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I. Title of Grant
Improving Heat Tolerance: Development of mapping populations and identification of heat tolerance mechanisms

II. Period Covered (date of last report to current time; for a multi-year project, identify year of work.)
April 1, 2016 to June 30, 2018

III. Project Leader and Co-Primary Investigator
Felix B. Fritschi, Jason Gillman, Arun Prabhu Dhanapal
IV. Layman’s Summary (limit to one page)
Soybean yield is strongly influenced by the weather conditions prevailing during key parts of the growing season.  Among the weather factors, temperature plays a major role in the success or failure of reproductive structures, and therefore yields.  Temperature conditions in Missouri can vary considerably and rapidly.  In essence, there are no management practices that growers can use to mitigate soybean exposure to high temperature stress, therefore, varieties need to be developed that can yield better when temperatures are high. Developing varieties with favorable genes for heat tolerance will maintain or increase yields in the face of heat stress.  This is particularly important for Missouri farmers because, even though they are located in the southern portion of the Midwestern soybean belt, little attention has been given to the targeted development of varieties tolerant to high temperatures.  
We have pursued a two-pronged approach based on the identification of lines with robust heat tolerance that are used i) to make crosses and develop mapping populations, and ii) to improve our understanding of heat tolerance (and sensitivity) mechanisms.  This project has built on our results from MSMC Project 14-359 and advanced an unprecedented set of recombinant inbred line populations (RIL) for targeted and efficient improvement of soybean tolerance to high temperatures.  Further this project has provided us 1) germplasm with increased tolerance (and susceptibility) to heat stress, 2) progeny of crosses between heat tolerant and heat susceptible lines as part of RIL population development, 3) preliminary understanding of physiological mechanisms associated with heat tolerance and heat susceptibility. Additional efforts are necessary to advance the unique RIL populations under development to the point where they can be used for genetic mapping which is expected to lead to the identification of novel molecular markers and possibly genes and biochemical pathways that can be targeted to improve soybean heat tolerance.







V. State your objectives in question form and discuss how your results answer these objectives.

Project Objectives
I. Continue development of populations for genetic analyses (in part initiated during 2014 and 2015).
II. Identify physiological fingerprints involved in protecting soybean yield from losses during episodes of high temperature stress.

Summary
· More than 300 MG III soybean lines were screened for heat tolerance in high temperature greenhouse conditions during 2014 and 2015. 
· Based on initial characterization of the 300 genotypes and follow-up experiments with subsets of genotypes, putative heat tolerant and heat sensitive lines were selected to make crosses to develop mapping populations. Selections were made based on overall visual rating (heat only) seed number, pod number (heat only), seed per pod (heat only), 100-seed weight, germination, and wrinkling. Initial crosses and development of F2 populations were successful, however, due to bad germination and heavy rain after planting in 2017, the number of recombinant inbred lines (RIL) was reduced to the extent that further advancement of this population is not warranted. 
· Characterization of seeds harvested from heat stress and ambient experiments for a subset of 60 genotypes has been completed for seed wrinkling score, germination, 100 seed weight as well as seed dimensions.
· Genotypic differences for heat tolerance with regard to all seed characteristics were identified. 
· Some genotypes previously identified as heat tolerant and heat sensitive based on reproductive success traits also appear to be more tolerant to heat stress in terms of the seed characteristics, which could represent sources of valuable alleles for future breeding efforts. 
· In total, six parental lines (4 putative heat tolerant and 2 putative heat sensitive) were chosen from the 60 genotypes subset for crossing in the 2016 season at the BRC. Of the different cross combinations planted at South Farm Research Center in 2017 for advancement to F2:3, five populations of 200+ RILs have been harvested and planted for population advancement in 2018 for progression from F3 to F4. After further advancement, these populations will represent unique mapping populations which are specific for tolerance/sensitivity to elevated temperatures.
· Seed from SoyNAM parental lines that were grown in a high temperature environment were analyzed for several seed characteristics, including seed composition and seed germination.  Significant genotypic variation was identified among the SoyNAM parental lines and four populations were planted at a heat nursery location.  The selected NAM populations included NAM12 (Cross: IA3023 x LD02-4485), NAM23 (Cross: IA3023 x U03-100612), NAM29 (Cross: IA3023 x LG05-4464), and NAM28 (Cross: IA 3023 x LG05-4317).  Unfortunately, the heat stress field experiments with these four NAM populations were compromised by iron-deficiency symptoms. As such, they will not provide reliable data on heat stress tolerance or sensitivity.  Thus, these experiments would have to be planted again as part of a future project. 


Research Progress 

Objective I: Continue development of populations for genetic analyses (in part initiated during 2014 and 2015) 

Initial selection of genotypes for population development:
Initial selections from 2014 data were made using seed set, pod set, and seed per pod data from heat stressed plants relative to an ambient control. For each trait, values were sorted and the bottom and top 10 lines were selected. From these lists, 3 lines were chosen with preference given to lines that appeared in multiple top or bottom 10 lists for each trait. Yield data from USDA-GRIN were taken into consideration by eliminating lines that had values <1500 kg/ha. The lists of the top and bottom 3 lines for each trait were consolidated, leaving 6 putative heat tolerant lines and 4 putative heat sensitive lines. These genotypes were planted in five replications in individual pots and were grown under ambient conditions at the BRC in 2015. Putative heat sensitivity or tolerance was confirmed when seed production under high temperatures was compared to that under ambient conditions, where putative heat sensitive genotypes generally had lower relative seed number than the putative heat tolerant genotypes (Table 1 and Figure 1). These 10 genotypes were considered to be the most promising initial candidates to make crosses for genetic analyses and development of more heat tolerant germplasm, and ultimately cultivars. 
Table 1. List of heat tolerant and heat sensitive lines with traits based on which they were classified 

	Heat Tolerant Lines
	Trait for Classification

	PI518757
	Seed Set

	PI507491
	Seed Set/Pod Set

	PI360841
	Seed Set/Pod Set

	PI398694
	Pod Set

	PI548313
	Seed per Pod

	PI548632
	Seed per Pod

	
	

	Heat Sensitive Lines 
	Trait for Classification

	PI438335
	Seed Set/Seed per Pod

	PI438357B
	Seed Set/Seed per Pod

	PI438427
	Pod Set/ Rel Seed per Pod

	PI561292A
	Pod Set



Figure 1. Relative seed number of individual plants grown under high temperature conditions compared to those grown under ambient/field conditions. Total seed was counted for individual plants grown in the greenhouse, while seed collected from the field was estimated using 100-seed weight and divided by the total number of plants in each plot. Each genotype in the greenhouse had five replicate pots and each pot had 1-2 individual plants. Numbers represent the mean of total seed number of each plant for all five replicate pots divided by the mean total seed number for three replicates from the ambient/field plots. Tolerant (orange) or sensitive (blue) genotypes were selected based on data collected in 2014. 
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Background on selection of genotypes for crossing:
Three new and one old (PI360841) putative heat tolerant genotypes and two putative heat sensitive genotypes were selected based on additional characterization and confirmations of diverse genotypes with the goal of creating 8 crosses from promising contrasting genotypes (genotypes selected from the 60 genotypes subset described in Objective II) (Table 2). Although field conditions were not ideal in the spring, attempts were made on 7 of the 8 planned crosses. From 30 single pods that were collected from these attempts, 18 of them comprising 6 different crosses were kept. Seed from all the six crosses were grown in a greenhouse over the winter to maximize single seed descent for large future mapping population sizes to be advanced in the upcoming seasons (Table 3). Further, two additional crosses were made with the heat tolerant PI 518757 as male and PI548523/Pella and or Williams 82 as female (Table 3).  


Table 2. List of heat tolerant and heat sensitive genotypes with traits based on which they were classified. This list resulted from characterization of a subset of promising lines identified in the original screening. 

	Heat Tolerant Lines
	Trait Selected

	PI360841
	High rel. seed, rel. germination, and visual rating

	PI370055
	High seed/pod, rel. seed weight, and visual rating

	PI437317
	High rel. seed, pods, and visual rating

	PI567510A
	High rel. seed, seed/pod, rel. seed weight

	
	

	Heat Sensitive Lines 
	Trait Selected

	PI561202A
	Low pods, seed/pod, rel. germination, rel. seed weight; high visual rating

	PI437367
	Low rel. seed, seed/pod, rel. seed weight, visual rating





Table 3. List of crosses between genotypes contrasting in heat tolerance as well as between a heat tolerant genotype and advanced lines. 

	Cross
	Cross
	Cross Advancement  

	FF5
	PI360841 (104) x PI561292A (87)
	Abandoned due small population size

	FF6
	PI360841 (104) x PI437367 (275)
	Advanced 

	FF8
	PI370055 (243) x PI437367 (275)
	Abandoned due small population size

	FF9
	PI437317 (271) x PI561292A (87)
	Advanced

	FF10
	PI437317 (271) x PI437367 (275)
	Advanced

	FF11
	PI567510A (359) x PI561292A (87)
	Abandoned due small population size

	JGx16-9
	PI518757 x PI548523/Pella
	Advanced

	JGx16-10
	PI518757 x Williams 82
	Advanced



Heat tolerance/sensitivity population development:
Unfortunately, unfavorable conditions at germination and heavy rain after planting in 2017 reduced the number of RILs originating from the first crosses that were made as part of this project (derived from crosses with PI507491 and PI360841).  Since the number of remaining RILs was less than 100, the power for robust mapping of QTL was lost, therefore, we had to abandoned advancement of these populations. 
However, we made additional crosses for population development using heat tolerant (HT) and heat sensitive (HS) lines as follows: FF6 - PI360841 (HT, male) x PI437367 (HS, female), FF9 PI437317 (HT, male) x PI561292A (HS, female), and FF10 - PI437317 (HT, male) x PI437367 (HS, female).  Further, two additional crosses were made with the heat tolerant PI518757, JGx16-9 – PI518757 x PI548523/Pella and JGx16-10 – PI518756 x  Williams 82.  Seed from these crosses were planted in the greenhouse in January 2017. Each plant was sampled at V2 and tested for genetic markers to confirm the cross. Of the 33 total seeds planted, 27 were confirmed crosses and F2 seeds were harvested from 24 F1 greenhouse plants from five distinct (tolerant x sensitive or tolerant x advanced) crosses; one genetic cross produced F1 with extremely few seed and was dropped. F1:2 seed were planted in 2017 and F3 seeds were harvested from individual F2 plants. These populations under development [FF6 - PI360841 (HT, male) x PI437367 (HS, female), FF9 - PI437317 (HT, male) x PI561292A (HS, female), and FF10 - PI437317 (HT, male) x PI437367 (HS, female); JGx16-9 - PI518757 (HT, male) x PI548523/Pella (advanced); JGx16-10 - PI518757 (HT, male) x Williams 82 were planted in 2018 for advancement from F3 to F4. We will continue the advancement of these RILs to generate F5- or F6-derived F8 mapping populations. Ultimately, these five populations will be used in genetic mapping studies to understand heat tolerance mechanisms in the future, and would not have been possible without this project.









Table 4. Mapping populations under development and status in summer 2018.
	Populations
	Cross
	Population status (2018)
	# RIL from multiple F1 plts †

	FF6
	PI360841 x PI437367
	F3:4
	146

	FF9
	PI437317 x PI561292A
	F3:4
	215

	FF10
	PI437317 x PI437367 
	F3:4
	220

	JGx16-9
	PI518757 x PI548523/Pella
	F3:4
	446

	JGx16-10
	PI518757 x Williams 82
	F3:4
	512



† To achieve a sufficiently large number of RILs we are combining seed from multiple F1 plants.

Objective II: Identify physiological fingerprints involved in protecting soybean yield from losses during episodes of high temperature stress

Background on selection of genotypes for studies in 2016: 
Field plots were planted in 2015 at the BRC in three replications for 384 of the 400 genotypes originally selected for this project. These plots were used to assess genotype characteristics under ambient conditions and to provide seed for follow-up studies. Total seed number per plot was determined based on 100-seed weight, and germination tests were completed for each plot. In addition, seed size and seed wrinkling were evaluated from pictures of the seed taken before germination. These results were compared to seed size, seed wrinkling, and seed germination of samples obtained from the same genotypes but grown in the greenhouse under high temperature conditions (described below).
A total of 240 genotypes were planted in three replications in individual pots in 2015. Pots remained at the BRC until R1 or shortly before, at which time they were moved to two greenhouse bays set for ~43/27 ˚C (~110/80 ˚F) daily maximum/minimum temperature. The plants remained under high temperatures until maturity. Pods were collected at the time of harvest, and the total number was recorded. Total seed number was counted after seed cleaning. Germination was determined as mentioned above with pictures taken of each sample for seed size and seed wrinkling assessment. 
For our purposes, we consider pod number, seed number, and seed per pod the main yield characteristics upon which to focus for selection of differential genotypes. Other characteristics assessed and taken into consideration for selections were seed weight, seed size, seed wrinkling, germination, and visual rating of the plant.

Selection and assessment of genotypes in 2016:
A subset of 60 genotypes was selected based on pod number (under high temperatures only), seed number (heat vs. ambient), seed per pod (under high temperatures only), 100-seed weight (heat vs. ambient), germination (heat vs. ambient), wrinkling (heat vs. ambient), and overall visual score (under high temperatures only) as either being heat tolerant or heat sensitive (~30 each) from the 2015 data collection described above. For each trait, values were sorted and the top and bottom 25 genotypes were selected. This resulted in top and bottom 25 lists for each of the seven traits listed above. These lists were compared to determine which genotypes appeared on multiple lists. The genotypes selected where either tolerant or sensitive for three of the seven traits, but not all of the genotypes were tolerant or sensitive for the same traits.
Six replicates of these genotypes were planted in pots in the open field at the BRC in 2016. The pots remained at the BRC until shortly before R1 (June 28th, 2016) when they were moved to a greenhouse set for ~43/27 ˚C (~110/80 ˚F) daily maximum/minimum temperature. Field plots were planted at the BRC in 2016 in three replications for 380 genotypes. These plots were used to assess genotypes under ambient conditions with a focus on the 60 selected genotypes and to provide seed for follow-up studies. When plants were at R7/8, two plants per plot were harvested in all three replications of all 60 genotypes that were grown in the greenhouse experiment described above. Pod number and total seed for each of the two harvested plants was counted. 
Pod number, seed number and seed per pod data between plants grown in ambient and high temperature conditions. Selections for pod number and seed per pod were based on extreme genotypes (lowest and highest 25 values for each trait) under high temperatures only. Selections for seed number were mostly based on relative numbers (heat:ambient), where tolerant genotypes had relative values from ~0.8 – 1.5, and sensitive genotypes had values ≤0.5. Relative pod number data collected in 2016 showed that sensitive and tolerant genotypes shared the entire range (Figure 2). However, certain genotypes were consistently tolerant (e.g., orange bars ≥1.0) or sensitive, (e.g., blue bars ≤0.5).

Figure 2. Relative pod number of individual plants grown under high temperature conditions in the greenhouse compared to those grown under ambient/field conditions in 2016. Pods were counted for individual plants grown in the greenhouse or determined from two plants per plot under ambient conditions. Numbers represent the mean of total pod number of each plant in the greenhouse (n = 6) divided by the mean total pod number of plants from field plots (n = 3). Tolerant (orange) or Sensitive (blue) genotype classification is based on 2015 data. 
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Figure 3. Relative seed number of individual plants grown under high temperature conditions in the greenhouse compared to those grown under ambient/field conditions in 2016. Total seed number was counted for individual plants grown in the greenhouse or determined from two plants per plot under ambient conditions. Numbers represent the mean of total seed number of each plant in the greenhouse (n = 6) divided by the mean total seed number of plants from field plots (n = 3). Tolerant (orange) or Sensitive (blue) genotype classification is based on 2015 data.
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Relative seed number followed a similar trend as relative pod number (Figure 3). In 2015, seed number from plants grown under ambient conditions was estimated from the 100-seed weight for each plot. For sensitive genotypes this revealed a striking difference between the number of seed produced under ambient conditions compared to high temperatures, where there was significantly more seed produced under ambient conditions for sensitive genotypes. Several genotypes produced more seed under ambient than high temperature conditions (<1.0); however, many of the genotypes showed similar numbers under both conditions (Figure 3). Although these differences were not as pronounced, there were genotypes that consistently were sensitivity (e.g., PI417309A orPI548624) and genotypes that consistently were tolerant (e.g., PI399077, PI518757, PI567510A) in 2015 and 2016. For the number of seeds per pod, the majority of genotypes showed similar or higher numbers under high temperatures than under ambient conditions (Figure 4). 












Figure 4. Relative seed per pod of individual plants grown under high temperature conditions in the greenhouse compared to those grown under ambient/field conditions in 2016. Total seed per pod was counted for individual plants grown in the greenhouse or determined from two plants per plot under ambient conditions by dividing the total number of seeds by the total number of pods. Numbers represent the mean of seeds per pod of each plant in the greenhouse (n = 6) divided by the mean of seeds per pod of plants from field plots (n = 3). Tolerant (orange) or Sensitive (blue) genotype classification is based on 2015 data.
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Preliminary pollen heat tolerance/sensitivity studies
Six genotypes were planted in replicated pots (x4) at the BRC. Two of four replicates were moved into a greenhouse set at ~43/27 ˚C (~110/80 ˚F) daily maximum/minimum temperature at R1. Two replicates remained at the BRC to serve as ambient controls. These six genotypes are a few of the same tolerant/sensitive lines used to make the crosses in a winter nursery in Costa Rica or those used for crossing this past season (2016). Flower collection and pollen germination data were determined using the protocol described in Djanaguiraman et al. 2013. Pollen germination is highly variable, however at least one putative heat sensitive line had preliminarily lower pollen germination than most of the putative heat tolerant lines (Figure 5). Further assessing pollen germination as a characteristic of heat tolerance or sensitivity will require a higher replication and standardization of flower collection regarding its position on the plant and time of flowering. This could explain the very low pollen germination seen in PI437317 (Figure 5). These results are not discouraging, as higher pollen germination may not in every case be the mechanism for heat tolerance for a given heat tolerant genotype. 





Figure 5. Percent pollen germination for putative heat tolerant and heat sensitive soybean lines. Flowers were collected on two separate occasions from plants grown under high temperature conditions. Each time pollen from 5 flowers per genotype were dusted onto slides containing germination medium. 100-200 pollen grains were counted per flower collected. Numbers represent the mean percent pollen germination for each genotype (n=10). Sensitive and Tolerant classifications based on 2015 data.
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Assessment of selected diverse genotypes in 2016/2017: 
             Genotypes were classified as sensitive or tolerant using data collected in the initial characterization experiments (as described above). Tolerant or sensitive genotypes were classified as such if they showed tolerance or sensitivity in at least three of the seven traits assessed. This means that not all genotypes were tolerant or sensitive in terms of pod number or seed number, and therefore, genotypes can show varying tolerance or sensitivity for a trait that they weren’t selected for. Also, inconsistent results are not uncommon due to varying field conditions from year-to-year. 
Pod number, seed number, seed per pod, and visual ratings were the traits primarily used for selection of genotypes for development of mapping populations. Additionally, data were collected for 100 seed weight (Figure 6), seed germination (Figure 7) and seed characteristics assessment (Figure 8) for the selected 60 genotypes grown in field and high-temperature greenhouse conditions. Similar to pod number, seed number, seed per pod, and visual ratings, significant genotypic variation was also found for all examined seed traits presented below. Not surprisingly, these results also confirm that heat tolerance with respect to one trait does not necessarily mean that a particular genotype is also heat tolerant with respect to a different seed characteristic.  Nonetheless, some genotypes appear to be superior to others on the basis of several traits (Figs. 6, 7, and 8). 


Figure 6. (A) 100 Seed Weight of individual plants grown under high temperature (heat stress) conditions and field (ambient) conditions. (B) 100 Seed Weight of selected plants grown under high temperature conditions and field conditions. Genotypes were categorized into tolerant and sensitive groups based on previous data and not based on 100 seed weight. Total seed weight was counted for individual plants grown in the greenhouse, while seed collected from the field was estimated using 100-seed weight obtained from two plants per plot. Each genotype in the greenhouse had six replicate pots and each pot had 1-2 individual plants. Numbers represent the mean of 100 seed weight of each plant in the greenhouse (n = 6) and the mean of 100 seed weight of two plants in the field (n = 3). 
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Figure 7. (A) Germination percentage of 50 seeds from individual plants grown under high temperature (heat stress) conditions and field (ambient) conditions. (B) Germination percentage of 50 seeds from selected plants grown under high temperature conditions and field conditions. Genotypes were categorized into tolerant and sensitive groups based on previous data and not based on % germination. Germination percentage of 50 seeds were counted for individual plants grown in the greenhouse, while seed collected from the field was estimated using germination percentage obtained from two plants per plot. Each genotype in the greenhouse had six replicate pots and each pot had 1-2 individual plants. Numbers represent the mean of germination percentage of each plant in the greenhouse (n = 6) and the mean germination percentage of two plants from the field (n = 3). 
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Figure 8. (A) Circularity of 25 seeds from individual plants grown under high temperature (heat stress) conditions and field (ambient) conditions. (B) Circularity of 25 seeds from of selected plants grown under high temperature conditions and field conditions. Genotypes were categorized into tolerant and sensitive groups based on previous data and not based on circularity. Circularity of 25 seeds were counted for individual plants grown in the greenhouse, while seed collected from the field was estimated using germination percentage obtained from two plants per plot. Each genotype in the greenhouse had six replicate pots and each pot had 1-2 individual plants. Numbers represent the mean of circularity of 25 seeds of each plant in the greenhouse (n = 6) and mean circularity of 25 seeds from two plants from the field (n = 3).  For the purposes of this study, the difference circularity between ambient and heat stress treatments is taken as a surrogate measure of heat induced changes in seed shape (e.g. such as caused by seed wrinkling).
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Assessment of SoyNAM parental genotypes
The SoyNAM populations represent an incredible genetic resource created through previous projects funded by the United Soybean Board, where 40 diverse lines were all crossed to a single hub parental line, and populations and genotypic information were made available to the general soybean research community. As such, any phenotypic information is readily correlated with previously produced genotypic data. We included all NAM parental lines in our screening studies (visualized in different colors in Fig. 9), and identified significant differences for traits important for seed yield formation and seed quality. We have completed the analysis of NAM line seed production in Columbia (control) and at a heat nursery location. Important genotypic differences were observed, including contrasting susceptible/ resistant genotypes for reduction in seed protein/oil (Fig. 9A, 9B) and seed weight (Fig. 9B) in response to elevated temperature. 
Figure 9: A) Response of seed composition (protein + oil) among NAM genotypes in a control (blue line) and heat stress nursery location (orange line). Putative tolerant and sensitive NAM lines were identified. B) General response of seed composition and 100-seed weight to control and heat stress among three planting dates (PD1-3).
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We identified both putatively tolerant and sensitive genotypes, with the hub parent (IA 3023) being almost perfect in the middle of the response range. Germination analyses from different planting dates (PD1, PD2, and PD3) at the heat nursery also reveal significant genotypic differences in germinability of seeds that developed under high temperatures (Figure 10).  As such, we are poised to perform a full genetic mapping study using the NAM lines in the immediate future to identify genomic regions and/or genes responsible for tolerance to elevated temperatures. Because the NAM parents contain elite high yielding public cultivars, it is likely that these results will be directly applicable to breeding efforts already underway in the public sector, and potentially also in the private sector.



Figure 10. Response of seed germination % on the analysis of NAM lines at a heat nursery location. Important genotypic differences were observed, including contrasting susceptible/ resistant genotypes for reduction in seed germination in PD-1(Fig. 10A), PD-2 (Fig. 10B) and PD-3 (Fig. 10C) and Across Planting dates (Fig. 10D) in response to elevated temperature. Genotypes were categorized into tolerant and sensitive groups based on % germination. 
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On the basis of the significant genotypic variation found among SoyNAM parental lines, four NAM populations were selected and planted at a heat nursery location in 2018: NAM12 (Cross: IA3023 x LD02-4485), NAM23 (Cross: IA3023 x U03-100612), NAM29 (Cross: IA3023 x LG05-4464), and NAM28 (Cross: IA 3023 x LG05-4317).  Unfortunately, the heat stress field experiment with these four NAM populations were compromised by iron-deficiency symptoms. As such, this 2018 field experiment will not provide reliable data on heat stress tolerance or sensitivity.  We hope to garner funding to continue this work in the future.




VI. Please answer the following.
A. How do your results benefit Missouri soybean growers?
The germplasm identified and populations we develop can be used by breeders for incorporation into improved varieties.  In the long term, Missouri soybean farmers will benefit from the availability of heat tolerant germplasm, advanced breeding lines, and stress tolerant cultivars. Developing varieties with favorable genes for heat tolerance will maintain or increase yields in the face of heat stress
B. Estimate financial return for the average Missouri soybean producer.
Currently, no reliable data are available to accurately estimate the yield reductions associated with high temperature stress in Missouri. Therefore, we are not in a position to provide an appropriate estimate with regard to the financial return for the average Missouri soybean producer. However, periods of high temperatures occur every year in Missouri and can result in significant yield losses, which are often overlooked or ignored.  Due to the frequency of heat waves and extended periods of above-optimal temperatures, the availability of more heat-tolerant soybean varieties could result in tremendous economic benefits for soybean growers for decades to come.
C. Do your results benefit the environment?
No direct benefits to the environment are expected.
D. What products or processes can be commercialized from this research?
1. List disclosure(s) of inventions or plant varieties submitted to the MU Tech Transfer Office.
None to report at this time
1. Identify potential disclosure(s) of inventions or plant varieties.  Please note that credit must be given to MSMC for any inventions or discoveries resulting from this research.
None to report at this time
E. How would you commercialize these products or processes?
Our work is screening public germplasm and the identification of methods to select for heat tolerant accessions to inform a breeding operation. The eventual results may result in patentable and/or commercial cultivars with stress tolerance (or potentially, the genes responsible). However,  physiological understanding and population development are in the early stages and commercialization and/or patenting will likely not be imminent. 
F. If no specific products or processes were produced, how do you plan to make your results available to producers or industry?
Our results will be made available through both presentations, eventual publications (several of which are currently being drafted) and through sharing of genetic mapping results/populations in the future.
G. Is additional time or research required before your results can be used by producers and industry?
Yes, we will need additional time as our germplasm characterization and population development are in the early stages.


VII. List publications by type (popular press, thesis, journals, other) written or planned.
· A poster entitled “Evaluation of diverse soybean genotypes for reproductive success under high temperature conditions” with A.P. Dhanapal, J.J. Biever, J. Gillman, and F.B. Fritschi as authors, was presented at the ASA, CSSA, and SSSA International Annual Meetings Oct. 22-25, 2017, Tampa, FL. 
· A study initiated with USDA-ARS funds, aimed at gaining insight into the molecular mechanisms associated with heat tolerance has been completed. Towards this end, gene expression has been interrogated in mature seed of a heat tolerant and a heat sensitive genotype (with respect to seed germinability) from plants grown in contrasting stress and unstressed environments.  Data analysis has been completed and a manuscript for publication in a peer-reviewed journal is currently being drafted for submission in the near future.
· A publication describing the results from the examination and characterization of diverse soybean genotypes to high temperature relative to control temperature conditions is planned. Data analysis is ongoing. 

VIII. List cost of original project and actual expenditures. The U.S. Department of Agriculture requires that we ask for budget information, including the number of hours spent on the project, the number of dollars remaining on account, as well as a breakdown of expenses.  You are required to provide this information in your report.  Please also include names and titles/positions of those whose time has been charged to this project.
Dr. Arun Dhanapal joined the project as research scientist on June 2017 and has been working full time on this project since his arrival.  Prior to Dr. Dhanapal joining the project, Dr. Jessica Biever was the full-time postdoctoral researcher on this project. Dr. Hua Bai, and graduate students Charles Krueger and Matt Herritt helped bridge the gap between the departure of Dr. Jessica Biever and the transition of Dr. Dhanapal to this project. In addition, the following undergraduate students / hourly works have assisted with various aspects of this project: Chris Hanrahan, Sarah Dixon, Andrew Loehnig, and Nicholas Rector. Drs. Fritschi and Gillman spent significant time on this project, but neither were paid from this project. 
Budget: April 1, 2016 to June 30, 2018:
	Budget Item
	Budgeted
	Spent

	Salary
	$53,876
	$60,093.13

	Benefits
	$16,792
	$17,434.93

	Operating
	$32,000
	$25,138.99

	Total
	$102,668
	$102,667.05



IX. List equipment purchased with MSMC funds, identifying inventory and serial number.  (It is not considered equipment unless it costs $500 or more and has a life expectancy of at least 2 years.)  Indicate current and future use of this equipment in support of soybean research.
                           
            No equipment was purchased with funding from this project.
Ambient	PI518757	04034-3-1-2-4-1	PI594618B	PI587982A	LD00-3309	PI087630	PI437103	PI548298	U03-100612	PI567510A	S06-13640	PI438335	PI437317	PI548313	LG05-4317	PI438427	PI548288	PI437390	LG04-4717	CL0J095-4-6	PI567528B	PI235339	PI548632	IA 3023	LG05-4292	LD02-4485	PI437466	5M20-2-5-2	PI437367	CL0J173-6-8	4J105-3-4	PI 561370	LG04-6000	PI438357B	LG05-4464	LG97-7012 	PI088809	PI 518751	PI599811	PI507491	PI423899	PI548624	6.270711536261409	8.2375438596491222	8.5805166081893152	8.7395210727969346	9.01	9.0821396930865372	9.906899132127128	10.622229131537006	10.687479505879693	10.725476190476188	10.750002877113786	10.975572746825783	11.139556369556372	11.142290870893811	11.22412972085386	11.30971945367294	11.803419401948814	12.00346970492833	12.093301850947185	12.095532267081202	12.20438797173493	12.359568033013881	12.452721343123288	12.583900037160907	12.82913815271038	12.995227272727272	13.323042955005713	13.518305084745762	14.076011568469196	14.081888607468976	14.318442760942759	14.463179854902316	14.69240417943076	14.973915715855343	15.039177886576907	15.294104361529596	15.679348636693083	15.899001340571028	16.611178840930339	17.129416349847386	25.124756772806194	28.414094076655051	Heat Stress	PI518757	04034-3-1-2-4-1	PI594618B	PI587982A	LD00-3309	PI087630	PI437103	PI548298	U03-100612	PI567510A	S06-13640	PI438335	PI437317	PI548313	LG05-4317	PI438427	PI548288	PI437390	LG04-4717	CL0J095-4-6	PI567528B	PI235339	PI548632	IA 3023	LG05-4292	LD02-4485	PI437466	5M20-2-5-2	PI437367	CL0J173-6-8	4J105-3-4	PI 561370	LG04-6000	PI438357B	LG05-4464	LG97-7012 	PI088809	PI 518751	PI599811	PI507491	PI423899	PI548624	5.48	8.1300000000000008	7.9333333333333336	6.7966666666666669	11.216666666666667	8.3733333333333331	9.5833333333333339	11.11	11.665555555555557	10.66469135802469	14.435	11.196666666666667	11.666666666666666	8.19	13.386666666666665	12.145	12.143333333333333	8.2666666666666675	12.596666666666669	12.656666666666666	13.156666666666668	10.906666666666666	14.393333333333333	13.123333333333335	13.026666666666666	11.734144144144144	11.757096774193549	13.563333333333333	13.520845070422537	13.156666666666666	13.866666666666667	16.23030303030303	12.649999999999999	14	12.353333333333333	16.357407407407408	11.796890628397477	12.163333333333332	16.416666666666668	17.103333333333335	25.259968102073362	24.921720430107531	


Ambient	04034-3-1-2-4-1	PI407907A	PI518757	PI587982A	PI360841	PI507491	PI088809	PI417309A	PI464920A	PI437390	PI603384	8.2375438596491222	13.692965383474913	6.270711536261409	8.7395210727969346	15.329905119942714	17.129416349847386	15.679348636693083	23.428920340065854	21.438617893068123	12.00346970492833	20.378181014174352	Heat Stress	04034-3-1-2-4-1	PI407907A	PI518757	PI587982A	PI360841	PI507491	PI088809	PI417309A	PI464920A	PI437390	PI603384	8.1300000000000008	12.288780487804878	5.48	6.7966666666666704	14.27409090909091	17.103333333333335	11.796890628397477	13.65727564102564	14.087417840375588	8.2666666666666675	14.756877637130801	


Ambient	PI437390	PI423899	PI548313	PI594618B	PI437103	PI548624	PI464920A	PI547783	PI189969	PI603384	PI561292A	PI087540	PI404175	PI370055	PI088809	PI437367	PI438357B	PI360841	PI087630	PI235339	PI507062A	PI548288	PI417309A	PI567364	PI567528B	PI548298	PI599811	PI437466	PI437317	PI398694	PI548691	PI399077	PI555396	PI548632	PI567510A	PI507491	PI407907A	PI518757	PI438335	PI438427	04034-3-1-2-4-1	PI587982A	9	15.589743589743591	18.666666666666668	21.333333333333332	41.333333333333336	42.666666666666664	50	52.666666666666664	53.333333333333336	53.333333333333336	56	59.333333333333336	62.666666666666664	63.287037037037038	64.031007751937977	64.666666666666671	66.361823361823369	66.666666666666671	67.333333333333329	68	68.666666666666671	70	70.666666666666671	72.666666666666671	74.410256410256409	75.851851851851848	76.666666666666671	77.125	78.666666666666671	78.83660130718954	81.333333333333329	82	82	85.823129251700678	86	87	88	88	90	90.877551020408163	98.666666666666671	99.333333333333329	Heat Stress	PI437390	PI423899	PI548313	PI594618B	PI437103	PI548624	PI464920A	PI547783	PI189969	PI603384	PI561292A	PI087540	PI404175	PI370055	PI088809	PI437367	PI438357B	PI360841	PI087630	PI235339	PI507062A	PI548288	PI417309A	PI567364	PI567528B	PI548298	PI599811	PI437466	PI437317	PI398694	PI548691	PI399077	PI555396	PI548632	PI567510A	PI507491	PI407907A	PI518757	PI438335	PI438427	04034-3-1-2-4-1	PI587982A	32	19.508771929824562	57.256235827664405	22.666666666666668	57.130434782608695	28.888888888888889	45.333333333333336	49.333333333333336	27.111111111111111	50.222222222222221	41.254901960784316	43.794871794871796	76.666666666666671	43.333333333333336	76	50	46.333333333333336	65.333333333333329	44.130718954248358	59.72789115646259	49.806637806637809	21.111111111111111	63.692307692307701	52	60	54.666666666666664	37.333333333333336	67.699346405228752	50.264150943396224	32.861111111111114	58	70.166666666666671	64.769230769230774	47.333333333333336	49.111111111111107	66.666666666666671	65.333333333333329	79.888888888888886	35.694444444444443	54.372093023255815	79.757575757575751	85.333333333333329	


Ambient	PI399077	PI407907A	PI518757	04034-3-1-2-4-1	PI587982A	PI548288	PI599811	PI548691	PI438357B	PI438427	82	88	88	98.666666666666671	99.333333333333329	70	76.666666666666671	81.333333333333329	66.361823361823369	90.877551020408163	Heat Stress	PI399077	PI407907A	PI518757	04034-3-1-2-4-1	PI587982A	PI548288	PI599811	PI548691	PI438357B	PI438427	70.166666666666671	65.333333333333329	79.888888888888886	79.757575757575751	85.333333333333329	21.111111111111111	37.333333333333336	58	46.333333333333336	54.372093023255815	


Ambient 	PI437390	PI548313	PI437466	S06-13640	PI548624	PI437103	PI561370	PI189969	PI437317	PI599811	PI518757	PI438335	PI437367	Skylla	PI603384	PI518751	PI438357B	PI548288	PI087540	PI547783	PI561292A	PI548632	LG97-7012	PI398694	PI567364	PI567528B	PI235339	PI567510A	PI423899	PI594618B	PI370055	U03-100612	PI438427	PI507062A	LD02-4485	IA3023	PI464920A	4J105-3-4	LD00-3309	PI417309A	LG05-4317	PI507491	PI555396	PI088809	PI548691	PI548298	CL0J095-4-6	PI399077	PI087630	LG04-6000	04034-3-1-2-4-1	PI360841	CL0J173-6-8	PI407907A	PI404175	LG05-4292	LG04-4717	LG05-4464	5M20-2-5-2	PI587982A	0.81209566666666666	0.82677600000000007	0.85741200000000006	0.85920200000000002	0.86130233333333328	0.86160500000000007	0.86258999999999997	0.86604599999999987	0.86700499999999991	0.86906899999999998	0.86971733333333334	0.86991333333333332	0.87048966666666672	0.87075699999999989	0.87148233333333336	0.87399799999999994	0.87464533333333339	0.87472266666666665	0.8753793333333334	0.87575266666666662	0.87658266666666662	0.87727333333333346	0.87775933333333322	0.87781466666666663	0.87807000000000013	0.87848066666666658	0.87853400000000004	0.87878800000000001	0.87918966666666665	0.879216	0.87952599999999992	0.8800203333333334	0.88021533333333346	0.88043199999999999	0.8809840000000001	0.88106566666666664	0.88107599999999986	0.88160433333333332	0.8822000000000001	0.88338566666666674	0.8839096666666667	0.88420033333333325	0.88481733333333334	0.88506800000000008	0.88509966666666673	0.88636833333333342	0.88666866666666666	0.88669966666666655	0.88692800000000005	0.88731133333333334	0.88789566666666675	0.88805966666666658	0.8881096666666668	0.88816499999999998	0.88832200000000006	0.88878099999999993	0.88895533333333321	0.88901699999999995	0.89266266666666672	0.89406533333333338	Heat Stress	PI437390	PI548313	PI437466	S06-13640	PI548624	PI437103	PI561370	PI189969	PI437317	PI599811	PI518757	PI438335	PI437367	Skylla	PI603384	PI518751	PI438357B	PI548288	PI087540	PI547783	PI561292A	PI548632	LG97-7012	PI398694	PI567364	PI567528B	PI235339	PI567510A	PI423899	PI594618B	PI370055	U03-100612	PI438427	PI507062A	LD02-4485	IA3023	PI464920A	4J105-3-4	LD00-3309	PI417309A	LG05-4317	PI507491	PI555396	PI088809	PI548691	PI548298	CL0J095-4-6	PI399077	PI087630	LG04-6000	04034-3-1-2-4-1	PI360841	CL0J173-6-8	PI407907A	PI404175	LG05-4292	LG04-4717	LG05-4464	5M20-2-5-2	PI587982A	0.79935966666666669	0.80048583333333345	0.8551844999999999	0.81524383333333328	0.8118979999999999	0.82016316666666667	0.79609033333333334	0.84318316666666659	0.81001566666666669	0.82318916666666675	0.84129250000000011	0.8132204999999999	0.849522	0.82292233333333342	0.82088783333333337	0.82260066666666665	0.8186686666666666	0.84635883333333339	0.83344300000000004	0.83128583333333328	0.83418316666666659	0.83548299999999998	0.82935066666666668	0.86919333333333337	0.85109250000000003	0.86734933333333331	0.85555499999999995	0.84340350000000008	0.83789266666666684	0.83641816666666668	0.83595133333333338	0.83347533333333335	0.85309716666666668	0.84550049999999999	0.85806266666666664	0.82286933333333323	0.83646650000000011	0.85798016666666665	0.82457980000000008	0.84945216666666667	0.80843133333333317	0.83826650000000014	0.80917266666666665	0.83545133333333332	0.82233149999999988	0.82951500000000011	0.84555849999999999	0.88063483333333348	0.87976283333333327	0.85217633333333342	0.87733933333333347	0.88036383333333335	0.84958233333333333	0.88002883333333337	0.87816233333333338	0.83050850000000009	0.83538766666666664	0.85107050000000006	0.84022066666666673	0.88647650000000011	


Ambient 	04034-3-1-2-4-1	PI587982A	PI360841	PI407907A	PI437390	PI464920A	PI507491	PI518757	PI603384	PI088809	0.88789566666666675	0.89406533333333338	0.88805966666666702	0.88816499999999998	0.81209566666666666	0.88107599999999986	0.88420033333333325	0.86971733333333334	0.87148233333333336	0.88506800000000008	Heat Stress	04034-3-1-2-4-1	PI587982A	PI360841	PI407907A	PI437390	PI464920A	PI507491	PI518757	PI603384	PI088809	0.87733933333333347	0.88647650000000011	0.88036383333333335	0.88002883333333337	0.79935966666666669	0.83646650000000011	0.83826650000000014	0.84129250000000011	0.82088783333333337	0.83545133333333332	


Planting Date 1
PD1 Average	LG97-7012 	PI404188A	LG92-1255	LG03-2979	PI518751	DT97-4290	LG05-4292	Maverick	Prohio	4025-1-1-4-1-1	1.5	1.5	2.5	4	4.2321428571428577	31.5	32	32.5	37	38.347826086956523	

Planting Date 2
PD2 Average	LG98-1605 	PI404188A	LG90-2550  	NE3001	PI574486	4025-1-1-4-1-1	Prohio	LG03-3191	HS6-3976	LG05-4292	25	27	28.622448979591837	28.823529411764707	30.5	71	72	73.5	75	79.607843137254903	


Planting date 3 
PD3 Average	LG97-7012 	PI437169B	PI404188A	PI427136	LG90-2550  	LG03-3191	LG05-4292	LD02-9050	5M20-2-5-2	LD00-3309	24.666666666666668	30	34.5	36.895833333333329	37.5	79.429824561403507	82	82.367346938775512	82.5	88.428571428571431	

Across Planting dates
Overall Average 	LG94-1128 	LG97-7012 	PI404188A	PI437169B	LG90-2550  	5M20-2-5-2	Prohio	HS6-3976	LG03-3191	LG05-4292	19.8	20.222222222222221	21	23.09090909090909	25.040816326530614	56	57	57.101444086406495	57.976608187134502	64.535947712418306	
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