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The International Maize and Wheat Improvement Center, known by its Spanish acronym, 
CIMMYT® (www.cimmyt.org), is a not-for-profit research and training organization with 
partners in over 100 countries. The center works to sustainably increase the productivity 
of maize and wheat systems and thus ensure global food security and reduce poverty. The 
center’s outputs and services include improved maize and wheat varieties and cropping 
systems, the conservation of maize and wheat genetic resources, and capacity building.

CIMMYT belongs to and is funded by the Consultative Group on International Agricultural 
Research (CGIAR) (www.cgiar.org) and also receives support from national governments, 
foundations, development banks, and other public and private agencies. CIMMYT is 
particularly grateful for the generous, unrestricted funding that has kept the center strong 
and effective over many years.
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contributory organizations concerning the legal status of any country, territory, city, or 
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Correct citation: Reynolds M, Braun H, Quilligan E (2012). Proceedings of the 2nd 
International Workshop of the Wheat Yield Consortium. CENEB, CIMMYT, Cd. Obregón, 
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Abstract: The abstracts herein are of presentations by crop experts for the ”2nd International 
Workshop of the Wheat Yield Consortium”. Sponsored by SAGARPA’s international 
strategic component for increasing wheat performance, under the Sustainable Modernization 
of Traditional Agriculture Program (MasAgro); BBSRC, UK; USAID, USA; and GRDC, 
Australia. 

The event covers innovative methods to significantly raise wheat yield potential, including 
making photosynthesis more efficient, improving adaptation of flowering to diverse 
environments, addressing the physical processes involved in lodging, and physiological 
and molecular breeding. The workshop represents the current research of the International 
Wheat Yield Consortium that involves scientists working on all continents to strategically 
integrate research components in a common breeding platform, thereby speeding the 
delivery to farmers of new wheat genotypes.
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SP1.3 Optimising canopy photosynthesis, photosynthetic duration (A Condon)
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SP1.5 Optimising RuBP Regeneration (M Parry)
SP1.6 Improving the Thermal Stability of Rubisco Activase (M Parry)
SP1.7 Replacement of LS Rubisco (M Parry)
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 maximizing grain number (J Foulkes)
SP2.2 Optimizing developmental pattern to maximize HI (G Slafer, S Grifiths)
SP2.3 Improving HI by modifying sensitivity to environmental cues (W Davies)
SP2.4 Improving grain filling and potential grain size (D Calderini & J LeGouis)
SP2.5 Identifying traits & genetic sources for lodging resistance (P Berry)
SP2.6 Modeling optimal combinations of traits (R Sylvester Bradley)
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An international collaboration to raise the yield potential

of wheat by 50% by 2030

Matthew Reynolds, Elizabeth Warham, Simon Vaughan, Hans Braun

The Wheat Yield Consortium

Wheat currently provides 21% of the food calories 
and 20% of the protein to more than 4.5 billion 
people in 94 developing countries. The challenge 
for wheat breeders is to increase rates of progress 
in breeding to match future demand for wheat 
from a growing global population, estimated to be 
9 billion by 2050. The need to improve the genetic 
yield potential of wheat is widely accepted as 
genetic gains from wheat breeding have decreased 
in recent years, creating a sense of urgency.

Scientific evidence suggests that the yield 
potential of wheat could be increased by 50% 
or more through the genetic improvement of 
photosynthetic capacity (Parry et al. 2011), while 
parallel improvements in plant architecture would 
guarantee impacts in farmers’ fields (Foulkes 
et al. 2011). Meeting this challenge needs new 
approaches not only to the research itself but also 
to capitalise on the scientific expertise available 
globally to add real value (Reynolds et al. 2011).

The Wheat Yield Consortium (WYC), established by 
the International Maize and Wheat Improvement 
Center (CIMMYT), has 31 partner organizations 
(national research systems, advanced research 
institutes, and private companies) with 83 expert 
scientists, to share science, research methods, 
technologies, and novel germplasm. 
The WYC will use both molecular and physiological 
information to develop breeding strategies based 
on a sound scientific understanding of wheat yield 
potential. Total plant biomass will be increased 
(Theme 1), simultaneously optimizing partitioning 
of assimilates to yield in diverse environments while 
increasing the strength of the plant to avoid the 
risk of lodging (Theme 2). Outputs from Themes 1 
and 2 will be channeled directly into a third Theme 
focused on incorporating improved yield potential 
traits into elite breeding lines adapted to a wide 
range of wheat agro-systems worldwide (Figure 1). 

Figure 1. Estimated individual and combined long-term impacts of the three research 

themes (T) of the Wheat Yield Consortium.  The synergistic approach of the three scientific 
themes of the WYC will greatly enhance the outputs of the research program. 
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The 20 year WYC research plan is divided into four 
five-year phases. The cost of WYC for the first two 
phases (over 10 years) is estimated at $99m. The 
Mexican Secretary of Agriculture (SAGARPA) has 
committed funding for US$ 10m (over 10 years) 
to initiate some WYC activities. Chinese funders 
have committed US$1m annually for five years, 
and CIMMYT has also committed $150K annually 
for five years to transgenic research aimed at 
improving photosynthesis, led by Rothamsted 
Research, UK. Other partners have already made 
commitments to substantial in-kind contributions 
($7 m over 10 years), which, combined with the 
funded components, covers approximately 18% of 
the total budget projected over 10 years. However, 
in order to fully establish the WYC to achieve all 
objectives for the first two phases, additional long-
term strategic investment is required over 10 years, 
initially at a level of $8m p.a. 

The impact of the research and breeding will 
depend on effective co-ordination of WYC and 
delivery of products. This will be led by CIMMYT’s 
Global Wheat Program, which for over 45 years has 
coordinated an international breeding programme, 
and through its international nursery system 
delivers approximately 1,000 new wheat genotypes 
annually, targeted to national programs in less 
developed countries to address food security. 
Overall governance of the WYC will comprise of a 
strategic advisory board with high-level oversight, 
and a technical advisory committee to advise on 
science strategy. A Consortium Leader (CL) will 
lead the science, assisted by three Theme leaders, 
while 17 Sub-Project leaders will ensure that the 
research is conducted according to collaborative 
agreements (addressing IP) with agreed timelines 
and outputs.

The economic benefit of WYC globally is potentially 
between $50 and $100 billion in additional annual 
income, or 160–300 million tons of wheat at 300$/
ton. The combined effect of the three theme 
areas of research is expected to increase wheat 
productivity up to 50% in most major wheat agro-
ecosystems (Figure 1), with farmers and consumers 
in developing countries expected to benefit from 
higher and more stable yields. This will be achieved 
through the availability of unique sources of 
germplasm for yield potential traits: a) with 10-50% 
increased biomass depending on environment and 
timeframe (10-25 years); b) effective partitioning 

of assimilates to grain yields so that Harvest 
Index is maintained above 0.5 at new levels 
of expression of biomass in all targeted wheat 
environments; and c) improved lodging resistance 
so that structural failure is improbable in at least 
90% of years under the most optimistic yield 
scenarios. Given that the major cropping systems 
of the world are already intensively cultivated, 
significantly higher yielding crops will reduce 
the pressure to bring natural ecosystems into 
cultivation. 

Key innovations of WYC are: 
• Adoption of a holistic approach to seriously 

address the fundamental limitations to genetic 
wheat yield potential and ensure net agronomic 
benefits are delivered in as short a time frame 
as possible. 

• New model to tackle food security, at the level 
of crop productivity, by attempting genetic 
manipulation considerably more complex than 
anything achieved to date.

• Global collaboration from lab to field among 
internationally renowned scientists, recognized 
crop experts, and nurseries. 

• Leverage of new networks of wheat researchers 
across different wheat production systems from 
both developed and developing countries.

• Unprecedented willingness of crop scientists 
within the WYC to have the science concepts  
publically disclosed and reviewed (Foulkes et 
al. 2011; Parry et al. 2011; Reynolds et al. 2011).

In addition, WYC will lead to a number of 
collateral benefits and impact including: a) 
establishment of a highly effective translational-
science based wheat improvement network; 
b) new phenotyping technologies; c) capacity 
building of National Agriculture Research 
Systems through graduate training (PhD students, 
etc.); and d) scientific knowledge generated 
applied to increasing yield potential in other 
crops.
The benefits from WYC will be sustained long 
after the implementation period, through the 
new elite germplasm pool embodying key yield 
potential traits, cadres of trained professional 
scientists to carry out crop improvement 
programs for future generations, and the WYC 
model for international cooperation to produce 
urgently needed public goods.



ix

These proceedings provide a summary of the 
main objectives of all 17 Sub Projects under the 
three Themes (Table 1), and the latest results from 
research that has been conducted with available 
funding and in-kind contributions from WYC 
members.

Reynolds MP,  Bonnett D, Chapman SC,  Furbank RT,  
Manes Y, Mather DE, Parry MAJ, 2011. Raising yield 
potential of wheat. I. Overview of a consortium 
approach and breeding strategies. Journal of 
Experimental Botany 62 (2): 439–452.

Table 1: A consortium to raise the yield potential of wheat: Sub-project structure

Theme 1: Increasing photosynthetic capacity and efficiency  

 SP1.1 Phenotypic selection for photosynthetic capacity and efficiency
 SP1.2 Phenotypic selection for spike photosynthesis
 SP1.3 Optimising and Modelling canopy photosynthesis and photosynthetic duration
 SP1.4 Chloroplast CO2 pumps
 SP1.5  Increasing RuBP Regeneration
 SP1.6 Improving the thermal stability of RuBisCo activase
 SP1.7 Replacement of LS RuBisCo

Theme 2: Optimising partitioning and lodging resistance 

 SP2.1 Optimising harvest index through increased partitioning to the spike and 
maximizing grain number

 SP2.2 Optimizing developmental pattern to maximise spike fertility
 SP2.3 Improving spike fertility through modifying its sensitivity to environmental cues
 SP2.4 Improving grain filling and potential grain size
 SP2.5 Identifying traits and developing genetic sources for lodging resistance
 SP2.6 Modeling optimal combinations of, and tradeoffs between, traits

Theme 3: Development and delivery of breeding lines encompassing yield potential traits 

 SP3.1 Trait and marker based breeding
 SP3.2 Wide crossing to enhance photosynthetic capacity and other yield potential traits 
 SP3.3 Genomic selection to increase breeding efficiency 
 SP3.4 Germplasm evaluation and Delivery

Parry MAJ, Reynolds MP, Salvucci ME, Raines C, 
Andralojc PJ, Zhu XG, Price GD, Condon AG, 
Furbank RT, 2011. Raising yield potential of wheat. 
II. Increasing photosynthetic capacity and efficiency. 
Journal of Experimental Botany 62 (2): 453–467.

Foulkes MJ, Slafer GA, Davies WJ, Berry PM, Sylvester-
Bradley R, Martre P, Calderini DF, Griffiths S, 
Reynolds MP, 2011. Raising yield potential of wheat. 
III. Optimizing partitioning to grain while maintaining 
lodging resistance Journal of Experimental Botany 62(2): 
469-486.
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Major Objectives

1.  Identification of wheat germplasm with 
variation in photosynthetic capacity and 
efficiency under optimal and heat stress 
conditions.

2.  Elucidation of mechanisms underlying 
improved photosynthesis in candidate lines.

3.  Validation of increased photosynthetic 
performance and yield potential in the field.

State of the Art

Provision of carbon to yield through 
photosynthesis can be elevated by, i) increasing 
pre-anthesis biomass; ii) increasing the amount 
of photosynthetic machinery per unit leaf area 
(which will increase maximum photosynthetic 
rate or Pmax); or iii) increasing photosynthetic 
efficiency (Peff, which can be achieved by reduced 
photorespiration, reduced internal resistance to 
CO2 within the leaf, or improved Rubisco catalytic 
properties). Genetic variation in Pmax and Peff can 
be screened for using a variety of high-throughput 
techniques, which can be related to Rubisco kinetic 
properties, photorespiratory activity, and internal 
leaf conductance using mechanistic modeling of 
photosynthesis. These measurements can also be 
made at super-optimal temperatures to capture 
the genetic diversity in photosynthetic response 
to high temperature stress, including Rubisco 
activase heat stability.

This sub-project proposes to use a large genotype 
screen to identify wheat germplasm with superior 
Peff (expressed as superior radiation use efficiency, 
RUE, at the leaf level), superior Pmax (expressed 
as more photosynthetic machinery per unit leaf 
area at a given nitrogen nutrition), and hence, 
higher anthesis biomass and yield potential. Large 
numbers of germplasm will be screened under 
optimal conditions and at high temperature.  
Subsets of contrasting germplasm will be used 
to understand the mechanisms responsible for 
the highest performing genotypes. This material 
will be evaluated in the field and used as donor 
germplasm for new genotypes of wheat with 
elevated photosynthetic performance. This forward 

genetic screen will be achieved using a suite of 
Phenomics techniques developed in Canberra and 
applied across the partner laboratories in Australia, 
Mexico, U.K., and U.S.A., and will be coupled with 
modelling of photosynthetic responses.

It is envisaged that wheat genotypes with superior 
Rubisco kinetic properties and better nitrogen use 
efficiency will be identified with this screen, in 
addition to other unknown mechanisms which may 
underpin enhanced photosynthetic traits. Subsets of 
the promising genotypes identified will be analyzed 
in depth, using a combination of low throughput, 
high-resolution measurements of leaf-level 
physiology and biochemistry.

Results

Developing high-throughput screens for 

photosynthetic characteristics.

Techniques currently used to study leaf 
photosynthetic characteristics are slow and 
cumbersome. A common method is to measure the 
response of photosynthesis to changes in external 
CO2 levels. Data that make up the resulting “CO2 
response” curve can then be modeled to generate 
information on the kinetic properties of Rubisco.  
Even with an automated instrument, this process 
can take up to an hour for each leaf sampled.  For 
“coarse” initial screening of genotypic variation, 
studies at CSIRO indicate that this process can be 
shortened to about 15 minutes by minimizing the 
number of CO2 levels sampled. Use of the rapid, 
hand-held SPAD instrument (that assays for leaf 
chlorophyll content) could provide useful estimates 
of photosynthetic capacity (assayed using “CO2 
response” curves).  Although the relationship 
trended positive, there was a substantial amount 
of variation in Rubisco kinetics (Pmax or Peff), not 
accounted for by SPAD measurements. The same 
applied for leaf chlorophyll content assayed after 
chemical extraction. The utility of other hand-
held instruments that measure various aspects of 
chlorophyll fluorescence is also being assessed. 
The work in Canberra has been funded by an 
ACIAR project on water use efficiency of wheat 
(CIM/2005/111).  

Theme 1: Increasing Photosynthetic Capacity and Efficiency

SP1.1: Phenotypic selection for photosynthetic capacity and efficiency
Bob Furbank1, Cándido López-Castañeda2, Tony Condon1, Pip Wilson1, Viridiana Silva-Pérez3, Susanne von Caemmerer3, John Evans3,

Martin Parry4, Mike Salvucci5, Gemma Molero6, Matthew Reynolds6

1CSIRO and HRPPC, Australia, 2COLPOS, Mexico, 3RSB ANU, Australia, 4Rothamsted Research, UK, 5USDA USA, 6CIMMYT Mexico.
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Late in 2011, PhD student Viridiana Silva-Pérez 
commenced studies at ANU/CSIRO, Canberra 
on a CONACYT scholarship.  She will seek to 
further develop and validate approaches to screen 
for genetic variation in Pmax and Peff in wheat 
using high throughput phenomics tools, and 
apply these approaches to genotype collections 
including the CIMMYT Mexico Core Germplasm 
Panel (CIMCOG), and other populations accessible 
through CSIRO. Measurements will be made at 
the seedling stage and compared to measurements 
at key developmental stages before and after 
flowering. The biochemical basis for this variation 
in photosynthesis will be explored by enzyme and 
metabolite assays and the predicted impacts of 
improvement in photosynthesis on growth and yield 
modeled in collaboration with CAS, Shanghai. Also 
late in 2011, seed of the CIMCOG wheat set of was 
sown in a quarantine glasshouse in Australia. Seed 
of all entries should be available for field planting 
and glasshouse studies in mid-2012.

Photosynthetic characteristics of the CIMCOG set are 
also being studied in Mexico at MEXPLAT (Ciudad 
Obregon) and under controlled conditions (El 
Batán). Gas exchange measurements were performed 
between 5-7 days after anthesis in the field and at 
4 leaf stage under greenhouse conditions. Genetic 
variation in Pmax was observed under both 
experimental conditions (Table 1, Table 2). However, 
no differences were observed in nitrogen content 
of flag leaf among genotypes or RUE at crop level 
(Table 1), the latter being estimated as crop dry 

matter gain over a 2-week period divided by light 
absorbed over the same period (see SP1.3). Genetic 
variation in modeled Rubisco kinetics (maximum 
carboxylation capacity, Vc,max) and electron transport 
rate (ETR) were observed in the CIMCOG population 
(Table 2). Pmax was positively correlated with Vc,max 
(r = 0.72) indicating that Pmax could be a useful tool 
to predict Rubisco carboxylation capacity in early leaf 
stage. ETR was also positively correlated with Pmax 
under controlled conditions (r = 0.68) and could be 
used a as surrogate to predict photosynthetic carbon 
assimilation rate in screening for high photosynthetic 
rate in large populations. In order to validate the use 
of surrogates to predict photosynthetic performance 
under field conditions, a more precise study will be 
carried out during the 2011/2012 cycle at MEXPLAT.

In associated work at Rothamsted Research, as 
part of the BBSRC Pre Breeding LOLA/WISP, 
Martin Parry and colleagues are scoring the AE 
Watkins Collection for genetic variation in canopy 
architectural traits, photosynthetic capacity and 
efficiency, yield potential, and harvest index. 
This collection comprises 831 land race accessions 
collected from 33 countries in the 1920s and 1930s.

References

Leegood, R.C., et al. 2010. Nature 464:831.
Makino, A., 2011. Plant Physiology 155:125-129.
Parry, M.A.J., et al. 2011. Journal of Experimental Botany 

62(2):453–467.
Raines, C.A., 2011. Plant Physiology 155:36-42.
Reynolds, M., et al. 2011. Journal of Experimental Botany 

62:439–452.

Table 1. Maximum photosynthetic rate (Pmax), 

percentage of N in flag leaf, SPAD units in flag leaf, 

aboveground biomass and radiation use efficiency (RUE) 

measured in the CIMCOG population 5-7 days after 

anthesis (n=60 for all traits except photosynthesis). Yield 

was measured at maturity. 

 CIMCOG Field Experiment

   P-value Genetic range

 Mean (ENT) (LSD 5%)

Pmax(µmol m−2 s−1)† 25.6 ** 31.2 — 19.8 (4.3)
N (%) 4.1 0.52 4.6 — 3.8 (0.4)
SPAD units  51.2 0.31 58.5 — 45.7 (5.2)
Biomass (g m-2) 1108 ** 1397 — 932 (222)
RUE (g MJ-1) 1.4 0.15 1.68 — 1.19 (0.27)
Yield (g m-2) 611.0 *** 720 — 448 (67)

** Significant at the 0.01 probability level
***Significant at the 0.001 probability level
† measured in a subset of 25 genotypes

Table 2. Maximum photosynthetic rate (Pmax), maximum 

carboxylation capacity of Rubisco (Vc,max), and electron 

transport rate (ETR) of the CIMCOG population (n=60), 

measured at 4 leaf stage under greenhouse conditions. 

 CIMCOG Greenhouse Experiment

   P-value Genetic range

 Mean (ENT) (LSD 5%)

Pmax(µmolCO2m−2 s−1) 21.4 *** 30.4 — 15.1 (5.0)
Vc,max 122.5 ** 155.0 — 94.0 (27.2)
   (µmolCO2m−2 s−1) 
ETR (µmolm−2 s−1) 126.4 *** 157.2 — 80.8 (24.9)

** Significant at the 0.01 probability level  
***Significant at the 0.001 probability level  
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SP1.2: Phenotypic selection for spike photosynthesis 
Matthew Reynolds1, Gemma Molero1, Bob Furbank2, Tony Condon2, Jose Luis Araus3, Susanne von Caemmerer4

1CIMMYT Mexico, 2CSIRO and HRPPC Canberra, Australia, 3University of Barcelona, Spain, 4RSB ANU Canberra, Australia

Major Objectives

1. Identification of wheat germplasm with variation 
in photosynthetic capacity and efficiency of the 
spike

2. Development of screening tools and molecular 
markers for spike photosynthesis

State of the Art

Reproductive structures in grasses are 
photosynthetic, an adaptation to the fact that 
they intercept a significant amount of radiation, 
and probably to safeguard seed filling. In a dense 
wheat canopy almost half of the incident radiation 
may be intercepted by spikes, depending on spike 
architecture. Furthermore, it has been shown that 
spike photosynthesis can contribute substantially to 
grain filling (Tambussi et al. 2007) and that the ear is 
the last structure to lose its photosynthetic capacity, 
suggesting a role in “finishing” the crop. However, 
to date, the genetic diversity and contribution of 
spike photosynthesis to grain filling is not clear and 
there has been no systematic attempt to improve 
these traits, despite preliminary evidence for genetic 
variation in wheat (Abbad et al. 2004). That given, 
any strategy to improve radiation use efficiency 
(RUE) of wheat should also consider genetic 
modification of spike photosynthesis since it is 
expected to be genetically additive with improved 
leaf photosynthesis. However, a number of basic 
questions need to be answered before genetic 
improvement becomes feasible. 

The main bottleneck to improving spike 
photosynthesis in crops is that the photosynthetic 
contribution of the ear to grain filling is not easy to 
measure. For example, gas exchange measurement 
to establish CO2 fixation rate can be confounded 
by the spike’s ability to recycle respiratory 
carbon, obscuring measurements, while the spike 
geometry further complicates standardization of 
units. The other challenge, which is not unique 
to spike photosynthesis, relates to the feasibility 
of recording integrated values of photosynthesis 
over representative periods of the crop cycle, while 
at the same time encompassing the ‘canopy’ of 
spikes. New phenomics technologies, such as high 

throughput chlorophyll fluorescence imaging 
and high resolution hyperspectral imaging, 
present unique opportunities to rapidly screen 
germplasm for high spike photosynthesis. These 
traits will be compared with and hopefully 
complement integrative approaches that use shade 
treatments and DCMU (3-(3,4-dichlorophenyl)-
1,1-dimethylurea; a specific inhibitor of 
photosystem II) to eliminate the contribution 
of spike photosynthesis throughout the growth 
cycle. The latter techniques have been validated in 
Mexico for identifying significant genetic effects 
for integrated contribution over time of spike 
photosynthesis to grain filling. These tools can also 
be extremely valuable in gene discovery so that 
phenotypic screening of spike photosynthesis can 
be complemented by molecular marker assisted 
selection (MAS). 

Results

Objective 1 

The first priority was to establish a range of 
genetic variation for spike photosynthesis, 
focusing on elite cultivars (CIMMYT Mexico Core 
Germplasm Panel, CIMCOG) that (i) represent 
historical genetic gains, and (ii) show contrasting 
spike architecture. Spike photosynthesis was 
measured directly from a subset of the population 
using gas exchange, and indirectly from the 
whole population with shading treatments and 
application of DCMU. Direct measurements of 
spike and leaf photosynthesis were compared 
with a historical set of genotypes, and indicated 
differences in maximum photosynthetic rate of 
spikes, but no differences on flag leaf (Figure 1). 
These genotypic differences in photosynthesis were 
also observed in genotypes with contrasting spike 
architecture, whereas no statistically significant 
differences were observed in flag leaf (Figure 
2). With this first approach, genetic variation 
for spike photosynthesis was observed in elite 
cultivars. Moreover, photosynthetic rates of spikes 
were positively correlated with light interception 
(r = 0.96) indicating that spike photosynthesis 
is dependent on the spike architecture and its 
distribution in the canopy.



4

Data measured on individual spikes can be up-
scaled by considering spike density, so that genetic 
differences in spike photosynthesis at the canopy 
level can be estimated (i.e. spike photosynthesis 
m-2). While empirical approaches are tested using 
available genetic diversity, modeling approaches 
(e.g. Zhu et al. 2010) that consider the response of 
both leaf and spike photosynthesis to light intensity 
can also help to establish thresholds of efficient light 
distribution within the whole canopy, including 
spikes. This modeling approach could help to 

address questions such as whether awns make 
an efficient contribution to spike photosynthesis, 
especially as these are easily removed through 
breeding.  Similarly, given that spikes and leaves 
compete in terms of resource capture (e.g. for 
light and possibly N), it is necessary to consider 
genetic variation for spike photosynthesis, as 
a proportion of the total carbon fixed, in terms 
of achieving an efficient balance between spike 
photosynthesis and that of the rest of the canopy. 
The ability to accurately measure these effects and 

Figure 1. Maximum photosynthetic rate (Amax) of Spike and Flag leaf for three different genotypes of 

bread wheat plants (Triticum aestivum) released at 1966 (1: Siete cerros T66), 1990 (2: Attila) and 2009 

(3: CROC_1/AE.SQUARROSA (205)//BORL95/3/PRL/SARA//TSI/VEE#5/4/FRET2) grown under irrigated 

conditions. Measurements were performed at anthesis. Light interception (%) of each organ is shown in brackets above each bar. Each 

value represents the mean of 2 replicates ± s.e. Each replicate is the mean of 3 values. For each genotype, different letters indicate significant 

differences between treatments (P≤0.05) according to LSD test.

Figure 2. Maximum 

photosynthetic rate (Amax) of 

Spike, Flag leaf (FL), penultimate 

leaf (L2) and third leaf (L3) for 

three different genotypes of 

bread wheat plants (Triticum 
aestivum) with contrasting 

morphology and equal 

phenology, grown under field 

conditions. Measurements were 

performed during grain filling (25 days 

after anthesis). Light interception (%) of 

each organ is shown in brackets above each 

bar. 1: BCN/RIALTO, 2: BECARD/5/KAUZ//

ALTAR84/AOS/3/MILAN/KAUZ/4/HUITES, 

3: CMH79A.955/4/AGA/3/4*SN64/CNO67//

INIA66/5/NAC/6/RIALTO. 
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model them at the canopy level is a prerequisite to 
being able to combine their favorable expression 
through breeding, as well as allowing potentially 
unfavorable genetic linkages to be broken.  

The comparison between spike and leaf 
photosynthesis at the canopy level during grain 
filling showed higher photosynthetic rates of spikes, 
in comparison with each individual leaf (Table 1). 
This indicates the importance of spike contribution 
to grain yield during this period. These results 
are in accordance with results obtained using 
DCMU, where spike contribution to grain yield for 
genotypes 1, 2, and 3 were estimated at 20.3%, 40.2% 
and 58.5% respectively.

Other approaches will need to consider nitrogen 
use, including the distribution and composition of 
pigments and enzymes (especially Rubisco) between 
leaves and spikes to define theoretical targets and 
establish search parameters for screening of genetic 
resources. In this context, it is also necessary to 
consider developmental and environmental effects; 
for example, spikes may express delayed chlorosis 
relative to leaves, especially under stress. This 
phenomenon suggests that spike photosynthesis is 
better adapted to harsh conditions, which tend to 
occur in the latter part of grain filling in a number 
of wheat agro-ecosystems, and genetic variation 
for ‘stay-green spike’ was previously reported in 
wheat (Abbad et al. 2004). Part of the explanation 
may come from the fact that spike photosynthesis 
partially uses respiratory CO2 made available 
by grain respiration during grain filling, thereby 
increasing the transpiration efficiency of the organ 
compared with leaves (Araus et al. 1993). On the 
other hand, plant respiration can consume a large 

fraction (25–70%) of the carbon fixed each day 
during photosynthesis (Lambers et al. 2005) and 
will be monitored during routine measurements of 
C fixation rates of spikes. 

 Objective 2 

It is difficult to use high throughput screening to 
assess the contribution of spike photosynthesis 
to grain-filling. A recent attempt to overcome 
this used shading treatments throughout grain 
filling to estimate the relative contribution of spike 
photosynthesis to grain yield, by comparing the 
thousand grain weight (TGW) of control and ear-
shaded plants (Figure 3). Results indicate highly 
significant genetic variation among cultivars 
(Table 2).  The wheat mapping population (RILs 
Atil/Dicoccum) has already been identified as one 

Figure 3. Thousand grain weight (TGW) of control 

plants (dark bars) and ear shaded plants 7 - 10 

days after anthesis (grey bars) from three different 

populations: the parent mapping population (PADS 

POP), RILs ATIL/DICOCCUM mapping population (RILs 

DICC), and CIMMYT Core Germplasm (CIMCOG). Each 

value represents the mean of n genotypes ± s.e. ***Significant differences 

at P≤0.001 between treatments according to LSD test.
Table 1. Canopy photosynthesis calculated with the 

maximum photosynthetic rate, the area of each organ 

and the number of spikes and stems per square meter. 
The values were obtained without considering the effects of shaded leaves. 

Each value represents the mean of 2 replicates ± s.e. Each replicate is the mean 

of at least 3 measurements. 1: BCN/RIALTO,  2: BECARD/5/KAUZ//ALTAR84/

AOS/3/MILAN/KAUZ/4/HUITES, 3: CMH79A.955/4/AGA/3/4*SN64/CNO67//

INIA66/5/NAC/6/RIALTO. 

 Canopy Photosynthesis (μmol CO
2
 m-2s-1)

ENT SPIKE Flag Leaf Leaf 2 Leaf 3 TOTAL

1 12.1 ± 0.2 8.5 ± 1.0 9.2 ± 2.8 5.7 ± 1.6 35.4
2 17.4 ± 7.5 14.7 ± 4.3 12.3 ± 5.4 1.2 ± 0.2 45.6
3 31.5 ± 3.6 7.3 ± 1.9 5.6 ± 2.5  -0.3 ± 0.5 44.1

Table 2. Spike contribution to grain yield, calculated 

with thousand grain weight from control plants and 

ear shaded plants from three different populations: the 

parent mapping population (PADS POP, n=12), RILs 

ATIL/DICCOCUM mapping population (RILs DICOCCON, 

n=100) and Cimmyt Core Germplasm (CIMCOG, n=60). 

 Spike contribution (%)

Population Mean Genetic range (LSD 5%)

PADS POPS 34.2 48.1  — 14.6 (18.2)
RILs DICOCCUM 14.4 40.3  —  -13.7 (25.7)
CIMCOG 37.1 52.3  —  21.7 (13.1)
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with parental contrasts in the relative contribution 
of spike photosynthesis to grain filling, and the 
effect is consistent under different environmental 
conditions. Spike shading will be applied on 100 
random inbred lines (RILs) from the Atil/Dicoccum 
cross in order to undertake QTL analyses. Direct 
measurement of spike photosynthesis will be 
conducted on parents and a subset of RILs using 
infra-red gas analysis (IRGA).

For any given environmental condition, the leaf, 
spike, or canopy temperature is related to the rate 
of evapotranspiration from the plant surface, even 
though ear morphology (e.g. color and shape) 
and presence/absence of awns or wax may also 
play a role. Therefore, thermal imaging can be 
used to monitor the transpiration rate of different 
plant organs (Leinonen and Jones 2004). Spike 
temperatures have been shown to be warmer than 
leaf temperature (Ayeneh et al. 2002), which may 
have a significant effect on the filling of grains (in 
terms of grain filling rate and duration, as well as 
rate of respiration). In order to study genotypic 
variability in the ear temperature, thermal imaging 
will be used on elite cultivars during grain filling. 
Another alternative to gas analysis that permits 
instantaneous measurement of photosynthetic 
parameters is chlorophyll fluorescence, which has 
the advantage of being very rapid and as such can 
be adopted into high throughput phenotyping 
platforms. It estimates electron transport rate, 
a parameter which will integrate over both net 
gas exchange and recycling of respiratory carbon 
(Munns et al. 2010). Such approaches have value 
in both identifying genetic variation and in 
gene discovery. A phenotyping protocol will be 

developed at the Canberra phenotyping facility for 
high throughput screening systems in controlled 
environments for variation in ear photosynthetic 
capacity, based on chlorophyll fluorescence and 
assays of Amax as electron transport rate at super 
saturating CO2, protein and chlorophyll content 
and carbon isotope discrimination combined with 
CO2 exchange. 

Expected outcomes / impacts

• Spike photosynthesis confirmed as a target for 
genetic improvement in wheat. 

• Development of high throughput phenotyping 
methodologies for routine screening of spike 
photosynthesis in wheat.

• Identification of QTL associated with spike 
contribution to grain filling as a first step 
towards development of fine markers for spike 
photosynthesis; eventually facilitating the 
combination of spike photosynthesis with other 
RUE-related traits in breeding.
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Major Objectives

1.  Evaluate the effect of genetic variation in seasonal 
profiles of leaf area development and duration 
(from within the canopy leaf area and of stomatal 
conductance) on radiation interception (RI), 
radiation use efficiency (RUE), biomass (BM), and 
grain yield (GY).

2.  Using outputs from objective 1, model the 
impacts of changes within the canopy and 
within season distributions of leaf area and N, to 
determine combinations of leaf area and canopy 
N distribution that optimize seasonal RI and RUE.

State of the Art
To consider how BM gains might be accelerated, it is 
useful to consider BM as the product of two factors 
integrated over the crop cycle: RI and RUE (i.e. the 
efficiency of conversion of intercepted radiation into 
biomass).  RI can be maximized by fast, early leaf 
area (LA) growth, and by extending the duration of 
green LA as the crop matures.  Rapid LA growth is 
likely to be most beneficial in environments where 
duration at full light interception (LI) is restricted 
by short crop duration, whereas extended LA 
duration is likely to be beneficial in a much wider 
range of environments.  Rapid LA growth may be 
counterproductive in longer-season environments 
if it results in greater within-canopy shading, which 
penalizes RUE.

Crop yields are related more to the integral of 
canopy photosynthesis than photosynthetic rates of 
any individual leaves. Current estimates of canopy 
photosynthetic CO2 uptake usually assume that 
the leaves in a canopy experience either the same 
or finite levels of light intensities, i.e. they ignore 
the heterogeneity of the light environments inside 
canopies. In order to study the influence of canopy 
architectural and physiological parameters, and 
even agronomic practices, on canopy photosynthesis 
rates, a fully mechanistic model of canopy 
photosynthesis must be developed, including both 
detailed canopy architecture and light distribution, 
and the photosynthetic properties. For example, 

SP1.3: Optimizing and Modelling canopy photosynthesis and 

photosynthetic duration 

Tony Condon1, Cándido López-Castañeda2, Gemma Molero3, Xin-guang Zhu4, Qingfeng Song4, Erik Murchie5, Bob Furbank1,
Jose Jimenez-Berni1, David Deery1, Xavier Sirault1, Matthew Reynolds3

1CSIRO and HRPPC, Australia, 2COLPOS, Mexico, 3CIMMYT Mexico, 4CAS, China, 5University Nottingham, UK.

more-erect leaf angles are likely to reduce the 
proportion of leaves that become light-saturated at 
high light intensities, thereby further contributing 
to greater RUE. Excessive tiller production may 
also be detrimental to RUE in high-yield potential 
(YP) canopies because resources are committed to 
establishing and maintaining small and ultimately 
infertile tillers and the leaves subtended from 
them. As canopy photosynthesis is limited by CO2 
supply, removing stomatal limitations on CO2 
uptake would also be expected to boost RUE. 

The use of crop models indicates that there may 
be further scope to optimize LA growth and 
distribution and further boost RUE through 
a more-effective distribution of canopy N at 
different levels of the canopy and/or between 
different enzymes involved in photosynthetic 
C-capture. An important practical aspect to 
consider is also how planting systems may 
affect RUE through its interaction with i) light 
distribution; ii) N distribution and composition 
throughout the canopy profile; iii) CO2 diffusion; 
and  iv) the interaction of these with growth stage 
and sun angle.

Results

Modeling main effects of different planting 

systems on photosynthesis 

During the 2011 growing season, graduate 
student Qingfeng Song, from Xin-Guang Zhu’s 
group at CAS Shanghai, conducted canopy 
parameter measurements for flat- and bed-
grown wheat at MEXPLAT, Obregon. The major 
goal of the study was to explore the potential 
impacts of using different planting systems on 
canopy photosynthetic CO2 uptake rate. A fully 
mechanistic model of canopy photosynthesis was 
developed and includes three components: a) a 
canopy architectural model that can be defined by 
user input parameters, b) a forward ray tracing 
algorithm, and c) a steady state biochemical 
model of C3 photosynthesis. With this model, 
it was demonstrated that estimating canopy 
photosynthesis with the average instead of the 
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Table 1. Yield and yield components from CIMCOG population grown under two different planting systems 

(beds and flat) during 2010/2011 at  MEXPLAT. Data are the means (n=60). Different letters indicate significant differences among mean 

values (P < 0.05; t-test). YLD = yield; BM = biomass at maturity; HI = harvest index; TGW = thousand grain weight; DTA = days to anthesis after emergence; 

DTM = days to maturity after emergence; %GF = percentage of grain filling calculated as (DTM-DTA)/DTM *100.

 MEANS (t Test)

 YLD (g/m2) BM (g/m2) HI TGW Spikes m-2 Grains m-2 DTA DTM %GF

BEDS 611 b 1358 b 0.45 a 42.9 a 309.5 b 14379 b 88.8 a 125 a 28.8 b
FLAT 691 a 1587 a 0.44 b 41.3 b 353.3 a 16912 a 85.5 b 123 b 30.6 a

Table 2. Comparison of light interception (LI), radiation use efficiency (RUE), extinction coefficient (k), 

and leaf area index (LAI) of different planting systems (beds and flat) 40 days after emergence (E+40), 

initiation of booting (In Boot) and seven days after anthesis (Anthesis+7). Data are the mean of 60 genotypes.

  BEDS   FLAT 

 E+40 In Boot Anthesis+7 E+40 In Boot Anthesis+7

LI (%) 87.4 98.2 97.4 85.5 98.3 97
RUE (g MJ-1) 0.7 1.16 1.39 1.22 1.31 1.68
k - - 0.23 - - 0.23
LAI - - 3.94 - - 4.7

true light levels can lead to up to 17% higher 
whole day canopy photosynthetic CO2 uptake. 
The model was used to explore the influence of a 
number of canopy architectural parameters, i.e. 
stem height, leaf angle, leaf width, on total canopy 
photosynthetic CO2 uptake rate. In summary, a 
new canopy photosynthesis model was developed 
which can be used as a framework for designing 
ideal crop architectures or agricultural practices to 
gain optimal canopy photosynthesis for different 
crops under different environmental conditions.

Measuring canopy architecture and light 

distribution 

Advances have been made in developing tools 
that more easily and accurately measure canopy 
architecture and light distribution within the 
canopy At the High Resolution Plant Phenomics 
Centre (HRPPC) at CSIRO, Canberra, Jose 
Jimenez-Berni and David Deery made significant 
advances deploying and testing new sensor 
systems on the “Phenomobile”, a small-tractor-
sized vehicle with very high clearance, designed 
to traverse field plots. An array of sensors and 
imaging systems has been mounted on the 
Phemomobile.  These capture RGB images and 
LiDAR data for 3-D reconstruction of canopy 
structure, as well as hyperspectral reflectance and 
canopy temperature data. To further strengthen 
this activity, a new BBSRC-funded project at the 

University of Nottingham (including the Centre for 
Integrative Plant Biology; CPIB) will begin in April 
2012 with an appointed postdoctoral researcher. 
It will develop new techniques for high resolution 
imaging of canopies and will incorporate novel 
aspects such as canopy movement into canopy 
photosynthesis models. 

Field studies of LI and RUE 

The effects of planting system on canopy processes 
were investigated at MEXPLAT, Obregon. The 
CIMCOG set of 60 wheat genotypes was compared 
under bed-furrow planting and as solid stands on 
flat ground. Planting in the flat system produced 
higher yields than the beds (Table 1), mainly due to 
a higher number of grains m-2 (r = 0.48). Significant 
differences in aboveground biomass at maturity 
were also observed, together with differences 
in the duration of grain filling period (Table 1). 
Higher RUE was also observed in flats associated 
with higher LAI (Table 2). The comparison of light 
interception at different canopy strata showed 
the high genetic range of light interception for 
different organs (Table 3). These differences are 
associated with different canopy architecture and 
it is necessary to determine which the best canopy 
architecture in a given environment in order 
to increase RUE. Physiological measurements 
of chlorophyll content (SPAD-502) and NDVI 
(Greenseeker) indicated that there were not 
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Figure 1. Chlorophyll index from the Minolta SPAD-502 (SPAD units) and Normalized Difference 

Vegetation Index measured with Greenseeker in flat (closed circles) and beds (open circles) along the crop. 
DAE = Days after emergence. Each value is the mean of 60 genotypes.

important differences in senescence ratio between 
both planting systems along the crop cycle (Figure 
1). In order to validate these results, a second year 
experiment comparing both planting systems 
will be carried out during the 2011/2012 cycle at 
MEXPLAT. In this sense a weekly evaluation of 
LI, RUE, and photosynthetic performance along 
the crop cycle will be recorded together with 
complementary remote sensing devices.

At CSIRO, Australia, a comparison was made of the 
LI and RUE of breadwheat and triticale by growing 
seven entries of each species under high-input, 
irrigated conditions. On average, the triticales out-
yielded the wheats by ca. 1.2 t/ha (9.4t/ha versus 
8.2t/ha for wheat). This was attributed mainly 
to greater LI by triticale, particularly early in the 
season, due to faster LA expansion.  Triticale also 
tillered less and was significantly taller than wheat 
(130cm vs. 100cm for wheat).  Both these attributes 
may have contributed to enhanced RUE for triticale. 
Interestingly, despite the substantially greater height 
of triticale, there was no difference in harvest index 
between the two species. 
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Table 3. Comparison of light interception at different 

canopy strata seven days after anthesis of plants 

growing under flat ground. Data are the mean of 60 genotypes.

 Light Interception (%)

  Mean Genetic range (LSD 5%)

Total 97.0 94  — 98 (1.6)
Spikes  24.3 43  — 12 (18.5)
Flag Leaf 27.1 49  — 9 (23.4)
Penultimate Leaf 29 47  — 14 (19.5)
Third Leaf 11.0 25  — 2 (11)
Rest of leaves 5.2 17  — -1 (8.1)
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SP1.4: Chloroplast CO2 pumps
Murray Badger1, G Dean Price1, Susanne von Caemmerer1, Spencer Whitney1, John Evans1, Bob Furbank2, Tony Condon2, 

Jasper Pengelly1, Britta Forster1

1RSB ANU, Canberra, Australia, 2CSIRO, Canberra, Australia

Objectives

To place transporter proteins in the chloroplast 
membrane of wheat.

State of the Art

Photosynthesis in the leaves of C3 plants such 
as wheat is limited by the levels of atmospheric 
CO2, due to the kinetic properties of Rubisco. 
It is therefore obvious that improvements of 
photosynthetic capacity/efficiency and water 
& nitrogen efficiency (WUE & NUE) could be 
achieved by mechanisms which either improve 
Rubisco or elevate CO2 within the chloroplast, 
relative to the external environment. C4 plants 
such as maize have developed a sophisticated CO2 
concentrating mechanism (CCM) which achieves 
this latter outcome, but the implementation of 
similar mechanisms in C3 plants is very complicated 
due to the complex nature of the leaf anatomical 
and biochemical specialization that is required. 
However, cyanobacteria and algae have developed 
simpler single cell CCMs based on the operation of 
HCO3

- and CO2 transporters, and the elevation of 
CO2 within a single cell. 

This project will take pioneering approaches to 
introduce cyanobacterial bicarbonate transporters, 
BicA and SbtA, into Arabidopsis and wheat 
chloroplasts to produce an effective single-celled 
CO2-concentrating mechanism in C3 leaves, where 
CO2 is moderately elevated within the chloroplast 
(Price et al. 2008; Price et al. 2011a). Modeling 
indicates that photosynthesis could be improved 
by 5-15% (Price et al. 2011a), and that adding more 

advanced forms of the cyanobacterial CCM could 
achieve enhancements well over 20%. Optimization 
of function will include customization of the 
structure of the transporter and overexpression 
of a chloroplast Na+/H+ antiporter for enhanced 
energisation, together with exploration of the 
possibility that aquaporins may be manipulated 
to reduce CO2 leakage from the chloroplast and 
enhance the CCM.  

Results

Phase-1 work is centered on expressing active 
BicA and SbtA transporters in the envelope of 
tobacco and Arabidopsis chloroplasts, followed by 
detailed leaf gas exchange analysis. The design 
of targeting constructs has been greatly aided by 
the determination of the in-membrane protein 
topologies for BicA (Price et al. 2011b) and SbtA 
(Shelden et al. 2010). The project is supported, 
in part, from ARC grants to GDP and an ARC 
SuperScience Fellowship to MB, SvC and GDP. To 
date, we have confirmed that we have successfully 
expressed BicA in the tobacco chloroplast. 
Arabidopsis lines for expression of BicA and SbtA are 
presently being analyzed.

References

 Price, G.D., et al. 2008. Journal of Experimental Botany 
59:1441-1461.

 Price, G.D., et al. 2011a. Plant Physiology 155:20-26.
 Price, G.D., et al. 2011b. Molecular Membrane Biology 

28:265-75.
 Shelden, M.C., et al. 2010. Molecular Membrane Biology 

27: 12-23.



11
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FBP aldolase

SP1.5: Increasing RuBP Regeneration
Martin Parry1, Christine Raines2, Matthew Reynolds3

1Rothamsted Research, UK, 2University of Essex, UK, 3CIMMYT Mexico

Major Objective

Optimize RuBP regeneration to increase the 
photosynthetic capacity of wheat.

State of the Art

Photosynthesis is co-limited in the canopy by the 
kinetics of Rubisco and the rate of regeneration of 
RuBP (reflecting light harvesting, electron transport, 
and photophosphorylation). Increasing RuBP 
regeneration in model plant species substantially 
improves photosynthesis. The two limiting enzymes 
in RuBP regeneration are Sedoheptulose 1.7 
bisphosphatase (SBPase) and Fructose bisphosphate 
aldolase (FBP aldolase) (Raines 2003, 2006) and these 
are the targets for over-expression in transgenic 
wheat. The project is high impact with a medium 
to long-term delivery timeframe, and therefore 
has seed funding directly from CIMMYT to allow 
commencement of transformation experiments.

Results

At Rothamsted Research we have made constructs 
to over-express wheat SBPase (pSBPaseT2) and 
FBP aldolase (pFBPaldolaseTSa) under the control 
of the rice tungro bacilliform virus promoter 
(RTVP), which targets expression to the leaf lamina. 
Scutellum of the spring wheat CV Cadenza have 
been transformed via biolistics and 39 FBPaldolase 
and 9 SBPase independent lines recovered to 
date. In addition, the CIMMYT lines HIS10 and 

HIS17 have been bulked to produce seed and 
immature scutella have also been used in 
additional bombardment experiments; these lines 
are currently under selection. The transgenic 
lines generated are now being screened at the 
University of Essex to determine the amounts of 
SBPase and FBPaldolase in each line. 

A new photosynthetic tissue specific promoter 
from Brachypodium has also been cloned at 
Rothamsted. Constructs have been made linking 
this promoter to GUS, and this is awaiting 
transformation and validation. If successful, it will 
be used in future transformations to overexpress 
both SBPase and FBPaldolase. 

Summary

Generation of initial transgenic lines is funded. 
The analysis of transgenics will be limited by 
funding. Crossing of the best lines from each 
construct may be possible with current funds, but 
glasshouse and field performance trials of these 
plants will not be possible with current funding.
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SP1.6: Improving the thermal stability of RuBisCo activase
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Major Objective

Produce wheat germplasm with improved tolerance 
to heat stress through the modification of the key 
photosynthetic enzyme RuBisCo activase.

State of the Art

Higher temperatures (a likely result of climate 
change) induce inactivation of Rubisco, which 
would compromise the stability of yield 
improvements achieved through increases in 
photosynthetic capacity and efficiency in projects 
SP1.1, SP1.2, and SP1.7. Heat stability of Rubisco 
activase, a protein which regulates Rubisco activity 
in wheat leaves, has been shown to be an important 
determinant of the heat stability of photosynthesis 
(Salvucci et al. 2004). This project will test the 
hypothesis that transgenic wheat containing an 
engineered Rubisco activase, previously shown to 
be heat stable in vitro, will possess this trait in planta 
under field conditions. This project is high impact 
with a medium to long term delivery timeframe.

Results

USDA experiments have confirmed that Rubisco 
activase from cotton has a high thermal tolerance. 
Recent experiments have confirmed that in vitro 
purified wheat Rubisco (supplied by Rothamsted 
Research) is successfully activated by recombinant 
Rubisco activase from cotton (Figure 1); we can 

therefore expect it to also function in vivo. We 
are now designing constructs to introduce the 
thermally stable cotton Rubisco activase into 
transgenic wheat. 

Summary 

Current funds may allow transformation of 
“best bet” candidate gene constructs into wheat 
as part of SP1.5, but no analysis of phenotypes. 
Rothamsted Research has recently recruited a 
PhD student (Joanna Scales, who will be jointly 
supervised by Mike Salvucci, Martin Parry, and 
Christine Raines) who may be able to pick up 
some aspects of this in her studies.
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 Figure 1. Cotton Rubisco activase can activate 

wheat Rubisco
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SP1.7: Replacement of LS RuBisCo
Martin Parry, Huw Jones 

Rothamsted Research, UK

Major Objective

To develop chloroplast transformation technologies 
for wheat and modify the catalytic properties 
of Rubisco in wheat leaves, through transgenic 
methods.

State of the Art

Evidence suggests that the regions of the Rubisco 
protein which are important for conferring desirable 
kinetic features reside in the large subunit of 
the protein, which is encoded by the chloroplast 
genome (see Parry et al. 2011). Nuclear of expression 
of LS genes does not give large enough amounts of 
protein to support high photosynthetic rates. Plastid 
transformation can deliver large amounts of the 
introduced protein but  is currently only routinely 
possible in a limited number of species, and 
homoplasmy has never been achieved in cereals. 
This project aims to develop plastid transformation 
in wheat and to use gene constructs encoding novel 
Rubisco large subunits aimed at improving kinetic 
properties. This project is very high impact with a 
long term delivery timeframe.

Results

Wheat chloroplasts are much smaller than those 
of tobacco, therefore we have been researching 
the possibility of using mutants with fewer, larger 

chloroplasts. This may also facilitate the selection 
of any homoplastomic lines. We have already 
developed an EMS-saturated mutagenized 
population of spring wheat Cadenza (Rakszegi et 
al 2010) and will search for chloroplast division 
mutants within it. In tobacco, green leaf material 
is bombarded to generate lines with transformed 
plastids; in wheat, non-green scutellum tissue 
is used for biolistic transformation of nuclear 
genes. We have therefore started to evaluate the 
capacity of alternate green tissue such as the 
immature inflorescence.

Summary 

Currently not funded but preliminary studies 
are being undertaken by Parwaz Samnakay, 
a PhD student at Rothamsted (co-supervised 
by Huw Jones, Martin Parry, and Maurice 
Moloney at Rothamsted Research, and by Bill 
Davies, Lancaster University). This technology 
is necessary to produce truly novel wheat 
germplasm with radically improved Rubisco 
kinetic properties.
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Major Objectives

1. Identify genetic sources of wheat (and close 
species) expressing favorable values of assimilate 
partitioning and spike fertility determining grain 
number m-2 and harvest index (HI) through 
screening genetically diverse germplasm.

2. Identify traits and mechanisms determining 
genetic variation in spike partitioning index 
(SPI) and fruiting efficiency (FE), and quantify 
tradeoffs between these two components of grain 
number m-2.

3. Estimate contribution of genes of major effect 
(Rht, Ppd, Vrn, Lr19, 1B/1R) on SPI, grains m-2, 
and HI and related traits, and develop genetic 
markers for these traits using an association 
genetics panel and bi-parental populations.

State of the Art

Optimal partitioning of assimilate to spikes is 
crucial to maximize grain number and dry matter 
harvest index (HI) and therefore raise yield 
potential. There has been no systematic progress in 
increasing HI from the early 1990s values of ca. 0.50-
0.55 (Reynolds et al. 2009; Brancourt-Hulmel et al. 
2003; Shearman et al. 2005), despite a hypothetical 
HI limit of ca. 0.65 in wheat (Austin 1980; Foulkes et 
al. 2011).

Partitioning to spikes could be increased by 
reducing competition from alternative sinks, 
especially during stem elongation when grain 
number is determined (Fischer 1985; Reynolds 
et al. 2011; Foulkes et al. 2011). These competing 
sinks include roots, leaves, stems (structural and 
water soluble carbohydrates), and infertile tillers. 
Strategies to boost spike growth by reducing 
assimilate partitioning to alternative sinks are 
complementary to those to optimizing phenology. 
Optimizing partitioning amongst the plant organs 
to favour the spike will mainly increase the rate 
of spike growth, whereas optimizing phenology 
will mainly extend the duration of spike growth 
in the pre-anthesis phase (the latter being a focal 
issue of SP2.2). The genetic range for dry matter 

SP 2.1: Optimizing harvest index through increased partitioning to the 

spike and maximizing grain number
M. John Foulkes1, Carolina Rivera2, Eliseo Trujillo2, Roger Sylvester-Bradley3, Gustavo A. Slafer4, Matthew P. Reynolds2

1University of Nottingham, UK, 2CIMMYT Mexico, 3ADAS Boxworth, Cambridge, UK, 4ICREA and University of Lleida, Spain 

(DM) partitioning to the respective plant organs at 
anthesis reported in the literature was reviewed by 
Reynolds et al. (2009). The ranges for proportions 
of above-ground biomass were 0.12-0.29 for spikes; 
0.19-0.31 for leaf lamina; and 0.48-0.63 for stems 
and leaf sheaths. The DM lost in infertile tillers was 
0.02-0.15 as a proportion of above-ground biomass 
(Berry et al. 2003) and the DM in roots was 0.06-0.17 
as a proportion of total biomass. These data suggest 
the possibility for increasing partitioning to spikes 
at the expense of other plant organs. 

Decreasing root partitioning to increase SPI may be 
undesirable, since future genetic gains in biomass 
may require increased access to water and nutrients. 
Similarly, reducing partitioning to the leaf lamina 
may have negative effects on photosynthetic 
capacity. Gains in SPI at anthesis may not be 
possible through reducing root or leaf lamina 
partitioning, and only small gains seem likely 
through reducing partitioning to infertile tillers. 
However, reducing allocation of assimilate to the 
structural true stem (ca. 30-40% of above-ground 
biomass at anthesis (AGDMA); Foulkes et al. 2009) 
and/or the leaf sheath (ca. 15-20% AGDMA; Pask 
2009) may offer much greater scope. 

Fruiting efficiency (FE; i.e. the number of grains set 
per unit spike dry weight at anthesis, also termed 
spike fertility index) is a complement to SPI and 
may be improved to further enhance grain number 
(Fischer 2011; Foulkes et al. 2011; Lázaro and Abatte 
2011). There is clear variability in FE among modern 
cultivars (Abbate et al. 1998; Fischer 2007; Gaju et al. 
2009; González et al. 2011; Lázaro and Abatte 2011). 
However, the relationship between SPI and FE 
may be negative amongst genotypes and tradeoffs 
between these two physiological components are 
frequently observed (Gaju et al. 2009; Gonzalez et 
al. 2011; Lázaro and Abbate 2011). The cause of this 
negative relationship is still unclear. In studies on 
two Argentine cultivars grown in Argentina and 
Mexico, FE was associated with the proportion 
of some of the spike morphological components, 
but none of these associations were significant 

Theme 2: Optimizing partitioning and lodging resistance
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(Abbate et al. 1995, 1997). Abbate et al. (1998) 
studied Argentine cultivars released after 1980 
and did not find an association between FE and 
the rachis proportion. Fischer (2007) similarly 
observed no association between FE and the 
weight of glumes or awns.  Conversely, Slafer and 
Andrade (1993) observed that higher grain number 
amongst genotypes was associated with allocating 
a higher proportion of spike DM to reproductive 
(developing florets) rather than structural (rachis, 
glumes, and paleas) organs within the spikes. The 
existence of a negative relationship between SPI 
and FE raises the question of whether selection 
for FE may be useful for genetic improvement. 
Lázaro and Abbate (2011) encouragingly reported 
a parallel relationship in three Argentine cultivars 
and one CIMMYT cultivar grown in Argentina, 
Mexico, and France for the negative slope between 
spike DM m-2 at anthesis and FE, suggesting the 
possibility to identify genotypes combining high 
spike DM with a high FE. Identifying mechanisms 
determining positive departures from the overall 
negative relationship between SFI and FE should 
be a priority for future research approaches. 
To raise FE, these should be integrated with 
mechanisms to optimize phenological partitioning.

There will be an interdependence between targets 
for assimilate partitioning to boost spike fertility 
and the minimum support DM for lodging 
resistance. The identification of the traits for 
increased spike partitioning to boost spike fertility 
will therefore link closely with the analysis of 
lodging traits in SP2.5 and the ideotype design 
and comparison with the CIMMYT Mexico Core 
Germplasm Panel (CIMCOG) in SP2.6. This will 
be facilitated by the sub-projects that have been 
working jointly on the CIMCOG at the hub site at 
CIMMYT Ciudad Obregon.

Phenotyping work has begun in Obregon to 
investigate the potential allelic diversity associated 
with some of the partitioning traits using the 
Wheat Association Mapping Initiative (WAMI) 
panel of 296 advanced lines that show controlled 
phenology (10-12 day range of anthesis dates). 
Main agronomic traits will be measured, including 
final biomass, as well as phonological pattern and 
spike index. An aerial platform will be used to 
estimate canopy temperature and its variation.

Results 

To date, the main funded activity in SP2.1 is the 
analysis of genetic variation and trait relationships 
in the CIMCOG population of advanced lines in 
2010-11 and 2011-12 at Ciudad Obregon (CIMMYT-
MasAgro/CONACYT/Nottingham Univ.). 
Partitioning traits are being analyzed in two PhD 
studies (Carolina Rivera Amado and Eliseo Trujillo 
Negrellos, registered at Nottingham University 
October 2011). Results in 2010-11 showed that HI 
was positively correlated with grain yield amongst 
genotypes in both raised beds (P=0.09) and basins 
(P< 0.001). Overall maximum HI amongst the 60 
CIMCOG genotypes was 0.51 in raised beds and 
0.50 in basins. These values are much less than 
the theoretical maximum of ca. 0.65 (Austin 1980; 
Foulkes et al. 2011). Therefore, present results 
indicate that there is very significant scope for 
raising yield potential through improving HI in 
modern CIMMYT cultivars. 

Our results confirm a strong positive association 
between SPI and spike DM m-2 at GS61+7d amongst 
the 60 genotypes in both planting systems (raised 
beds R2 = 0.40, P< 0.001; basins R2 = 0.66, P< 0.001). 
In raised-beds, SPI was more negatively correlated 
with leaf-lamina partitioning index (PI; R2 = 0.27, 
P< 0.001) and leaf-sheath PI (R2 = 0.30, P< 0.05) than 
true-stem PI (R2 = 0.09, P< 0.05) at GS61+7d. In the 
basins, SPI showed a similar negative association 
with leaf lamina PI (R2 = 0.29, P< 0.001) and true-
stem PI (R2 = 0.33, P< 0.001), and a weaker negative 
association with leaf-sheath PI (R2 = 0.10, P< 0.05). 
Overall these results indicate that, in modern 
CIMMYT cultivars, the leaf-sheath and leaf-lamina 
PI are important determinants of genetic variation 
in SPI. So in addition to considering effects for 
true-stem partitioning, future strategies for 
optimising partitioning at anthesis must consider 
the potential to reduce leaf-lamina and leaf-sheath 
partitioning. Results in raised beds indicate that 
reducing leaf-sheath partitioning may be a key 
strategy to boost SPI and spike DM at anthesis. 
Therefore, investigating the physiological basis of 
genetic variation in leaf-sheath partitioning and 
relationships with grains m-2 and HI will be an 
important objective for ongoing work. 

Results showed a stronger positive association of 
grains m-2 with FE (grains per g spike DM) in both 
raised beds (R2 = 0.31, P<0.001) and basins (R2 = 
0.22, P<0.001) than with SPI at GS61+7d, where a 
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significant association was found just in basins (R2 = 
0.18, P<0.001). Overall findings showed only a weak 
or non-significant correlation between spike DM 
(g m-2) and grains m-2 amongst the 60 genotypes. 
They therefore indicate that improving FE is likely 
to be equally as important as boosting SPI (and 
therefore spike DM) in raising grains m-2 in modern 
CIMMYT cultivars. Future work will also focus on 
understanding the physiological basis of genetic 
variation in FE and relationships with grains m-2. 
Concerning the relationship between SPI and FE, 
negative associations were found in the CIMGOG 
in 2010-11 in both planting systems (raised beds, 
R2 = 0.23, P<0.001; basins R2 = 0.08, P<0.05), so there 
is a need to identify genotypes displaying positive 
departures from the overall negative relationship 
and to understand the underlying mechanisms. 

Additionally, results in 2010-11 showed genetic 
variation in the post-anthesis source-sink balance, 
as indicated by the grain growth response to 
degraining (removal of half spikelets, down one 
side of spike) at GS61+7d, and in three post-anthesis 
senescence-rate assessments (flag-leaf visual score 
(FLVS) rate, NDVI rate and SPAD rate). Senescence 
rates were calculated as the slope of the linear 
regression of each parameter with the thermal 
time (base temp. 0°C) from anthesis (GS61) for 
FLVS and SPAD and from ear emergence (GS59) 
for NDVI. Grain yield was negatively associated 
with senescence rates for FLVS (R2 = 0.14; P< 0.01), 
NDVI rate (R2 = 0.11, P< 0.05) and SPAD rate (R2 
= 0.16, P< 0.01). There was a positive relationship 
within a sub-set of 11 historic CIMCOG lines 
released from 1990 to 2007 between NDVI rate 
and the proportional response of grain growth 
to degraining (R2 = 0.35, P < 0.5), indicating that 
optimization of DM partitioning in the pre-
anthesis phase should include consideration of 
the consequences for post-anthesis source supply. 
With the results obtained in 2011-12, we will be 
able to examine whether genotypic differences in 
traits and relationships established with grains m-2, 
HI, and grain yield are strongly dependent on the 
environment or not.

In parallel work of the investigators in collaboration 
with UK wheat breeding companies funded by 
UK DEFRA-LINK project LK0992, the relationship 
between partitioning traits and grain m-2 and 
yield have been examined in a set of 11 historic 
feed cultivars (released from 1953 to 2007) and 

9 bread-making cultivars (released from 1964 to 
2004; Clarke et al. 2012). Experiments were carried 
out at three sites in eastern UK in three seasons 
(2007/8-2009/10; 8 sites-seasons). In summary, grain 
yield increased linearly at 0.041 and 0.049 t ha-1 yr-1 
for feed and bread-making cultivars respectively. 
Increase in HI appeared to slow with later years of 
release, as a quadratic curve fitted the relationship 
significantly better than a linear relationship. 
A similar relationship was observed between 
year of release and SPI at anthesis, with values 
plateauing at ca. 0.19 in both feed and bread-
making groups. Changes in SPI reflected changes 
in true-stem-and-leaf-sheath PI, since there was 
no change in leaf-lamina PI with plant breeding. 
There was an apparent trend for FE to increase 
with year of release since ca. 1990 in both feed and 
bread making cultivars. The negative relationship 
between SPI and FE was observed in both the feed 
and bread-making cultivars. Therefore these results 
also point to the joint optimization of SPI and FE as 
being a key strategy for future breeding progress in 
grain m-2 and HI. 
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Major Objectives 

Overall, to clarify the physiological bases, and 
identify the genetic bases of grain number (per m2) 
associated with the pattern of crop phenology in 
wheat. Specific aims include: 
1.  Characterize the variability available in 

partitioning of developmental time between 
phases occurring before and after the onset of 
stem elongation in populations and precise 
genetic stocks designed for the dissection of these 
traits (e.g. NILs for particular developmental 
genes, segregating populations varying in 
development rates, populations of lines/cultivars 
of high yields), including an assessment of 
genotype by environment (GxE) interactions; 

2. Identify whether this variability is due to 
differential photoperiod sensitivities during stem 
elongation (SE), or to variation in earliness per se 
during this phase; 

3.  Identify genetic factors controlling phenological 
partitioning and provide markers to enable 
selection for a lengthened SE; and 

4.  Determine the level of correlation between 
extended SE phase and grain number (and yield), 
through introgression of the trait in common 
backgrounds and testing the effect in a range of 
environments.

State of the Art 

Beyond increasing crop growth rate (addressed 
mainly in Theme 1) and optimising growth 
partitioning to the juvenile spike immediately 
before anthesis (the subject of SP2.1), hypothetically, 
it might also be relevant to optimise the pattern 
of wheat development to maximize spike fertility. 
Manipulation of the relative duration of phases 
occurring before and after the onset of SE may be 
applicable for determination of grain number and 
yield (Slafer et al. 2001, 2009), as lengthening the 
duration of the SE phase may increase yield (Slafer 
2003; Miralles and Slafer 2007). The rationale for this 
hypothesis is that (i) yield in wheat is more related 
to grain number than to grain weight (Fischer 2011; 
Sadras and Slafer 2012); (ii) grain number is largely 
determined during the SE phase (Slafer and Rawson 
1994), and consequently yield is strongly limited by 

source-strength during SE (i.e. yield does respond 
dramatically to changes in crop growth at this stage; 
Fischer, 1985); (iii) the longer the duration of the 
SE phase, the greater the accumulated growth of 
the spikes during pre-anthesis (Miralles and Slafer 
2007); and (iv) growth of the juvenile spike is critical 
for sustaining development of floret primordia, 
consequently increasing the number of fertile florets 
and grains (González et al. 2011a). 

Relationships between the duration of SE and 
number of fertile florets and grains have been 
consistently reported for a particular photoperiod-
sensitive cultivar (e.g. González et al. 2003, 
2005). Testing the hypothesis in a much wider 
context would permit the identification not only 
of potential parents conferring a lengthened SE 
phase but also particular genetic factors conferring 
the developmental characteristic to optimise the 
partitioning of time to anthesis into different phases. 
This method would also facilitate the determination  
and quantification of likely drawbacks, for instance 
potential tradeoffs between spike growth and 
fruiting efficiency (FE, the efficiency in converting 
spike dry matter at anthesis into grains; Gaju et al. 
2009; Gonzalez et al. 2011b), or FE and potential 
grain size (mainly addressed in SP2.4).

Results 

The only research action funded so far aimed to 
study the range of variation in duration of SE 
(independently of parallel changes in time to 
anthesis) and the genetic bases for this variation, 
in the CIMMYT Mexico Core Germplasm Panel 
(CIMCOG) population, which has been grown at 
Ciudad Obregon for two successive seasons (the last 
of which is currently growing in the field). 

Analysis of the first sowing season showed that 
time from sowing to anthesis ranged between 
1360 and 1693 ºC d, and that the variation was 
better explained by duration of the SE phase 
than that of the leaf and spikelet initiation. 
Durations of these two phases were not significatly 
correlated, implying that they could potentially be 
independently manipulated. The main difference 

SP2.2: Optimizing developmental pattern to maximize spike fertility
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between genotypes determining their differences 
in grain number was FE (R2 = 0.94; P<0.001), which 
apppeared loosely related to the duration of the SE 
phase (R2 = 0.37; P<0.10), though the relationship 
became highly significant if the data-point of one 
outlier entry is ignored. The final number of fertile 
florets at anthesis was lower in genotypes with 
relatively short SE phase (compared with those of 
longer duration of SE) within those with similar 
total time to anthesis. With the analysis of the 
results obtained in the ongoing experiment we 
will be able to determine whether the genotypic 
differences found and the relationshuips established 
are strongly dependant on the environment or not. 
Further work in this line will focus on genotyping 
the CIMCOG population (at least for Rht-D1, Rht-B1, 
Rht8, 1BL1RS, Ppd-D1, Ppd-B1, Ppd-A1,  Vrn-A1, 
Vrn-B1, Vrn-D1, Vrn-B3 and for earliness per se and 
stem extension QTLs identified in Griffiths et al., 
2009, and Griffiths et al., 2011). 

Other research conducted in the context of SP2.2; 
so far unfunded by the WYC, but done as ‘ín-kind’ 
contributions by collaborators of this SP, includes:
An analysis of changes in the stem elongation phase 
in a segregation population derived from parental 
lines with similar flowering time but different 
relative durations of the pre-anthesis phase (García 
et al. 2011). F4 populations were characterized, 
and from those with the largest variation, four 
contrasting groups were selected. Progenies of 
these groups (F5), together with remnant F4 full-
sib of each one, were studied the next year. Yield 
per plant was higher when duration of the SE 
was lengthened, due to GN increases. However, 
selection response to longer SE with similar cycle 
to AT was not fully effective. Variability in the 
duration of SE was not clearly associated with major 
adaptation genes evaluated (i.e. Ppd and/or Vrn). 

A double haploid population of wheat, derived 
from cultivars that generate high grain yield 
potential through a different combination of grain 
number and weight, was characterised in Ciudad 
Obregon and Buenos Aires, and physiological 
attributes linked to grain yield were identified 
(as part of Garcia’s thesis at the UBA). In each 
environment, differences in both flowering time 

and plant height were standardised to avoid 
confounding effects from these attributes. Grain 
yield variations were strongly related to changes 
in biomass due to differences in radiation use 
efficiency (RUE). Grain number per m2, which 
tended to be better associated with FE than with the 
spike dry weight at anthesis, was the component 
most closely related to yield.

Thirty-nine high yielding cultivars (grouped 
according to time to anthesis in late cultivars and 
early cultivars) adapted to the north of Buenos 
Aires province (Argentina) were studied during two 
seasons (González et al. 2011b). The duration of SE 
varied from 8 to 16 days, depending on the cultivar 
x year interaction. Despite this interaction, at least 
two pairs of cultivars showing similar anthesis date 
but different duration of the SE were identified, 
with similar variation across both years. Duration 
of SE was positively associated with the spike dry 
weight at anthesis, which accounts for variation in 
grain number within the same FE. No relationship 
was observed between duration of SE and FE, 
suggesting they might be improved independently.
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Major Objectives 

1.  Separating the effects of grain water status from 
the effects of mild soil drying. This is easily 
achieved in the laboratory using split-root 
plants subjected to well watered conditions (no 
change in water status of reproductive plant 
parts), partial root zone drying (no change in 
water status of reproductive parts but increased 
ABA concentration – Dembinska et al. 1992) and 
whole root zone drying (decreased reproductive 
water status and increased ABA concentration). 
In plants exposed to drying soil, carbohydrate 
supply will also be manipulated via 
carbohydrate feeding (as described by Boyer and 
Westgate 2004) since additional carbohydrates 
can phenotypically revert drought-induced 
kernel abortion in maize. AbA application 
treatments will also be applied.

2.  Assessing meristem/spikelet hormone 
concentrations in plants grown well supplied 
with water and nutrient, and with ‘optimal’ 
temperature and radiation. Meristem/spikelet 
hormone concentration will be measured 
at key stages of plant development (floret 
initiation, terminal spikelet initiation, anther 
lobe formation, meiosis, floret degeneration – 
determined by dissection of the elongating stem) 
by gas chromatography-mass spectrometry (GC-
MS – IAA, ACC, cytokinins) and immunoassay 
(ABA). These investigations will allow us 
to decide on when and where to measure 
hormones.

3.  Quantifying hormonal signals in plants 
exposed to environmental challenges. To 
characterize hydraulic signalling, midday 
leaf and grain water potential (and osmotic 
potential to calculate leaf turgor) will be 
measured (using thermocouple psychrometers). 
These manipulations and measurements will 
determine the relative importance of hydraulic, 
carbohydrate and hormone signalling in 
impacting floret abortion.

Assessing signalling and crop yield in field grown 
crops. To complement the mechanistic studies in 
the laboratory (described above), a wheat crop 
exposed to the UK weather or undercover at 
Lancaster’s field site (Myerscough College) will 
be grown. Using this cover, water availability and 
temperature can be manipulated. Plants will either 
be well watered throughout development (with 
dielectric sensors allowing feedback control of 
soil water status), or allowed to dry the soil from 
the beginning of stem elongation. Samples will be 
regularly taken (to measure spike hormone and 
water status using the techniques described above) 
from developing meristem and leaves of plants. 
Spikelet fertility index (assessed as number of 
florets at anthesis) and grain size (at harvest) will be 
related to hormone balance. 

For all of these investigations, we will test 
responses of a subset of elite spring wheat 
germplasm from the CIMCOG panel. These will 
be chosen for contrasts in response to treatments 
designed to assess sink-limitation at the Mexican 
phenotyping platform (MEXPLAT) during the 
2011-12 spring wheat cycle. A PhD student will be 
recruited during the summer of 2012 to work at the 
Lancaster Environment, Centre whose thesis work 
will include interaction with the MEXPLAT.

State of the Art

Research demonstrating excess photosynthetic 
capacity during grain filling in modern wheat 
(Reynolds et al. 2005) suggests that wheat aborts 
more florets than necessary, a process that is 
likely regulated by spikelet hormone balance. 
These experiments are designed to elucidate the 
mechanisms of control of development and will 
allow some assessment of genetic variation in key 
hormone variables.

Ethylene/ABA ratios

High levels of ethylene synthesis seem to promote 
kernel abortion (Hays et al. 2007) and ABA/ethylene 
ratios can also be important in determining a) 
spikelet fertility in maize and rice (Wang et al. 2002; 

SP2.3: Improving spike fertility by modifying its

sensitivity to environmental cues
W.J.Davies1, I. Dodd1, S. Wilkinson1, G Kudoyarova2, Radomira Vankova3
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Yang et al. 2007) and b) the rate of grain filling in 
wheat (Yang et al. 2006). Post-anthesis application 
(directly to developing grains) of ABA and ethylene 
biosynthesis inhibitors showed that an increased 
ratio of ABA to ethylene increased grain-filling 
rate (Yang et al. 2006). In foliage ABA-ethylene 
ratios can be involved in maintenance of carbon 
gain, and both directly and indirectly in biomass 
growth (our unpublished data). This occurs under 
stress but importantly, also under non-stress 
conditions (Vysotskaya et al. 2011) particularly 
during leaf ageing. Sometimes high ABA levels can 
be associated with growth maintenance  (Tardieu 
2010) and increased yield (Travaglia 2010)  and has 
been attributed variously to links between ABA 
accumulation and synthesis of compatible solutes, 
increased aquaporin activity in roots and shoots and 
deeper root penetration. For these effects to develop, 
extra ABA must be present at moderate levels over 
a prolonged period (i.e. when positive effects on 
plant water status negate initial direct closing effect 
on stomata). This, alongside clear benefits of ABA 
on grain filling (by negating effects induced by 
ethylene), demonstrates that accurate timing and 
extent of up-regulation of ABA synthesis could be 
beneficial for yield.

Ethylene accumulation can be directly inhibitory 
of grain filling under well watered conditions 
(Mohapatra et al 2011) and may also be linked 
to genotypic variability in productivity through 
effects on plant architecture. Slow filling rates in 
a percentage of the grains lower down on a rice 
spikelet or wheat ear, have been linked with low 
contents of CK and ABA and high rates of ethylene 
evolution (Yang et al, 2000; Zhao et al. 2007, 
Zhang et al. 2009a). Spikelets in the lower part of 
the panicle / ear that are confined in the flag leaf 
sheath for a longer period, may be subject to the 
inhibitory action of ethylene to a greater extent than 
those in the upper part of the ear / panicle, which 
may be the basis of the observation that a spike or 
ear always contains at least some inferior, smaller 
grains, particularly in some genotypes. Ethylene 
inhibitors improved the growth and development of 
the inferior spikelets, while application of ethylene 
promoters inhibited their growth and development 
further (Mohapatra et al 2000). Ethylene inhibitors 
also improved starch biosynthesis and the activity 
of sucrose synthase and invertase enzymes in the 
kernels of inferior spikelets (Naik and Mohapatra, 
2000). Thus yield improvement in grain crops may 
be accessible via screening genotypes for lower 

retention time in leaf sheath and/or for shorter 
leaf sheaths, and /or for reduced flag leaf ethylene 
production post anthesis. Also, ethylene reduces 
ABA concentration in wheat shoots (Wilkinson et 
al. unpublished).

Cytokinins and Ck/ABA ratios

Transgenic plants over-expressing CK can show 
significant stress tolerance as a result of an 
enhanced stay-green capacity under stress. The 
IPT gene, which drives CK biosynthesis, has now 
been over-expressed in several plant species under 
different promoters, and the yielding of transgenic 
plants has been assessed (reviewed by Peleg and 
Blumwald 2011). 

Tomato plants grafted onto rootstocks 
constitutively expressing IPT (Ghanem et al 2011) 
yielded 30% more than the wild type plants under 
salinity stress. Silencing of cytokinin oxidase genes 
increased CK levels in non-stressed barley and 
can lead to higher plant productivity (Zalewski et 
al., 2010). Use of maturation-induced and stress-
induced promoters (SARK, senescence associated 
receptor kinase) in tobacco, rice and peanut plants 
displayed enhanced drought tolerance and yield, 
through delayed stress-induced plant senescence 
(Qin et al 2011, and Peleg and Blumwald 2011). 
Transgenic peanut plants maintained higher 
photosynthetic rates, higher stomatal conductance 
and higher transpiration than wild-type control 
plants under reduced irrigation conditions. More 
importantly, transgenic peanut plants produced 
significantly higher yields than wild-type control 
plants in the field.

High concentrations of cytokinins are known to 
inhibit root elongation and branching, which may 
decrease water and nitrogen capture by plants 
and unfavourably affect productivity. Targeted 
decline in cytokinin content in roots of transgenic 
plants over-producing cytokinin oxidase in roots, 
driven by root-specific promoters, was shown to 
increase root growth and plant survival under 
drought (Werner et al., 2010). Tomato plants grafted 
onto rootstocks constitutively expressing IPT also 
exhibited a decrease in root biomass under control 
conditions (Ghanem et al 2011). 

Cytokinin content usually declines in stressed 
plants co-incidentally with abscisic acid 
accumulation, and this relationship can be direct. 
ABA increased the expression of the gene coding 
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for cytokinin oxidase (Brugiere et al., 2003) as 
well as in the activity of enzymes catalyzing 
irreversible cytokinin degradation (Havlova et al., 
2008; Vysotskaya et al., 2009). Treatment of plants 
with an inhibitor of ABA synthesis diminished 
both the activation of cytokinin oxidase in stressed 
plants, and the decrease in cytokinin accumulation 
(Vysotskaya et al., 2009). Since the decline in 
cytokinin content in stressed plants is likely to 
sensitise ABA-induced stomatal closure, it may 
be beneficial to prevent any cytokinin decline in 
plants (e.g. with aging) and prevent reductions 
in carbon gain associated with unnecessarily 
sensitive stomatal closure. Ashikari et al. (2005) 
and Zalewski et al (2010) linked increased CK to 
an effect on the influoresence (grain number) (rice) 
and increased root biomass (barley). 

It still remains to be seen whether yield might be 
increased via a decrease in the ABA:cytokinin ratio. 
This might occur via effects on carbon gain and/or 
leaf cooling through stomata which are more open 
but it appears logical to assume that maintaining 
cytokinin levels  would be directly beneficial for 
grain filling. This is because, in rice and wheat at 
least, one yield detriment comes from the strong 
metabolic dominance of the apical spikelets in 
grain filling, and the inhibition of filling of the 
grains in the inferior basal spikelets. Low filling 
rate in inferior spikelets is not due to a lower 
assimilate supply, and Mohapatra et al. (2011) 
suggest instead, that a transient cytokinin spike 
after flowering could enhance the activities of cell-
cycle genes and increase the number of cells and, 
as such, the sink capacity of the developing seeds. 
Alternatively, these authors suggest that cytokinins 
could improve phloem unloading. Slow filling 
rates in inferior grains have been linked with low 
contents of zeatin, zeatin riboside, and IAA (Yang 
et al, 2000; Zhao et al. 2007, Zhang et al. 2009a); and 
with low ABA content and high rates of ethylene 
evolution (Zhao et al. 2007, Zhang et al. 2009a). 

The net development of a plant organ is regulated 
by a balance between hormones that promote and 
those that inhibit development. In the context of 
spikelet development in rice, it is possible that 
application of, or breeding for, enhanced GA, 
cytokinins, or IAA may increase the ratio between 
hormones that promote and those that inhibit the 
grain filling of inferior spikelets. But it would seem 

that increased cytokinin content should not occur 
at the expense of ABA to maintain high grain 
filling rate (Zhao et al 2007, Zhang et al 2009a). 
Again, breeding for high ABA plus high CK 
seems preferable where stress-induced senescence 
is not necessarily an issue, as both improved 
inferior spikelet grain filling and reduced stomatal 
sensitivity to ABA can be coincidental, without the 
potential detrimental effects that low ABA content 
might have on, for example, root extension 
rate, aquaporin activity and synthesis of solutes 
involved in turgor maintenance.

To understand the role of phytohormones 
in reproductive development of wheat, it is 
important to discriminate effects of altered 
chemical status and water status, as many studies 
indicate that cereal crops can maintain turgor in 
vegetative and reproductive structures in the field 
in response to a range of environmental challenges 
(eg. Michelena and Boyer 1982). Environmental 
effects on yield development in cereals can be 
extremely subtle. For example, Boyer (1982) has 
shown that even well irrigated, well fed crops in 
the USA may yield only 20 percent of potential 
yield values. We have shown that fully fed and 
irrigated greenhouse grown non-competing 
lettuce respond to ethylene perception inhibitors 
with a biomass increase of 20% (Vysotskaya et 
al 2011). We believe that hormonal and other 
chemical signals have an important role to play 
in regulating yield, even in plants that are to all 
appearances ‘unstressed’.

Results

This sub project has received no funding 
to date. Work underway on related areas 
(contribution in kind) seeks to define genetic 
variation in ethlylene/ABA ratios and cytokinin 
/ABA ratios and to relate these variables with 
plant functioning, growth and development. 
Preliminary results are available.

We believe that yield improvement in grain crops 
may be accessible via screening genotypes for 
lower retention time of reproductive structures 
in the leaf sheath and/or for shorter leaf sheaths, 
and /or for reduced flag leaf ethylene production 
post anthesis. Work is underway to test these 
hypotheses.
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Increasing cytokinin concentrations via exogenous 
applications has generally proved ineffective 
due to in planta regulation of CK homeostasis 
via cytokinin oxidase. Another way of managing 
cytokinin increases in plants may be through 
their inoculation (usually within the growth 
substrate close to the root-zone) with preparations 
of cytokinin-producing bacteria, gradually 
releasing cytokinins in concentrations within 
the physiological range. Some strains of growth 
promoting rhizobacteria have been shown to 
produce high concentrations of cytokinins. 
Treatment of plants with one of these strains has 
resulted in an increase in cytokinin content in 
lettuce and wheat plants accompanied by their 
faster growth both under normal and droughted 
conditions. As a proof of concept of the beneficial 
effects of high cytokinin concentrations wheat 
plants in the field under conditions of mild 
drought were treated by bacteria. Grain yield 
was increased by between 30 and 60 % as a result 
of the use of a pre-sowing seed treatment of a 
bacterial preparation

Further expected outcomes/impacts

• The degree to which plant signaling can 
determine/mitigate yield potential 

• Plant signaling phenotyping protocols 
developed for larger scale throughput

• Genotypic variation in signaling established in 
Mexican germplasm panel

• Transfer of technology to MEXPLAT
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Major Objectives

1. Identify the physiological and genetic 
determinants of potential grain weight (GW) and 
size, including the relation with grain filling rate 
and duration.

2. Quantify tradeoffs between grain number 
(GN) and size, and identify the signaling and 
regulation pathways explaining the negative 
relation with GN.

3: Identify traits and physiological mechanisms 
associated with the environmental stability of 
GW and size.

State of the Art

Historically, wheat grain yield has been increased 
through the increment of GN per unit area (Austin 
et al. 1980; Slafer et al. 1994; Calderini et al. 1999; 
Shearman et al. 2005), though GW has been either 
negatively or little affected (Slafer et al. 1994; 
Siddique et al. 1994). Improving individual GW 
could further help to increase wheat yield potential 
by (i) increasing yield potential per se; or (ii) by 
compensating for the trade-off between GW and 
GN, which is often caused by the setting of grains 
set in distal positions of the spike, leading to lower 
GW potential when GN increases (Miralles and 
Slafer, 1995; Acreche and Slafer, 2006).
Different approaches have been used in studies 
attempting to understand the determination of 
GW potential in wheat and other crops. It has been 
reported that endosperm cell number (Brocklehurst 
1977), grain volume (Dunstone and Evans 1974; 
Saini and Westgate 2000), and maximum water 
content (Millet and Pinthus 1984) play an important 
role on this yield component. More recently, gene 
transcript profiles during the grain filling period 
in wheat (Laudencia-Chingcuanco et al. 2007), 
molecular coordination among grain tissues (Berger 
et al. 2006), and maps of quantitative trait loci 
associated with grain size in barley (see review 
by Coventry et al. 2003) have been published. 
Although these important advances provide 
promising clues, the network of traits determining 

GW potential remains unclear; uncovering these 
could provide useful tools for breeding programs 
aimed and improving grain yield. Studies have 
shown that the period immediately preceding 
anthesis, i.e. when the carpels of floret grow, is 
also important for GW determination (Wardlaw 
1994; Calderini et al. 1999; Calderini and Reynolds 
2000). Therefore evaluation of the period 
between booting and anthesis could facilitate the 
understanding of GW determination, and improve 
knowledge on the mechanisms regulating the 
trade-off between GW and GN, and the stability of 
GW under different environments.

Results

SP2.4 is currently partially funded, therefore 
experiments in Ciudad Obregon have so far 
focused on objectives 1 and 2; evaluating the trade-
off between GW and GN (vital for effectiveness 
of the breeding program), and identifying the 
physiological determinants of potential GW in 
a wide range of genotypes. Other outstanding 
studies of SP2.4 connected with: (i) genetic 
bases of potential GW, (ii) expansins regulation 
of GW, (iii) signaling and regulation pathways 
of tradeoffs between GW and GN, and (iv) 
mechanisms associated with the environmental 
impact on GW, will require additional funding for 
implementation.   

These results were obtained in two experiments 
carried out in Ciudad Obregón during the 2010-
11 growing season, when 60 CIMMYT Mexico 
Core Germplasm Panel (CIMCOG) genotypes 
were evaluated in flat and raised bed plots. Yield 
and components were measured at harvest, as 
well as grain volume and dimension at specific 
positions within the spike. During the crop cycle, 
phenological information was recorded (e.g., date 
of booting, anthesis, and maturity) and GW was 
periodically measured in selected genotypes. 
The crop growth rate bracketing anthesis was 
calculated by biomass samples measured at 
booting and a week after anthesis in flat plots.
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Both GN and thousand grain weight (TGW) 
showed a wide range of values across the CIMCOG 
genotypes and sowing conditions (i.e. GN = 11,357-
22,781 m-2; TGW = 29.2-55.7g). Higher GN was 
recorded in flat plots, while higher TGW was often 
reached in beds. In both sowing conditions and 
across genotypes, TGW was negatively associated 
with GN (Figure 1), consistently decreasing 
by 1.5-1.6g for every 1000 unit increase in GN, 
therefore indicating a trade-off between these yield 
components. Variability was found around the 
fitted linear association, but those genotypes with 
the highest GN showed the lowest GW (Figure 1). 

The trade-off between GW and GN shown in Figure 
1 could be due to the setting of more grains in distal 
positions of the spike (see Acreche and Slafer 2006). 
However, a genuine negative association between 
both traits was confirmed by the association between 
individual GW of grains set in a proximal position 
within the spike (G2) and the number of grains 
per square meter (Figure 2). Moreover, curvilinear 
associations were found between grain yield and 
GN in both flat (r = 0.60; P<0.001) and bed (r = 0.64; 
P<0.001) plots, showing that grain yield leveled off 
in response to GN, in the genotypes with higher GN. 
These results reinforce the need to simultaneously 
increase GN and GW to improve grain yield and to 
boost the efficiency of wheat breeding programs.
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A close linear association between TGW and GW of 
G2 was also found across genotypes in both sowing 
conditions (Figure 3). This was in agreement with 
the positive association between GW averaged 
across of all grains set in the central spikelets of the 
spikes, i.e., G1, G2, G3 and G4 (Figure 3). Given 
these results, G2 could be used as a surrogate of 
TGW. Therefore, plant and environmental factors 
affecting GW of G2 could be assumed as the main 
drivers of TGW.

Among grain characteristics, final grain volume was 
highly associated with GW of G2, as in previous 
studies (Dunstone and Evans, 1974; Millet and 
Pinthus, 1984, Hasan et al. 2011), and grain length 
showed a closer association than grain width and 

height (Figure 4). The last results confirm, across 
a wide set of genotypes, preliminary evaluations 
assessing very few wheat cultivars (Lizana et al. 
2010; Hasan et al. 2011). It is important to highlight 
that grain length stabilizes much earlier than the 
other grain dimensions (Figure 4) thus this trait is 
hypothesized as critical for GW determination. As a 
consequence, the study of expansins expression and 
their genetic regulation (see Lizana et al. 2010) is a 
promising prospect for manipulating grain length 
and GW, and is proposed for further studies in this 
project.

To better understanding the mechanisms affecting 
GW, a set of 8 genotypes that contrasted in the 
arrangement between GW and GN was chosen. 
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Figure 4. Relationship between GW and the volume (A), length (B), width (C) and height (D) of G2 in bed plots.

These genotypes were grouped as follows:

• High GW and low GN (genotypes 6, 28, 29, 
and 54)

• Low GW and high GN (genotypes 7, 9, and 26)
• Better ar  rangement between GW and GN 

(genotype 20)

These groups contrasted in both TGW and GW of 
G2 showing similar phenology amongst most of 
the genotypes taking into account the overlapping 
on the timing to anthesis (Figure 5). The grain 
filling period was similar across genotypes (data 
not shown), whereas the grain filling rate was the 
main physiological trait explaining GW in these 
genotypes (an example of this is shown in Table 1).   

To assess the importance for GW determination of 
the period immediately prior to anthesis (Calderini 
et al. 1999; Duggan and Fowler 2006; Ugarte et 
al. 2007; Ferrise et al. 2010), the crop growth rate 
between  booting and a week after anthesis was 
calculated for the eight genotypes. A positive 
association between TGW and crop growth rate per 
grain was found (Figure 6), which is in agreement 
with the assessment across different crop species 
carried out by Gambín and Borrás (2010). This 
relationship was also evaluated using individual 
GW of G2 to avoid the confounding effect produced 
by grains set at different positions in the spike, 
and a positive association was found (Figure 6). 
Additionally, a linear association (y = 6+32.5x; r = 
0.71, P<0.05) between grain length of G2 and crop 
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Table 1. GW of G2, grain filling rate (GFR), and the determination coefficient for the 

assessment of GW in three genotypes (6, 9, and 20) sown in bed and flat plots.

 Bed plots Flat plots

Genotype G2 (mg) GFR (mg d-1) R2 G2 (mg)  GFR (mg d-1) R2

 20 67.0 0.113 0.96 69.2 0.123 0.96
 6 64.3 0.104 0.99 64.6 0.093 0.99
 9 38.3 0.060 0.95 29.3 0.057 0.95
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Figure 6. Relationship between thousand grain weight (TGW) or grain weight of G2 and crop grow rate per grain. 

Crop grow rate was calculated between booting and a week after anthesis.
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Figure 5. Thousand grain weight (TGW) and grain weight of G2 plotted against days to anthesis of genotypes 6, 

28, 29 and 54 (closed circles), 7, 9 and 26 (open squares) and 20 (open triangles) sown in flat and bed plots.
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growth rate per grain was recorded for the eight 
genotypes in the present study. These relationships 
support the link connecting processes occurring 
at both the pre- and post-anthesis phases. More 
importantly, these findings allow us to hypothesize 
that the improvement of the crop growth bracketing 
anthesis would improve GW. Also, the trade-
off between GW and GN found in the CIMCOG 
genotypes (Figure 1) could be accounted for by the 
partitioning of assimilates between these two main 
yield components during the key period bracketing 
anthesis.   
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Main Objectives

1. Identify sets of traits for different wheat growing 
environments to maximize lodging resistance 
with the least investment in structural dry matter 
(DM).  

2. Test the effects of the optimum trait sets on 
lodging risk and structural DM in different wheat 
growing environments.

3. Understand the genetic basis of key lodging traits 
and develop genetic markers and phenotypic 
screens enabling breeders to rapidly select these 
traits.

4. Assess whether the target traits exist within 
breeders’ germplasm and if necessary identify 
novel germplasm with the target traits that could 
be used in wide crosses.

State of the Art

Lodging is a persistent phenomenon in wheat which 
diminishes yield by up to 80%, as well as reducing 
grain quality. Therefore, any comprehensive 
strategy to improve wheat yield potential should 
include lodging resistance. A model of the lodging 
process has been used, with preliminary datasets 
describing the DM costs of improving lodging traits, 
to estimate the dimensions of a lodging-proof wheat 
plant with the least investment of biomass in the 
supporting stem and root system (Berry et al. 2007). 
Observations of a range of varieties grown in the UK 
showed that the root plate of the best variety was 
7 mm less than the ideotype target and the widest 
stem was 0.5 mm below the ideotype target. Other 
stem character targets were achieved but not all in 
one variety, therefore wider germplasm must be 
screened to identify varieties with the target traits.  

It is estimated that the UK lodging-proof ideotype 
will require 7.9 t ha-1 of stem biomass and 1.0 t ha-1 
of root biomass within the top 10 cm soil, giving 
an above-ground harvest index (HI) of just 0.42. 
The DM requirements for increasing stem and 
root strength must be quantified in order to assess 
the extent to which structural requirements may 
compete with grain yield. Preliminary work has 
shown that DM density is positively related to the 
material strength of the stem wall, indicating a 
DM cost associated with increasing this strength 

parameter. The contribution made by the node 
and leaf sheath to stem strength is also unknown. 
Crop height has a large influence on the structural 
requirements, but the minimum height compatible 
with high yield has not been precisely quantified. 
Investigations are required to verify the DM cost 
of increasing material strength, understand height/
yield relations, and identify germplasm with light/
strong stems.

Previous projects have shown that lodging traits are 
under quantitative genetic control. Further work will 
be required to better understand genetic control of 
the traits and to investigate whether reliable genetic 
markers can be identified which function across a 
range of genotypes and environments. Phenotypic 
screens must also be investigated to assess whether 
they can offer an alternative method to genetic 
markers for selecting germplasm in case genetic 
markers with a large effect prove difficult to identify.

Results 

Research in 2010-11 has focused on i) identifying 
spring wheat germplasm with strong anchorage 
and strong/light stems; ii) understanding the 
relationship between stem strength and stem weight; 
iii) developing methods enabling lodging traits to be 
rapidly assessed; and iv) quantifying the impact of 
lodging on yield.

Germplasm screening

Sixty elite spring wheat varieties from the CIMMYT 
Mexico Core Germplasm Panel (CIMCOG) 
population were grown at CENEB (Centro 
Experimental Norman E. Borlaug) in the Yaqui 
Valley, Sonora, Mexico, in a bed system (4 rows with 
24 cm between each row). Each variety was replicated 
twice and 15 plants per plot were measured. The 
lodging associated traits were measured at GS69 
+ 20 days and all traits showed highly significant 
differences between the varieties. Comparisons 
with target traits for a lodging-proof ideotype in 
the UK environment showed that targets were 
achieved for height and stem material strength, and 
almost achieved for stem diameter and stem wall 
width (Table 1). Target traits for stem strength and 
root plate spread (main determinant of anchorage 

SP 2.5: Identifying traits and developing genetic 

sources for lodging resistance

Pete Berry1, Francisco Pinera2, Zoe Rutterford3, Roger Sylvester-Bradley3, Matthew Reynolds2
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strength) were not achieved in any variety. In 
particular, the widest root plate observed was far 
below the ideotype target. It is known that root 
plate spread can be increased by establishing fewer 
plants/m2 (Berry et al. 2000) and it is possible that 
crops must be sown at lower seed rates and a wider 
germplasm screen must be conducted to achieve 
the target root plate. The lodging-proof ideotype 
must be estimated for the wind speeds that occur in 
the Yaqui Valley; it is not known whether this will 
increase or decrease the UK ideotype targets. 

Dry matter requirements of stem strength and 

anchorage strength

Stem strength of the bottom two internodes was 
positively and linearly related to the stem dry 
weight per unit length across the CIMCOG varieties 
(R2 = 0.55; Figure 1). For the bottom internode 1, 
significant varietal differences were found between 
the varieties for stem dry weight per unit length 
expressed per unit of stem strength (P<0.05). A 
stem strength of 100 Newton millimetres (Nmm) 

could be achieved with a stem dry weight per unit 
length of 1.3-2.2 mg/mm. No significant differences 
were observed for internode 2, although stem dry 
weight per unit length per unit strength was strongly 
correlated between the two internodes (R2 = 0.79). 
These results indicate that despite the general 
positive relationship between stem strength and stem 
dry weight per unit length, it should be possible to 
find varieties with strong and relatively light stems.

Regarding stem strength components, geometric 
principles infer that the width of the stem wall 
should be minimised and stem diameter maximised 
in order to minimise the DM required to achieve 
a particular strength (assuming stem wall density 
remains the same). Previous work on a small number 
of varieties had indicated a positive relationship 
between material strength and stem wall density, 
suggesting that a mid-range material strength should 
be targeted. Analysis of the CIMCOG material also 
revealed a positive relationship between material 
strength and stem wall density (R2 = 0.37) but with 
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Figure 1. Relationship between 

stem strength and dry weight per 

unit length for internode one (solid 

circles; y = 4.15 + 60.1x; R2 = 0.55; 

P<0.001); and internode two (open 

squares; y = 9.90 + 57.6x; R2 = 0.57; 

P<0.001).

Table 1. A summary of ideotype targets, CIMCOG range, and best observed value.

Trait *UK Ideotype target CIMGOG range Best observed value

Height (m) 0.70 0.61-0.99 0.72 (entry 20)
Stem strength (Nmm) 250.00 98 -189 189 (entry 23)
Stem diameter (mm) 4.94 3.60 -4.86 4.86 (entry 34)
Stem material strength (MPa) 30.00 14.1-34.3 29.7 (entry 46)
Stem wall width (mm) 0.65 (Max) 0.67-1.25 0.67 (entries 9, 26, 31, 37)
Root plate spread (mm) 57.00 28-37 37 (entries 8, 60)

*From: Berry et al. 2007
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a shallower slope. Weak negative relationships were 
shown between diameter and stem wall density, and 
for grain yield with both stem wall density and stem 
material strength. These results must be analyzed to 
assess how they may affect the lodging trait targets 
for achieving a strong stem with the minimum 
investment in DM.

Detailed analysis at regular intervals between 
GS33 and GS87 of two varieties grown at two sites 
in the UK quantified how the density of the total 
stem wall DM and the density of the structural 
DM in the stem wall (total dry matter minus water 
soluble carbohydrates) varied between internodes 
and throughout the development of the crop. This 
analysis revealed that structural DM in the bottom 
two internodes (the ones most likely to buckle) did 
not increase after GS33, indicating that the structural 
DM requirement of these internodes would offer 
little competition with yield formation. Upper 
internodes will compete with yield for DM, but 
these must support a smaller leverage and therefore 
require less structural DM. On average, density of 
the structural DM in the stem wall decreased from 
0.43 mg/mm for the bottom internode to 0.17 mg/mm 
for the peduncle. A comparison of the stem strength 
of the bottom two internodes with and without 
the leaf-sheath showed that the leaf-sheath had no 
significant effect on stem strength. Structural root DM 
in the top 10 cm of soil continued to increase until 
GS75, reaching 0.4 to 0.5 t/ha. Information on the 
DM requirements of stem and root strength is very 
important for SP2.6.

Rapid trait assessment

The CIMCOG dataset was analysed several times 
by taking trait averages from different subsets of 
the 15 plants that were measured in each plot. This 
showed that basing the analysis on either 10 or 5 
plants enabled statistically significant differences to 
be detected for the same traits as were detected using 
a mean of 15 plants for all traits, apart from ear area 
(for which no significant difference was detected 
using a mean of 5 or 10 plants). R2 values between 
the trait averages for 5 vs 15 plants ranged from 0.69 
to 0.94, and for 10 vs 15 plants they ranged from 0.86 
to 0.98. The coefficient of variation was only slightly 
smaller for 10 plants compared with 15, but there 
was a more noticeable increase for 5 plants. The 
optimum number of plants for measurement will 
depend upon the number of genotypes and replicates 
in the trial, but it is possible that the optimum for 
this trial would have been between 5 and 10 plants 
per plot which would have given significant time 

savings. A comparison of the stem strength traits 
for internodes 1 and 2, and the two stem wall width 
measurements taken for each internode, showed 
very high correlations and near identical statistical 
analyses, indicating opportunities for reducing the 
measurement protocol. Furthermore, height at centre 
of gravity was strongly correlated with height to the 
ear tip and could be omitted.

Several sets of digital photos have been taken on 
plots, with a wide range of plant populations, 
between ear emergence and harvest and of the 
stubble post-harvest, with associated measurements 
of stem diameter, shoots per m2, and shoots per 
plant. Investigations are ongoing to see whether 
image analysis methods can be used to estimate 
stem diameter and shoot number, but early results 
do not look very promising. Analysis of UK datasets 
from LINK Project LK0958 showed that breeding 
lines with large canopies at GS31 tended to have 
weak stems during grain filling. Breeding lines with 
erect leaves at GS31 tended to have a weaker bottom 
internode and a wider root plate during grain filling. 
In general, the correlations between spring-time 
assessments and traits measured during grain filling 
were weak, but they were consistent across two 
seasons and both breeding populations.

Impact of lodging on yield

Datasets with detailed measurements of the amount 
and timing of natural lodging, together with grain 
yield, have been analyzed to develop a method of 
predicting the effect of lodging severity and timing 
on the proportion of yield lost due to lodging (YLOSS):  

In the above equation, i and f are the first and last 
days of grain filling, L90 is the proportion of crop area 
lodged at 90o from the vertical; L45 is the proportion 
of crop area lodged between 1o and 89o; and n is 
the number of days of grain filling. The model 
predicted 75% of the variation in the proportion of 
yield lost due to lodging and the best-fit line was 
not significantly different from the 1:1 relationship. 
This information will be important for SP2.6 and a 
paper describing the development and testing of this 
method has been submitted to Field Crops Research.
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Roger Sylvester-Bradley1, Pete Berry2, Carolina Rivera3, Matthew P. Reynolds3

1ADAS Boxworth, Cambridge, UK, 2ADAS High Mowthorpe, Yorkshire, UK, 3CIMMYT Mexico

Main Objectives 

(Only objective 4 is funded, for spring wheat only).

1. Develop tools for optimization: Upgrade the 
lodging model to address spring wheats (with 
awned ears) and update the Crop Design Tool 
(CDT) to address root anchorage, leaf sheaths, 
damage due to waterlogging, canopy senescence, 
and yield-loss due to lodging.  

2. Define growing conditions and constraints in the 
five mega-environments, taking into account 
predicted climate change, especially reduced 
risks of frost damage.

3. Estimate potential dry matter growth for each 
meta-environment, validate against data from 
local variety trials and estimate changes after 
successful outcomes of Theme 1.

4. Optimize lodging resistance: Explore tradeoffs 
between investment in root and stem growth, 
therefore specifying optimum dry matter (DM) 
partitioning between anchorage roots and stems 
(working closely with SP2.1 and SP2.5).

5. Optimize partitioning: For each mega-environment 
estimate optimum wheat phenology and 
requirements for support DM, hence harvest 
index (HI), for optimum grain yield, as affected 
by any abiotic damage, particularly from 
lodging.

State of the Art 

A CDT has been developed (Sylvester-Bradley et 
al., 2012) that describes an optimum ideotype by 
optimizing wheat trait combinations for a defined 
environment. The CDT varies key heritable traits 
through the range observed in Triticum aestivum, 
especially phenology and partitioning, to reveal 
inter-trait tradeoffs and estimate an optimum grain 
yield. The CDT is intended for interactive use by 
field experimenters and breeders to inform their 
hypotheses and integrate their findings; so far 
it has been used to support expansion of wheat 
cropping in the High Rainfall Zone (HRZ) of 
southern Australia. This sub-project aims to make 
some further modifications to the lodging model of 
Berry et al. (2003), and to the CDT, so that they can 

be used more widely to support ideotype design. 
It will then estimate optimum wheat ideotypes for 
target wheat-growing environments of the WYC.  

The HI of wheat has been estimated previously to 
have hypothetical limit of ca. 0.65 (SP2.1; Austin, 
1980; Foulkes et al. 2011).  However these estimates 
are based on some rather arbitrary assumptions 
about minimum DM of support organs. Here, the 
intention is that harvest index should be determined 
according to the minima of support DM estimated 
for each essential support purpose i.e.: 

• roots to resist lodging (due to anchorage failure) 
and capture soil resources, 

• stems to maintain stature and resist lodging (due 
to internode failure), 

• leaves to sustain photosynthesis, and 
• inflorescences (chaff) to support the grain.  

Optimizations of stem DM requirements in the 
CDT are currently based on a meta-analysis of the 
lodging model (Berry et al. 2003, 2004, 2007). The 
CDT does not yet incorporate optimization of DM 
investment in roots. Ideotype stem DM is that which 
is necessary to form stem structures of sufficient 
strength to avoid failure with the maximum daily 
wind speeds in 90% of seasons.  These currently 
hinge on a rather poorly defined relationship 
between stem ‘density’ and stem strength; this is 
being investigated further in SP2.5.  

Height clearly also proves crucial in dictating stem 
DM requirements.  At present the CDT adopts 
empirical observations of a minimum height 
(700 mm) compatible with maximum grain yield 
(Richards 1992; Flintham et al. 1997; Gooding et al. 
2011). Given that stem DM requirements are large, 
this finding is being re-examined in SP2.5.  Possible 
explanations are that height determines the capacity 
for storage of water soluble carbohydrates which 
ultimately transfer to the grain (Beed et al. 2007), or 
improves light distribution in the canopy (Miralles 
and Slafer 1997), or that height delays disease 
progress (Lovell et al. 2002). DM costs of lodging 
resistance depend crucially on windiness of the 



34

target environment; at present the CDT adjusts DM 
to resist lodging in 90% of seasons but ultimately 
it will need to balance these costs against grain 
DM costs of lodging itself (Stapper and Fischer 
1990), possibly by integrating the increasing risk of 
lodging as grain-fill progresses with the decreasing 
impact of lodging on grain yield.

Initial work with the CDT in the HRZ indicated 
that total support DM requirements are strongly 
but not directly dependent on yield potential.  Due 
to a large intercept, maximum harvest indices of 
ideotypes increased with total DM, i.e. improved 
photosynthetic efficiency (Theme 1) may cause a 
larger increase in grain yield than in total DM.  It 
remains to explore here whether this response 
will occur in other environments, or with changed 
climates.

Results

Work so far has been experimental, and is reported 
under SP2.1 and SP2.5.  
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SP3.1 Trait based breeding for yield potential
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international distribution of a new generation of elite 
drought adapted lines (Reynolds et al. 2009a). These 
principles will be adapted to a conceptual platform 
for designing crosses that combine PTs for yield 
potential (Figure 1) whose progeny will be selected 
using a combination of visual criteria, precision 
phenotyping, and molecular marker-assisted 
approaches. The design of PT-based crosses (whether 
for hybrid or inbred lines) will evolve as new genetic 
stocks and understanding of PT interactions becomes 
available through research. 

There is currently a considerable level of interest 
in the private sector in the development of hybrid 
wheat. The general view is that current technologies 
overcome many of the previous limitations in 
developing superior wheat hybrids. Development 
of many of these technologies, to a stage where they 
are ready for commercial use, will require substantial 
levels of investment and will most likely require 
large consortia of public and private organizations. 
The challenges to commercially viable hybrid 

Theme 3: Development and delivery of breeding lines 

encompassing yield potential traits

Major Objectives

1. Define conceptual model(s) of yield potential 
traits and establish expression in genepools 
from all major high yield potential wheat agro-
ecosystems.

2. Assemble crossing block in Mexico of sources 
of yield potential traits and markers, based on 
objective 1.

3. Design and make strategic crosses for generic 
and key wheat target regions.

4. Apply marker-assisted selection and early 
generation selection tools to enrich for favorable 
alleles.

5. Design hybrids using physiological and genetic 
information.

6. Test advanced lines in multi-location yield trials.

State of the Art 

Trait selection has made continual progress in wheat 
breeding through incorporating agronomic traits 
such as height and flowering time, resistance to a 
spectrum of prevalent diseases, quality parameters 
determined by end use, and yield based on multi-
location trials (Braun et al. 2010). Studies 
with panels of CIMMYT lines spanning 
breeding progress from 1975-2010 reported 
genetic gains of approximately 0.6% 
p.a. (Lopes et al., 2012). More extensive 
information comes from analyses of 
CIMMYT international nurseries targeted 
to irrigated and semi-arid spring wheat 
environments, which show annual yield 
gains of approximately 0.66% and 1.0%, 
respectively, between 1994 and 2010, 
based on data from almost 1,500 yield 
testing sites worldwide (Sharma et al. 2012; 
Manes et al. 2012). However, increases in 
global demand for wheat are predicted to 
be ~1.7% p.a. until 2050 (Rosegrant and 
Agcaoili 2010), so to accelerate genetic 
gains, complex physiological traits (PTs) 
must now be incorporated as additional 
criteria. Physiological trait-based breeding 
approaches have been implemented 
successfully in Australia (Rebetzke et al. 
2009), as well as by CIMMYT, leading to 

Light Intercepti on
 • Early vigor ( LI  )
 • Delayed senescence ( LI  )

Figure 1. A conceptual platform for designing crosses that 

combine complementary yield potential traits in wheat (based 

on traits reviewed in Reynolds et al. 2009b). 
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 • grain number
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 • avoid fl oret aborti on (signals)
 • grain weight potenti al

Lodging resistance ( HI )

Adequate roots for resource 
capture ( HI /RUE)
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wheat production include i) the availability of an 
effective sterility-fertility restoration system that 
does not add too much complexity to the breeding 
process; ii) sufficient levels of heterosis to cover the 
increased cost of hybrid seed production; and iii) 
efficient seed production to minimize seed costs. 

CIMMYT occupies a unique position within hybrid 
wheat research, not only because of the areas it is 
targeting (mainly spring wheat growing areas in 
developing countries), but also due to its unique 
and diverse germplasm base. CIMMYT spring 
wheat germplasm offers unparalleled potential as 
parents in hybrid wheat breeding because it is high 
yielding and widely adapted, and also captures 
considerable genetic diversity. This combination of 
good yield and adaptation offers the best chance 
of identifying good levels of heterosis in crosses 
between high performing lines, and therefore 
the greatest chance of identifying hybrids that 
are markedly superior to conventional varieties. 
Much elite CIMMYT material has undergone 
detailed physiological evaluation, offering new 
opportunities to identify potentially complementary 
and heterotic hybrid combinations. 

Results

Objective 1: Develop conceptual models - see 
Figure 1.  Regarding establishing expression in 
genepools from major wheat agro-ecosystems, 
new germplasm panels are being assembled with 
input from breeders at CIMMYT and in national 
programs worldwide, to be characterized for PTs in 
future cycles. National yield trial data of elite lines 
from the Mexican Wheat Program was analyzed by 
INIFAP (see SP3.4). 

Objectives 2-3: In 2010/11 the CIMMYT Mexico 
Core Germplasm Panel (CIMCOG) was established 
comprising 60 advanced lines representing a full 
range of genetic diversity in elite backgrounds. The 
following classes of traits (measured under Themes 
1 and 2) are being analyzed for use in trait-based 
crossing:

• Canopy photosynthesis including N and 
pigment distribution

• Spike photosynthesis and respiration
• Source and sink balance
• Partitioning of assimilates among different 

organs. 
• Developmental patterns
• Grain filling and potential grain size
• Lodging resistance

Objective 4: Data was collected on the Wheat 
Association Mapping Initiative (WAMI) panel in 
major wheat target environments worldwide (Lopes 
et al. 2012) and is being analyzed for markers linked 
to yield. High throughput field-based phenotyping 
platforms are being assembled at the CENEB station, 
including a Blimp for aerial spectral and thermal 
imaging.

Objective 5: Experimental hybrid wheats will be 
produced from crosses between elite high-yielding 
CIMMYT lines that represent most of the current 
breadth of genetic and physiological variation in 
the CIMMYT breadwheat breeding program. The 
hybrids will be tested in high yield potential trials at 
CIMMYT’s Obregon research station.

Objective 6: Activity pending outputs from previous 
objectives. The CIMCOG panel was distributed to 
major high yield potential wheat agro-ecosystems in 
Asia and Africa for yield testing (see SP3.4).
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SP3.2 Wide crossing to enhance photosynthetic capacity
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Major Objectives

1. Identify rye translocations with yield-enhancing 
effects in wheat.

2. Introduce whole or parts of C4 genomes to 
increase radiation use efficiency (RUE).

3. Introgress chromosome segments from 
Triticeae species identified in SP1.1 with high 
Pmax and Peff.

4. Introgress chromosome segments from alien 
species conferring increased yield potential or 
likely components into elite wheat backgrounds. 

State of the Art 

Wild and distant relatives of wheat provide a vast 
and largely untapped reservoir of genetic variation 
for many traits, including yield potential. A small 
glimpse of the possibilities can be seen in the 1B/1R 
translocation from rye, whose yield benefits are 
realized on around 40m ha of spring wheat in the 
developing world, or the 7Ag.7DL translocation 
from Lophopyrum elongatum, which increases yield as 
well as biomass and RUE by 10% or more in optimal 
growing environments (Reynolds et al. 2001). Fusion 
of whole genomes within the Triticeae tribe to create 
synthetic polyploids is also a routine procedure in 
wheat breeding, and results in improved yield and 
biomass in favorable as well as drought stressed 
conditions (Trethowan and Mujeeb-Kazi 2008). 
The procedure has even been used to create a 
totally new species, triticale, a wheat × rye hybrid, 
which is cultivated on 3.6m ha worldwide and has 
yields comparable with the best wheat cultivars, 
good yield stability, and often exceptional biomass 
(Ammar et al. 2004). 

In the past, wheat/alien gene transfer has been 
a slow and laborious process. Now, using a 
combination of the knowledge and germplasm 
generated over the last 60 years together with the 
tools of the molecular age, this process is much 
faster and can overcome many of the problems 
previously associated with such introgressions. 
One of the problems with wheat/alien transfers 
is that when alien segments are introgressed into 
wheat, they usually carry not only the target gene 

but also deleterious genes that result in a reduction 
in yield and/or fitness. Unfortunately, once an alien 
chromosome segment has been introgressed into 
wheat it is very difficult to reduce it further, even by 
additional suppression of pairing control genes. An 
effective approach to reducing the size of an alien 
chromosome segment involves the inter-crossing 
of two lines with different but overlapping alien 
chromosome segments that carry the same target 
gene. As a result of recombination between the 
two overlapping alien segments, in the presence of 
pairing control genes, some of the progeny produced 
will carry a smaller chromosome that contains the 
target gene but lacks the deleterious genes. 

This approach, first described by Sears (1956, 1972) 
for two Aegilops umbellulata chromosome segments 
carrying a gene for stem rust resistance, requires 
the identification of lines possessing overlapping 
alien chromosome segments in the first place. 
Thus this strategy has rarely been used due to the 
lack of markers available to identify individuals 
carrying overlapping alien chromosome segments. 
However, the combination of comparative mapping, 
sequencing of model genomes, and development 
of next generation sequencing technology provides 
a means by which the whole genome of an 
alien species can now be transferred to wheat in 
overlapping alien chromosome segments. This 
project is actively pursuing this approach in a 
BBSRC-funded project being carried out at the 
University of Nottingham, which focuses on a 
number of alien species including rye. The objective 
is to generate a genome wide series of small alien 
introgressions that carry target genes but lack 
deleterious genes, thus leading to a significant 
increase in the gene pool available to breeders for 
selection and variety development.

While the introduction of genes from outside of the 
Triticeae tribe is not a routine procedure in wheat 
breeding, the feasibility of introducing traits from C4 
species is supported by the fact that chromatin from 
several C4 species (including maize, sorghum, millet, 
and wild grasses) has been introduced into wheat 
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and other cereals, including the construction of 
complete set of maize addition lines in oat (Kynast 
et al. 2001). These precedents and the availability of 
advanced molecular techniques that allow earlier, 
higher throughput screening, and identification 
of putative introgressions suggest that with 
appropriate investment, wide crossing may even be 
used to introduce all of the chromatin required into 
wheat for full expression of C4 photosynthesis.

Results

Objective 4: The BBSRC have recently funded a 
research programme aimed at transferring genetic 
variation to wheat from its wild relatives. These 
lines will ultimately be exploited to develop new 
superior high yielding wheat varieties that are 
adapted to climate change and environmentally 
friendly farming practices. This funded research 
programme is in the process of developing i) large 
numbers of wheat/alien hybrids, produced by 
crossing wheat with its distant relatives; and ii) a 
series of lines of wheat carrying single chromosome 
segments derived from a range of alien species. 
Progress in this area will be reported.

Small introgression stocks will be screened for a 
range of traits including tolerance to heat, drought, 
acid, alkaline, and salty soils, resistance to disease, 
increased photosynthetic capacity/increased 
biomass production, and nitrogen use efficiency, at 
sites in the UK, Mexico, Australia, and India. This 
research will enable the identification of specific 
alien chromosome segments that carry genes which, 
for example, confer resistance/tolerance to biotic/
abiotic stresses, etc. The germplasm carrying these 
alien chromosome segments will be made freely 
available to the international community and 
incorporated into elite UK and CIMMYT wheat 
backgrounds. 
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SP3.3 Genomic selection to increase breeding efficiency 

David Bonnett1, Yongle Li1, Jose Crossa1, Susanne Dreisigacker1, Mark Sorrells2, Jean-Luc Jannink2, 
Julie Dawson2, Jeffrey Endelman2, Jesse Poland3

1CIMMYT Mexico, 2Cornell University, USA, 3USDA-ARS, Kansas, USA

GS allows breeders to capitalize on four 
efficiencies. First, by taking the evaluation unit 
as the allele, rather than the line, all observations 
on all genotypes contribute to the evaluation. 
Thus the prediction for a given line benefits from 
information derived from all observations and, 
as a result, is likely to be more accurate than the 
prediction based on phenotypic evaluation of that 
line alone. Secondly, predictions and selections 
based on genotype allow a tremendous decrease 
in the breeding cycle time, since future parents 
can be selected as seedlings, or even as seeds, 
prior to germination. Thirdly, the genomic data 
collected for GS can also be used to manage the 
diversity and the retention of favorable alleles in 
the population, thereby safe-guarding prospects 
for long-term selection gains. Fourth, and 
quintessential in the application of GS to breeding 
for stress environments, a line does not need to be 
evaluated in an environment (e.g., drought-affected 
or N-deficient) to predict its performance in that 
environment. Evaluations on other members of its 
cohort can provide the information on which to base 
predictions for any line in any environment.

We expect genomic selection to increase the 
rate of gain of CIMMYT’s wheat breeding 

programs three fold.
Results

To build a model for genomic selection, we used 
data from three years (2009–2011) of yield trials 
in Obregon under full irrigation.  The training 
population consisted of 1340 lines, originating from 
the Semi-Arid Wheat Yield Trials - SAWYT 17 (45) 
and SAWYT18 (43) - candidates for the 29SAWSN 
(264), candidates for the 30SAWSN (265), and 
candidates for 45IBWSN (723), which represent the 
most elite and high-yielding CIMMYT germplasm 
to date.

The training population was genotyped via next-
generation genotyping-by-sequencing (GBS) of 
reduced representation libraries (Elshire et al. 2011; 
Poland et al. 2012). Using 13K SNP markers with up 
to 50% missing data, an additive relationship matrix 
was calculated via the expectation-maximization 

Major Objectives

1. Design, implement and evaluate wheat breeding 
strategies involving marker-assisted recurrent 
selection and genomic selection.  

2. Develop high yielding spring wheat lines suitable 
for international evaluation and use as parents by 
CIMMYT and other breeding programs

State of the Art 

Rapidly changing marker technologies are making 
it affordable to genotype the entire genome at high 
density with the throughput needed for breeding 
applications. Genomic selection (GS) is an approach 
that couples the power and relevance of large plant 
breeding populations with high density, highly 
multiplexed marker technology to deal with highly 
polygenic quantitative traits such as yield and 
drought tolerance (Meuwissen et al. 2001; Jannink 
et al. 2010). Applying new statistical methods to the 
hundreds of thousands of polymorphisms currently 
detectable, GS simultaneously estimates effects for 
all markers, allowing it to capture even the many 
small effects determining quantitative traits and 
eliminating the bias that results from selecting on the 
basis of only a few highly significant markers. Thus, 
GS can accurately predict agronomic performance on 
the basis of marker data alone. 

Marker effects are estimated in a training population, 
or set of lines, whose phenotypes are measured and 
used to train a model that is subsequently used to 
select individuals as parents of the next breeding 
cycle (Heffner et al. 2009), or to generate the varieties 
that will be delivered to farmers. In practice, the 
training population is likely to consist of the lines 
being extracted for product development, with data 
collected from the preliminary replicated agronomic 
evaluation of these lines. A robust theoretical and 
empirical literature shows that GS methods can 
predict performance with sufficient accuracy to allow 
selection on the basis of markers alone (e.g. Zhong 
et al. 2009; Lorenzana and Bernardo 2010; Hayes et 
al. 2009). This has been confirmed in the CIMMYT 
wheat and maize breeding program using genotypic 
and phenotypic data from association mapping 
(Crossa et al. 2010).
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(EM) algorithm.  The average prediction accuracy 
based on ten-fold cross-validation within the 
training population was 0.54.

Nineteen of the highest yielding elite CIMMYT 
lines from the training set were selected for 
intercrossing and 40 crosses were generated. From 
these populations, 1925 F2 plants were genotyped 
by GBS as candidates for genomic selection.  Of 
the 20K SNPs with up to 50% missing data in the 
F2 plants, there were 9K markers in common with 
the training population.  These 9K SNPs were used 
to estimate the additive relationship matrix for the 
combined training and prediction population via 
the EM algorithm. Genomic Estimated Breeding 
Values (GEBVs) for the F2 plants were calculated in 
a one-step analysis via RR-BLUP.

Around 500 F2s with the highest GEBVs were 
selected for intercrossing. The progeny of these 
crosses will be genotyped and GEBVs calculated 
to identify individuals for a second cycle of 
intercrossing. A large number of the F2s from the 
original crosses were not genotyped and will be 
progressed through the conventional selection 
scheme as a control.

In the current year a further 1200 lines will be 
genotyped from the candidates for the 31SAWSN 
and candidates for 46IBWSN. This will serve to 
increase the size and diversity of the training 
population which should therefore increase its 
predictive power to a greater range of CIMMYT 
germplasm. As well as increasing the size of the 
training set, the performance of the new lines will 
be predicted from the original training set. This 
should provide a preliminary assessment of the 
effectiveness of genomic selection in wheat. 
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SP3.4 Germplasm evaluation and delivery

Matthew Reynolds1, Ernesto Solis Moya2, Gemma Molero1, Mateo Vargas1,3, Tom Payne1 
1CIMMYT Mexico, 2INIFAP, Mexico, 3Chapingo University, Mexico.

Major Objectives

1. Distribute WYC germplasm panels and 
nurseries to WYC stakeholders.

2. Establish standard protocols for physiological 
and agronomic characterization.

3. Statistically analyze and report data, 
including trait expression and its genotype by 
environment interaction (G x E).

State of the Art

In order to gain insights into the current levels of 
expression of key physiological traits related to 
photosynthesis (Theme 1) and partitioning (Theme 
2), elite germplasm panels from major wheat agro-
ecosystems worldwide are being assembled and 
evaluated. An example is the CIMMYT Mexico 
Core Germplasm (CIMCOG) panel, which was 
established in 2010 in consultation with wheat 
breeders and physiologists (Reynolds et al. 2011). 
Other panels are already being assembled with 
elite germplasm from WYC stakeholders with 
the same objectives. During 2011, national yield 
trial data of elite lines from the Mexican Wheat 
Program were analyzed by the INIFAP partners 
and material added to the Mexican Phenotyping 
Platform (MEXPLAT) at CENEB, Obregon. As 
breeding products emerge from SP3.1, a dedicated 
nursery, the Wheat Yield Consortium Yield Trial 
(WYCYT), will be distributed to stakeholders 
by CIMMYT international nurseries to provide 
sources of yield potential traits as well as potential 
parents and advanced breeding lines.   

By growing the panels as part of CIMMYT’s 
international nursery (IN) system, the aim is 
to parameterize the mechanistic limitations 
to yield potential in current elite germplasm, 
and define new targets for trait expression in 
accordance with conceptual models (see Figure 1, 
SP3.1). The IN is part of the International Wheat 
Improvement Network (IWIN) which is the 
central delivery tool for WYC products. The IWIN 
provides approximately 1,000 new genotypes, as 

a global public good, to national wheat programs 
worldwide through the following mechanisms 
(Braun et al. 2010):

• Free exchange of germplasm with all national 
breeding programs, public and private 
worldwide, including accessions from genetic 
resources collections.

• Centralized breeding hubs focusing on generic 
needs, i.e. yield potential, yield stability, genetic 
resistance to range of biotic and abiotic stresses, 
and consumer-oriented quality traits.

• Distribution of international nurseries 
specifically targeted to a number of major 
agro-ecosystems, via national wheat programs 
worldwide.

• Analysis of international yield trials and free 
access to all data collected.

• Global disease and pest monitoring to ensure 
relevance of current local, regional, and global 
breeding activities.

• Capacity building and training of research 
partners. 

• Regular contact among research partners 
through consultations, workshops etc. to help 
identify the latest technology needs. 

• This comprehensive germplasm characterization 
effort will be facilitated by establishing standard 
protocols for trait measurements. During 2011, a 
comprehensive physiological breeding manual 
was finalized with this in mind (Pask et al. 2012; 
Reynolds et al. 2012). 

Results

Objective 1: The CIMCOG panel was distributed to 
the locations listed in Table 1, for evaluation during 
the 2011/12 wheat cycle. 

Objective 2: A physiological breeding manual has 
been developed by CIMMYT and collaborators. The 
two volumes, Physiological Breeding I and II, have 
been compiled to provide practical information 
for breeders and other crop researchers seeking to 
apply tried and tested phenotyping approaches 



42

Table 1. Distribution of CIMCOG panel during 2011-2012 cycle.

Country Location Institute

South Africa Bethlehem Small Grain Institute 
Zimbabwe Harare CIMMYT-Zimbabwe
Bangladesh Dhaka Wheat Research Center
 Rajshahi University of Rajshahi
 Joydebpur BARI
China Beijing CIMMYT-China
 Chengdu CIMMYT-China
India Ludhiana Punjab Agricultural  University
 New Delhi IARI
 Karnataka University of Agricultural Sciences
 Indore IARI
 Varanasi Banaras Hindu University
 Ludhiana DWR
Nepal Bhairahawa NARC
Pakistan Islamabad NARC-Islamabad
 Islamabad CIMMYT-Pakistan
Egypt Giza ARC
Iran Karaj CIMMYT-Iran
Sudan Wad Medani ARC
United Norfolk John Innes Centre
    Kingdom 
 Nottingham University of Nottingham
 Harpenden Rothamsted Research
Mexico Tepatitlan INIFAP-Altos de Jalisco
 Delicias INIFAP-C.E. Delicias
 Mexicali INIFAP-Valle de Mexicali
 Celaya INIFAP-Bajio
 Los Mochis INIFAP-C.E. Valle del Fuerte
 Ciudad Obregon INIFAP-C.E. Norman Borlaug
 El Batan CIMMYT
 Toluca UAEM
Australia Canberra CSIRO Plant Industry
Argentina Buenos Aires Universidad de Buenos Aires
Chile Valdivia Universidad Austral de Chile

in their own programs. The manuals set out to 
describe criteria for choosing phenotyping methods 
in the context of the environmental factors to which 
crops must adapt, and the most appropriate tools 
available.  

Physiological Breeding I: Interdisciplinary 
Approaches to Improve Crop Adaptation has 15 
chapters covering the following areas:
• Improving yield and other target traits
• Phenotyping
• Molecular markers and their application
• Providing a basis for the development of 

sustainable cropping systems

Physiological Breeding II: A Field Guide to Wheat 
Phenotyping has 22 chapters covering the 
following areas:
• Canopy temperature, stomatal conductance 

and water relation traits
• Spectral reflectance indices and pigment 

measurement
• Photosynthesis and light interception
• Direct growth analysis
• Crop observations
• General recommendations
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Objective 3: Fifty spring wheat genotypes were 
grown during the 2010/2011 cropping cycle in 
different locations representative of the central, 
north, and northern Mexican wheat production 
regions (Table 2). Significant variability was 
found among genotypes for different traits 
measured in each environment (data not shown).  
The wheat genotypes showed large variations 
for grain yield, biomass, days to heading, and 
Thousand Grain Weight (TGW) in each of the 7 
environments. Analysis of variance and means 
of traits measured under different environments 
are shown in Table 3. Environmental conditions 

Table 2. Location, growing conditions and main agronomical parameters for the 50 wheat lines growing in Mexico 

under full irrigation during 2010/2011 cycle.

 Mean temperature

 Sowing  Elevation Fertlization  during crop cycle (oC)

Location date Coordinates (m) (N-P-K) Irrigation Mean Max. Min.

Baja California 18/12/2010 32o18’N 8.6 286-52-00 0-44-81-97-113 18.7 24.1 11.9
  115o4W 
Chihuahua 7/1/2001 28o10’N 1178 160-60-00 0-12-48-66-86- 17.5 27.6 6.4
  105o29W   97-122-129
Guanajuato A 18/12/2010 20o32’N 1752 240-60-00 0-45-75-100 16.9 27.5 6.3
  100o49W 
Guanajuato B 3/1/2011 20o32’N 1752 240-60-00 0-45-75-100 17.6 28.1 7.0
  100o49W 
Jalisco 5/1/2011 21o18’N 1541 244-80-00 0-45-75-100 18.8 26.5 11.1
  102o30W 
Sinaloa 20/12/2010 25o45’N 14 322-52-00 0-52-72-114 17.3
  108o48W   
Sonora 8/12/2010 32o18’N 37 207-52-00 0-43-71-93-106 16 26.4 7.3
  115o4W

Table 3. Average values from 50 genotypes grown in Mexico during 2010/2011 cycle under full irrigation for yield 

and yield components.

 Yield Biomass  Heading Maturity  Grains Spikes Height

 (kg ha-1) (t ha-1) HI (days) (days) TGW (g) m-2 m-2 (cm)

Baja California 5863 13.2 0.48 100 136 52.2 12264 235 87.6
Chihuahua 8308 17.7 0.47 98 133 45.2 18528 499 93.9
Guanajuato A 5626 14.8 0.39 85 130 36.8 15666 360 86.5
Guanajuato B 4427 13.5 0.34 78 120 37.1 12291 412 84.7
Jalisco 5589 13 0.43 76 125 46.4 12207 297 94.9
Sinaloa 6174 12.6 0.42 78 115 46.1 13635 285 95
Sonora 5681 12.4 0.46 85 120 48.2 11897 410 87.7

Mean 5953 13.9 0.43 86 125.4 44.6 13784 356.8 90
CV 12.8 15.6 9.83 1.8 1.3 8.1 14.6 16.6 4.4
P-value(ENV) *** *** *** *** *** *** *** *** ***
LSDENV(0.05) 212.7 0.6 0.01 0.4 0.45 1 561.5 16.5 1.1

resulted in large differences in yield and yield 
components (Table 3). Correlation coefficient was 
calculated for the relationships between different 
traits and yield. Within this set of materials, genetic 
correlations between biomass and yield were 
observed (r = 0.71) together with grains m-2 (r = 0.81), 
spikes m-2 (r = 0.47), and plant height (r = 0.32). 

The presence of G x E was observed for all traits 
evaluated except biomass. The lack of G x E 
interaction in biomass facilitated the use of means 
across environments as indicators of genetic 
performance, and was used as a tool to select 
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genotypes with high biomass expression. In this 
way, 26 lines exhibiting high values of biomass 
were selected for inclusion at Mexplat during the 
2011-2012 cycle and will be further evaluated for 
complementary physiological traits (Table 4). 

Table 4. Average values of yield, final biomass and days 

to maturity from the 26 genotypes with greater biomass 

among different localities.

 Yield Biomass Maturity

Genotype (kg ha-1) (t ha-1) (days)

1 5767 14.47 127
2 6281 13.94 127
3 6246 14.79 125
4 6458 14.92 125
5 5798 14.30 127
6 6431 14.69 127
7 6688 15.64 125
8 6230 14.17 124
9 6730 15.26 127
10 6431 15.43 126
11 6099 14.15 125
12 6854 14.69 124
13 6768 15.40 127
14 5893 14.25 128
15 5736 14.02 127
16 5826 14.39 126
17 6028 14.41 126
18 5750 14.04 127
19 6021 14.46 125
20 6348 15.29 127
21 6659 14.27 127
22 5923 15.51 126
23 6000 14.75 128
24 5514 14.04 128
25 5989 14.51 125
26 5516 14.05 126

Genotype *** Ns ***
Environment *** *** ***
G x E * Ns ***
CV 12.7 15.6 1.1
LSD 584 1.7 1.04
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Improvement of yield potential has always been a 
top priority in China and the establishment of the 
International Wheat Yield Consortium has provided 
an excellent platform for Chinese scientists to work 
with international colleagues on yield improvement. 
Major activities for WYC in China, funded by the 
National Natural Science Foundation of China and 
Ministry of Agriculture, include four aspects: 

1.  Understanding the yield improvement between 
1980-2011 of historic varieties present in major 
wheat producing areas such as Shandong and 
Henan Provinces, and its association with 
physiological traits.

2.  Identifying QTL/genes for yield and yield 
components using RILs from Zhou 8425B/
Chinese Spring and Dumai/Shi 4185, gene 
cloning, and development of functional makers 
for kernel weight. 

Wheat yield consortium update from China
Zhonghu He

Institute of Crop Science/CIMMYT China Office, Chinese Academy of Agricultural Science, Beijing, China

3.  Evaluating the potential of 7DL.7Ag 
translocation on improving yield in Chinese 
winter wheat, and development and extension 
of high yield wheat cultivars with seed 
companies. 

4.  Training and workshops. 

Analysis of genetic gains in grain yield and 
physiological traits of winter wheat in Shandong 
and Henan Provinces have now been completed, 
and field trials for other activities in the 2011-
12 cropping season have been sown. The mean 
genetic gain in grain yield in Shandong Province 
was 62 kg ha-1 yr-1 (0.85% yr-1), largely associated 
with increased kernels m-2, above-ground biomass 
and harvest index, and reduced plant height. 
Significant positive genetic changes were observed 
especially for apparent leaf area index (LAI) at 
heading and anthesis, and also for chlorophyll 
content at anthesis, photosynthesis rate during 
grain filling, and stem water-soluble carbohydrate 
content at anthesis.  
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India’s proposed contribution to WYC
Vinod Tiwari

Directorate of Wheat Research, Karnal, India

Wheat is India’s second most important food 
crop after rice, and therefore a very important 
component of food security provisions for the 
masses. Although systematic work for genetic 
improvement of wheat began in India more 
than a hundred years ago, the first 60 years were 
dominated by genotypes having tall stature. 
Yielding ability was only significantly increased 
through the green revolution, which ushered in 
the era of dwarf statured cultivars during the 
mid-1960s.  

The early dwarf varieties boosted per unit 
yields, leading to a tremendous growth in 
wheat production in India, which was further 
enhanced by a growth in the area under wheat 
cultivation. The percent growth in yield was 
quite high in the first decade following the 
introduction of dwarf varieties, but this has 
slowed in the years since. This gradually 
declining growth in yield is a matter of great 
concern. India is a relatively warm country, 
where temperature during the sowing and grain 
filling stages of the wheat crop greatly affects 
the yield and total production. The rice-wheat 
cropping system has been preferred over other 
ones causing an over-exploitation of water 
resources. In view of the challenges imposed 
by abiotic stresses and a changing climate, a 
gloomy scenario for a major enhancement in the 
productivity of wheat is perceptible. 

The advances made in phenotyping and 
genotyping of the diversity for yield related 
traits among the wheat genotypes has shown 
evidence for enhancing the yield in wheat. 
The WYC is a great opportunity to address the 
issues encompassing wheat yield enhancement. 
India can collaborate in the following areas of 
the WYC.  

Theme 1: Increased Photosynthetic Capacity and 

Efficiency

Collaborators: Ajay Arora, Rakesh Pandey, Viswanathan 
Chinnusamy 
Division of Plant Physiology, IARI, New Delhi

Phenotypic selection: Phenotyping for heat tolerance in 
flag leaf photosynthesis in 100 diverse genotypes was 
initiated this year. The genotypes are being screened 
under natural field environment conditions, with normal 
and delayed (heat stress) date of sowing. Component 
traits such as rate of photosynthesis, chlorophyll stability, 
and leaf area duration (stay green) are being measured. 

It is proposed to evaluate CIMMYT association panel/
mini-core set of genotypes for phenotypic selection for 
photosynthetic efficiency under high temperature stress. 
Furthermore, in the selected set of contrasting wheat 
genotypes, detailed analysis will be made to identify the 
following component traits:
• Rubisco activation state and activity, and Rubisco 

activase activity. 
• Expression level of Rubisco activase chaperon and 

its association with Rubisco activase activity and 
photosynthesis rate in contrasting genotypes. 

Improving the thermal stability of Rubisco activase: It is 
intended to initiate work in this area using a contrasting 
set of wheat genotypes from the current phenotypic 
screening for heat tolerance in flag leaf photosynthesis. 
The study proposes:
• A comparative study of Rubisco activase form heat 

tolerant wheat/sorghum/pearl millet/maize genotypes 
will be made to identify highly heat tolerant Rubisco 
activase.

• Allele mining for Rubisco activase gene in wild and 
cultivated wheat genotypes.

• Cloning and characterization of Rubisco activase from 
heat tolerant wheat/ sorghum/pearl millet/maize.

• Development of wheat transgenics over-expressing 
Rubisco acitvase and chaperon.
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Theme 2: Optimized Partitioning to Grain Yield 

While Maintaining Lodging Resistance

Collaboratoring Institutes: DWR, Karnal; IARI, 
New Delhi; IARI Regional Station, Indore; 
CCSHAU, Hisar; NIASM, Baramati.

Investigating developmental patterns. We propose 
to undertake the following activities:
• Characterize the variability available in 

partitioning of developmental time between 
phases occurring before and after the onset 
of stem elongation (SE) in advanced breeding 
material. 

• Identify the nature of variability i.e. differential 
photoperiod sensitivities during SE or to 
variation in earliness per se, during this phase.

• Identify genetic factors controlling phenological 
partitioning and provide markers making it 
possible to select for a lengthened SE.

• Determine the level of correlation between an 
extended SE phase and grain number (and 
yield), through introgression of the trait in 
common backgrounds and testing the effect in a 
range of environments .

Improving spike fertility. We propose to take up 
studies with following objectives:
• Determine changes in meristem/spikelet 

hormone (ABA, ACC, cytokinins, auxin) 
composition in wheat at key pre-anthesis stages 
of plant development, and relate these changes 
to reproductive development.

• Determine changes in meristem/spikelet and leaf 
hormone composition in wheat in response to 
mild soil water deficits, nutrient treatments, and 
changes in the photo-environment, applied at 
key pre-anthesis stages of plant development.

• Determine the extent to which these changes are 
dependent on plant water relations and/or leaf 
carbohydrate supply to the developing spike.

Improving grain filling and potential grain size: 
Grain weight is often challenged by environmental 
constraints during grain filling at high 
temperatures. Physiological and genetic studies 
are in progress at DWR. Further studies with the 
following objectives will be continued:
• Identify the physiological and genetic 

determinants of potential grain weight and size, 
including the relation with grain filling rate and 
duration under stress conditions.

• Identify traits and physiological mechanisms 
associated with the environmental stability of 
grain weight and size.

Selection for thermostable soluble starch 
synthase: Thermotolerance of grain development 
depends on thermotolerance in starch 
biosynthesis. Among the enzymes involved in 
starch synthesis, Soluble Starch Synthase (SSS) 
is the most sensitive enzyme. Thermal stability 
of this enzyme and/or protection of this enzyme 
by HSPs appear to be important for grain 
development. Hence studies have been initiated 
to identify genotypes with high grain weight 
and stability under heat stress. Screening for 
identification of thermotolerant soluble starch 
synthase will be done in the following steps:
1. Initial screening for heat tolerance in grain 

weight to develop a minicore or contrasting set 
of germplasm

2. In vitro screening of heat tolerance in starch 
synthesis. By incubating grain slices with 
14-C-sucrose at different temperatures, we 
may assess the amount of 14-C incorporated in 
to starch at elevated temperatures. 

3. A small set will be selected for evaluation 
of SSS activity. Purified SSS activity will be 
assayed at normal and elevated temperatures. 

4. Development of transgenic wheat with 
thermostable SSS.

5. Association mapping studies on SNP/Indel 
variation in starch metabolic genes with grain 
weight under heat stress.

Identifying traits and developing genetic sources 
for lodging resistance. Studies with the following 
objectives will be conducted:
• Identifying sets of traits for different wheat 

growing environments that will maximize 
lodging resistance for the least investment in 
structural dry matter (DM).

• Testing the effects of the optimum trait sets 
on lodging risk and structural DM within 
different wheat growing environments.

• Screening germplasm for the target traits and 
identifying novel germplasm.
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Theme 3: Development and delivery of breeding 

lines encompassing yield potential traits

Collaboratoring Institutes: DWR, Karnal; IARI, 
New Delhi; IARI Regional Station, Wellington; 
VPKAS, Almora; PAU, Ludhiana; ARI, Pune    

Physiological trait-based breeding approaches are 
not fully targeted in India. Progenies from crosses 
exhibiting PTs for enhanced yield potential will 
be selected using a combination of visual criteria, 
precision phenotyping, and molecular marker-
assisted approaches.

Spring by winter crosses: Work on spring x winter 
wheats is continuing at DWR to increase genetic 
diversity as well as improve yield. Specific crosses 
with larger population sizes will be used. Perfect 
markers for height, earliness, and Vrn genes will 
also be used to screen the winter and spring parents 
and their segregating populations with enhanced 
yield potential. 

Hybrid breeding: The CMS approach has been 
observed as a better option than CHA. The 
experimental hybrids have not been successful 
due to inconsistent performance in different 
agro-ecologies. This research should be further 
investigated through the WYC. 

Wide crossing to enhance photosynthetic capacity: 
At DWR, wild relatives of wheat and synthetic 
hexaploids (of CIMMYT origin) are being used for 
trait identification as well as introgression of traits 
into elite backgrounds.  The availability of advanced 
molecular techniques allows quick and higher 
throughput screening and identification of putative 
introgressions; wide crossing may be able to deliver 
with appropriate investment.

Genomic selection to increase breeding efficiency: 
Genomic selection will be applied to the new 
germplasm generated from trait based breeding, 
spring x winter and wide crosses, and selection for 
potential yield genes in F2 of the breeding cycle.
 Germplasm evaluation and delivery: New germplasm 
introductions and novel germplasm developed 
from the breeding programs would be evaluated 
for end use components and delivered for further 
utilization. 

Participation in MEXPLAT

The CIMMYT Mexico Core Germplasm Panel 
(CIMCOG) is being evaluated for physiological 
traits besides the yield traits. Facilities for precise 
phenotyping for heat and drought tolerance have 
been developed at DWR, Karnal. These facilities 
would be utilized in precision breeding. 
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