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I. Introduction

As global energy demands increase and concerns regarding U.S. fossil fuel consumption arise, the need to develop new energy sources has become paramount.  Recent legislation in the U.S. has mandated that biofuels should supply at least 30 percent of the nation’s transportation fuels (Perlack et al. 2005).  Biofuels derived from plant cellulose have been proposed as a method for producing liquid transportation fuels in the volumes needed.  Cellulosic biofuel production converts plant cell wall materials into liquid fuel by enzymatic hydrolysis of cellulose and other cell wall components to yield glucose monomers for fermentation into an alcohol fuel.

	If cellulosic biofuels are to produce significant amounts of fuel, abundant and low-cost biomass sources are needed.  To achieve this, dedicated bioenergy crops are being developed to provide economically viable biomass.  Among the plant species being used is the C4 grass, sorghum (Sorghum bicolor L. Moench).  Sorghum has many characteristics that make it amenable as a bioenergy crop.  It is well established as a grain, fodder, and syrup crop with a mature seed industry and production practices.  It is generally managed as an annual, providing market and rotational flexibility desired by many farmers, but ratoon harvests may be possible.  Sorghum has extensive diversity available with types that can be tailored for starch, sugar, or biomass production and is well suited to hot and/or semi-arid environments.             

	Among the sorghum types available for bioenergy crop development are high-biomass sorghums that produce large volumes of cellulose.  Many of these are photoperiod sensitive (PS) hybrids that at temperate latitudes remain vegetative until very late in the growing season or never flower.  Currently, sorghums with high-biomass potential are generally used for forage.  Using commercial forage sorghums, Venuto and Kindiger (2008) identified dry matter yields ranging from 18.2 to 40.3 Mg ha-1 across three years under rainfed conditions in El Reno, Oklahoma, USA.  Using 9 hybrid forage sorghums, Habyarimana et al. (2004) obtained average dry matter yields of 24.58 Mg ha-1 under well-watered conditions and 15.6 Mg ha-1 at a rain-fed site in Italy.  Over a five-year period, McCollum et al. (2005) obtained average dry matter yields of 29.07 Mg ha-1 with commercial PS sorghums and supplemental irrigation in the Texas Panhandle.  For comparison, corn silage averaged 23.09 Mg ha-1 within the same test.  The authors highlight that the PS forage sorghums required less irrigation to produce their yield.  The corn silage produced average yields of 1.11 Mg/ac-inch of irrigation water while the PS sorghum produced 2.42 Mg/ac-inch of irrigation water.  Other studies have identified forage sorghum yields ranging from 15.7 to 31.6 Mg ha-1 (Rooney 2007).  Current U.S. corn grain yields are approximately 12.2 Mg ha-1 (Perlack et al. 2005), so clearly high-biomass sorghums can provide large quantities of biomass.  It should be noted that very little breeding has been done to enhance sorghums specifically for biomass accumulation.  The sorghums used in the aforementioned studies were bred for forage use and their biomass yield is constrained by animal palatability and nutrition parameters.  

	As previously mentioned, many high-biomass sorghums are PS hybrids.  PS sorghums generally out-yield comparable photoperiod insensitive (PI) sorghums, particularly when water is limiting (McCollum et al. 2005).  These hybrids are created using a two-gene system with complementary dominant interaction to yield PS F1 progeny when two PI parents are crossed.  The genes involved are the sorghum maturity loci, Ma5 and Ma6.  When a dominant allele is present at each loci, flowering is delayed until day length is < 12h 20 min (Rooney and Aydin, 1999).   By crossing a parental line that is homozygous recessive at one of these two loci and dominant at the other with another parent having the opposite allelic configuration (e.g. Ma5Ma5ma6ma6 x ma5ma5Ma6Ma6), PS hybrid progeny with a dominant allele at both loci (e.g. Ma5ma5Ma6ma6) are obtained.  In this manner, PS hybrid sorghum seed can be produced in temperate latitudes.  Ma5/Ma6 systems for producing PS hybrids use short, grain-type sorghums as female parents and high-biomass sorghums as male parents.  Using grain-type females enables higher seed yields and mechanical seed harvest.  

Most U.S. grain sorghum has the Ma5Ma5ma6ma6 allelic configuration, implying that high-biomass males will need to be ma5ma5Ma6Ma6.  As the development of PS hybrids progresses, new breeding populations with the ma5ma5Ma6Ma6 allelic configuration will be needed.  Sources of the dominant Ma6 allele have been derived from plant introductions (Rooney and Aydin, 1999).    To create these populations, new material will be crossed to sources of the the dominant Ma6 allele.  Regardless of the breeding method used after such a cross, progeny with the desired Ma5/Ma6 genotypes will need to be identified.  There are two methods for doing this.  The first entails testcrossing the progeny to a tester with a known Ma5Ma5ma6ma6 genotype and proven performance in the Ma5/Ma6 system followed by evaluation for photoperiod responses.  The second method uses molecular markers to predict the desired phenotype.  Molecular markers have been developed for several traits in sorghum (Ejeta and Knoll, 2007).  SSR markers for the Ma5/Ma6 alleles are available within the Texas A&M sorghum improvement program, but need evaluation for selection efficacy.  Development of a reliable molecular marker system for predicting photoperiod responses in the Ma5/Ma6 system would reduce the need for testcrossing, resulting in substantial time and resource savings.    

Developing bioenergy high-biomass sorghums will also require expansion of the breeding pool to include new high-biomass material.  A potential source of high-biomass germplasm can be found in germplasm banks.  For example, as of June 2009, the National Plant Germplasm System of the USDA contains 43,957 Sorghum genus accessions, 43,533 of which are Sorghum bicolor from 112 different countries (NPGS data 2009).  The large number of accessions in germplasm banks highlights their potential utility.  However, efficient use of these resources is difficult as the number of accessions available exceeds the reasonable capacities of a breeding program to evaluate them.   

 To address this, Vaughan (1991) compared three different methods for choosing rice accession from a germplasm bank to evaluate for specific phenotypes.  The methods were, random selection, sequential selection, and stratified selection (grouping based on available descriptors and information).  The accessions were blocked to identify any variation in trait distribution among the accessions.  The results identified stratification as the best method for selecting accessions to evaluate.  However, it was noted that caution should be exercised when stratifying accessions by descriptors subject to environmental interactions.  Such descriptors are not always reliable predictors of the desired phenotype.  If a priori information is unavailable or limited, the author recommended an initial stratified evaluation with the available information to reveal distribution patterns, followed by selective sampling based on the results.  An example would be to evaluate accessions by geographic origin to identify phenotypic patterns, followed by future sampling based on the patterns obtained.  Brown et al. (1989) suggest a similar method.  In sorghum accessions, differences may exist between geographic origins and desirability for biomass production.  If such differences are identified, they can be used to more efficiently screen germplasm bank material. 

Besides producing PS hybrid sorghums in temperate latitudes, the Ma5/Ma6 system can capture potential biomass heterosis.  However, the low-biomass production of grain-type females may preclude the availability of high-parent biomass heterosis.  Biomass heterosis has been identified in grain sorghum, sweet sorghum, and in forage sorghum (Blum et al., 1990; Corn, 2008; Mohammed and Talib, 2008).  Biomass heterosis has also been identified in other potential bioenergy crops such as switchgrass and sugarcane (Vogel and Mitchell, 2008; Legendre and Burner, 1995).  In sweet sorghum, high-parent biomass heterosis has been identified despite using low-biomass grain-type sorghum females (Corn, 2008).  But published measurements of biomass heterosis in PS sorghum hybrids created with the Ma5/Ma6 system are currently unavailable.  	

Another important consideration in developing crops for cellulosic biofuels is their conversion efficiency from biomass to liquid fuel.  Before cellulose can be converted into liquid fuel, it must be enzymatically hydrolyzed into simple sugars for fermentation.  However, most plant cellulose is embedded within a complex cell wall matrix that inhibits enzyme access to cellulose.  Consequently, biomass must go through a pretreatment step to make cellulose more enzymatically available.  The need for pretreatment increases the costs and timing of cellulosic biofuels, and is a significant barrier to economic viability (Wyman, 2007).  

	Cell wall composition dictates recalcitrance to degradation, which in turn affects the need for pretreatment.  Cell wall composition varies across species, genotypes, structures, and environments (Pauly and Keegstra, 2008).  To enhance the viability of cellulosic biofuels, breeding biofuel crops for specific compositional profiles with reduced pretreatment needs and enhanced conversion efficiencies has been proposed (Dhugga, 2007; Pauly and Keegstra, 2008; Wyman, 2007).  In sorghum, breeding for compositional traits has been successful, albeit with animal palatability and nutrition in mind (Pederson and Fritz, 2000).  An example would be the development of low lignin brown-midrib (bmr) sorghums (Cherney et al., 1991).  However, breeding sorghum compositional traits for biofuels represents a new paradigm.  Currently, little is known about what types of compositional profiles should be developed.  To begin answering this, information regarding compositional variability in high-biomass sorghums across genotypes and environments is needed.  With such information, compositional differences for conversion efficiencies, yield, and secondary effects can be gathered.  













II. Research Objectives

The focus of this research is to aid in developing high-biomass sorghums for use as cellulosic biofuels feedstocks.  To accomplish this, the following research objectives are proposed:   

1. Measure the amount of high-parent heterosis available in PS hybrid sorghums selected for high-biomass potential and created with the Ma5/Ma6 seed production system. 

2. Determine whether meaningful relationships exist between the geographic origin of exotic sorghum accessions and their desirability as high-biomass sorghums.

3. Compare the efficiency of marker-assisted selection vs. testcross selection for identifying PI experimental lines that produce PS hybrids using the Ma5/Ma6 seed production system.

4. Characterize genotype x environment interactions for cell-wall compositional traits in high-biomass PS sorghums.





III. Methodology



PS hybrid sorghum heterosis



	Nineteen high-biomass males and three grain-type females and their respective hybrids will be evaluated for biomass yield across two years in College Station, TX and Halfway, TX.  Because of seed availability and breeding considerations, several of the entries will not be represented across years and locations.  For comparison purposes, sweet sorghums and commercial forage sorghums will be included.  A few of the males will be PS, and hybrids of these lines with grain-type females will be made in Puerto Rico during the winter.  In Puerto Rico, day lengths will allow for the simultaneous flowering of PS and PI sorghums.

	The entries will be organized into a randomized complete block design with three replications to yield 150 plots per test.  The plots will be single-row, 6.7 meters long with 75 centimeter (30 inch) row spacings.  Three grams of seed will be used per plot.  Plots will be managed with standard sorghum agronomic practices.  

	At the end of the growing seasons, plots will be harvested and weighed for biomass yield.  If the plots are mechanically harvested, the entire plot will be taken.  If they are manually harvested, 1.5 meters will be taken from the middle of the plot.  Mechanical vs. manual harvest will depend on equipment availability.  Immediately prior to harvest, agronomic notes will be taken on height, exertion, growth stage, lodging, and desirability.  Approximately 500 grams of freshly harvested wet material will be sampled and weighed from each plot.  Afterwards, the samples will be dried for three days in a heated drier.  After drying, a second weight will be taken for each sample.  The difference between the wet weight and the dry weight will be used to calculate dry matter contents.  Using the data generated high-parent heterosis values will be calculated.  	





Geographic origin of sorghum accessions and high-biomass desirability



	Sorghum accessions from seven different countries will be obtained from the USDA’s National Plant Germplasm Center (NPGS).  Each country represents a different sorghum environment and they are: Burundi, Zimbabwe, Sudan, Yemen, Kenya, Nigeria, and India.  One hundred forty-three sorghum accessions described as PS by the NPGS will be selected for each country to yield a total of 1001 entries.  This test will occur over two years, and a different set of accessions will be randomly selected for each year.  The entries from each country will be randomly assigned to one of thirteen blocks, and randomized within the blocks.  Each block will contain 77 entries, 11 from each country.  

	This test will be planted in College Station, TX and Corpus Christi, TX.  Entries will be placed in single-row plots 6.7 meters long with 75 centimeter (30 inch) row spacings managed with standard sorghum agronomic practices.  In late July and mid-October, the plots will be visually scored for desirability as potential high-biomass sorghums.  With these scores, an ANOVA will be used to determine if significant differences for desirability scores exist between the geographic origins.  In addition, correlation analyses between the desirability scores and the geographic origins will be performed.



   

 MAS vs. testcross selection for screening photoperiod effects of high-biomass sorghum experimental lines in hybrid combination



	Fifteen breeding populations will be created by crossing high-biomass sorghum males with the Ma5Ma5ma6ma6 allelic configuration to a dominant Ma6 allele donor.  Afterwards, the goal will be to recover lines with the ma5ma5Ma6Ma6 allelic configuration.  Crosses to the Ma6 donor will be made in College Station, TX and the PS F1 will be grown and selfed in Puerto Rico to recover F2 seed.  Progeny of each of the 15 crosses will be managed as separate populations.  The F2 will be grown and selfed in College Station to recover F3 seed.  F2 plants that are PS (Ma5ma5Ma6ma6) will be discarded.  F3 seed from each F2 will be planted in head to row plots at a fall nursery in Weslaco, TX.  Pollen from each F3 plot will be bulked to reconstitute the F2 and used for testcrosses to Ma5Ma5ma6ma6 females.  The testcrosses will be grown in College Station, TX the following year and scored for a photoperiod response.  Based on the testcross phenotypes, the lines will be placed into the following allelic categories:

1. PS Testcrosses: Homozygous dominant at Ma6 (Ma6Ma6).

2. Testcrosses segregating for PS: Heterozygous for the dominant Ma6 allele (Ma6ma6)

3. PI Testcrosses: Homozygous dominant or heterozygous for the dominant Ma5 allele (Ma5Ma5 or Ma5ma5).

Seed for each F3 will also be germinated in a greenhouse and seedling tissue from each line will be collected and bulked to reconstitute the F2 for DNA extraction.  Afterwards, multiple SSR markers flanking the Ma5 and Ma6 loci will be used to score each line’s allelic configuration and then placed in the same allelic categories used with the testcrosses.  This work will be performed by the lab of Dr. Patricia Klein at Texas A&M University.

Comparisons will then be made between the predicted photoperiod phenotype per the marker allelic assignments and the testcross phenotype results.  Comparisons will be made across populations and within populations.  Chi-square analyses will be used to determine the significance of any differences.









Genotype x environment interactions for cell-wall compositional traits



Twelve entries will be evaluated for biomass production across two years in College Station, TX; Halfway, TX; Corpus Christi, TX; and Weslaco, TX.  The entries include seven high-biomass PS hybrids, four commercial forage sorghums and one grain hybrid.  They will be planted in 3-row plots 6.7 meters in length with 75cm (30 in.) row spacings.  Standard agronomic practices will be used.  At the end of the growing seasons, the plots will be mechanically harvested and weighed for biomass yield.  From each plot, an approximately 500g sample will be taken of the wet harvested material and weighed.  After weighing, the sample will be dried in a heated drier for three days, weighed, and then ground in a Wiley grinding mill with a 2mm sieve.  The ground samples will then be sealed in plastic bags to exclude moisture.  

Using a Foss XDS near-infrared spectrophotometer, each sample will be scanned twice to measure cell-wall components using a predictive curve.  The predictive curve for determining cell-wall components is being developed in collaboration with the National Renewable Energy Laboratory (DOE) and will be based on 100 diverse sorghum samples.  The results for each sample will be reported in percent lignin, cellulose, hemicellulose, and solubles.  Statistical inference and characterization of GxE interactions will be made with additive main effects and multiplicative (AMMI) models.



IV. Conclusions

	In total, four separate tests will be conducted to aid the development of high-biomass sorghums for cellulosic biofuels.  Each test contains sufficient entries, years, and locations to provide sufficient data for addressing the research objectives.  Answering the research objectives of this proposal can have the following impacts:

· Characterizing biomass heterosis in PS hybrid sorghums can provide information for future breeding objectives.  Information can be obtained regarding the amount specific combining patterns of heterosis available.  

· Identifying biomass high-parent heterosis in PS sorghums can further validate PS hybrids for biomass production, especially when considering the use of short grain-type females.  

· Identifying relationships between sorghum accession passport data and selection for biomass can improve the use of evaluation resources.  If strong relationships exist, germplasm from one geographic origin can be preferentially evaluated over that of another region.  

· Comparing MAS vs. testcrossing for identifying the hybrid photoperiod reaction of PI experimental lines in the Ma5/Ma6 seed production system can aid breeders in deciding whether to incorporate markers in developing PS hybrid sorghums.  If MAS is proven to be efficient, it would represent substantial savings in time and resources.  

· Characterizing G x E interactions for compositional traits can determine the variability of these traits and the need for regional breeding.  Also, it can provide information regarding the consistency of sorghum biomass, an important consideration when processing for cellulosic biofuels.  
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Texas Foundation Seed Service
S Texas Agricultural Experiment Station

11914 Hwy. 70, Vernon, TX. 76384 ‘
940/552-6226 (0), 940/552-5524 (Fax) w

Email rsbrown@ag.famu.edy

May 4, 2004

Dr. Jaroy Moore

Resident Director

TAES

Rt. 3 Box 219

Lubbock, TX 79401-9757

Dear Jaroy,

Please find enclosed 2 original copies of the ‘topcross’ agreement (MTA) with Pioneer for the sorghum
lines generated by Dr. Rosenow’s program.

Pioneer has signed these agreements. If the information on schedule A is correct, please sign, ask Dr.
Rosenow to sign, and return one original copy to Dr. Monk. Please send me an executed photocopy for
my file.

This agreement has taken a long time to develop, but it now gives us a frame-work for other requests of
this nature.

Please let me know if you have questions.

Kind regards,

Steve Brown

Cc: Dr. Mark Hussey



mailto:rsbrown@ag.tamu.edu

PIONEER HI-BRED INTERNATIONAL, INC.
RESEARCH AND PRODUCT DEVELOPMENT
® SORGHUM RESEARCH

115 MEYER ¢« P.O. BOX 97

pIONEER TAFT, TEXAS 78390
® PHONE: (5/111 528-3575

3¢l

April 28, 2004

Steve Brown, Program Director
Foundation Seed Service

11914 Hwy 70

Vernon, Texas 76384

Dear Mr. Brown,
Attached are two signed MTA agreements for a sorghum germplasm release including
500 lines from Dr. Rosenow’s program. Thank you for working with us to make the

material available.

Please let me know if you have any questions; I am hopeful that we can get the material
in time to plant at Plainview.

Sincerely,

%71’)07- /N enh-

Roger Monk
Research Scientist

HELPING AGRICULTURE GROW THROUGH GENETIC RESEARCH
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