. Clear genetic variation in P c was observed in these experiments, but there were confounding effects of leaf age (potentially driven by leaf N content), poor performance at low stomatal conductance, and potentially leaf anatomy. Genetic variation in N partitioning and leaf age may have confounded the ranking of genotypes in Figure 2. However, if changes in leaf N with age were responsible for this trend, it would be expected that data expressed on a leaf N basis would provide a clearer result, though experimental or environmental parameters may have also influenced these data. P eff , calculated using leaf nitrogen content per unit area, significantly changed the ranking of genotypes based on P c (Figure 2 vs. Figure 4) and removed the clustering of germplasm sets. Using V cmax N area -1 and J N area -1 would also eliminate any trend between leaf thickness and photosynthesis (Figure 3). These data suggest that P eff may be a more robust screening tool, one less sensitive to environmental and developmental complications than P c . Interestingly, variation in P eff was not driven by LMA. This parameter is often regarded as being responsible for photosynthetic variation on a leaf area basis across species in an ecophysiological context, as thicker leaves can have more chloroplast surface area and lower specific leaf area (SLA; m 2 kg -1 ; Evans and Poorter 2001) or higher LMA (Poorter et al. 2009). Thickness in C 3 leaves is also correlated with photosynthesis because it is a determinant of CO 2 diffusion to the site of Rubisco [START_REF] Terashima | Irradiance and phenotype: comparative ecodevelopment of sun and shade leaves in relation to photosynthetic CO2 diffusion[END_REF].

In selecting for yield potential, plants should not suffer drought stress, and high stomatal conductance is expected. Low stomatal conductance may not always be due to stress as high transpiration efficiency wheat lines (such as Drysdale) are conservative water users with low stomatal conductance but high photosynthetic capacity, conferring high water use efficiency [START_REF] Condon | Breeding for high water-use efficiency[END_REF]. A study of transpiration efficiency in genotypes exhibiting variation in V cmax N area -1 may be instructive.

As indicated above, field evaluation of P c could be confounded by uncontrolled environmental parameters, including differences in leaf developmental age and leaf temperature. Not only does leaf temperature affect Rubisco kinetic properties, but mesophyll conductance varies with temperature. In tobacco, mesophyll conductance increases with temperature up to 40 C. Therefore, when measuring leaf photosynthesis a temperature response of g m must also be

The R 2 between the predictions and observed data from EBC genotypes were 0.89, 0.75, 0.79, and 0.73 for SPAD, LMA, J, and V cmax , respectively (data not shown). Although the predictions work well for SPAD, the models for LMA and J show a bias with increasing values and need to be improved (Figure 2). The same model (from EBC genotypes) was used to predict SPAD and J in two independent sets of genotypes (Landraces and Elite). The model predicted SPAD quite well (Figure 3A), but failed to predict J in the Landraces population (Figure 3B). SPAD values are a surrogate measure for chlorophyll content and it is clear that electron transport capacity varies independently from it (Figure 4A). Two populations largely overlap, so no clear outliers in the Landrace population were identified. Electron transport capacity also varied independently of LMA (Figure 4B), suggesting that no strong anatomical constraint should limit selection for greater electron transport capacity. Mean values of NG ear were similar for shaded culm and shaded ear, but both were lower compared to control plants (Table 5). Moreover, mean values of GW ear were similarly affected by the shaded ear and shaded culm, and did not show significant differences. Although the GW ear of the whole-tiller shaded treatment, exhibited the lowest mean values compared to shaded ear and shaded culm, mean values of GW ear in the whole-tiller shaded plants were higher than GW ear before the shading application. Both studied parameters, NG ear and GW ear, exhibit genotypic effect. 

Agronomic and physiological measurements

Grain yield and yield components were determined in the experiments described above using standard protocols (see Pask et al. 2012).

Spike photosynthesis measurements

Spike photosynthetic rates were measured using a specially designed chamber connected to Li-6400XT as described in [START_REF] Molero | Proceedings of the 3rd International Workshop of the Wheat Yield Consortium[END_REF]. Spikes were enclosed inside the chamber and ingoing air was passed through the chamber at a rate of 1 L min -1 . The CO 2 partial pressure was maintained constant with the IRGA-controlled CO 2 injection system. The molar fractions of CO 2 and humidity were measured with the infrared gas analyzer (IRGA) of the LI-6400XT gas exchange portable photosynthesis system (Li-COR, Lincoln, Nebraska, USA). So as to ensure steadystate conditions inside the chamber, the system was left to stabilize for few minutes. An external light source was placed around the chamber during the measurement achieving saturating PPFD of approximately 1000 µmol m -2 s -1 inside the chamber. Once the measurements were finished, the spikes were harvested to measure area with a leaf area meter (LI3050A/4; LICOR, Lincoln, NE) and then the spikes were dried for 48h at 75°C. The spike photosynthetic rate is expressed according area basis (SPA), dry matter basis (SPDM) and calculated with spike density obtained at physiological maturity (SPSM2).

Spike photosynthesis inhibition treatments

Two different treatments to estimate the contribution of spike photosynthesis to grain weight were used: 1) SP was reduced with a textile (Tx) shading treatment, and 2) SP was reduced with DCMU (3-(3, 4-dichlorophenyl)-1, 1dimethylurea), a specific inhibitor of photosystem II. All the treatments were applied 10 days after anthesis for irrigated experiments (2011/2012 and 2012/2013).

At physiological maturity, treated (Tx and DCMU) and control plants were harvested and spike dry weight (DW), shoot DW, grains DW, number of grains per spike (GSP) and TGW were measured. SP contribution to grain filling was calculated in two different ways using the change in grain weight (GW) between control and treated plants:

For adjusted means of spike photosynthesis contribution (SPC), the change in grain number between control and treatments was used as a covariate to correct possible effects of the treatment when it was significant. Pre-anthesis reserves contribution (PreAC) to grain weight and dry matter translocation efficiency (DMTe) were calculated only for CIMCOG trial as described in [START_REF] Maydup | The contribution of green parts of the ear to grain filling in old and modern cultivars of bread wheat (Triticum aestivum L.): Evidence for genetic gains over the past century[END_REF] where the dry matter of the stem at heading and anthesis respectively was compared with the dry weight of the stems at physiological maturity.

Statistical analysis

The adjusted means for each year and genotype were obtained using the PROC MIXED procedure from SAS (2004) using a lattice design where years, blocks within years and replications, and genotype by year interaction (G×Y) were considered as random effects and only the genotypes were considered as fixed effects. When a subset of the population was selected, a randomized complete block design was used for the analysis years, replications, and genotype by year interaction (G×Y) were considered as random effects and only the genotypes were considered as fixed effects. Broad sense heritability (h 2 ) was estimated as described in [START_REF] Vargas | META: A Suite of SAS Programs to Analyze Multienvironment Breeding Trials[END_REF] using the MIXED procedure from SAS ( 2004) considering all the terms in the model (years, replications within years, blocks within replications and years, genotypes and G×Y) as random effects.

Mapping population and QTL detection CIMCOG (Table 2). The use of textile under field conditions to evaluate SPC could be easily applied to evaluate hundreds of plots per year.

In the present study, the decline in the contribution of stem assimilates to grain weight are compensated by an enhanced spike photosynthesis (Fig. 3) as was previously suggested [START_REF] Maydup | The contribution of green parts of the ear to grain filling in old and modern cultivars of bread wheat (Triticum aestivum L.): Evidence for genetic gains over the past century[END_REF]). The pre-anthesis assimilates contribution to grain weight averaged 14% whereas spike contribution was 30%. These values obtained are in agreement with the previously reported values for pre-anthesis [START_REF] Evans | Photosynthesis and respiration by the flag leaf and components of the ear during grain development in wheat[END_REF][START_REF] Bidinger | Contribution of stored pre-anthesis assimilate to grain yield in wheat and barley[END_REF]Gebbing and Schnyder 1999) and spike contribution (Kriedemann 1966;[START_REF] Evans | Photosynthesis and respiration by the flag leaf and components of the ear during grain development in wheat[END_REF]Araus et al. 1993;Maydup et al. 2010). The efficiency of assimilate translocation (DMTe) seems to play an important role indicated by its correlation with grain number and TGW. The negative correlation between SPC and pre-anthesis contribution (PreAC) shows a tight control to fill the demanding grains. This mechanism is dependent on the efficiency of the dry mass translocation (DMTe) that is related to grain number and determines final grain weight.

Finally, we should also consider the importance of spike morphological traits in the present study. Spike length was not associated with any of the SP parameters. Awn length was not correlated with spike photosynthesis contribution but it was positively correlated with spike photosynthetic rate (SPSM2 and SPA), showing that the awns, rather than spike size, could be the main photosynthetic driver in the spike (Blum 1985;Bort et al. 1994). Even though the role of awns to final grain yield is controversial (Tambussi et al. 2007), previous studies from the authors showed highly significant correlations between awn length and thousand grain weight under yield potential and heat conditions [START_REF] Molero | Proceedings of the 3rd International Workshop of the Wheat Yield Consortium[END_REF]. All these results are consistent with the idea that larger awns have a positive effect on grain filling (Blum 1985). Studies to understand the role and importance of awns to final grain yield are undergoing.

Since it is the first study to detect QTL for spike photosynthesis no literature is cited for the present results.

Additional studies are ongoing to include an additional year of data. The phenotypic variation explained by the QTL was 24% when treated with DCMU and 10% using the textile treatments, indicating the potential of these QTLs in selecting for high spike photosynthesis. However, the results have to be confirmed in data from multiple environments.

In summary, the present study highlights the importance of SP contribution to final grain yield. Even though variation in SP contributions to grain filling could be compensated for by pre-anthesis reserves, the increase in sink size that Wheat Yield Consortium is aiming for, together with the impact of stresses that could decrease source activity, support the idea that spike photosynthesis may have an increasingly important role to achieve yield potential in wheat.

This study aimed to: i) study genetic variation in LI and extinction coefficient (k), and ii) study genetic variation in RUE between two planting systems, among 60 wheat genotypes grown under field conditions at Ciudad Obregon, Sonora, Mexico. Grain yield and yield components were also considered.

Materials and methods

Plant material and experimental conditions

Field experiments were conducted at MEXPLAT, situated at the Centro Experimental Norman E. Borlaug (CENEB), Ciudad Obregon, Sonora, Mexico, during the winter-spring growing season 2010-11. We chose to analyze the 60 high-yielding genotypes of the CIMMYT Mexican Core Germplasm (CIMCOG) panel. All genotypes were sown under two different planting systems. One experiment consisted of flat beds (eight rows wide separated at 20 cm and 5 m long) with three replicates per genotype. The other was conducted on raised beds (four adjacent beds with two rows, separated by 20 cm per genotype and 5 m long) with two replicates per genotype. We used seeding rates of 65 kg ha -1 and 78 kg ha -1 for flat and raised beds, respectively. Fertilizer rates, irrigation, and chemical control of weeds, pests, and diseases were optimized to maximize yield potential in all experiments.

Light interception, biomass and radiation use efficiency, and leaf area index

Above-ground biomass (BM) was determined 40 days after seedlings emergence (E+40), at initiation of booting (InB), seven days after anthesis (A+7), and at physiological maturity (PM) in order to calculate the RUE (g MJ -1 ) values according to equation ( 2):

where BM is the above-ground biomass (g m -2 ) produced at the different phenological stages as indicated above and MJ represents the amount of accumulated solar radiation (MJ) per unit area (m 2 ) per day (d) until the day of harvest, and calculated between BM samplings. In this sense, three RUE values were calculated: from E+40 to InB (RUE1); from InB to A+7 (RUE2); and from A+7 to PM (RUE3). RUE from E+40 to PM was also considered (RUET) as integrative of the whole cycle. Additionally, seven days after anthesis, incident radiation (Io), light reflected (Ir), transmitted radiation (It), and LI were determined in all genotypes in order to detect differences among LI values and distribution among genotypes and planting systems. LI was calculated as the proportion of light intercepted by the canopy after losses by reflection and transmission into the ground were subtracted according to equation (3):

The green leaf area index (LAI) and k were also determined seven days after anthesis; LAI was calculated as per equation ( 4):

where PDWGL is the percentage of dry weight of green leaves (%) seven days after anthesis; BM is above-ground biomass (g m -2 ) seven days after anthesis; MSLA (cm 2 g -1 ) is the mean specific leaf area for flag leaf and leaf 1 (leaf below flag leaf) seven days after anthesis; and 0.01 and 0.0001 are factors of conversion units. On the other hand, RUE determined through the growing season showed that the arrangement of plants in a canopy grown in flat beds is more efficient at intercepting light and producing dry matter than a canopy in raised beds; this difference was established early in the season and was maintained through the growing season, even though the difference was not significant during grain filling (Fig. 3). RUE at E+40 in flat beds was about 27.4 % greater than RUE in raised beds; greater capture of light by plants grown in flat beds was reflected in a larger production of biomass and radiation use. If this advantage in RUE is maintained until the grain filling period, this will be reflected in a higher final BM and GY. 

Variation in light interception, spike and top leaves, and coefficient of extinction

Variation in LI between planting systems was substantial; LI in flat beds was about 27% higher than in raised beds. This lower LI in raised beds was due to greater losses by It, light transmitted to the ground below the crop canopy, and to the ground in the gaps between beds (Table 2). Genetic variation in size of the green leaf area and the amount of light intercepted by the canopy in flat beds, determined at anthesis+7 days, was narrower than the genetic variation observed in raised beds (Table 3). Light intercepted by the canopy and its distribution into spikes and top leaves was determined in flat beds only (Table 3). Genetic variation in the radiation intercepted by spikes, flag leaf, leaf 1, and leaf 2 was 2.4, 3.9, 3.1 and 7.2-fold, respectively. This large genetic variation in LI indicates the potential for increasing this trait during the grain filling period by selecting for specific morphological traits. The amount of light intercepted by spikes was about 30% of canopy intercepted radiation; similar percentages of radiation interception were determined for flag leaf and leaf 1 3). It is important to point out that the length of the peduncle and the internode between flag leaf and leaf 1 may play a key role in light penetration to inferior leaves during the grain filling period. These morphological characteristics of the stem architecture may explain why flag leaf and leaf 1 may contribute up to 60% of the radiation intercepted by the top leaves during the grain filling period. A combined ANOVA for the RUE of flat and raised beds, RUE1, RUE2, RUE3, and RUET, showed high genetic variation together with the other variables evaluated (Table 4). Broad sense heritability (h 2 ) was low in RUE1, low to moderate for RUE2 and RUE3, and high for RUET. Moderate heritability was also observed for k and LAI, while low to moderate variability was observed for LI in both flats and the combined analysis of two years in beds. The higher h 2 was observed in spikes in the two years combined analysis (Table 4).