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Abstract
The objective of this research was to investigate effects of two proposed drought resistance mechanisms on transpiration rates and yield in soybeans.  The two traits of interest are leaflet orientation and root morphology. Soybeans differ in their leaflet orientation response to sunlight.  Some soybean genotypes angle their upper canopy leaves so as to avoid direct sunlight at mid-day.  Other genotypes remain relatively unchanged throughout the day and do not avoid direct sunlight. Soybeans also differ in their root morphology.  Most soybeans have a normal tap root of a dicotyledonous plant consisting of a main tap root with relatively few lateral roots.  A genotype identified and characterized by researchers at North Carolina (PI416.937), has roots that bear more resemblance to the fibrous root system of a monocotyledonous plant consisting of a smaller less distinct main root and a proliferation of lateral roots.  This trait is currently referred to as Prolific Rooting.   Population lines, near isogenic lines, and a recombinant inbred population were developed from a cross between two genotypes differing in these traits (USG 5601T x PI416.937).  Sap flow, transpiration rates, photosynthetic rates, leaf area, yield, biomass, leaf temperatures, hydraulic conductance, PAR light penetration, and gene expression patterns were measured using grafted plants, near isogenic lines, and population lines.  Leaflet orientation allows the leaves of the upper canopy to avoid direct sunlight and lower leaflet temperatures.  This orientation allows more sunlight into the lower canopy leaves which increases their photosynthetic and transpiration rates.  This tends to increase the yield of the plant but also increases the overall water usage.  Prolific rooting tends to lower the water usage of a soybean plant but also tends to lower yields. 
Preface

Inadequate moisture during flowering and seed-fill is a yield-limiting factor to soybean production throughout many soybean growing regions of the world.  Consequently, drought tolerance is a highly sought after trait in soybean varieties.  Drought tolerance is a complex response and is determined by the interaction of several gene traits in the plant.  Researchers at North Carolina State University (Pantalone et al. 1999; 1996) have demonstrated that a soybean plant introduction, PI 416.937, has a fibrous root system possessing tolerance to drought.  Research conducted at the University of Tennessee demonstrated that soybean varieties differ in their ability to orient leaflets during the course of the day (Wofford and Allen, 1982).  For some varieties, the leaf surface remains very flat relative to the position of the sun, even during the hottest part of the day.  Other varieties move their leaves during the course of the day such that the leaves have maximum exposure to the sun in the early and late parts of the day, but during mid-day the leaves are oriented such that the surface of the leaves has a minimum exposure to the sun.  In a study of the variety Essex (high leaflet orientation) and Dare (low leaflet orientation), the two varieties produced about equal yields; however Essex used about one-half the amount of water as Dare during the growing season (Paris, 1997).  

We propose to investigate the contribution of the leaflet orientation and fiberous rooting traits to the reduction in water use by soybean plants.  Preliminary screening of available germplasm will be completed and crosses made between parent lines, which will result in populations segregating for the two traits.  These populations will be advanced and near isogenic lines identified which are similar in all respects except the two traits of interest.  This will be accomplished through phenotyping and molecular genetic similarity evaluations.  Sets of near isogenic lines will be used as the basis for contrasting the effects of the two traits on water use characteristics.  Near isogenic lines will be evaluated via sap flow meters, leaf area indices, yield testing, leaflet temperatures, leaf angles, root volumes and photosynthetic rate measurements.  A microarray containing genes suspected to control the leaflet orientation trait will be investigated for ability to accurately identify the trait within a segregating population. 

This research will provide information which will allow increases in productivity and sustainability of soybeans in response to drought which impacts the crop on a global scale.  It will also provide basic knowledge, understanding, and characterization of two key physiological mechanisms and adaptation responses to drought stress by soybeans, leaflet orientation and root morphology.  This will allow breeding strategies to be developed and employed which will decrease the impact of drought stress and water availability.  The understanding and application of these mechanisms will enhance economic opportunities for agricultural producers through increased and stabilized yields in water scarce environments.  This in turn will enhance the supply of food and reduce the impact on the environment by decreased water consumption by the crop.

The objective of this research is to quantify the contribution of leaflet orientation and root morphology to water use reduction and photosynthetic efficiency in soybeans.  Additionally, we intend to show the efficacy of identifying the leaflet orientation trait among segregating lines within a population using microarray analysis.

Research into plant responses to water stress is becoming increasingly important, as most climate-change scenarios suggest an increase in arid land area in many regions of the world.  On a global basis, drought in conjunction with high temperatures and radiation constitutes the most important environmental factors limiting crop productivity.  Agriculture is a major consumer of water resources in many regions of the world.  As human population increases water will become a scarcer commodity.  A better understanding of drought tolerance in plants is vital for improved management practices and breeding strategies (Chaves et al 2003).

Inadequate moisture during flowering and seed-fill is a yield-limiting factor to soybean production throughout many soybean growing regions of the world.  Consequently, drought tolerance is a highly sought after trait in soybean varieties.  Drought tolerance is a complex response and is determined by the interaction of several gene traits in the plant.  Knowledge of these trait processes is essential for a holistic understanding of plant resistance to stress, which is needed to improve crop management and breeding techniques.  Many of the traits that are attributed to plant adaptation during drought such as phenology, root size and depth, and hydraulic conductivity are associated with plant development and structure and are constitutive rather than stress induced.  However, a large part of plant resistance to drought is the ability to dissipate or avoid excess radiation.  The nature of the mechanisms responsible for leaf photoprotection, especially those related to thermal dissipation and oxidative stress are of great interest.  Plants can also endure drought conditions by avoiding tissue dehydration, while maintaining tissue water potential and photosynthesis as high as possible.  Adaptive traits which condition dehydration avoidance include those which minimize water loss and maximize water uptake.  Water loss can be reduced by reducing light absorbance via steep leaf angles.  Water uptake can be maximized by increasing the rooting volume and/or depth (Chaves et al 2003).  Our proposal is to investigate the contribution of two proposed drought tolerance mechanisms as it affects water use in soybeans, both singly and in combination.  The two traits of interest are leaflet orientation and root morphology.  Leaflet orientation addresses the need to reduce water loss and root morphology addresses the ability to maximize water uptake.  In addition we intend to test the efficacy of using a DNA microarray chip to positively identify individual plant lines within a segregating population for the leaflet orientation trait.

Many species of plants are capable of leaf movements in response to external stimuli. Leaf movement in response to light, known as heliotropism, can be classified as either diaheliotropic (light seeking) or paraheliotropic (light avoiding).  Plants exhibiting diaheliotropism orient the plane of the leaf blade perpendicular to incident light rays, while plants exhibiting paraheliotropism orient the plane of the leaf blade parallel to incident light rays.  Soybean exhibits both diaheliotropic and paraheliotropic movements, with the degree of movement being dependent on genotypic response to various levels of environmental stimuli.

Discovering which environmental factors cause paraheliotropism is crucial to understanding the results of such action.  Kao and Forseth (1993) reported that paraheliotropic movements are affected by available nitrogen, air temperature, photosynthetic photon flux, and soil water potential.  They also found that leaf angles measured on leaves of drought stressed soybean plants were steeper relative to those of well-watered plants (Kao and Forseth 1992).  Paraheliotropism and diaheliotropism provide a means by which the plant can alter the arrangement of its leaves in order to gain maximum benefit from the environment.  Advantages of changing leaf angle and light absorbance include reduced leaf temperature and transpiration rate, and increased photosynthetic efficiency (Prichard and Forseth, 1988; Gamon and Pearcy, 1989). 

Paraheliotropism (light avoiding movement) has been observed in many plant species as a means of reducing moisture stress (Donahue and Berg, 1990; Meyer and Walker, 1981; Berg and Heuchelin, 1990; Ehleringer and Forseth, 1980; Berg and Hsiao, 1986; Forseth and Teramura, 1986; Wein and Wallace, 1973; Gamon and Pearcey, 1989; Shackel and Hall, 1979).  In soybean, this phenomenon may be a mechanism to reduce water loss while maintaining some level of productivity as reported by Meyer and Walker (1981).  Paraheliotropic leaf movements reduce transpirational water loss by lowering light interception of leaves, consequently improving water status and lowering leaf temperature.  Ehleringer and Forseth (1980) similarly reported that during drought stress, leaves minimize absorption of solar radiation, consequently reducing the heat load on the leaf by decreasing leaf temperature and transpiration rate.  This phenomenon, in conjunction with stomatal closure, reduces transpiration under conditions of low water and high incident light (Van Den Boogaard et al. 1997; Berg and Heuchelin, 1990).  Stevenson and Shaw (1971) reported that soybean leaf temperature was lower for leaves exhibiting paraheliotropism, and higher for leaves exhibiting diaheliotropism (light seeking movement).  Based on their data, they suggested that less leaf resistance to water vapor diffusion and lower leaf temperatures would occur in soybean canopies with upright leaves.  They further suggested that incorporating such attributes into a breeding program would be useful in developing soybean varieties with tolerance to moisture stress.  However, Costa and Ariyawansha (1997), and Huang (1997) caution that extensive testing should be carried out before selection since varieties may perform differently under differing levels of moisture stress.  Udayakumar et al. (1998) also stress the importance of considering the many physiological processes that affect water-use-efficiency, including such areas as stomatal conductance and paraheliotropic leaf movements.  Forseth and Teramura (1986) reported that paraheliotropism in kudzu leaves reduced leaf irradiance at midday by one-half, leaf temperatures by 5-6ºC, and transpiration loss by 18-26% when compared to fixed, horizontal leaves.  They speculated that this improved the water use efficiency and helped to avoid thermal and photo inhibitor damage to the photosynthetic apparatus.  Ehleringer and Comstock (1987) reported that leaf angle and leaf absorbance are two important components linking a leaf and its environment by affecting both the amount of solar radiation incident on a leaf and the amount of incident light actually absorbed by the leaf. 

Research conducted at the University of Tennessee demonstrated that soybean varieties differ in their ability to orient leaflets during the course of the day (Wofford and Allen, 1982).  For some varieties, the leaf surface remains very flat relative to the position of the sun, even during the hottest part of the day (figure 1).  Other varieties move their leaves during the course of the day such that the leaves have maximum exposure to the sun in the early and late parts of the day, but during mid-day the leaves are oriented such that the surface of the leaves has a minimum exposure to the sun.  In a study of the variety Essex (high leaflet orientation) and Dare (low leaflet orientation), the two varieties produced about equal yields; however Essex used about one-half the amount of water as Dare during the growing season (Paris, 1997). 

The structure that facilitates heliotropism in soybean is the pulvinus.  Schwartz and Koller (1978) found that the leaves of Lavatera certica moved in conjunction with K uptake and release.  They theorized that under high light levels, the pulvini turgor increases when K uptake is activated.  Reduced light levels cause pulvini turgor to decrease by deactivating K uptake with a consequential leakage of K from the pulvini. Wofford and Allen (1982) found that K concentration in soybean pulvini was significantly higher when leaves were exhibiting photonastic movement than during non-orientation.  They surmised that K concentration in the pulvinus may have a role in regulating the leaf orientation movements, perhaps by inducing changes in turgor pressure.   Oosterhuis et al. (1985), in their study of soybean leaflet movements, also concluded that soybean leaflet movement is possibly controlled by osmotic and pressure potentials, and K concentration changes across the pulvinus membrane. Schwartz et al. (1987) found that the perception of photonastic excitation in Melilotus indicus (Fabaceae) was located in the pulvinus.  In order to begin active transport of K, the pulvinus must receive external light stimulation, and although the entire pulvinus is sensitive to light, the abaxial surface is more sensitive than the adaxial surface.  Donahue and Berg (1990) found that the pulvinus was also the structure responsible for leaflet movement in soybean, and is sensitive to only blue light. Soybean homologues of genes have been found to control light regulated leaf movements in another legume species Samanea saman (Moshelion et al 2002).  These genes are thought to control the action of K+ proton pumps in the pulvini.  These proton pumps may be triggered by blue and red light intensities as Okazaki (2002) found to be the case in Phaseolus vulgaris.  

The efficiency at which solar radiation is transformed into biomass and the amount of radiation available are among the most important of the numerous factors affecting crop yield (Russell et al., 1989).  However, light over-saturation of photosynthesis leads to a decline in radiation-conversion efficiency.  For instance, in rice, this was estimated to be approximately 17% (Murata and Matsushima, 1975), depending on variety and growing conditions (Murchie et al., 1999).  There are many different factors influencing leaf photosynthesis rates in response to light levels.  These include elevated leaf temperatures that accompany high irradiance causing metabolic imbalances (Pastenes and Horton, 1996), deleterious effects on thylakoid function (Pastenes and Horton, 1996), enhanced photoinhibition (Fuse et al., 1993), and enhanced photorespiration (Leegood and Edwards, 1996).  Additionally, leaf angle has been identified as influencing the degree of light saturation of upper leaves (Yoshida, 1981).  In Oberabauer and Noudali (1998) study, diffuse light proved to be relatively consistent with increasing leaf angle of Monstera shingle plants that are low light specialists.  Sensor measurements supported the hypothesis that vertical orientation of shingle leaves reduces the light interception relative to horizontal leaves.

In work with soybean, Lugg and Sinclair (1981) reported that as leaf area increased, an increase in photosynthetic rate per unit leaf area was also observed.  In addition, they found that horizontal upper leaflets of the canopy maintained a higher net photosynthetic rate per unit leaf area than did the lower leaflets due to the upper leaflets being in the primary light reception position.  Kawashima (1969) found that leaflets exhibiting paraheliotropism in the upper canopy allowed light to penetrate more deeply into the canopy, increasing photosynthetic output of the lower leaves, thus allowing total photosynthetic efficiency of the plant to be improved.  Similarly, Wein and Wallace (1973) found that upper leaves of Phaseolus vulgaris exhibited paraheliotropism, allowing light from above to penetrate more deeply into the canopy, while lower leaves exhibited diaheliotropism in response to incoming light from the side of the canopy.  Kao and Tsai (1998) studied leaf movements in three soybean species and found that paraheliotropism seemed to enhance water use efficiency and decrease the risk of photoinhibition in plants under water stress.  Grant (1999) found that soybean plants that exhibit paraheliotropism are able to reduce damage to photosystem II due to UV-B irradiation in contrast to plants that do not orient leaflets.  This may lead to an increase in total photosynthates and yields.  Ikeda and Matsuda (2002) studied photosynthetic efficiency differences in soybean leaves which were restrained from orienting verses naturally orienting.  Their resulted indicated that experiment leaflet movements are an adaptation to optimize net leaflet assimilation.

The role of leaflet orientation in water conservation of several desert plants has been studied in some detail.  The primary interest in this topic has stemmed from the ability of these plants to survive in an extremely moisture-limited environment.  For instance, shrubs and succulents in the southwestern United States were studied by comparing solar tracking or “heliotropism” of leaves.  One study in particular investigated three types of annual plant communities with short growing seasons of differing length indicated that the frequency of solar tracking increased as the length of the growing season decreased.  Solar tracking was found to be widespread among desert plants and not specific to type of photosynthetic pathway (C3 or C4) (Ehleringer and Forseth, 1980).  Solar tracking of leaves is thought to give plants an advantage over non-solar tracking plants by increasing the amount of light energy that reaches the surface of leaves.  Unfortunately increased exposure to solar energy increases the leaf surface temperature and thus increasing water loss (Gates, 1962; Forseth and Ehleringer, 1980).  Leaves of a plant can either be oriented perpendicular (diaheliotropism) or parallel to the sun.  Orienting leaves perpendicular to the sun can be beneficial for a plant by increasing incident PFD and leaf temperature.  In constrast, orienting leaves parallel to the sun can decrease the leaf temperature and transpiration rate therefore allowing the plant to be well adapted to drought conditions (Ehleringer and Forseth, 1980).  Plants such as Lavatera cretica employ solar tracking during the day and reorient leaf laminas back towards the east in preparation for the proceeding day (Schwartz and Koller, 1986).  Studies performed by Gamon and Pearcy (1989) explored how leaf movement of Vitis californica can maximize carbon gain over the life of the plant.  It was proposed that leaf movement allows a comprise between light interception and stress damage (Gamon and Pearcy, 1989).”  Implemented techniques, such as gas exchange and chlorophyll fluorescence, provided evidence of increased radiation tolerance when leaves were restricted to horizontal positions. Tolerance was only observed when dangerous temperatures were not reached.  In comparison, photosynthetic processes did not seem to be effected by high PFD (proton flux density) or low water potential.  When leaves were allowed to move freely, PFD levels were lower in comparison to light-saturating levels.  Lowering of PFD levels to below the level measured in this experiment is presumed to lower CO2 uptake.  These observations support the initial hypothesis that a leaf compromises light interception to avoid stress damage in order to increase the amount of fixed carbon over the lifespan of the leaf.  Leaf movement therefore appears to be an adaptation to protect leaves and their photosynthetic components during midsummer.

Although not grown in as harsh an environment as desert plant, there is evidence that soybean leaflet orientation also affects leaf temperature and water conservation.  This trait therefore may allow soybean to be grown more efficiently in areas of limited water resources.  Isoda and Wang (2002) studied leaf temperature and transpiration rates of cotton verses soybeans and found that soybeans were able to reduce leaf temperatures and transpiration rates.  This was attributed to the soybean cultivars ability orient its leaves in a paraheliotropic manner.  In a study involving restrained and unrestrained soybean leaflets, Isoda et al (1994) found that the paraheliotropic movements of soybean leaflets seemed to regulate leaf temperature.  Similarly, Marler and Lawton (1995) found that when Averrhoa carambola (Star Fruit) tree leaves were restrained from heliotropic movement, the effect was an increase in leaf temperature and a decrease in photochemical efficiency when compared to leaves allowed to move naturally. 

Development of breeding lines that have superior root systems may be an effective way to stabilize soybean yields in drought-prone regions.  A more expansive root system may allow soybean plants to access more soil area and thus more soil moisture.  This would increase the ability of soybean plants to uptake water in drought stressed environments.  Researchers at North Carolina State University (Sloane et al 1990; Hudak and Patterson 1995; Pantalone et al. 1999; 1996) have demonstrated that a soybean plant introduction, PI 416.937, has a fibrous root system possessing tolerance to drought (Figure 2).  It is thought that the increased root volume allows for increased exploitation of soil moisture and subsequent “slow wilting” phenotype of the line (Chipman et al 2001).  Additionally the root system seems to have an increased capacity for symbiotic nitrogen fixing nodules.  This may allow the plant to maintain longer under periods of drought stress (Pantalone et al 1996).  Heritability estimates of the trait were estimated to be .24 to .39 by the Pantalone et al study (1996).  This is a relatively high rate for a qualitative trait and indicates the trait can be successfully utilized in breeding programs to improve germplasm.  A technique for evaluation and selection of the fibrous rooting trait was employed successfully and described in Pantalone et al (1996).  Researchers used a peanut inverter and a visual scoring system in order to expose the root systems and rate soybean lines.  We plan to use this technique to identify root traits in our populations once they are developed.  We will also attempt to develop a hydroponic screening system to compare and identify the trait similar in concept to the screening process utilizes by Mian et al (1993) in wheat. 
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Part I

Leaflet Orientation and Root Morphology Trait Combination Effects on Water Use Characteristics in Soybeans via Reciprocal Grafts 
Abstract
The objective of this study was to evaluate the combinations of leaflet orientation and root morphology traits in soybean on water use characteristics.  Three soybean varieties were chosen: USG 5601T, PI 416.937 and Williams 82 which differ in leaflet orientation and root morphology.  Non-grafted plants of each variety, self grafts and reciprocal combinations of scion and rootstocks were made among the three varieties.  Water use of each plant was measured on several successive days via a Dynamax Flow 32 Sap Flow Monitor™ when the plants were in the R5 stage of growth.  USG 5601T (high leaflet orientation, normal root morphology) improved water use efficiency when used as a scion across the different rootstocks.  The low leaflet orienting, fibrous root accession, PI 416.937 decreased water use efficiency when used as a scion across rootstocks, to produce the same seed yield.  The intermediate leaflet orienting line, Williams 82 increased water use efficiency when grafted on the PI 416.938 rootstock but decreased water use efficiency when used as a scion on the USG 5601T rootstock.  This study provides further evidence of the role of leaflet orientation in water use efficiency and a possible drought tolerance trait in soybeans.  The high leaflet orientation phenotype had equal water use efficiencies when grafted onto the fibrous or the normal rootstocks.  There was abundant soil moisture through the 2003 growing season in Knoxville.  It is not known whether the fibrous root trait would have been beneficial during a moisture stress season. 

CHAPTER I

Introduction

In most years, inadequate moisture during flowering and seed-fill is a yield-limiting factor to soybean production throughout many soybean growing regions of the world.  Because of this fact, drought tolerance is a highly sought after trait in soybean varieties.  However, drought tolerance is a complex response and is determined by the interaction of several traits (and genes) in the plant.  Researchers at North Carolina State University (Pantalone et al. 1999; 1996) have demonstrated that a soybean plant introduction, PI 416.937, has a fibrous root system and possesses some tolerance to drought and Al toxicity. Research conducted at the University of Tennessee has demonstrated that soybean varieties differ in their ability to orient their leaves during the course of the day (Wofford and Allen, 1982).  For some varieties, the leaf surface remains very flat relative to the position of the sun, even during the hottest part of the day.  Other varieties move their leaves during the course of the day such that the leaves have maximum exposure to the sun in the early and late parts of the day, but during mid-day the leaves are oriented such that the surface of the leaves has a minimum exposure to the sun.  In a study of the variety Essex (high leaflet orientation) and Dare (low leaflet orientation), the two varieties produced about equal yields; however Essex used about one-half the amount of water as Dare during the growing season (Paris, 1997).  We speculate that leaflet orientation might be a trait that contributes to drought tolerance.  
CHAPTER II

Materials and Methods

An experiment was conducted at Knoxville, TN USA (35.96 lat., 83.91 long.) during the 2003 growing season using grafted plants to evaluate various combinations of leaflet orientation and root morphology traits on water use characteristics. Three soybean varieties were chosen for this study: USG 5601T, PI 416.937, and Williams 82.  USG 5601T is a high yielding, maturity group 5, determinate cultivar that has high leaflet orientation and normal root morphology.  PI 416.937 is a maturity group 6, determinate accession that has low leaflet orientation and fibrous roots.  Williams 82 is an older, maturity group 3, indeterminate cultivar that has intermediate leaflet orientation and normal root morphology.  Self grafts as well as all possible combinations of scion and rootstocks were made among the three varieties.  Non-grafted plants of each variety were also included in the study for a total of 12 treatments.  Water use of each plant was measured on several successive days via a Dynamax Flow 32 Sap Flow instrument when the plants were in the active pod filling stage of growth (R5).  Leaflet orientation notes, plant height, plant yield, and sap flow rates were recorded in four replications.  Because of missing data due to sensor malfunctions on some dates of measurements, we chose to use the complete, representative data set on 15 August 2003 only for presentation in this paper. 

CHAPTER III

Results and Discussion


Comparing the rates and efficiencies of the non-grafted and self grafted plants, it is evident that the grafting per se reduced the sap flow rates (Figure 1 and Table 1).  This was expected and was the reason the self grafted plants were part of this study.  The self grafted plants were therefore used as the basis for comparisons of different scions effects on water use efficiency.  There were differences in the start, peak, and ending times of sap flow for the different scion / rootstock combinations (Table 1 and Figure 1).  USG 5601T started sap flow earlier, peaked later and ended at the same time when compared to the other two varieties.  R square values for the peak flow, total flow and water use efficiency analyses were 0.91, 0.95, and 0.95, respectively.  Average peak sap flow rates and total accumulated flow for USG 5601T and Williams 82 were very similar while the PI 416.937 had a significantly higher peak flow rate and total accumulated sap flow.  As expected the USG 5601T had the highest seed yield, while the older variety (Williams 82) yielded less, and the plant introduction (PI 416.937) was lowest in seed yield.  The high leaflet orienting line USG 5601T had the highest water use efficiency measurement of 10.5g of water in a 24 h period to produce one gram of seed.  This is compared to 19.3g for PI 916.937 and 13.4g for Williams 82.  PI 416.937 used nearly twice as much water to produce the same amount of seed as the high leaflet orienting line USG 5601T (Table 2).  The PI 416.937 self grafted plants had a water use efficiency of 11.4g (Table 3).  When the high leaflet orientation line USG 5601T was used for a scion on that rootstock it used 3.8g less water per day to produce the same amount of seed.  Similarly when the intermediate leaflet orientation line Williams 82 was used as the scion it used 3.6g less water per day per gram of seed yield.  This demonstrates that when a higher leaflet orienting line was used for the scion the overall effect was an improved water use efficiency. The USG 5601T self grafted plants had a water use efficiency of 11.7g.  When the low leaflet orienting line PI 416.937 was used as a scion on the USG 5601T rootstock it used 1.6g more water per day to produce the same seed yield.  The Williams 82 self grafted plants had an intermediate leaflet orientation and a water use efficiency of 11.5g.  When USG 5601T was used as the scion on the Williams 82 rootstock the plant used 3.9g less water per day to produce the same amount of seed.  When PI 416.937 was used as the scion the plant used 20.4g more water per day to produce the same yield. 

CHAPTER IV

Conclusions


We demonstrate in this study the differences in sap flow characteristics of lines with differing leaflet orientation and root morphology traits.  The line used in this study with a high leaflet orientation, USG 5601T increased water use efficiency when used as a scion across the different rootstocks.  The low leaflet orienting line PI 416.937 decreased water use efficiency when used as a scion across rootstocks.  This increased the amount of water extracted from the soil to produce the same seed yield.  The intermediate leaflet orienting line Williams 82 increased water use efficiency when grafted on PI416.937 (low leaflet orienting phenotype) rootstock but decreased the water use efficiency when used as a scion on USG 5601T (high leaflet orienting phenotype) rootstock.  This study provides further evidence of the role of leaflet orientation in water use efficiency and a possible drought tolerance trait in soybeans.  The high leaflet orientation phenotype had equal water use efficiencies when grafted onto the fibrous or the normal rootstocks (Table 3).  There was abundant soil moisture through the 2003 growing season in Knoxville.  It is not known whether the fibrous root trait would have been beneficial during a moisture stress season.  A population of isogenic lines is being developed from a cross of USG 5601T x PI416.937. 
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APPENDIX

Part I
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Fig.1.1. Sap Flow measurements over a 24 hour period for reciprocal grafts among three soybean varieties. 

Table 1.1. Leaflet orientation and root morphology effects on water use† characteristics in three soybean varieties via scion / rootstock graft combinations.
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Table 1.2. Characteristics of water use† of three soybean varieties differing in leaflet orientation and root morphology averaged across rootstocks. 
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Table 1.3. Effects of scion on water use† characteristics when grafted onto different rootstocks.
[image: image4.wmf]Leaflet orientation /

Scion leaflet

Average

Average

Water use

Scion effect on

Variety grafting treatment

root stock

orientation

peak flow

total flow

efficiency

water use §

(scion / rootstock)

(type)

(score)‡

(g / h)

(g / 24 h)

(g H

2

O / 24h / g seed yield)

(g H

2

O / 24h / g seed yield)

PI 416.937 rootstock

PI 416.937 (non grafted)

Low / Fibrous

4.5

113.8

573.8

20.5

-

PI 416.937 / PI 416.937

Low / Fibrous

4.5

57.3

406.9

11.4

-

USG 5601T / PI 416.937

High / Fibrous

1.5

19.7

302.1

7.6

-3.8

Williams 82 / PI 416.937

Intermediate / Fibrous

2.5

33.1

252.7

7.8

-3.6

USG 5601T rootstock

USG 5601T (non grafted)

High / Normal

1.5

119.1

756.8

15.1

-

USG 5601T / USG 5601T

High / Normal

1.5

85.1

546.7

11.7

-

PI 416.937 / USG 5601T

Low / Normal

4.5

41.4

330.7

13.3

1.6

Williams 82 / USG 5601T

Intermediate / Normal

2.5

164.9

797.3

23.9

12.1

Williams 82 rootstock

Williams 82 (non grafted)

Intermediate / Normal

2.5

49.7

357.0

10.3

-

Williams 82 / Williams 82

Intermediate / Normal

3.0

47.6

361.0

11.5

-

USG 5601T / Williams 82

High / Normal

1.5

38.1

318.1

7.6

-3.9

PI 416.937 / Williams 82

Low / Normal

4.5

186.1

1125.9

31.9

20.4

† measurements taken on two plants per treatment at R5 growth stage with Dynamax Flow 32 Sap Flow Monitoring System ™ on 15 Aug. 2003

‡  = 1 to 5; 1 = leaflets ~ 90º angle to the horizontal plane; 2.5 =  leaflets ~ 45º angle to the horizontal plane; 5 = leaflets horizontal

§ = (water use efficiency of grafted plant) - (water use efficiency of self grafted); negative numbers indicates less water usage



Part II

Effects of Soybean Leaflet Orientation and Root Morphology Traits on Water Use Characteristics and Yield among Population Lines and Near Isogenic Lines
Abstract

The objective of this study was to evaluate effects of leaflet orientation and root morphology on water use characteristics in soybeans. Ten F7 near-isogenic line sets were developed from the population USG 5601T x PI 416.937. USG 5601T is a high yielding, maturity group 5, determinate cultivar that has high leaflet orientation and normal tap root morphology.  PI 416.937 is a maturity group 6, determinate accession that has low leaflet orientation and prolific rooting.  Water use of four plants for each line was measured with the Dynamax Flow 32 Sap Flow instrument when the plants were in the active pod filling stage of growth (R4,R5,R6) for a 24 hour period. Leaflet orientation, yield, agronomic characteristics, leaf area, and biomass were recorded in four replications. Differences in the root morphology allowed characterization of three distinct root classes (Prolific, Intermediate, and Normal). Phenotypic data collected confirmed the genetic similarity of each near-isogenic pair. High leaflet orientation plants tended to transpire more water in a 24 hour period and use more water per unit yield relative to lower leaflet orientation plants. This trend was indicated within and across the near-isogenic sets. These effects were not significant (p=0.17 and 0.08, respectively) but appeared to be a definite trend in this data set. The dry weight biomass of prolific rooted plants was significantly greater than normal rooted plants. Prolific rooted plants had significantly lower transpiration rates than the other two root classes. Although not significant (p=0.15), prolific rooted plants also tended to have better water use efficiencies, using less water per unit seed yield. Among the population lines, leaflet orientation score was significantly and negatively correlated to yield (-0.11).  The higher leaflet orientation resulting in higher yield.  Rooting score was significantly and negatively correlated with yield (-0.14).  The more prolific the root morphology resulting in lower yield.  The data from this study indicated a trend that lower leaflet leaflet orientation and prolific rooting morphology may result in lower transpiration rates and increased water use efficiencies while lowering yield. 
Chapter I

Introduction

Inadequate moisture during flowering and seed-fill is a yield-limiting factor to soybean production throughout many soybean growing regions of the world.  Drought tolerance is therefore a highly desired trait in soybean varieties.  However, drought tolerance is a complex response and is determined by the interaction of several traits (and genes) in the plant.  Researchers at North Carolina State University (Pantalone et al. 1999; 1996) have demonstrated that a soybean plant introduction, PI 416.937, has a prolific root system which possesses tolerance to drought and increases biomass (Fig. 1).  Research conducted at the University of Tennessee has demonstrated that soybean varieties differ in their ability to orient their leaves during the course of the day (Wofford and Allen, 1982).  For some varieties, the leaf surface remains very flat relative to the position of the sun, even during the hottest part of the day (low leaflet orientation).  Other varieties move their leaves during the course of the day such that the leaves have maximum exposure to the sun in the early and late parts of the day, but during mid-day the leaves are oriented such that the surface of the leaves has reduced exposure to direct sunlight (high leaflet orientation) (Fig. 2).  In a study of the variety Essex (high leaflet orientation) and Dare (low leaflet orientation), the two varieties produced about equal yields; however Essex had cooler leaves and used about one-half the amount of water as Dare during the growing season (Paris, 1997). A later study using reciprocally grafted soybeans indicated that plants with high leaflet orientation may have higher water use efficiencies for seed yield (Johnson et al., 2004).  The study also indicated a trend that plants with prolific roots may transpire less water.  It was unclear whether the water use characteristics detected were due to differences in morphology or other genetic effects of the psion and rootstock lines.  Other researches have found that leaflet orientation lowers the leaflet temperatures, may lower transpiration rates, increases light penetration into the lower canopy allowing the plant to maintain a higher overall photosynthetic rate and may increase yield (Paris 1997, Kao et al 1998, Reynolds et al 2000). In order to reduce differences due to genetic factors other than leaflet and root morphology, near-isogenic line pairs were used in this study to evaluate these trait effects on water use characteristics in soybeans . 
Chapter II

Materials and Methods

This experiment was conducted at Knoxville, TN USA (35.96 lat., 83.91 long.) during the 2006 growing season using ten F7 near-isogenic line pairs differing in leaflet orientation.  The near-isogenic pairs were developed from the population USG 5601T x PI 416.937 and were isolated in the F4 generation from lines advanced by single seed decent.  The 54 population lines were isolated in the F6 generation from lines advanced by single seed decent.  They were selected for this study based on their leaflet orientation and root phenotype.  Water use of four plants for each line was measured with the Dynamax Flow 32 Sap Flow instrument when the plants were in the active pod filling stage of growth (R4,R5,R6) for a 24 hour period.  Leaflet orientation notes, plant height, plant yield, leaf area, and biomass were recorded in four replications.  Root morphology scores were obtained visually using an inverter blade to expose the root systems of hill plots planted in three replications.  The lines in this study are not near-isogenic for root morphology.  However, there were differences in the root morphology which allowed characterization of three distinct classes (Prolific, Intermediate, and Normal).  The measurements for different near-isogenic pairs were made on different days due to maturity differences and instrument limitations.  Therefore inferences were made across the near-isogenic pairs and root classes in order to minimize environmental effects. Analysis of isogenic lines and population lines performed using SAS (Statistical Analysis System) general linear model analysis.
Chapter III

Results and Discussion
Observation and phenotypic data collected confirmed the genetic similarity of each near-isogenic pair.  The near-isogenic sets characterized as High or Low leaflet orientation were confirmed to be statistically different for leaflet orientation scores.  High leaflet orientation plants tended to transpire more water in a 24 hour period relative to lower leaflet orientation plants.  This trend was indicated within and across the near-isogenic sets.  This effect was not signfigicant (p=0.17) but appears to be a definite trend in this data set and is similar to data from the 2004 Johnson et al. study (Tables 1,2, Fig. 3).  There were no significant differences between near-isogenic lines for seed yield.  Therefore high leaflet lines tended to use more water per unit yield than lower leaflet orientation lines.  This effect was not quite significant (p=0.08) but appears to be a definite trend within and between near-isogenic sets (Tables 1,2, Fig 4).  This differs from the 2004 Johnson et al. study which may have been confounded by the superior yield of the high leaflet orientation line used in the grafting experiment.  The three non-isogenic root morphology classes were confirmed to be significantly different in rooting score.  Prolific rooted plants in this set were significantly later in maturity that the normal tap rooted or moderately prolific rooted classes.  The dry weight of prolific rooted plants were significantly greater than normal rooted plants.  This increased biomass accumulation by prolific rooted plants is supported by previous findings of Pantalone et al., 1999.  Prolific rooted plants had significantly lower transpiration rates than the other two root classes.  This finding is supported by the previous grafting experiments of Johnson et al. 2004.  Prolific rooted plants also tended to have better water use efficiencies as they used less water per unit  seed yield.  This effect was not significant (p=0.15) but appeared to be a trend across the root classes (Table 3, Fig. 5).  Among the population lines, leaflet orientation score was significantly and negatively correlated to yield.  The higher leaflet orientation resulting in higher yield. These results are similar to those found by Reynolds et al 2000 in wheat and Stewart et al 2003 in maize.  Rooting score was significantly and negatively correlated with yield.  The more prolific the root morphology resulting in lower yield.  These were similar to results found by Pantalone et al 1996.
Chapter IV

Conclusions

The initial hypothesis of this study was that plants that orient their leaves to avoid direct sunlight and lower leaf temperature may also lower transpiration rates.  The near-isogenic leaflet orientation sets and population lines in this study indicated a trend that higher leaflet orientation morphology may result in higher transpiration rates than lower leaflet orientation.  This could be due to higher leaflet morphology allowing more light into the lower canopy which could increase temperatures of otherwise shaded leaves.  The increased light may be inducing stomates of the lower canopy leaves to open more relative to shaded leaves in a lower leaflet oriented line. The more open canopy of the high orientation lines may also allow more air flow and decreased humidity which would also tend to increase transpiration rates.  It is important to note that most commercial lines, which have been extensively selected for high yield, appear to have high leaflet orientation morphology.  This trait could be allowing the plant to carry on increased photosynthesis rates contributing to higher yield as has been documented in other crops (Stewart et al., 2003).  The near-isogenic sets in this study are too narrow in orientation scores to make correlation inferences about the effects of leaflet morphology on yield.  The prolific rooted morphology plants in this study showed trends of lower transpiration rates and better water use efficiencies as well as increased biomass.  This effect may be somewhat confounded as the prolific rooted plants were significantly later in maturity.  In order to further address the effects of leaflet orientation and root morphology on water use and yield in soybeans we have collected data from larger population sets over two years.  The data from those studies will allow grouping and correlation analysis which may better illuminate the effect of these traits. 
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APPENDIX

Part II

Table 2.1. Water use characteristics and phenotypic data of F7 near-isogenic soybean lines differing in leaflet orientation. 
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Transpriation sap flow measurement date varied from 8/20/06 for set 1 to 9/27/06 for set 10.


Table 2.2. Water use characteristics and phenotypic data of F7 near-isogenic soybean lines averaged across leaflet orientation classes.
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Table 2.3. Water use characteristics and phenotypic data of F7 near-isogenic soybean lines averaged across root morphology classes. [image: image7.wmf]Root
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Table 2.4. Correlations between leaflet orientation, root morphology and yield of 54 F6:8 soybean lines across locations in 2006.
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Fig. 2.1. Differences in leaflet orientation at different times of day.
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Fig 2.2. Differences in parental root morphology. 
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Fig 2.3. Visual rating scale used in scoring root morphology. 
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Fig. 2.4. Transpiration sap flow differences of 10 near-isogenic line sets. 
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Fig 2.5. Water use efficency of high verses low leaflet orientation plant canopy types averaged across near-isogenic line sets. 
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Fig 6. Water use efficiency of normal, intermediate, and prolific rooted plant types averaged across near isogenic line sets. 

Part III

Effects of Forced and Natural Leaflet Orientation on Transpiration Rates and other Physiological Traits in Soybeans.
Abstract 
The objective of this study was to evaluate the effects of natural and artificially imposed leaflet orientation on transpiration rates and other physiological traits in soybeans.  The soybean variety USG 5601T was chosen for this study due to its ability to strongly orient its leaves during the day in response to sunlight.  Twenty-four plants were subjected to two treatments during the 2007 and 2008 growing season in Knoxville, TN.  One treatment set was restrained with netting in order to gently force the orientation of the outer canopy leaves to assume the phenotype of a plant which does not orient its leaves.  The other treatment was unrestrained and allowed to orient its leaves as normal.  Whole plant transpiration rates of 24 plants for each treatment were measured for a 24 hour period with the Dynamax Flow 32 Sap Flow instrument when the plants were in the R5 growth stage of active pod filling.  Photosynthetically Active Radiation (PAR) measurements above and mid-canopy were taken with a Decagon Sunflec Ceptometer.  Leaflet temperatures were measured with a Raytek Infrared Thermometer.  Supporting data using the soybean varieties USG 5601T (high orientation) and PI416937 (low orientation) were collected in 2006.  Leaflet transpiration, stomatal conductance, PAR, and photosynthesis and were obtained with the Dynamax LCi Photosynthesis meter.  The unrestrained plants, which oriented their leaves, used an average of 24 grams of water more per day than the restrained plants which were not allowed to orient their leaves.  Although this effect was not significant (p=0.53) it is consistent with previous findings that soybean plants with a high degree of leaflet orientation transpire more water than plants with lower degrees of leaflet orientation (Johnson et al., 2004, Johnson et al., 2006, Johnson et al., 2009).  This trend has been indicated with grafting, near-isogenic, and population line studies. High leaflet orientation allows upper canopy leaflets to maintain an average 4.5°C lower temperature due to their reduced sunlight exposure.  This may result in a lower transpiration rate for those upper canopy leaflets.  However, soybean plants with high leaflet orientation allow more sunlight into the lower canopy which results in higher rates of transpiration, stomatal conductance, and photosynthesis for those leaves relative to plants with lower leaflet orientation.  The overall effect appears to be that soybean plants with higher leaflet orientation tend to have higher overall rates of transpiration, photosynthesis, and yield.
Chapter II

Introduction
Inadequate moisture during flowering and seed-fill is a yield-limiting factor to soybean production throughout most soybean growing regions of the world.  Drought tolerance is therefore a highly desired trait in soybean varieties.  However, drought tolerance is a complex response and is determined by the interaction of several traits (and genes) in the plant with the environment.  Research conducted at the University of Tennessee has demonstrated that soybean varieties differ in their ability to orient their leaves during the course of the day (Wofford and Allen, 1982).  For some varieties, the leaf surface remains very flat relative to the position of the sun, even during the hottest part of the day (low leaflet orientation).  Other varieties move their leaves during the course of the day such that the leaves have maximum exposure to the sun in the early and late parts of the day, but during mid-day the leaves are oriented such that the surface of the leaves has reduced exposure to direct sunlight (high leaflet orientation) (Fig. 1). In a study of the variety Essex (high leaflet orientation) and Dare (low leaflet orientation), the two varieties produced about equal yields; however Essex had cooler leaves and used about one-half the amount of water as Dare during the growing season (Paris, 1997). Later studies using reciprocally grafted soybeans, near-isogenic lines and population lines indicated that plants with high leaflet orientation may have higher transpiration rates, water use efficiencies, and seed yield (Johnson et al., 2004, Johnson et al., 2006, Johnson et al., 2009).  In order to reduce differences due to genetic factors other than leaflet morphology, a single, highly homozygous, variety with high leaflet orientation (USG 5601T) was used in this study to evaluate the effect of leaflet orientation on whole plant transpiration .  
Chapter II

Materials and Methods

This experiment was conducted at Knoxville, TN USA (35.96 lat., 83.91 long.) during the 2007 and 2008 growing seasons using two bordered rows of the high leaflet orienting soybean variety USG 5601T.  One row was restrained with netting in such a way as to gently force the orientation of the outer canopy leaves to assume the phenotype of a plant which does not orient its leaves (Isoda et al, 1994).  The other row was also covered with the same netting however, the netting was suspended so it did not restrain the leaflets (Fig. 2).  Twelve plants on each row were measured for a 24 hour period using the Dynamax Sap Flow32 system in order to obtain whole plant transpiration rates.  Measurements were taken when the plants were in the active pod filling stage of growth (R5).  Additional measurements were taken immediately afterwards by switching the netting treatment from one row set to the other, for a total of 24 observations of each treatment, each year.  PAR measurements above and mid-canopy were taken with a Decagon Sunflec Ceptometer.  Leaflet temperatures were measured with a Raytek Infrared Thermometer.  Leaflet transpiration, stomatal conductance, PAR and photosynthesis data for USG 5601T and PI416937 (low leaflet orientation) were obtained for upper and mid-canopy leaflets by measuring eight unrestrained plants of each line with the Dynamax LCi Photosynthesis meter in 2006 .  All data were analyzed with the Statistical Analysis System (SAS, version 9.1.3). 
Chapter III

Results and Discussion

The unrestrained plants, which oriented their leaves, used an average of 24 grams of water more per day compared to the restrained plants which were not allowed to orient their leaves (Table 1).  Although this effect was not significant (p=0.53) it is consistent with previous findings that soybean plants with a high degree of leaflet orientation transpire more water than plants with lower degrees of leaflet orientation (Johnson et al., 2004, Johnson et al., 2006, Johnson et al., 2009).  This trend has been indicated in studies involving grafted plants, near-isogenic, and population lines.  High leaflet orientation allows upper canopy leaflets to maintain an average 4.5°C lower temperature due to their reduced sunlight exposure (Table 2).  This may result in a lower transpiration rate for those upper canopy leaflets (data not shown).  However, soybean plants with high leaflet orientation allowed more sunlight into the lower canopy which resulted in higher rates of leaflet transpiration, stomatal conductance, and photosynthesis for those leaves relative to plants with lower leaflet orientation.  Rates of each measured characteristic decreased more significantly in the mid-canopy leaves of plants with lower leaflet orientation (Tables 3 and 4).  
Chapter IV

Conclusions

An initial hypothesis of studies involving soybean leaflet orientation was that plants that orient their leaves to avoid direct sunlight and lower leaf temperature might also lower overall transpiration rates.  The forced orientation sets in this study (along with other recent studies) indicate a trend that higher leaflet orientation morphology results in higher overall transpiration rates than lower leaflet orientation.  This appears to be due to the higher leaflet orientation characteristic allowing more light into the lower canopy which induces stomates to open and increases the photosynthetic rate of the lower canopy leaves relative to shaded leaves in a lower leaflet orientation line.  The more open canopy of the high orientation lines may also allow more air flow and decreased humidity which would also tend to increase transpiration rates.  It is important to note that most commercial lines, which have been extensively selected for high yield, appear to have high leaflet orientation morphology.  This trait appears to allow the plant to carry on increased photosynthesis rates contributing to higher yield as has been documented in other studies and crops (Johnson et al., 2006, Johnson et al., 2009, Stewart et al., 2003).  In order to further address the effects of leaflet orientation water use and yield in soybeans we have collected data from larger population sets over three years.  The data from those studies will allow a more detailed analysis which may better illuminate the effect of this trait on water use and yield in soybeans. 
Acknowledgements


Trade names or commercial products were mentioned solely for the purpose of providing specific information and does not constitute an endorsement or recommendation by the University of Tennessee. 

The authors would like to thank The University of Tennessee Agricultural Experiment Station and the Tennessee Soybean Promotion Board for funding this work. 
Literature Cited

Isoda, A., T. Yoshimura, T. Ishikawa, P. Wang, H. Nojima, and Y. Takasaki. 1994. Effects of leaf movement on radiation interception in field grown leguminous crops 2, Soybean (Glycine max Merr.). 

Jpn J. Crop Sci. 62:306-312.

Johnson, R., F. Allen, and C. Sams. 2004. Leaflet orientation and fibrous root trait combination effects on water use characteristics in soybeans (Glycine max) via reciprocal grafts. 4th International Crop Science Congress Abstracts p.311

Johnson, R., F. Allen, and C. Sams. 2007. Effects of leaflet orientation and root morphology on yield and water use characteristics in soybeans. 2007 American Society of Agronomy Meeting Abstracts CD. 

Johnson, R., F. Allen, C. Sams, V. Pantalone, and A. Saxton. 2009. Hydraulic Conductivity and Transpiration Rates of Soybean Plants differing in Leaflet Orientation and Root Morphology. American Society of Agronomy Meeting Abstracts 

Paris RL 1997. Water use efficiency of two soybean cultivars differing in leaflet orientation. M.S. Thesis,  Univ. of Tennessee.

Stewart, D.W., C. Costa, L.M. Dwyer, D.L. Smith, R.I. Hamilton and B.L. Ma. (2003) Canopy structure, light interception, and photosynthesis in Maize. Agron J. 95:1465-1474.

Wofford, T.J. and F.L. Allen  (1982). Variation in leaflet orientation among soybean cultivars. Crop Sci. 22:999-1004.

APPENDIX

Part III
Table 3.1. Whole plant transpiration rate differences of USG 5601T soybean plants with upper canopies Unrestrained (high leaflet orientation) verses Restrained (low leaflet orientation) over the two year period (2007 - 2008).Cropping sequences planted over a four-year period.
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Table 3.2 Table 2. Temperature differences of soybean leaves with different levels of sun exposure and canopy positions.
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Table 3.3. Photosynthetically Active Radiation (PAR) level differences of ambient (above canopy), USG 5601T Unrestricted mid-canopy, and USG 5601T Restricted mid-canopy treatments.
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Table 3.4. Percent reduction in rates of photosynthetically active radiation (PAR), leaflet transpiration, stomatal conductance, and photosynthetic rates between leaves of upper canopy and leaves of mid canopy of soybean lines differing in leaflet orientation.
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Fig. 3.1. Differences in leaflet orientation at different times of day
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Fig. 3.2. Unrestrained "high leaflet orientation" treatment (left) and restrained "low leaflet orientation" treatment (right). 
SUMMARY

The objective of this research was to investigate effects of two proposed drought resistance mechanisms on transpiration rates and yield in soybeans.  The two traits of interest are leaflet orientation and root morphology. Soybeans differ in their leaflet orientation response to sunlight.  Some soybean genotypes angle their upper canopy leaves so as to avoid direct sunlight at mid-day.  Other genotypes remain relatively unchanged throughout the day and do not avoid direct sunlight. Soybeans also differ in their root morphology.  Most soybeans have a normal tap root of a dicotyledonous plant consisting of a main tap root with relatively few lateral roots.  A genotype identified and characterized by researchers at North Carolina (PI416.937), has roots that bear more resemblance to the fibrous root system of a monocotyledonous plant consisting of a smaller less distinct main root and a proliferation of lateral roots.  This trait is currently referred to as Prolific Rooting.   Population lines, near isogenic lines, and a recombinant inbred population were developed from a cross between two genotypes differing in these traits (USG 5601T x PI416.937).  Sap flow, transpiration rates, photosynthetic rates, leaf area, yield, biomass, leaf temperatures, hydraulic conductance, PAR light penetration, and gene expression patterns were measured using grafted plants, near isogenic lines, and population lines.  
The objective of the grafting study was to evaluate the combinations of leaflet orientation and root morphology traits in soybean on water use characteristics.  Three soybean varieties were chosen: USG 5601T, PI 416.937 and Williams 82 which differ in leaflet orientation and root morphology.  Non-grafted plants of each variety, self grafts and reciprocal combinations of scion and rootstocks were made among the three varieties.  Water use of each plant was measured on several successive days via a Dynamax Flow 32 Sap Flow Monitor™ when the plants were in the R5 stage of growth.  USG 5601T (high leaflet orientation, normal root morphology) improved water use efficiency when used as a scion across the different rootstocks.  The low leaflet orienting, fibrous root accession, PI 416.937 decreased water use efficiency when used as a scion across rootstocks, to produce the same seed yield.  The intermediate leaflet orienting line, Williams 82 increased water use efficiency when grafted on the PI 416.938 rootstock but decreased water use efficiency when used as a scion on the USG 5601T rootstock.  This study provides further evidence of the role of leaflet orientation in water use efficiency and a possible drought tolerance trait in soybeans.  The high leaflet orientation phenotype had equal water use efficiencies when grafted onto the fibrous or the normal rootstocks.  
The objective of the near-isogenic and population lines study was to evaluate effects of leaflet orientation and root morphology on water use characteristics and yield in soybeans. Ten F7 near-isogenic line sets and 54 F6 derived population lines were developed from the population USG 5601T x PI 416.937. USG 5601T is a high yielding, maturity group 5, determinate cultivar that has high leaflet orientation and normal tap root morphology.  PI 416.937 is a maturity group 6, determinate accession that has low leaflet orientation and prolific rooting.  Water use of four plants for each line was measured with the Dynamax Flow 32 Sap Flow instrument when the plants were in the active pod filling stage of growth (R4,R5,R6) for a 24 hour period. Leaflet orientation, yield, agronomic characteristics, leaf area, and biomass were recorded in four replications. Differences in the root morphology allowed characterization of three distinct root classes (Prolific, Intermediate, and Normal). Phenotypic data collected confirmed the genetic similarity of each near-isogenic pair. High leaflet orientation plants tended to transpire more water in a 24 hour period and use more water per unit yield relative to lower leaflet orientation plants. This trend was indicated within and across the near-isogenic sets. These effects were not significant (p=0.17 and 0.08, respectively) but appeared to be a definite trend in this data set. The dry weight biomass of prolific rooted plants was significantly greater than normal rooted plants. Prolific rooted plants had significantly lower transpiration rates than the other two root classes. Although not significant (p=0.15), prolific rooted plants also tended to have better water use efficiencies, using less water per unit seed yield. Among the 54 population lines, leaflet orientation score was significantly and negatively correlated to yield (-0.11).  The higher leaflet orientation resulting in higher yield.  Rooting score was significantly and negatively correlated with yield (-0.14).  The more prolific the root morphology resulting in lower yield.  The data from this study indicated a trend that lower leaflet leaflet orientation and prolific rooting morphology may result in lower transpiration rates and increased water use efficiencies while lowering yield. 
The objective of the forced leaflet orientation study was to evaluate the effects of natural verses artificially imposed leaflet orientation on transpiration rates and other physiological traits in soybeans.  The soybean variety USG 5601T was chosen for this study due to its ability to strongly orient its leaves during the day in response to sunlight.  Twenty-four plants were subjected to two treatments during the 2007 and 2008 growing season in Knoxville, TN.  One treatment set was restrained with netting in order to gently force the orientation of the outer canopy leaves to assume the phenotype of a plant which does not orient its leaves.  The other treatment was unrestrained and allowed to orient its leaves as normal.  Whole plant transpiration rates of 24 plants for each treatment were measured for a 24 hour period with the Dynamax Flow 32 Sap Flow instrument when the plants were in the R5 growth stage of active pod filling.  Photosynthetically Active Radiation (PAR) measurements above and mid-canopy were taken with a Decagon Sunflec Ceptometer.  Leaflet temperatures were measured with a Raytek Infrared Thermometer.  Supporting data using the soybean varieties USG 5601T (high orientation) and PI416937 (low orientation) were collected in 2006.  Leaflet transpiration, stomatal conductance, PAR, and photosynthesis and were obtained with the Dynamax LCi Photosynthesis meter.  The unrestrained plants, which oriented their leaves, used an average of 24 grams of water more per day than the restrained plants which were not allowed to orient their leaves.  Although this effect was not significant (p=0.53) it is consistent with previous findings that soybean plants with a high degree of leaflet orientation transpire more water than plants with lower degrees of leaflet orientation (Johnson et al., 2004, Johnson et al., 2006, Johnson et al., 2009).  
This trend has been indicated with grafting, near-isogenic, and population line studies. High leaflet orientation allows upper canopy leaflets to maintain an average 4.5°C lower temperature due to their reduced sunlight exposure.  This may result in a lower transpiration rate for those upper canopy leaflets.  However, soybean plants with high leaflet orientation allow more sunlight into the lower canopy which results in higher rates of transpiration, stomatal conductance, and photosynthesis for those leaves relative to plants with lower leaflet orientation.  The overall effect appears to be that soybean plants with higher leaflet orientation tend to have higher overall rates of transpiration, photosynthesis, and yield.
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