ABSTRACT
SEVERSIKE, THOMAS MATTHEW. Drought Tolerance Mechanisms in Cultivated and
Wild Soybean Species. (Under the direction of Dr. Thomas Rutfty).
Soybean [Glycine max (L.) Merr.] is an important source of protein and oil in the current
world market. Soybean yields can drastically decrease when droughts occur, thus subjecting
farmers to significant financial risk. Considering that rainfall and other climate factors are
projected to change in the future, drought tolerant soybean varieties are needed to help
mitigate this risk. Soybean breeders are making progress with drought tolerant varieties by
using exotic soybean germplasm to increase genetic diversity. The wild soybean species,
Glycine soja (Sieb. and Zucc.), is another potential source of genetic diversity for drought
traits. The present research was conducted to explore drought tolerance mechanisms in
cultivated and wild soybean genotypes, with additional attention to temperature effects that
could interact with physiological mechanisms.

In the first series of experiments, a ‘shoot-based’ mechanism was examined in well-
watered plants to determine how plants adjusted their water use patterns in response to a
stressful aerial environment. Second, ‘below-ground’ experiments were conducted to
investigate water use in water-replete and water-deficit soil environments, as well as the root
morphology of plants grown in hydroponics. Last, wild soybean was evaluated in closed-
canopy field experiments for agronomic traits in comparison with cultivated soybean.

Drought tolerant genotypes in soybean appear to possess a suite of traits that allow
them to control water use in response to atmospheric and soil stresses, and now the same is

being discovered in wild soybean genotypes. Wild soybean made physiological adjustments



in its water use in response to both above- and below-ground drought stresses. A layer of
complexity was discovered when wild and cultivated soybean exhibited their drought
tolerance mechanisms exclusively near their optimum growth temperatures of 25 and 30 °C,
respectively. A similar trend was evident in root growth and morphology. Wild soybean had
almost twice as much root length as the cultivated type when grown at 25 °C. However as
temperature increased to 35 °C, cultivated soybean root length was higher than wild soybean.
As expected, cultivated soybean also surpassed the wild type in the field. Domestication of
soybean has lead to higher yields, improved seed quality, and other improved agronomic
characteristics.

The results of this work suggest that wild soybean has potential drought tolerance
traits that could be useful in cultivated soybean genotypes. Our study has revealed challenges
with temperature interactions in integrating traits from wild to domesticated soybean, but it
also offers quantification of the agronomic productivity of wild soybean, which may be

higher than previously suspected by many soybean breeders.
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CHAPTER 1

Temperature Interactions with Transpiration Response to Vapor Pressure Deficit
Among Cultivated and Wild Soybean Genotypes
ABSTRACT

A key strategy being pursued in soybean drought research is increased stomatal sensitivity to
high VPD. These experiments were initiated to determine if the aerial temperature of the
growth environment affected the ability of plants to respond to VPD. Two soybean [Glycine
max (L.) Merr.] and four wild soybean [Glycine soja (Sieb. and Zucc.)] genotypes growing at
25 °C and 30 °C were examined. The stability of the VPD response was investigated after
temperature increased by 5 °C. In domesticated soybean, restriction of transpiration rate (TR)
became evident as VPD increased above 2.0 kPa when temperature was near its growth
optimum of 30 °C. Drought resistant genotype PI 416937 exhibited greater TR control at
high VPD compared to Hutcheson, and only PI 416937 restrained TR after the shift to 35 °C.
Three wild soybean genotypes exhibited control over TR with increasing VPD when grown
at 25 °C, which is close to their estimated growth optimum. The TR control became engaged
at lower VPD than domesticated soybean and it was retained to differing degrees with the
upward temperature shift to 30 °C. The results clearly indicated that the TR control systems
in domesticated and wild soybean are influenced by temperature. The results also indicate
that favorable TR control traits are present in wild soybean, but if they are to be used in
soybean breeding for warmer climates like those in the southeastern USA, the regulatory

coupling with lower temperature will have to be uncoupled.



INTRODUCTION

Crop biomass increases as a linear function of water use (DeWit, 1958). The physical
relationship between carbon assimilation and transpiration is controlled by gas exchange
through the stomata in plant leaves. When stomata are open, CO, is taken in by the plant and
water vapor escapes from the leaf. When water deficits occur and stomata close, the water
status and many physiological functions of the plant are maintained, but carbon fixation and

growth rate decline.

Drought is a problem in all major crops, and certainly in soybean (Purcell and Specht,
2004). Multiple strategies are available to soybean growers to protect crop yield in times of
drought. Although irrigation can be effective, it is not widespread because costs commonly
exceed the revenue gained from the yield increase. Crop phenology can be matched to
seasonal patterns, where sowing occurs early in the season when more water is available (e.g.
early soybean production systems; Heatherly, 1999; Bowers, 1995). However, the approach
is not feasible in every soybean growing region. An option that is cost-effective and available

to most soybean farmers is selection of drought-resistant varieties.

Considerable progress has been made in breeding for improved drought resistance in
soybean based on a “slow-wilting” phenotype that was initially observed in the unusual Plant
Introduction (PI) 416937 (USDA-ARS, 1977) more than 20 years ago (Sloane et al., 1990;
Carter and Rufty, 1993). Since then, breeding lines developed from this PI have
demonstrated relatively high yields in drought conditions without an obvious yield penalty in

environments where water is plentiful (Gillen and Shelton, 2006, 2007, 2008). One of the key



mechanisms of PI1 416937 appears to be enhanced sensitivity to high atmospheric vapor
pressure deficit (VPD), with transpiration being restricted at VPD greater than approximately
2.1 kPa (Fletcher et al., 2007). By limiting transpiration at high VPD, damaging
physiological effects of water-deficit stress in plant tissues are delayed and available soil

water 1s conserved.

Regulation of maximum transpiration rate (TR) and other drought resistance traits
have been evaluated for their potential effectiveness in improving yields for soybean across
the major growing regions in the USA using a model based on 50 yr of weather data (Sinclair
et al., 2010). Repeated simulations indicated that lowered maximum TR was one of the more
promising traits, especially in the southern USA. The South experiences higher temperatures
than many areas where soybean is grown, however, and temperature interactions with the
trait were not addressed in the model. In a study of stomatal response to CO, concentrations
at different temperatures with soybean, close inspection of control data indicates that
temperature can influence stomatal conductance in response to VPD (Wilson and Bunce,
1997). If expression of the limited maximum transpiration trait were inhibited at high

temperatures, yield benefits predicted by simulation models would not accrue.

The genetic base for modern-day soybean cultivars in the USA is relatively narrow
and cultivars are relatively uniform in drought response. These observations have led to the
pursuit of drought resistance traits in diverse germplasm (Carter et al., 1993, 1999, 2004).
Drought resistance traits appear to be relatively rare in the germplasm collection, but at least

10 soybean plant introductions are now being used in soybean breeding (T.E. Carter, Jr.,



2011, personal comm.). The wild ancestor of soybean, Glycine soja (Sieb. and Zucc.) also
known as wild soybean, is perhaps the most genetically diverse resource available to soybean
breeders that will cross freely with the domesticate (Harlan and de Wet, 1971). An annual
plant, it is commonly found throughout China and most of Asia, including its arid regions
(Hymowitz and Singh, 1987). Wild soybean has been the object of two previous water deficit
studies; drought resistance was found to be superior to soybean in one case (Chen et al.,
2006) but similar to soybean in the other (James et al., 2008). Physiological processes of wild
and domesticated soybean were not compared, so the basis for the putative drought resistance
is unresolved. There are no reports of using wild soybean as a source of drought resistance in

breeding, in large part because no wild soybean accessions have been verified as resistant.

In this manuscript, we describe a series of experiments initiated to investigate
transpiration responses to VPD and their interactions with temperature. The experiments used
a whole plant chamber system that allowed stepwise increases in VPD and monitoring of TR
(refer to Fletcher et al., 2007; Sinclair et al., 2008; Sadok and Sinclair, 2009; Devi et al.,
2010; Gholipoor et al., 2010). The first objective was to determine whether increasing
temperature modified the VPD response in domesticated soybean. The experiments were
conducted with the cultivar Hutcheson (Buss et al., 1988) and PI 416937. Hutcheson has
been widely grown in the Southeast and is among the top ten cultivars most used as parental
stock in soybean breeding in the USA over the past 20 years (Mikel et al., 2010). Hutcheson
responses were compared to those of slow wilting PI 416937 (Sloane et al., 1990; Carter and
Rufty, 1993; Carter et al., 2006). Then, we examined the VPD responses of a selection of

wild soybean genotypes to determine if they differed from those of domesticated soybean



types and if their responses were temperature sensitive. This allowed assessment of whether

Glycine soja might become a new source of drought resistance traits for soybean breeding.

MATERIALS AND METHODS

Plant Growth and Genetic Material

A sandy loam soil (73% sand; 17% silt; 10% clay) was sterilized and mixed with slow-
release fertilizer (19%N, 6%P, 12%K) plus lime to obtain a homogeneous soil media with
adequate nutrients and pH. The soil was placed into custom-built PVC pots measuring 32 cm
in height and 10 cm in diameter (2.5-L volume). Before being filled with soil, porous ceramic
cups were inserted in the bottom of each pot and covered by diatomaceous earth (~250 mL).
A vacuum line was connected to the cup within the base of the pot to remove water from the
soil and prevent anaerobic conditions. After each water addition during the experiment, the
bottoms of the pots were subjected to a vacuum of = 33 kPa (1/3 bar) until water pulled from

the soil was negligible.

Two domesticated and four wild soybean genotypes were selected for the study based
on results from previous drought studies (Table 1 and references therein). Hutcheson and PI
416937 are both domesticated maturity group (MG) V soybean genotypes. Hutcheson is a
USA cultivar that has intermediate wilting and intermediate water use efficiency (WUE),
while PI 416937 is a plant introduction from Japan that has slow wilting and VPD-sensitive
TR response. Wild soybean genotypes (MG III & IV) were selected based on contrasting
wilting characteristics in a preliminary greenhouse screen. Soybean seed were germinated in

paper and kept moist by capillary action with a calcium sulfate (100 M) solution. Seed were



held in a dark germination chamber at 30 °C for 48 hours. Wild soybean accessions have a
hard seed coat and were, thus, scarified prior to germination. Germination procedures were
similar to those used for soybean except that germination was extended to 72 h. Two
germinated seedlings of domesticated soybean or four seedlings of wild soybean were

planted in each pot and then thinned to one plant per pot after 7 days.

After planting, pots were placed in walk-in growth chambers at the Southeastern
Plant Environment Laboratory at North Carolina State University. The chambers were set for
10-hour day lengths with a combination of high output fluorescent and 100-watt incandescent
bulbs providing a photosynthetic photon flux density (PPFD) of approximately 800 umol m™
s"'. The dark period was interrupted by 3 h of incandescent light (PPFD 40 pmol m™s™) to

repress flowering.

Vapor Pressure Deficit Treatments and Transpiration

Transpiration was measured as incremental VPD treatments were imposed on plants.
Experiments were conducted using a VPD system similar to that widely used and previously
described in the literature (Fletcher et al., 2007; Sinclair et al., 2008; Sadok and Sinclair,
2009; Devi et al., 2010; Gholipoor et al., 2010). Clear plastic containers (28-cm diameter x
30-cm height; 20-L volume) served as VPD chambers for individual plants. Flanges on the
PVC pots secured the VPD chambers in place only during VPD treatment/measurement
periods. The system, which was inside the walk-in growth chamber, accommodated 12 VPD
chambers in total. Quick connect fittings were installed in the tops of chambers so that air

tubes could be inserted and removed easily. Temperature and relative humidity were



measured once per minute by data loggers with built-in sensors (Lascar Electronics,
Whiteparish, UK) that were inserted into the sides of the chambers. A small computer fan
(76-mm diameter; Northern Tool and Equipment, Burnsville, MN) was installed inside each

chamber to keep the air mixed.

Vapor pressure deficit treatments began for soybean when the plant canopy was
approximately 25 cm in diameter. At this size, the plants fit inside the chambers without
making contact with the sides of the chamber. Because of its prostrate growth habit, wild
soybean plants were trained up a 30-cm high stake inserted in the middle of the pot. The
canopy structure of wild soybean was not as defined as domesticated soybean. Therefore,
VPD treatments were started when leaf area was similar for wild and domesticated soybean.
Leaf area estimates for wild soybean were made by destructive harvest of additional plants
grown for this purpose. Genotypes within a species reached the desired size at the same
time, but between the two species, wild soybean took approximately one to two weeks longer

than domesticated soybean to reach a similar leaf area.

Plants were exposed to VPD treatments over two consecutive days and were well
watered each evening prior to the next day’s measurement. On each day of measurement,
three 90-minute VPD treatments were imposed on the plants. The first 90-minute VPD
treatment was targeted for a range of 0.5 to 1.5 kPa. The second and third treatments were
targeted for VPD conditions of 1.5 to 2.5 and 2.5 to 3.5 kPa. Plants were given

approximately 30 min between treatments to attain a steady state in the new conditions.



Vapor pressure deficit inside each VPD chamber was controlled by changing the rate
of air flow through the chamber and/or the dryness of the air flowing into the chamber.
Typically, the airflow was 3-5 L min™' in the first treatment, 10-15 L min™' for the second,
and 15-20 L min™ for the third. Also, in the second and third treatments, the air was dried by
passing through a PVC tube of 5-cm diameter and 115-cm length filled with silica gel
desiccant (Fisher Chemical, Fair Lawn, NJ) before flowing into each of the chambers. Air
flowed out the chambers through small holes in the bottom of the container and a gap
between the VPD chamber and the pot. During measurements, temperature was relatively
constant, being controlled by the walk-in growth chamber. Temperatures were changed as an

experimental treatment on different days and will be discussed later in more detail.

Each pot-plant-VPD chamber unit was detached from air lines for weighing before
and after each VPD treatment. The difference in weight (generally in the 5 to 15 g range) was
used as an estimate of transpiration. Evaporation from the soil surface was blocked by
aluminum foil. After the last VPD treatment of the second day, the shoots of measured plants
were harvested and leaf area measured (LI-3100 Area Meter, LI-COR Inc., Lincoln, NE).
Vapor pressure deficit was calculated for each minute of each 90-min measurement period
using the temperature and relative humidity values recorded inside the chambers by the data
loggers, and the VPD was well-controlled during each 90-min period (standard error of the
mean < 0.02 kPa). Transpiration rate was expressed per unit of leaf area. Experiments were
repeated two to three times for domesticated and wild genotypes and sometimes with

multiple runs within an experiment (Table 2). The number of replicate plants varied due to



the different number of genotypes investigated for each species and the limited space with

the system, but the range was 3 to 6 replications per genotype per experiment.

Temperature Treatments

In summer months in the southeastern USA, high VPD commonly coincides with high
temperatures. Average daily maximum temperatures range between 30 °C and 32 °C
(Sermons et al., 2008; Purcell et al., 2003) and occasionally reach or exceed 35 °C. During a
day, and sometimes from day to day, plants will experience rapid increases in temperature.
Transpiration rate across a range of VPD was measured during exposure to two types of
conditions: 1) a stable temperature, the one at which plants were growing (25 °C or 30 °C)
and 2) following an abrupt upward 5 °C shift in temperature, imposed in the morning of the

measurement day.

Experimental design and data analysis

Domesticated and wild soybean genotypes were arranged in a completely randomized design
for the experiments. Because of space limitations, wild and domesticated soybean genotypes
were run in nine separate experiments (Table 2). For a given run within each experiment, the
TR of each plant was plotted against the mean VPD for each respective 90-min VPD
treatment. A graphing and statistical software package, GraphPad Prism (GraphPad Software
Inc., San Diego, CA, 1996), was used to analyze TR response to VPD. First, two types of
regressions, a linear regression (Eq.1) and a two-segment, non-linear regression (Eq.2), were

fit to the data.



TR = S;(VPD) + intercept (Eq.1)

If VPD <Xy, TR =S;(VPD) + interceptl T (Eq.2)
If VPD > Xy, TR = S5(VPD) + intercept2

In these equations, TR = transpiration rate, Xy = the breakpoint VPD where the slope
of TR changes, S; = the slope at VPD lower than the breakpoint (or, the only slope for the
linear model), and S, = the slope at VPD greater than the breakpoint. After both regressions
were fit to each data set, they were compared using F-tests. The linear equation was accepted

as the best fit unless the two-segment equation fit significantly better (P<0.05).

Experimental Conditions

All VPD and temperature treatments were successfully carried out within 2 °C of their
designated temperatures. Prior to the onset of VPD treatments, plants were acclimated to
mean daytime VPD values of approximately 1.2 kPa for all experiments where plants were
grown at 25 °C. Plants growing at the 30 °C temperature were exposed to mean daytime
VPD values ranging from 1.7 to 2.1 kPa. The maximum VPD achieved during VPD
treatments at 25 °C was 2.9 kPa, somewhat lower than the 3.7 kPa at 30 °C (Table 2). This
was due to the inherent relationship between saturated vapor pressure and temperature;
though a similar minimum relative humidity was achieved by the experimental system at

both temperatures, the vapor pressure deficit differed.
RESULTS

Two approaches were taken in the investigation of VPD and temperature interactions

in wild and domesticated soybean. One was to examine TR responses to increasing VPD in
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constant temperature conditions. The other was to examine the stability of the response

profiles with short-term temperature increases.

Glycine max

Hutcheson was chosen to represent typical high-performing cultivars in the South, and it was
compared to the drought-resistant P1 416937. At a constant temperature of 25 °C,
Hutcheson’s TR increased as a linear function of VPD (Fig. 1A). There was no evidence of a
limited maximum TR. When grown and measured at a constant 30 °C, Hutcheson’s TR
increased linearly at lower VPD, but with progressive increase of VPD > 1.93 kPa, TR
increased at a much slower rate (Fig. 1B). The slope of the regression before the breakpoint
(S1) was 34.0 mg m™ s kPa”, and it decreased to 5.85 mg m™ s kPa™ after the breakpoint

(S2) (Table 4). This represented a significant leveling off of transpiration rate at high VPD.

When Hutcheson was grown at 25 °C, but then exposed to a higher temperature of 30
°C just before and at the time of VPD measurements, the TR response remained linear (Fig.
1C). However, when Hutcheson was grown at 30 °C and then measurements were made at 35
°C, instead of leveling off at a VPD above 1.9 kPa, TR continued to increase (Fig. 1D). The
TR response over the entire range of VPD was linear, which indicated weak stability of the

maximum-TR response after a temperature increase.

P1 416937, like Hutcheson, had a linear TR response to increasing VPD at a constant
temperature of 25 °C (Fig. 2A), and exhibited TR sensitivity to high VPD at a constant
temperature of 30 °C (Fig. 2B). Although the breakpoint was similar (1.91 kPa), P1 416937

had a higher S; and a lower S; when compared to Hutcheson (Table 4).
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When temperature was raised above the growth temperature of 25 °C to 30 °C at the
measurement time, the TR of PI 416937 continued to be a linear function of VPD (Fig. 2C),
like Hutcheson. But, when the 30 °C growth temperature was increased to 35 °C, P1 416937
retained the ability to limit TR when VPD increased above 2.1 kPa (Fig. 2D). However, the
slope of the regression after the breakpoint was noticeably greater after the temperature
change (S, =20.8 mg m™s™ kPa™) compared to that when the growth and measurements
were both at 30 °C (S, =1.22 mg m? s kPa) (Table 4).

Glycine soja
The VPD-temperature interaction of wild soybean was different than that of domesticated
soybean. Results for the four genotypes are shown in Tables 3 and 4. Two genotypes were

used to illustrate the different VPD responses graphically (Figs. 3 and 4).

The TR response to VPD and its temperature interaction were variable within the
wild soybean accessions. One genotype, PI 549033 (USDA-ARS, 1991), had a linear
response to VPD at a constant temperature of 25 °C (Fig. 3A). At that temperature, the three
other genotypes were best fit by the two-segment regression (Fig. 4A, Table 3). P 468397A
and PI 468917 (USDA-ARS, 1982a, 1982b) had similar breakpoints of 1.14 and 1.16 kPa,
while PI 597454A (USDA-ARS, 1997) had a much higher breakpoint of 1.45 kPa. In
contrast to the responses at 25 °C, at the 30 °C growth and measurement regime, TR of all

genotypes was a linear function of VPD (Figs. 3B, 4B; Table 4).

The wild soybean genotypes exhibited the same general TR responses to VPD when

the temperature was shifted upward from 25 °C to 30 °C. The genotype that had exhibited a
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linear response when grown and measured at 25 °C continued to respond linearly after the
shift to 30 °C, while those genotypes with two-segment responses at continuous 25 °C
continued to exhibit breakpoints after the temperature shift. For the genotypes with
breakpoints, some differences were apparent in the VPD response profiles. For example, PI
597454A had an S, value of -0.53 mg m™ s™ kPa™ when measured at the 25 °C growth
temperature, but S, increased to 13.1 mg m™ s kPa™ when the measurement temperature
was increased to 30 °C (Table 3). Therefore, TR at high VPD was effectively controlled at 25
°C, but after the temperature increased to 30 °C, control was less effective. The other two
wild soybean genotypes with breakpoints had S, values that were similar to their respective
values before and after the temperature shift (Table 3). There was a consistent trend for the
breakpoint value to increase with the shift in temperature. For example, PI 468397A had a

pronounced shift in its breakpoint from 1.14 to 1.76 kPa (Fig. 4A, C).

When wild soybean was grown at a constant temperature of 30 °C and then switched
to 35 °C for the VPD measurements, the TR responses were consistent, remaining a linear
function of VPD for all wild soybean accessions (Table 4). While the response pattern was

uniform among the genotypes, there were some differences in S; values.
DISCUSSION

A main purpose for these experiments was to determine if temperature altered TR
responses to VPD. The results clearly indicated that temperature and TR interactions are
present. The interaction was prominent in both domesticated and wild soybean, although it

expressed differently in the two species and among genotypes. The soybean genotypes did
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not restrict TR in response to VPD at 25 °C but, when grown at 30 °C, TR increased only
slightly as VPD increased beyond approximately 1.9 kPa. With an abrupt temperature shift
upward from 30 °C to 35 °C, the VPD-sensitive response of the variety Hutcheson was lost,
but it was retained to an extent by drought resistant P1 416937. And TR increased slowly as
VPDs were increased above 1.1 to 2.0 kPa in most wild soybean genotypes at the cooler
growth temperature of 25 °C, but no TR restriction was detected when wild soybean was
grown at the higher temperature of 30 °C. In general, our observations are consistent with
those of Wilson and Bunce (1997), whose work with stomatal conductance (gs) response to
CO; at different temperatures provided the initial evidence for a temperature and TR
interaction in soybean. In their experiments, soybean plants (cv. Clark; MG IV) were grown
between 30 °C and 35 °C, and single-leaflet measurements of gs were taken at 25 °C, 30 °C,
and 35 °C over a range of VPDs. Although their treatment conditions were not identical to
ours, the results at ambient CO, levels consistently indicated that the restriction in stomatal

conductance with increasing VPD diminished as temperature increased.

Differential expression of the VPD-temperature interactions in wild and domesticated
soybean appears reasonable when considered within a developmental context. Both species
are thought to originate from the temperate climate of China (Hymowitz and Singh, 1987).
While the temperature optimum of wild soybean is not well documented, the North China
Plain, the source of the wild soybean accessions employed in this study, has average
maximum temperatures near 20 °C (Mo et al., 2009). Previous studies of soybean and
various weed species have suggested that temperature adaptations tend to be a highly

conserved physiological trait (Tungate et al., 2007). Therefore, the expression of TR control
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in wild soybean in increasing VPD only at 25 °C reflects the temperate climate adaptation.
The soybean variety Hutcheson, on the other hand, is a product of breeding targeted to the
southern USA climate, where a transpiration-related trait of value would be selected under
higher temperature conditions; hence, the ability to limit TR at the higher 30 °C growth
temperature. Indeed, the temperature optimum of southern USA-adapted soybean genotypes
has been reported previously to be near 30 °C (Baker et al., 1989; Tungate et al., 2007). The
exotic genotype PI1 416937 displayed somewhat tighter control of TR when plants were
grown at 30 °C, i.e. a lower S; slope with increasing VPD above 1.9 kPa, and the control
persisted to some extent with the sudden shift to the high 35 °C temperature. This TR control
by PI1 416937 helps explain why it is a valued source of genetic traits in development of

drought resistant soybean germplasm (Carter et al., 2006).

An initial hypothesis was that wild soybean might serve as a source for drought
resistance traits for soybean breeding. The results indicated that genetic diversity for the TR
response to VPD is present among wild soybean accessions. Marked differences were
apparent in slopes and breakpoints at 25 °C among the genotypes. The breakpoints for TR
control were at lower VPD than in soybean, a sensitivity trait that could offer an advantage in
water retention. However, because the TR control was limited to the lower temperature
range, expression of the trait appears problematic in the development of soybean germplasm
suited to warmer areas like those in the southern USA, unless the breakpoint/temperature

linkage can be separated.
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Temperature dependent VPD responses can explain some of the inconsistencies in the
literature for soybean. In experiments with the Monsanto cultivar A5959 (MG V), for
example, a two-segment TR response to VPD was observed in one study when the average
measurement temperature was 30 °C (Sinclair et al., 2008), but a linear TR response to VPD
occurred in another when the average growth temperature was 34.9 °C (Fletcher et al., 2007).
The results measured at 30 and 35 °C thus were similar to those in our experiments with
Hutcheson. The similarities between A5959 and Hutcheson extended further, as S; and S,
values of 33.2 and 5.7 mg m™ s™ kPa™ for A5959 at 30 °C (Sinclair et al., 2008) were quite
similar to the 34 and 5.8 mg m? s kPa™ observed here with Hutcheson at 30 °C (Table 4).
And the slope of the linear response for A5959 at 35 °C (Fletcher et al., 2007) was similar to
that for Hutcheson. We cannot know with certainty if there is a genetic connection between
AS5959 (a proprietary Monsanto variety) and Hutcheson, but Hutcheson was one of the most-
used parents between 1990 and 2008 for the Southern germplasm of Monsanto (Mikel et al.,
2010), so a genetic link seems possible. If true, it would demonstrate that TR control traits
are heritable and available for soybean improvement. A previous greenhouse study focused
on variability in a recombinant inbred soybean population revealed complex heritability of
the TR-VPD trait (Sadok and Sinclair, 2009). Those experiments may have been
compromised, however, by differing growth temperatures which ranged from 20 to 33 °C.
Leaf VPD responses, of course, are just one type of trait that can contribute to drought-stress
resistance in situ, and field studies indicate there may be some differences between A5959
and Hutcheson. In one comparison, A5959 was observed to be a fast-wilting cultivar while

Hutcheson was intermediate (King et al., 2009).
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While the results of our experiments were clear and repeatable, it should be
mentioned that there may be interactions between TR and CO, in the VPD chambers. Carbon
dioxide in the entering and exiting air flows was not measured. At the lower flow rates, CO,
concentrations in the chambers may have been lowered considerably by plant photosynthesis.
However, the species and genotype comparisons are likely not compromised for several
reasons. First, recent studies in the greenhouse and field using a portable leaf chamber in
which CO; was closely controlled (Gilbert et al., 2011a, 2011b) have fully confirmed the
distinctions among soybean genotypes in their response to VPD that were documented using
these whole-plant chambers in previous studies (Fletcher et al., 2007; Sadok and Sinclair,
2009) and in the current experiments. Second, plants in our study were well watered and the
experiments were done under light saturation; thus, one would expect the stomata are already
at or near fully open aperture. Thus, it is unlikely a lowered CO; concentration in the
chambers would have greatly increased stomatal conductance. And third, the TR steadily
increased in some circumstances and was sharply restricted with breakpoints in others, even
as gas flow rates and VPD were steadily increased, and CO, likely increased steadily toward
ambient. The TR responses are inconsistent with those that would be expected if TR

(stomata) control were being dominated by CO,.

Mechanistic Implications

The TR response profiles of wild and domesticated soybean offer insights into the
mechanism(s) controlling water release. Two kinetically definable systems appear to be
involved. For example, when TR increases were restricted above a VPD of 1.9 kPa in

soybean at 30 °C (refer to Fig. 1B and Fig. 2B), the TRs occurring below 1.9 kPa were
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unaffected. Thus ‘System I’, TRs occurring below 1.9 kPa, exhibited little or no restriction.
In contrast, the segment of the TR response curve above 1.9 kPa was tightly constrained in
both soybean genotypes. Regulation of the second segment, or ‘System II’, controlled the
upper capacity for water movement through the plant. The VPD responses to temperature
indicated that System II is dynamic and influenced by the growth environment. Expression of
System II regulation also appears to become engaged in a temperature range where maximal

growth rates occur, 30 °C for domesticated and 25 °C for wild soybean.

Recognition of the System II response underscores the possible importance of
‘physiological plasticity’ in controlling TR under high VPD. As with all crop plants in the
field, soybean experiences short term changes in VPD during a day as atmospheric vapor
pressure changes. In summer months, the VPD changes most often would be accompanied
(and driven) by increasing temperatures as a day progresses. The absence of a definable
breakpoint with Hutcheson when it was shifted to 35 °C implies that regulation of System II
became inoperable. The presence of a two-phase response to VPD by soybean P1 416937 at
35 °C indicates that some degree of System II regulation persisted in this drought-resistant
genotype. All three wild soybean genotypes exhibiting the System II response pattern
retained System II regulation with the shift to the higher temperature above its 25 °C growth
optimum, but S, values tended to vary (Table 3). Thus, genetic diversity for the ‘plasticity’ of
the System II regulatory response was present in the wild progenitor to soybean when it was
expressed. The exotic soybean PI 416937 obviously has retained elements of the System II
regulatory trait. It was observed previously that PI 416937 exhibited stress responses

intermediate between native weed species and modern soybean cultivars (Place et al., 2008).
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Rapid changes in the engagement of System II in the soybean species indicate that the
capacity for water movement through the plant probably is not due to a structural limitation
(cf. Sinclair et al., 2008). If the xylem carrying capacity were limiting, for example, then one
might expect TR responses to VPD to remain stable when plants were exposed to short-term
temperature changes. The similarity of S, values in one of the wild soybean genotypes (PI
468397A) before and after the temperature shift from 25 to 30 °C means the possibility of
structural limitations cannot be dismissed in that instance. So what internal mechanism
regulates System II in domesticated and wild soybean with temperature-sensitive S, values?
While the results of this study do not offer direct evidence to resolve this question, recent
experiments with soybean PI 416937 indicated hydraulic conductance between the xylem
and guard cells of PI 416937 may be controlled by an aquaporin (AQP) family sensitive to
AQP inhibitor AgNO; (Sadok and Sinclair, 2010a, 2010b), and aquaporin function seems to
be temperature sensitive (Ionenko et al., 2010; Cochard et al., 2007). If aquaporins were
involved, it opens the possibility that AQP-specific molecular markers could be used to

screen soybean populations for TR regulation at higher VPDs.
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Table 1. Description of drought resistance characteristics of wild and domesticated soybean

genotypes used in experiments.

Geographic
MG adaptation
Species Genotype or origin Description Reference
G.max  Hutcheson V Southern Intermediate wilting in field King et al., 2009
USA
Intermediate WUE} Hufstetler et al.
2007
P1416937 V Japan Slow wilting in field Sloan et al., 1990;
King et al., 2009
VPD§-sensitive transpiration rate  Fletcher et al. 2007
G.soja  PI468917 1III  Liaoning, Variable wilting with soil drying  Preliminary screen
China (pot)
PI IIT  Shanxi, China Variable wilting with soil drying  Preliminary screen
597454A (pot)
PI I Shanxi, China Rapid wilting with soil drying Preliminary screen
468397A (pot)
PI1 549033 IV  Liaoning, Slow wilting with soil drying Preliminary screen
China (pot)
tMG, maturity group

TWUE, water use efficiency
§VPD, vapor pressure deficit
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Table 2. Summary of experiments measuring transpiration rate (TR) response to vapor

pressure deficit (VPD) at 25 °C and 30 °C growth temperatures. Includes the VPD

measurement temperatures, range of VPD during measurements, and mean leaf area (£s.e.)

of Glycine max and Glycine soja plants.

Growth  Species Experiment Run  Measurement VPD Mean Days After  Replic-
Temper- Temperature Range Leaf Area Planting ations
ature (°C) (°C) (kPa) +s.e. (cm?)
25°C G.max 1 a 25 1.19-2.56 - % 4
b 30 1.25-330 1746 £139 22 4
c 25 093-281  --- 4
d 30 1.29-350 191.5 £11.5 24 4
2 a 25 096-2.87  --- 6
b 30 1.36-3.72 2265 £219 26 6
G.soja 3 a 25 0.75-234 - 3
b 30 0.89-3.18  359.7 +423 38 3
c 25 0.62-2.61 - 3
d 30 1.41-327 3882 +£24.6 40 3
4 a 25 0.53-2.02  --- 3
b 30 0.75-3.01 564.7 +41.2 40 3
c 25 0.56-2.39 - 3
d 30 0.72-320 748.5 +£357 42 3
30°C G.max 5 a 30 0.86-3.00 --- 3
b 35 1.43-3.72 4737 +£454 19 3
6 a 30 1.18-341  --- 6
b 35 1.29-351 2940 +£132 20 6
7 a 30 1.00-3.08  --- 6
b 35 1.26-3.55 468.1 +£29.1 19 6
G.soja 8 a 30 1.06-330 - 6
b 35 1.27-3.57 3740 +£242 22 6
9 a 30 1.14-3.61  --- 6
b 35 1.12-347 518.1 +£274 29 6

tMean leaf area not measured because the plants were needed for the following run.
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Table 3. Results of regression analysis of transpiration rate (TR) on vapor pressure deficit
(VPD). The best-fit regression and corresponding regression coefficients, S;, Sy, and X (see
notes below for meanings of abbreviations), & standard errors are reported for two Glycine
max and four Glycine soja genotypes grown at 25 °C. Plants were measured for one day at
the growth temperature (25 °C) and again the next day immediately after the temperature was

increased 5 °C (25 °C —30 °C).

Glycine max Glycine soja
Hutcheson PI 416937 PI 468917 PI 597454A  PI468397A  PI549033
25°C
Best-fit Linear Linear Two-segment Two-segment Two-segment Linear
Regression
S;, mgm?s'kPa' 144 £23 149 £24 40.8 £5.5 351 £0.0 457 £ 6.4 285 £24
S,, mgm?s’ kPa' - - 109 £2.7 -0.53 £0.0 10.6 £2.6 -
Xo , kPa - --- 1.16 +0.1 1.45 £0.0 1.14 +0.1 -
. 0.54 0.50 0.92 0.89 0.92 0.83
n 42 42 30 33 30 30
25°C —-30°C
Best-fit Linear Linear Two-segment Two-segment Two-segment Linear
Regression
S;, mgm?s'kPa' 163 +£2.7 183 +24 33.7 £33 350 £3.9 431 £7.2 263 +£2.6
S,,mgm?s'kPa! - - 439 +45 13.1 £2.7 9.25 £4.8 -
X, , kPa 200 £0.1 181 £02  1.76 £02 -
. 0.47 0.59 0.89 0.94 0.87 0.79
n 42 42 30 33 30 30

S,= the slope of a linear regression, or the slope of the segment before the breakpoint of a two-segment regression.
S,=the slope of the segment after the breakpoint of a two-segment regression.
Xo=the breakpoint of a two-segment regression.
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Table 4. Results of regression analysis of transpiration rate (TR) on vapor pressure deficit
(VPD). The best-fit regression and corresponding regression coefficients, S, S,, and X, (see
notes below for meanings of abbreviations), + standard errors are reported for two Glycine
max and four Glycine soja genotypes grown at 30 °C. Plants were measured for one day at
the growth temperature (30 °C) and again the next day immediately after the temperature was
increased 5 °C (30 °C —35 °C).

Glycine max Glycine soja
Hutcheson PI 416937 PI 468917 PI597454A  PI468397A  PI549033
30 °C
Best-fit Two-segment Two-segment Linear Linear Linear Linear
Regression
Sy, mgm”s’ kPa' 34.0 +54 42,1 £6.2 25.8 £1.8 31.7 £1.5 29.7 £1.6 348 £2.2
S,,mgm?s'kPa’ 585 +4.2 1.22 £4.0 - — — .
Xy , kPa 193 +£02 1.91 £0.1 - - - —
r 0.83 0.80 0.92 0.97 0.95 0.92
n 30 36 18 18 21 24
30 °C —35°C

Best-fit Linear Two-segment Linear Linear Linear Linear
Regression
S|, mgm?s'kPa' 309 *£2.5 51.3 +11 239 £43 329 +42 26.7 £2.5 282 +£2.8
S, mgm”s’ kPa' - 20.8 £3.5 --- --- --- ---
X , kPa --- 2.10 £0.2 --- --- --- ---
r 0.79 0.85 0.71 0.83 0.90 0.88
n 45 45 15 15 15 15

S= the slope of a linear regression, or the slope of the segment before the breakpoint of a two-segment regression.
S,=the slope of the segment after the breakpoint of a two-segment regression.
X=the breakpoint of a two-segment regression.
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Figure 1. Transpiration rate (TR, expressed per unit leaf area) response to vapor pressure
deficit (VPD) for Glycine max genotype Hutcheson. Growth temperature denoted by “G” and
measurement temperature denoted by “M” in parenthesis of panel title. Best-fit regressions
are shown with corresponding 1 values. P values are presented in cases where the two-
segment model was the best fit (P <0.05). Regression coefficients can be found in Tables 3

and 4.
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Figure 2. Transpiration rate (TR, expressed per unit leaf area) response to vapor pressure
deficit (VPD) for Glycine max genotype PI 416937. Growth temperature denoted by “G” and
measurement temperature denoted by “M” in parenthesis of panel title. Best-fit regressions
are shown with corresponding r* values. P values are presented in cases where the two-
segment model was the best fit (P <0.05). Regression coefficients can be found in Tables 3

and 4.
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regressions are shown with corresponding r~ values. P values are presented in cases where

the two-segment model was the best fit (P <0.05). Regression coefficients can be found in

Tables 3 and 4.

32



CHAPTER 2

Below-ground Physiological Properties of a Drought Resistant Wild Soybean Genotype:
Transpiration Control with Soil Drying and Expression of Root Morphology

ABSTRACT
Wild soybean accession PI 468917 [Glycine soja (Sieb. and Zucc.)] was examined for
possible water-use and root morphology traits that could potentially be beneficial in the
development of drought resistant soybean cultivars. Experiments were carried out in
controlled environment chambers maintained at different temperatures (25, 30, and 35 °C).
Temperature was considered an important experimental variable because droughts in the
USA often occur concurrent with high temperatures in summer months. Results indicated
that water use efficiency (dry weight per unit of water transpired) of wild soybean was lower
than that for the domesticated soybean cultivar Hutcheson at all temperatures. In experiments
where transpiration was monitored as soil dried, wild soybean decreased water use at a
higher soil water content than domesticated soybean, but transpiration control occurred only
at 25 °C. Examination of root morphology with plants growing in hydroponics under optimal
conditions indicated that wild soybean had much greater root length than the modern
soybean, with the greater length expressed in roots with diameters between 0.25 and 0.50
mm. Greater length was most apparent at 25 °C, and the wild soybean advantage dissipated
as the growth temperature increased. The results indicated that wild soybean populations may
well possess traits that can be used to improve drought resistance of modern soybean.

Sensitive transpiration control in response to soil drying could contribute to ‘slow-wilting’
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strategies found to be advantageous to drought resistant soybean in field experiments, and the
potential for greater root length could enhance water acquisition from the soil profile. But,
use of the traits in breeding programs will depend upon breaking their linkage with cool

temperature.

INTRODUCTION

Drought is one of the most intractable problems for soybean [Glycine max (L.) Merr.]
production systems in much of the USA. Severe drought occurs once out of every three or
four years and moderate drought once out of every two years (Carter et al., 1999). This has

led to large-scale plant breeding efforts to develop drought resistant soybean cultivars.

The soybean breeding programs in the USA have been successful in producing
agronomically acceptable genotypes with improved performance under drought conditions.
One of the important elements in the breeding process has been utilization of genetic traits
originating from exotic germplasm. In particular, it was found some years ago that the
Japanese Plant Introduction (PI) 416937 maintained leaf turgor longer into drought periods
than standard cultivars (Sloan et al., 1990), and the response translated into higher soybean
yields under drought conditions. Later experiments revealed that the ‘slow-wilting’
phenotype reflected regulation of transpiration rate at high vapor pressure deficits (VPD)
(Fletcher et al., 2007; Sinclair et al., 2008). This regulation, presumably involving stomatal
closure, is expressed as temperatures increase (Seversike et al., 2011) and might be linked
with the activity of aquaporins (Sadok and Sinclair, 2009). Other research has shown that PI

416937 also has a larger and more fibrous root system (Carter and Rufty, 1993; Carter et al.,
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1999), which evidently allows more thorough exploration of field soils (Hudak and Patterson,
1996) and access to soil water. And, importantly for the many regions in Asia and the
southeastern USA with highly weathered, acid soils (von Uexkull and Mutert, 1995), the root
system of PI1 416937 is more tolerant of higher levels of soil aluminum than most modern
soybean cultivars (Campbell and Carter, 1990; Silva et al., 2001a). The advantageous traits,
either singly or collectively, are the basis for enhanced performance of PI 416937 under

drought conditions.

The presence of multiple advantageous traits in PI1 416937 for abiotic stress
underscores the value of examining the whole-plant physiology of high performing exotic
genotypes. Resistance to limitations in major resources like water and nutrients invariably
will involve many layers of regulation integrated with one another. In the case of PI 416937,
natural and human assisted selection over time evidently resulted in the group of favorable

traits.

In the research described in this manuscript, we examine the physiological traits of a
‘wild soybean’ [Glycine soja (Sieb. and Zucc.)] genotype, P1 468917, that could possess
traits advantageous for the development of drought-resistant soybean. Wild soybean
originating from China are the progenitor to modern soybean (Hymowitz and Singh, 1987)
and possess greater genetic diversity than domesticated soybean (Nichols et al., 2007; Lam et
al., 2010). This particular wild soybean genotype was identified as having enhanced drought

resistance in preliminary screening, and in recent experiments was one of a group of wild
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soybean genotypes with enhanced control over transpiration with increasing VPD (Seversike

etal., 2011).

This study begins with a comparison of water use efficiencies (WUE) of the wild
soybean and the domesticated soybean cultivar Hutcheson under water-replete and water-
deficit conditions. Water use efficiency is often defined as the ratio of dry matter
accumulation for a given amount of water used. However, WUE ratios tend to only be
relevant to the environment in which the measurements are taken because atmospheric VPD
influence water use in combination with the inherent genetic water use characteristics of
plants. There is need for a measurement that provides a basis for making genotypic
comparisons without the possible interference of different environmental conditions. In this
work, the coefficient ‘m’, as introduced by deWit (1958) in the classical WUE literature, is
used to characterize the physiology that determines how much mass is accumulated per unit
water transpired by a plant. This m value is an inherent water use efficiency since it takes
VPD into account. This is critical for the present work because comparisons will be made
between plants grown at different temperatures/VPD. After determining whether the wild
species possesses higher m, the focus of this study moves to below-ground properties. One is
transpiration regulation during soil drying. Past experiments have indicated that hydraulic or
chemical signals originating in root systems evidently trigger stomata closure and decrease
transpiration rate (Sadras and Milroy, 1996; Davies and Zhang, 1991; Comstock, 2002;
Steudle, 2000). This type of response mechanism, potentially, could be part of the
aboveground slow-wilting trait (Sinclair et al., 2010). The second belowground property

examined was root morphology. Water acquisition and avoidance of drought is often related
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to root exploration and proximity to soil water reservoirs (Smucker and Aiken, 1992; Hurd,
1968; Cortes and Sinclair, 1986). Using hydroponics culture, we quantify differences in the
genetic expression of the root morphology of PI1 468917 compared to that of the typical

cultivar Hutcheson. Comparisons are made under ideal conditions, without the confounding

influence of soil restraints.

It should be stressed that all experiments being conducted in the current experimental
series include variable temperatures. Our studies have consistently indicated that expression
of drought resistance traits is strongly influenced by the temperature of the growth
environment, and there appear to be inherent differences in the temperature sensitivities of

wild and domesticated soybean (Seversike et al. 2011).

MATERIALS AND METHODS

Genetic Material

One Glycine max (domesticated soybean) and one Glycine soja (wild soybean) genotype
were selected for these experiments. The wild soybean genotype selected was P1 468917,
which originated from Liaoning, China (USDA-ARS, 2011). Traits of this wild soybean were
compared to those of the soybean cultivar Hutcheson, which has high, stable yields over
environments (Buss et al., 1988). Hutcheson is a parent commonly found in the pedigrees of

soybean cultivars, mainly in the southern USA (Mikel et al., 2010).

Plant Growth and Water Use Efficiency

The first set of experiments examined water use efficiency at different temperatures under

well-watered and drying soil conditions. Seeds of this wild soybean are much smaller than
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those of the modern soybean, averaging about 12 mg per seed compared to 157 mg per seed,
and scarification of the wild soybean seed was necessary to facilitate germination. Seeds of
both soybean types were rolled in moist germination paper. The rolls were held in a dark
germination chamber at 30 °C for 48 to 72 h and kept moist by capillary action with calcium
sulfate (100 uM) solution. Germinated seedlings were transplanted into pots filled with a
sandy loam soil (73% sand; 17% silt; 10% clay) acquired from a landscaping company. The
soil had been heat sterilized and mixed with slow-release fertilizer plus lime to obtain a
homogeneous soil media with adequate nutrients and a pH of approximately 6.5. The pots
were 22 cm in diameter, 19-cm tall (9-L volume), and filled to 3 cm from the top with soil
material. Seedlings were planted four to a pot and were thinned to one plant per pot after
approximately 7 d. Experiments were conducted in walk-in growth chambers at the
Southeastern Plant Environmental Laboratories at North Carolina State University. Light
during the 10-h day period was provided by a combination of high output fluorescent and
100-watt incandescent bulbs with a photosynthetic photon flux density (PPFD) of
approximately 800 pumol m™ s”'. The dark period was interrupted by 3 h of incandescent light
(PPFD 40 pmol m?s?) to repress flowering. Three growth chambers were programmed for
day/night temperatures of 25/20 °C, 30/25 °C or 35/30 °C. Temperature and relative
humidity were monitored inside the growth chambers during the experiments using data
loggers that were shielded from the light (WatchDog model 150, Spectrum Technologies
Inc., Plainfield, IL). Mean “Daytime” VPD was calculated during the light period of each
day. Within each growth chamber, treatments were arranged in a completely randomized

design.
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Plant growth was measured by harvests over time during vegetative growth. Soybean
growth was defined by vegetative growth stage (Fehr et al., 1971). Wild soybean did not
have defined growth stages, thus plants were harvested when the leaf area was similar to that
of respective leaf area of domesticated soybean. The harvests were conducted later than for
domesticated soybean because early growth and development of wild soybean was much
slower. Four domesticated and four wild soybean plants were sampled at each harvest,
except at the end of the experiment when four domesticated and six wild soybean plants were
harvested. Leaf and stem fresh weights were measured separately. Roots were separated from

the soil by washing. Tissues were weighed before and after drying at 60 °C.

Plant water use measurements started when plants reached the V1 growth stage (Fehr
etal., 1971). Pots were watered to saturated soil conditions and left to drain overnight. The
next morning, polyethylene bags were placed over pots and secured at the base of plant stems
to prevent evaporation from the soil. Pots were weighed immediately after being covered and
each day thereafter. For the water-replete plants, water was applied as necessary to replace
transpiration losses of 100 g less than the initial pot weight. For plants exposed to soil drying,
water was completely withheld from the pot until termination of the dry-down period.

Transpiration was measured each day by the daily changes in pot weight.

The inherent water use efficiency (m) of both species was determined by mass

accumulation, water use, and VPD. Water use efficiency is often expressed as a ratio.
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Plant mass
WUE = ——

Water use

(Eq. 1)
To account for VPD effects, deWit (1958) in his classical water use efficiency study,
proposed the equation.
Y (plant mass) _ m
T (water use) - Tmax (VPD)
(Eq. 2)

The ratio in Eq. 1 is on the left side of Eq. 2, where Y is total dry mass and T is transpiration,
or water use. The water use efficiency calculation was improved by accounting for the
possible confounding effects of “free water evaporation” (Tmax). Consequently, m is
normalized with respect to environmental factors and allows for genotype-to-genotype
comparisons that are not confounded by environment. A regression model was derived from

Eq. 2 and fit to the wild and domesticated soybean data.

Water use

Y (Plant mass) = o+ 1 — ——

(Eq. 3)

In Eq. 3, plant mass (g) was the dependent variable, By was the intercept (g), B; was the
constant m (Pa), and the independent variable was the quotient of water use (g) and mean
daily VPD (Pa). The slope of each regression was determined and used as an estimate of the

average m of a genotype. The more conventional ‘shoot-based’ water use efficiency
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(WUEgnoeot) Was also calculated for individual plants. Although it is not appropriate to
compare WUEq. of genotypes at different temperatures in the present study, it is useful as a
reference to the existing water use efficiency literature. The obtained WUZEg,o¢ values were
subjected to analysis of variance (ANOVA) using the GLM procedure in SAS (v.9.1, SAS
Institute, Cary, NC), and statistical differences in treatment means were determined using the

protected LSD procedure (0=0.05).

Transpiration breakpoint with soil drying

Early sensing of water deficit by plants was examined by monitoring transpiration response
during progressive soil drying. The termination of dry-down treatments and subsequent data
analysis were performed in a similar manner to that in previous studies (Sinclair and Ludlow,
1986; Ray and Sinclair, 1997; Ray and Sinclair, 1998). A double normalized transpiration
ratio was used to monitor the stomatal activity. In the first normalization, transpiration of
each dry-down plant was divided by the average transpiration of its corresponding control
group. This calculation, expressed as a ratio accounted for minor variation due to factors such
as light, air movement, or temperature differences (including VPD) within the growth
chamber. The second normalization was performed to allow comparisons among replicate
plants. For example, a plant that was smaller than average would have a lower transpiration
ratio than a large plant even under well-watered conditions. To account for these inherent
differences, the transpiration ratio for a plant on a given day was divided by its own average
transpiration ratio from the beginning of the dry down before it was affected by water-deficit
stress. Depending on temperature, this normalization period ranged from 2 to 7 days. The

resulting normalized transpiration ratio (NTR) consequently centered transpiration values of
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all dry-down plants near 1.0 at the beginning of the soil drying period where soil water status
was still adequate. The dry down was terminated on the first day that NTR was <0.10
(Sinclair and Ludlow, 1986); dry-down plants along with their respective control plants (that
had remained well watered) then were harvested, with mass of leaves, stems, and roots

measured separately as before.

Soil water content was measured gravimetrically as the dry down progressed. The
volumetric soil water measurement used to describe plant response to soil water content was
the fraction of transpirable soil water (FTSW) remaining in the pot. The FTSW was
calculated for each day of the dry down by dividing the amount of transpirable water in the
pot on a given day (daily pot weight — final pot weight) by the total transpirable water in the
pot (initial pot weight — final pot weight). The lower end of transpirable soil water (NTR
<0.10, FTSW = 0) often coincided with a loss of stem turgor below the apical meristem.

Further details for the dry down experiments are presented in Table 1.

Transpiration breakpoints (BP) with soil drying were determined using a plateau
regression procedure in SAS. Transpiration data were plotted as a function of FTSW, and a
line derived from the breakpoint analysis was drawn representing the linear decrease in
transpiration as the soil dried beyond the breakpoint. The transpiration BP is an indicator of
plant sensitivity to soil drying, with higher BP values corresponding to greater transpiration

sensitivity.
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Hydroponics

Domesticated and wild soybean plants were grown in a nutrient solution to determine genetic
differences in root morphology. Experiments were conducted in a hydroponic system located
in a walk-in growth chamber similar to the ones described previously for the pot
experiments. The system specifications have been reported elsewhere (Vessey et al., 1988).
In brief, the system is comprised of free-standing, 200-L units equipped with automated
temperature and pH control. Three units were used to establish solution temperatures of 23,
28, and 33 °C, which were similar ranges to those in the pot experiments already described.
Solution pH was maintained between 5.5 and 6 with additions of 0.5 M H,SO4 or 0.2 M
KOH. A 12-h light period was used during the day and the dark period was interrupted by 3 h
of incandescent light to repress flowering. Aerial temperature in the walk-in-chamber was

held at a constant 26 °C.

For experiments in the hydroponic systems, seeds were scarified and germinated as
described for pot experiments. Wild and domesticated soybean seedlings with radicles 3- to
5-cm long were selected from the batch of germinated seedlings and placed in the hydroponic
units. The nutrient solution contained 800 pM CaSQy4, 500 uM MgSO4, 200 uM KH,POy,
1,000 uM KNO3, 1mg Fe L' (Fe-chelate), and micronutrients (0.61 uM H3BOs, 0.12 uM
MnCl,, 0.11 uM ZnSOy, 0.13 uM CuSOy, 0.02 uM Na,MoQy,). The nutrient concentrations
were based on previous root morphology studies in hydroponically grown soybean and weed

species (Wright et al., 1999).
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Plants were harvested when the fresh weight of their roots had reached the range of
12 to 16 g. On each day of harvest, plants were removed from the chamber and placed on a
work bench with roots suspended in shallow trays filled with water. The roots were gently
detangled and spread out within the tray. The roots were then cut from shoots below the
hypocotyl, and shoot fresh weight was determined. The root portion was further divided into
tap root and lateral root segments. Root segments were suspended in water inside smaller
plexiglass trays (24 cm x 24 cm x 2-cm deep) that were positioned above a transparent back-
lit tray under a dark hood. Photographs of the root segments were taken using a Sony DSLR-
A330 digital camera (Sony Electronics Inc., San Diego, CA) mounted on a tripod 45 cm
above the tray. Images were taken of multiple trays per plant to capture the entire root
system. The digital images were formatted at 10 megapixels, and raw images were converted
to a tagged image file format (TIFF) and analyzed using WinRHIZO digital imaging
software (v. 2009, Regent Instruments, Quebec, Canada). Images of root segments of known
length and diameter were used to calibrate the software. The software was used to measure
root length, root surface area, and root diameter for each plant. The entire root length and
surface area were also determined for seven root diameter classes: <0.1, 0.1-0.25, 0.25-0.5,
0.5-0.75, 0.75-1.0, 1.0-1.25, and >1.25 mm. After imaging, root fresh weights were recorded,
and root and shoot tissues were separately dried in an oven at 60 °C for 48 h and weighed to
obtain dry tissue mass. Total root dry weight, total root length, and total root surface area
were subjected to ANOVA, and similar mean separation procedures were used as described

before.
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RESULTS

Plant Growth and Water Use

Slopes of calculated regressions, m, were higher than normally reported for soybean because
the roots were included with the plant dry mass measurements. Normally only shoot dry
mass is included. No inherent advantage in WUE could be detected in well-watered Glycine
soja (Fig. 2). Values of m were consistently higher in Glycine max than Glycine soja across
the three growth temperatures, and calculations of mean WUEgoot yielded similar results
(Table 2). With both species, increasing temperature led to lowering of water use efficiency.
However, temperature differences were insignificant for m values because VPD effects on

water use were accounted for. This was not the case for WUEoo1.

Growth and Water Use under soil drying conditions

The relationship between growth and water use, controlling for VPD, was examined under
conditions where soil was allowed to dry without water additions. As when adequate water
was being supplied, there was a linear relationship between mass accumulation and
transpiration/VPD (Fig. 3). From slopes of the calculated regression equations and from the
calculated mean WUEjg,o1, the results indicated no advantage for Glycine soja as available
soil water dissipated (Table 3). Though Glycine soja had numerically higher m than Glycine
max in two out of three temperatures, the differences were not significant. Glycine max had
significantly higher WUEg00t than Glycine soja. As was the case with plentiful water, there
was lower water use efficiency with increasing temperature in both species, with the

exception of domesticated soybean at 30 °C (Table 3).
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Even though wild soybean gave no indication of increased water use efficiency as
normally measured, it did exhibit sensitive control over transpiration as soil dried (Fig. 4).
When soil moisture depleted down to a value of ~ 0.6 to 0.7 of FTSW, transpiration slowed
markedly at 25 °C. As a result, Glycine soja took longer than Glycine max for the soil water
to be depleted at this temperature (Table 1). At higher growth temperatures, the breakpoint
for the transpiration control by wild soybean declined into the range observed for the

domesticated check, which was about 0.2 to 0.3 FTSW.

Root Morphology

Hydroponics was selected as the experimental system to evaluate inherent differences in
early morphological development of Glycine max and Glycine soja root systems. The intent
was to identify the genetic potential for expression of morphological traits that might be

advantageous for water acquisition without the confounding effects imposed by solid media.

Architecturally, roots of the two species resembled one another (Fig. 5). The main
difference, visually, was that Glycine soja had a much denser root system within the same
approximate volume. A comparison of root morphology when root masses were similar,
excluding the 35 °C treatments, and therefore normalizing for differences in development
rates, revealed that Glycine soja had much greater total root length (~ 70%) and surface area
(60-90%) at a root temperature of 25 °C and a somewhat greater length at 30 °C (Table 4). In
contrast, at the high temperature of 35 °C, root length and surface area of Glycine soja were
not statistically different from those in Glycine max because total root mass accumulation in

wild soybean was drastically inhibited by high temperature.
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Detailed examination of the root morphology indicated that wild and domesticated
soybean had similar morphological profiles, with root diameters between 0.25 — 0.75 mm
being the dominant diameter classes (Fig. 6). Larger total root lengths of Glycine soja at 25
and 30 °C reflected increased development primarily in the 0.25-0.5 mm diameter class.
When root development was severely restricted at 35 °C, the restriction was most evident in
that same diameter class. Root systems of the two Glycine species also have been examined
at earlier growth stages in earlier experiments (data not shown). From those, it was evident
that differences in root length in this diameter class are present early on in development and

become more pronounced with age.

DISCUSSION

This research was part of a series of studies examining drought resistance in wild
soybean (Seversike et al., 2011). Over the thousands of years of selection and breeding to
domesticate soybean, much of the genetic diversity of Glycine max has dwindled to a narrow
genetic base (Gizlice et al., 2004). As the wild ancestor of domesticated soybean, Glycine
soja is viewed as a source of rich genetic diversity that can be mated inter-specifically with
Glycine max (Chung and Singh, 2008).

The wild soybean genotype examined here, PI 468917, clearly did not have a higher
level of inherent water use efficiency, i.e. m, than the modern soybean Hutcheson in the usual
sense. This was true in conditions where adequate water was supplied and during periods

when soil water was allowed to deplete.
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The most notable response of the wild soybean genotype was the ultra-sensitive
regulation of transpiration as soil water depleted (refer to Fig. 4). Typically, modern soybean
types have been found to decrease transpiration at a FTSW of about 0.3 or lower (Sinclair
and Ludlow, 1986; Ray and Sinclair, 1998; Hufstetler et al., 2007; King et al., 2009), as
observed for Hutcheson in this study (Fig. 4A). Wild soybean, in contrast, began decreasing
transpiration when 0.6 of the transpirable soil water was still available and, consequently, soil
water was depleted more slowly over time. This type of response, obviously, would
contribute on drying soil to the ‘slow-wilting’ strategy that has been identified as a key for
mitigating drought in soybean fields (Sinclair et al., 2010). Greater sensitivities to soil drying
also have been recently found in genotypes of peanut [Arachis hypogaea] (Devi et al., 2009)
and rice [Oryza sativa L., indica] (Luquet et al., 2008). However, it is important to consider
the risk of yield losses due to limiting gas exchange prior to drought if water deficits do not
become severe enough to realize potential benefits from soil water conservation.

A complication for using the transpiration-control trait in plant breeding is its linkage
with temperature. Wild soybean’s regulatory response was limited to the 25 °C growth
temperature. This was also the case for the sensitive stomatal response to VPD found with
the PI 468917 and some other wild soybean genotypes (Seversike et al., 2011). Previous
experiments using domesticated soybean and weed species indicated that temperature
responses are highly conserved physiological traits (Tungate et al., 2007). Wild soybean
originates from temperate regions of China, and PI468917 was collected from the North
China Plain where maximum annual temperatures are near 20 °C (Mo et al., 2009), which

probably explains the low temperature requirement for expression of the favorable drought
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trait. The implication, physiologically, is that once temperatures exceed a genotype’s adapted
range, transpiration controls become disengaged, possibly releasing the system for increased
cooling.

The transpiration response of Hutcheson was never triggered at a higher soil moisture
level than 0.3 FTSW, regardless of temperature. Evidently, the transpiration control trait with
soil drying was never recognized during the breeding and selection of this widely grown
southeastern USA cultivar, which is in the genetic lineage of many modern varieties (Mikel
et al., 2010), if the trait is still in its genetic bank. The absence of a sensitive soil drying
response trait contrasts with the expression of transpiration control with increasing
atmospheric VPD (Seversike et al., 2011). In that case, the trait was expressed at 30 °C,
although it was relatively unstable and tended to dissipate with further temperature increases.
The higher temperature expression for Hutcheson’s VPD response, which would be more
suited for soybean growing summers in much of the USA, is an indication that the linkage
between transpiration control and temperature likely can be overcome with plant breeding.

A hydraulics-based control mechanism is suggested to be activated near 0.3 FTSW
(Sinclair, 2005), but the restriction of transpiration in our experiments preceded the
theoretical hydraulic signal. Although a clear explanation for the early stomata closure is
difficult to resolve, a temperature sensitive hydraulic mechanism in the plant may be
involved or possibly chemical signaling mechanisms (Davies and Zhang, 1991; Tardieu and
Davies 1993). The transpiration response of the soybean species to drying soil should not be
confused with the leaf-based transpiration response to VPD. From past experiments, we

know that transpiration (i.e. stomatal conductance) generally does not respond to aerial VPD
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in the ranges being used, except perhaps at the higher temperature (Table 1; Seversike et al.,
2011). In that case, and all others, aerial VPD effects would have been accounted for by the

normalization procedure using well-watered controls.

Root Morphology

In addition to the sensitive control over transpiration rate as soil dried, wild soybean
expressed much greater root length than modern Hutcheson the hydroponics culture system.
When root masses were similar, the visual images showed a more dense root system and
morphological analyses indicated that wild soybean had up to about 90% greater root length
compared to that of the domesticate at 25 °C, primarily reflecting an increase in relatively
fine roots with a diameter of 0.25-0.50 mm (Table 4). These observations are different than
those in two previous studies (Manavalan et al., 2010; Khalil et al., 1999), where plants were
grown in sand culture and wild soybean’s slower growth rate was not taken into
consideration. Slower growth was probably associated with a much smaller seed size; the
weight of seeds used in these experiments was about 12 mg compared to 157 mg for the
modern Hutcheson. It has been shown previously that seed weight and the amount of seed
reserves strongly influence early soybean growth and development rates (Naegle et al.,

2005).

It can be reasonably assumed that greater root length and surface area would be
advantageous traits for soybean, as proposed previously with P1 416937 (Carter and Rufty,
1993; Hudak and Patterson, 1996). Cultivated soybean genotypes with greater root length at

depth have been shown to have higher yields than those with lower root length (Barber and
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Silberbush, 1984). Furthermore, small-diameter roots generally have higher surface area and
greater capacity for water capture than large diameter roots (Eissenstat, 1992; Fitter, 1996).
We are fully aware that root morphogenesis is impacted by factors in the soil environment
such as compacted soil layers (Clark et al., 2003; Place et al., 2008), chemical barriers such
as aluminum (Kochian, 1995; Silva et al., 2001b), and nutrient heterogeneity (Drew, 1975;
Drew and Saker, 1978; Robinson, 1994). We cannot know yet how root development of wild
soybean is influenced by the soil stresses, or the extent that root growth is redistributed to

greater soil depths as soil water is depleted (Hoogenboom et al., 1987; Merrill et al., 2002).

The Integrated Response

As a whole, evidence from our research with soybean is demonstrating that drought
resistance cannot always be defined as a fixed, stable plant property. Not to dismiss the
advantage of increased root length and architecture, just as important appears to be an
enhanced ability to rapidly acclimate to changing water status in the plant and soil system.
Whenever plants encounter a large VPD (Seversike et al., 2011) or depletion of soil water,
transpiration rate is down regulated and development of severe water stress delayed. With
this type of control mechanism, reversibility must be a key for minimizing negative impacts
on crop performance. Because stomatal closure limits gas exchange, a genotype would have
to open stomata as soon as rainfall occurs or inhibition of CO; entry and photosynthesis
would itself cause a severe limitation in growth and yield. Modeling of the impact of
possible drought resistance traits has clearly indicated that stomatal closure becomes a
negative factor for soybean yield if gas exchange is restricted for an extended period (Sinclair

etal., 2010).
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Based on previous observations with soybean PI 416937 (Sloan et al., 1990; Carter
and Rufty 1993; Carter et al., 2006), the basis for experiments with wild soybean PI 468917
has been that genotypes exhibiting slow wilting and drought resistance would possess a
‘cluster’ of physiological traits. The premise appears to hold true. Furthermore, because
multiple Glycine soja genotypes had sensitive responses to increasing VPD in our earlier
study (Seversike et al., 2011), it seems reasonable to think that favorable drought resistance
traits are not uncommon in wild soybean populations. Additional experiments will determine

how far the trait ‘cluster’ extends.
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Table 1. Daytime vapor pressure deficit (VPD) during dry down, the number of days after
planting (DAP) when dry down experiments were initiated, and the length of the dry down
(days) for Glycine max and Glycine soja at 25, 30, and 35 °C.

Glycine max Glycine soja
25°C  30°C 35°C 25°C  30°C 35°C
Daytime VPD (kPa)
Average 1.25 1.78 2.40 1.37 1.78 2.11
Minimum 1.18 133 2.09 1.23  1.58 1.62
Maximum 135 2.26 2.68 1.57 195 2.83
Initiate dry down
(DAP) 23 20 17 32 33 36
Length of Dry
Down (days) 13 9 7 18 7 7
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Table 2. Linear regression coefficients and their standard errors (+ s.e.) to determine WUE

without confounding effects of environment (WUE = m) for well-watered Glycine max and

Glycine soja at 25, 30, and 35 °C growth temperatures. For the regression equation y = o+

B1(x), y is the total plant mass (g); B, is the physiological coefficient m (Pa); and x is the

water use (g) divided by VPD (Pa). Water use efficiency (WUEgo0t) based on shoot dry mass

(g) per unit water used (L) for individual plants are given as mean values.

WUE =m
Species Temperature Bo +s.e. Bi +s.e. r WUE oot
°C g Pa (gL
Glycine max 25 0.25 0.19 799 0.14 099 4.77 At/at
30 -0.63 041 9.77 042 098 3.86B/a
35 0.02 0.27 10.14 038 098 3.54C/a
Glycine soja 25 -0.36 0.46 728 028 097 3.69 A/b
30 -0.04 1.81 9.15 128 0.77 3.40B/b
35 1.36 0.66 961 061 094 3.09C/b

T WUEgoot means followed by the same upper-case letter are not significantly different when
compared among temperatures within the same species.
T WUEg4pe0t means followed by the same lower-case letter are not significantly different when
compared between species within the same temperature.
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Table 3. Linear regression coefficients and their standard errors (+ s.e.) to determine WUE

without confounding effects of environment (WUE = m) for drying Glycine max and Glycine
soja at 25, 30, and 35 °C growth temperatures. For the regression equation y = o+ B1(X), y is
the total plant mass (g); the slope (B:) is the physiological water use coefficient m (Pa); and x
is the water use (g) divided by VPD (Pa). Water use efficiency (WUEgp.ot) based on shoot dry

mass (g) per unit water used (L) for individual plants are given as mean values.

WUE =~ m
Species Temperature Bo +s.e. B +s.e. 1’ WUE oot
°C g Pa (gL
Glycine max 25 0.19 0.93 896 1.00 0.88 5.17 Atf/aj
30 -1.59 2.26 1145 333 066 3.65B/a
35 1.23 0.77 737 166 077 3.17C/a
Glycine soja 25 -0.92 0.19 10.04 027 099 4.66 A/b
30 0.02 1.14 9.05 183 0.71 3.29B/b
35 0.74 0.56 9.08 1.12 0.87 2.78C/b

T WUEgoot means followed by the same upper-case letter are not significantly different when
compared among temperatures within the same species.
T WUEg4pe0t means followed by the same lower-case letter are not significantly different when
compared between species within the same temperature.
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Table 4. Mean root dry mass, root length, and root surface area of Glycine max and Glycine

soja plants grown in hydroponics at different temperatures.

Species Temperature Root Dry Root Root Surface
Mass Length Area
°C g m cm’
Glycine max 25 0.7736 At/af 98.1 A/b 1831 At/bi
30 0.7643 A/a 929 A/b 1413 Ab
35 0.8370 A/a 68.7 B/a 1315 A/a
Glycine soja 25 0.8116 A/a 170.0 A/a 2878 A/a
30 0.7875 A/a 157.8 A/la 2723 A/a
35 0.2661 B/b 46.5 B/a 875 B/a

tMeans followed by the same upper-case letter are not significantly different when compared
among temperatures within the same species.

1 Means followed by the same lower-case letter are not significantly different when
compared between species within the same temperature.
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Figure 1. Accumulation of total plant mass over time by Glycine max and Glycine soja when
grown at 30 °C. The growth lag for Glycine soja existed for each of the temperatures used in

the current study.
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efficiency (m) of drying Glycine max and Glycine soja when grown at 25, 30, and 35 °C.
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Figure 5. Images of Glycine max and Glycine soja root systems that were grown in a

hydroponic solution of 28 °C.
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CHAPTER 3

Agronomic Productivity of Wild and Domesticated Soybean under Closed Canopy
Conditions in North Carolina

ABSTRACT
The genetic base of soybean [Glycine max (L.) Merr.] is relatively narrow. The wild soybean,
Glycine soja (Sieb. and Zucc.), may be a beneficial source of genetic diversity for developing
improved soybean cultivars. However plant breeders are reluctant to use wild soybean in
their programs because the agronomic characteristics are assumed to be below tolerable
levels. Given insufficient field-based data to support this notion, our objective was to test the
long-held hypothesis that wild soybean is extremely low yielding in closed canopy
conditions. For two years and at a total of three North Carolina locations, wild soybean was
grown in bordered-row plots achieving canopy closure at nearly the same time as
domesticated soybean. Wild soybean had yields up to 50% of domesticated soybean. These
results indicate that although wild soybean yields are lower than domesticated soybean, they
may not be as low as suspected. However, genotype x environment interactions revealed
lower yields of wild relative to domesticated soybean in higher-yielding environments. An
analysis of seed protein, oil, and fatty acid composition indicated that wild soybean was high
in protein and linolenic acid (18:3) and low in oil compared to domesticated soybean. The
productivity of wild soybean was calculated in terms of energy (kcal m™) based on seed yield
and composition, and it fell in comparison with domesticated soybean due not only to its low

yield but also low oil content.
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INTRODUCTION

The wild soybean, Glycine soja (Sieb. and Zucc.), is considered a potential source of
economically important traits for the domesticated species. Wild soybean reportedly harbors
salt tolerance (Lee et al., 2009), resistance to the soybean cyst nematode (SCN) [Heterodera
glycines Ichinohe] (Wang et al., 2001), cucumber mosaic virus (Hong et al., 2003) and
insects (Hill et al., 2004; Chiang and Talekar, 1980), high linolenic acid in the seed oil (Diers
and Shoemaker, 1992; Rebetzke et al., 1997), high protein content in the seed (Sebolt et al.,
2000), small seed size desirable for the Japanese natto market (LeRoy et al., 1991), QTL for
improved seed yield (Li et al., 2008; Concibido et al., 2003) and more recently drought
tolerance (Chen et al., 2006; Seversike et al., 2011a,b). Even though wild and domesticated
soybean cross freely in general, a major challenge in using Glycine soja in breeding is the
difficulty of introgressing favorable traits from the wild species to domesticated breeding
stock without also introducing undesirable agronomic traits (Carpenter and Fehr, 1986; Ertl
and Fehr, 1985). This problem becomes obvious upon inspection of F, populations derived
from wild x domesticated crosses, where few if any F, plants appear similar to the
domesticated soybean (T.E. Carter, 2011, personal comm.). For this reason, no wild soybean
appears in the pedigree of a North American or Chinese commodity cultivars (Bernard et al.,

1988; Cui et al., 1999).

Thus far, cultivar release using wild soybean as breeding stock has been limited
mainly to development of natto-type soyfoods cultivars, where the wild soybean was used as

a source of the small-seeded trait. The small-seeded Chinese cultivar ‘Xiao Li Dou 1 Hao’
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was released from Heilongjiang province in 1988 and traces 50% of its pedigree to wild
soybean Hong Ye-1 (Cui et al., 1998). In North America, wild soybean accession Plant
introduction (PI) 101404B (also known as T106) was used to create a number of the
Canadian natto cultivars ‘AC Columbe’, ‘AC Colibri’, ‘AC Pinson’, ‘Canatto’, ‘Chikala’,
‘DH3604°, ‘Electron’, ‘Faucon’, ‘Heron’, ‘Micron’, ‘Natto 3°, ‘Nattosan’, ‘Nattawa’, ‘TNS’,
and ‘T2653” (Voldeng et al., 1996a,b; 1997a,b,c; 1998; 2000 a,b,c; Cober et al., 2006b;
Poysa and Voldeng, 2007; USDA-ARS, 2011f,g,h). The Canadian commodity cultivar
‘Roland’ (Cober et al., 2006a) is derived in part from natto types, has normal seed size, and
traces a small percentage of its pedigree to the same wild soybean. The PI 81762 and/or PI
135624 were used to develop ‘SS201°, ‘SS202°, ‘IA 2005°, ‘1A2023°,’IA2024°, ‘IA2035’,
‘IA 3007°, ‘TA3008” and ‘IA 4001’ at lowa State University (Fehr et al., 1990a,b; Cui et al,
2005). The wild soybean alleles were introgressed into lowa State cultivars via three
backcrosses followed by further matings. Thus, the percentage of pedigree tracing to wild
soybean in those cultivars is small. In contrast, the Canadian cultivar Nattawa derives 25%
of its pedigree from wild soybean, and others derive 12.5% or their pedigree from the wild
source (Cui et al., 2005; T.E. Carter, 2011, personal comm.). Natto type cultivars are
typically lower yielding than commodity-type cultivars. Recently, germplasm has been
released which has SCN resistance tracing to wild soybean (Diers et al., 2005; Delheimer et

al., 2010; Wang et al., 2001).

A second reason that soybean breeders are reluctant to use wild soybean in applied
breeding is that although individual plants of wild soybean can become rather large, most

soybean breeders believe that the yield potential of wild soybean is quite low compared to
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the domesticated soybean, when expressed on a plot area basis in the field. Soybean breeders
are reluctant to use low yielding genetic materials unless there is a very good reason, such as
obtaining the small-seeded trait from wild soybean as described previously. Surprisingly,
almost no studies are available that document the yielding ability of wild soybean in a
closed-canopy bordered-plot test environment. Nagato et al. (1988) reported that wild
soybean yielded 70% of domesticated soybean in Japan in a single field environment.

Canopy closing was not reported in that study.

The objective of this study was to quantify and compare seed yield and agronomic
performance of wild and cultivated soybean in multiple field environments in North Carolina
and test the long held hypothesis that wild soybean is extremely low yielding under closed

canopy conditions.

MATERIALS AND METHODS

Genetic Materials and Crop Management

Five wild soybean accessions and one domesticated soybean cultivar were evaluated in three
field environments (Tables 1 and 2). The wild soybean accessions were collected from
northern China. The PI’s 468396A, PI 468397A, and PI1 597456 (USDA-ARSa,b,e, 2011)
were collected in Shanxi province China. The PI 468917and PI 483460A (USDA-ARSc,d,
2011) were from Liaoning province, China. Williams soybean (Bernard and Lindahl, 1972),
a late maturity group III cultivar, was developed by USDA —ARS. The wild soybean
accessions were chosen based upon seed availability and their favorable responses to soil

drying in greenhouse pilot studies. Williams soybean is similar in maturity to the wild
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soybean accessions and is representative of domesticated soybean being the most-used parent
in developing new cultivars in the USA between 1970 and 2008 (Mikel et al., 2010).

Therefore, it was included in the study as a domesticated soybean check.

Wild soybean seed were scarified and sown in moist peat pellets (Jiffy 7, Jiffy
Products N.B. Ltd., New Brunswick, Canada) held in flats and arranged on greenhouse
benches in USDA—ARS greenhouses in Raleigh, NC. Wild soybean has been shown to have
a slower rate of early vegetative growth than domesticated soybean (Seversike et al., 2011a),
which is likely due to the small seed size and low endogenous seed nitrogen pools available
for leaf area development after germination (Naegle et al., 2005). Due to its growth lag, wild
soybean was germinated earlier than domesticated soybean in order to have plants at similar
vegetative development so that the wild soybean types were no more vulnerable than the
domesticated Williams when transferred from the greenhouse to a harsher field environment
at transplanting. Therefore, all wild soybean accessions were sown in the pellets on the same
day 14 d prior to the expected transplanting date in the field. Nine days prior to the scheduled
transplanting in the field, domesticated soybean seed were rolled in germination paper and
kept moist by capillary action with a 100 uM CaSOy solution. Seeds were set in a dark
germination chamber at 30 °C for two days and then planted in peat pellets in the greenhouse

with the wild soybean.

For each location, transplanting occurred on the same day for all genotypes into
freshly tilled soil. Plants were spaced 10-cm apart within a row for both domesticated and

wild soybean genotypes. Plants were watered by hand for approximately 7 days after
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transplanting to maximize transplant survival. Survival rate was approximately 99%. The
few transplants which died in the first 10 days were replaced by extra transplants which were

planted at the edge of the main experiment.

Field experiments were conducted at three North Carolina locations: the Sandhills
Research Station at Jackson Springs, NC in 2009 (Fuquay sand; Loamy, kaolinitic, thermic
Arenic Plinthic Kandiudults), the Central Crops Research Station at Clayton, NC (Norfolk
loamy sand; Fine-loamy, kaolinitic, thermic Typic Kandiudults) and the Caswell Research
Farm at Kinston, NC (Woodington loamy sand; Coarse-loamy, siliceous, semiactive, thermic
Typic Paleaquults) in 2010. At each site, field plots were arranged in a randomized complete
block experimental design with four replications. Plots consisted of three rows which were
1.8-m long and spaced 48-cm apart, resulting in plant populations of approximately 21.5
plants m™. Preplant herbicides were employed at Jackson Springs (S-metolachlor 46.4% a.i.
with Fomesafen 9.7% a.i.) and Clayton (Trifluralin 43% a.i.) followed by hand weeding
throughout the season. At Kinston, severe weed pressure dictated the use of a post-
emergence herbicide (Clethodim 26.4% a.i.) to control grassy weeds. Two applications were
made; the first was applied at a rate of 0.6 L ha™ 29 d after transplanting and the second at a
rate of 0.9 L ha' 51 d after transplanting. No phytotoxic effects were observed on the test
genotypes. Fertilizer was applied before transplanting at Jackson Springs (granulated: 10-0-
35 8% S; amount 448 kg ha™), Clayton (granulated: 6-6-36; amount 448 kg ha™), and
Kinston (sulfate of potash: 0-0-50, amount 168 kg ha™). Post-transplant fertilizer applications
were made 20 and 36 d after transplanting at Jackson Springs using a liquid fertilizer (30%

N) at amounts of 145.6 kg ha™' and 121.3 kg ha™, respectively. A granulated fertilizer (10-10-
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10, rate 224 kg ha™) was applied post-transplant at Clayton 56 d after transplanting. This was
to prevent possible N deficiencies due to the possible poor nodulation of wild soybean. At
Kinston, post-emergence foliar applications of Mn were made 27, 34, and 42 d after
transplanting to prevent Mn deficiency. For each application, a solution made from a dry-
flowable powder (MAN-GRO 31% Mn, Tetra Micronutrients, The Woodlands, TX) was
used and applied at an amount of 1.7 kg ha'. All experiments were maintained well-watered
by overhead sprinkler irrigation until the crop canopy closed, which was the same date for
both domesticated and wild soybean at Clayton and Kinston in 2010, and within two weeks
of each other at Jackson Springs in 2009, with domesticated soybean being first. At Jackson
Springs and Kinston, plots received water only by rainfall after canopy closure. But at
Clayton, plots were irrigated as needed to minimize early-morning or late-afternoon leaf
wilting for the rest of the season. Climate data including daily maximum and minimum air
temperature, precipitation, and average solar radiation were collected from weather stations
located at each of the three research stations (SCONC, 2011). Air temperature and solar

radiation were measured at 2-m height.

Yield, Phenology, and Seed Characteristics
Calendar dates for flowering (R2), physiological maturity (R7), and harvest maturity (RS8)

were recorded according to definitions provided by Fehr et al. (1971). Wild soybean was
harvested at physiological maturity (R7) to avoid yield losses from shattering that commonly
occur in wild soybean immediately at harvest maturity (R8). The cultivar Williams was
harvested at R8, because it is not subject to shattering under most conditions, and, as a check,

was managed using conventional methods. At R7, one square meter (1.5 m x 0.66 m) of wild
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soybean biomass was removed from the bordered center row of each plot, leaving about 30
cm of plant material on each end (Fig.1). The harvested plant matter was placed in a
greenhouse to dry and the mass, including seed, was recorded as total plant mass. The seed
were subsequently threshed and sorted from stover by hand. Seed moisture was determined
for each plot gravimetrically and final seed yield was calculated on a 130 g kg™ seed

moisture basis.

For the domesticated Williams soybean, plant material was removed from the
bordered center row of plots after R8 and dried in the same manner as wild soybean. Total
plant mass of domesticated soybean was determined, after the seed were separated from the
stover using a single-plant thresher. Seed moisture was determined and final soybean seed
yield was expressed on a 130 g kg seed moisture basis. Total mass for plots of domesticated
soybean did not include leaves, which senesced and dropped prior to harvest. The 100-seed
weight was taken as the average of three samples per plot for all plots of both wild and

domesticated soybean.

Protein, oil, and fatty acid concentrations of seed were determined for wild and
domesticated soybean using procedures that have been described elsewhere (Burkey et al.,
2007). Briefly, oven-dried seed was ground and analyzed for protein using the Dumas
combustion method (AOCS, 1998). Seed oil content was determined using pulsed NMR by
the Field Induction Decay-Spin Echo procedure (Rubel, 1994) and seed oil fatty acids were

assayed by gas chromatography of the fatty acid methyl esters. Protein and oil concentrations
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were calculated on a zero moisture basis and converted to SI units. Fatty acids were reported

as a percentage of total fatty acid content of the seed.

The amount of photosynthate required for seed yield of wild and domesticated
soybean was calculated using the results of the seed composition analysis. The amounts of
protein and oil in seed were measured as previously described. Carbohydrate was calculated
as the remainder of the total seed content after assuming 5 % ash. One gram of hexose yields
0.40 g of protein, 0.33 g of oil, and 0.83 g of carbohydrate (Penning de Vries, 1973 as cited
by Sinclair and deWit, 1975). Once the amount of photosynthate required to synthesize one
gram of seed was calculated, the total amount per unit land area (g hexose m™~) was

calculated by multiplying by the total seed weight (dry seed basis) of each plot.

Experimental Design and Statistical Analysis

Data from the three field experiments were analyzed using the GLM procedure in SAS (v.
9.1, SAS Institute Inc., Cary, NC). When the main effect of genotype was statistically
significant (p< 0.05), Fisher’s protected LSD procedure was employed at the 0.05 level. Pre-
planned comparisons were made for yield, protein, and oil as follows: 1) domesticated
soybean vs. the average of the wild soybean accessions and 2) variation among the wild
soybean accessions, exclusive of domesticated soybean. When genotype and environment
interactions were significant, additional contrasts were made for the above genotypic

contrasts in combination with environment effects.
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RESULTS AND DISCUSSION

Performance in North Carolina environments

Yield of the wild soybean species is difficult to measure in the field because of its prostrate,
viny growth habit and extreme susceptibility to shattering at maturity. The wild soybean
transplants in this study established uniform stands, fully closing the canopy similar to
domesticated soybean plots (Fig. 1A). Canopy closure, the overlapping of about 50% of the
leaves between two rows, occurred on the same date for both species at 56 and 48 d after
transplanting at Clayton and Kinston, respectively. Domesticated soybean closed its canopy
before the wild soybeans at Jackson Springs, however (47 vs. 59 d for Glycine max and
Glycine soja, respectively). Harvesting wild soybean at physiological maturity (R7) was very
effective in avoiding shattering (Fig. 1B). This was evident when less than 10 g of seed, if
any, was found on the soil surface after plant mass was removed from each plot. Thus,

shattering did not influence the results of this study.

The highest mean yield was observed at Clayton (126 g m™) where irrigation
continued after canopy closure (Table 1). The average genotypic yields were relatively low in
these environments in part because of the lower yields of the wild soybean, but also because
MG III genotypes are not well adapted to North Carolina, where groups IV through VIII are
grown more commonly. Yields of early maturity cultivars grown in the southern USA have
been reported previously (Edwards et al., 2003). Even with higher population densities than
employed in the present study, MG III genotypes with emergence dates in late-May and June

had comparable yields to the domesticated soybean check in the present study (Table 2). The
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wild soybean accessions in our experiments reached maturity within 2 to 6 d of Williams
soybean (Table 2), which is within a an acceptable time frame for comparing yield among

genotypes (T.E. Carter, 2011, personal comm.).

It was evident in this study that although the wild soybean accessions matured at a
similar time as domesticated soybean, they flowered from 14 to 31 d later than domesticated
soybean (Table 2). This delay in flowering is consistent with the findings of other studies
(Mizuguti et al., 2009; Saitoh et al., 2004) and may partly contribute to the low yield of the
wild soybean in that the duration of reproductive growth is much less than for the
domesticate (Table 2), and critical to overall productivity (Egli, 1998). It is conceivable that
the wild species evolved a prolonged vegetative growth period to maintain leaf area and

productivity under foraging pressure by animals.

Yield and other agronomic traits

Wild and domesticated soybean were evaluated in closed-canopy conditions to test the
hypothesis that the wild species is extremely low yielding compared to the domesticate. Wild
soybean yields ranged from 67 g m™ to 108 g m™ as compared to 216 g m™ for Williams
(Table 2). The mean yield of all wild soybean accessions was 43 % of the domesticated
soybean. The results indicate that although wild soybean yields are lower than domesticated
soybean, they may not be as low as suspected. Analysis using contrasts failed to detect
significant genetic variation among wild soybean accessions for seed yield, however

(p>0.05) (Table 3).
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Genotype x environment interactions were statistically significant (p <0.0001) for
yield (Table 3), and differences between domesticated and wild soybean species and among
wild soybean accessions were explored using preplanned comparisons. The genotype x
environment interaction was not significant among wild soybean accessions at the 0.05 level,
but it was significant between domesticated and wild soybean species (p <0.01). The mean
yield of domesticated and wild soybean was 286 vs. 109, 233 vs. 86, and 163 vs. 83 g m™ at
Clayton, Jackson Springs, and Kinston, respectively. As the yield potential of the
environment increased, the yield advantage of domesticated soybean over the wild became
more obvious, indicating the desirability of comparing wild and domesticated soybean under

even higher yielding conditions in future studies.

Seed composition and seed size were both quite distinct between the two species
(Table 2). Though domesticated soybean had about 8 % lower protein than wild soybean, the
oil content was twice as high as the wild species (Table 2). Similar differences in protein and
oil content of domesticated and wild soybean have been reported elsewhere (Hymowitz et al.,
1972; Raboy et al., 1984). Furthermore, the wild maize species, teosinte (Zea mays spp.
mexicana), is smaller in size with higher protein content than domesticated maize (Zea mays
spp. mays). The data from soybean and maize studies may indicate that domestication causes
a decrease in protein content relative to the wild progenitor. Possible causes may include
direct effects of changing the proportion of seed organs (e.g. embryo:endosperm ratio) that
serve as storage tissues, or indirect effects of selecting seeds with higher oil content, which
has an inverse relationship with seed protein (Wilson, 2004). Genotype x environment

interactions were similar for protein content as for yield (Table 3). In contrast, pre-planned
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comparisons for oil content indicated that genotype x environment interactions were
significant among wild soybean accessions (p<0.01) but not between wild and domesticated
soybean species (p> 0.05) (Table 3). Inspection of the energy required to produce seed yield
indicated that domesticated soybean required much more energy per unit land area (g hexose
m?) than wild soybean (Table 2). The differences in energy requirement were the result of

the higher content of energy-rich oil in the domesticate compared to the wild.

Comparisons of fatty acid composition of wild and domesticated soybean revealed
that linolenic acid (18:3) was higher (13.5 - 15.9 %) and oleic acid (18:1) was lower (11.2 -
15.4 %) in the wild soybean accessions compared to the domesticated Williams (Table 2).
These results are in agreement with previous research (Hymowitz et al., 1972), and they
indicate that the relationships are sustained even under closed-canopy conditions. The model
legume species, Medicago truncatula, which is considered undomesticated, has much smaller
seed and higher linolenic acid than wild soybean (Djemel et al., 2005). Medicago truncatula
is different from soybean, though, because its seed has an endosperm layer surrounding the

embryo.

There was a strong negative relationship reported between seed mass and linolenic
acid concentration in F3.4 seed of interspecific crosses between wild x domesticated soybean
(Pantalone et al., 1997). Although high linolenic acid content may be desirable for industrial
products (Pantalone et al., 1997; Rebetzke et al., 1997), high linolenic acid content is
generally undesirable for food-grade soybean because it is associated with poor flavor

(Dutton et al., 1951). In our study, regression of linolenic acid content against seed size
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among the genotypes in this study, also identified a negative relationship (r*= 0.86,
p<0.0001). Thus, creating small-seeded soybean lines from interspecific crosses between
wild and domesticated soybean for the food industry may carry undesirable flavor properties
due to high linolenic acid. Apparently, however, breeders overcome this relationship by
selection directly for lower linolenic fatty acid content even in small seeded progeny derived

from wild x domesticated hybridizations (Wilson and Burton, 1986; Brace et al., 2011).
CONCLUSION

Wild soybean is a potential source for enriching the domesticated soybean
germplasm, which can help breeders improve soybean productivity. Our objective was to
evaluate yield and other agronomic characteristics of wild soybean compared to the
domesticated type when grown in a closed-canopy production system. The results reflected
the improvement in yield brought about by selection and breeding over the past 3000 years.
Perhaps it is equally important to consider the energy requirement for yield of domesticated

soybean in comparison with its wild ancestor, Glycine soja.

Though wild soybean yields are significantly lower than domesticated soybean, they
may not be as low as is commonly perceived among soybean breeders today. This favorable
result may encourage the expanded use of wild soybean in breeding programs in the future.
The GXE interaction for yield found here indicates that the yield discrepancy between wild
and domesticated soybean may be greater in higher yielding environments and that this type
of agronomic study be repeated in a wider range of environments to obtain a more complete

understanding of the yield potential of wild soybean.
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Table 1. Descriptive characteristics of the three North Carolina field environments, including emergence and transplant dates;
seasonal mean daily maximum (Ty,.x) and minimum temperature (Tp,), cumulative rainfall, and average daily solar radiation (Rs);
flowering (R2) and harvest maturity (R8) date, the duration of reproductive growth (Days R2 to R7); and yield, protein and oil

averaged over genotypes.

Emergence

G. G. Trans-  Averagef Average Cumulative Average R2 R7 RS Days Seed Seed Seed
Location Year max soja plant T ax Tin rainfalli Rsq R2toR7 Yield Protein (0)1}

May June July Sept.

—1=1—  1=1 —C— mm W m™ 1=1 — 1=1— d gm? g kg’
Jackson
Springs 2009 28 24 2 29.5 19.1 352.4 226.7 25 6 15 44 110 455.5 114.6
Clayton 2010 30 25 10 31.7 20.9 436.4§ 256.1 36 14 22 40 126 442.0 122.2
Kinston 2010 46 45 22 323 21.0 358.6 2443 46 17 26 33 97 453.2 118.4

se 0.9 +0.6 +27.0 +8.5 +6 +3 +3 +3 +8 +4.2 +2.2

+ Temperature averages calculated from daily values obtained from 1 June to 20 Sept.

1 Cumulative rainfall calculated as the sum of daily rainfall events from 1 June to 20 Sept.

§ Includes 73.6 mm of additional irrigation water after canopy closure.

4 Rs, solar radiation. The average Rs was calculated from daily values obtained from 1 June to 20 Sept.
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Table 2. Mean yield, plant mass, photosynthates partitioned to seed yield, seed composition, and 100-seed weight of wild (PI’s) and

domesticated (Williams) soybean averaged over three North Carolina field environments.

Fatty acid
Genotype MG R2 R7 R87 Days Seed Total Photo- Seed Seed 100-seed
R2-R7% yield plant synthate protein  oil 16:0 180 181 182 183 weight
mass§ to seed
1
July Sept—— d —gm’—— g —gkg'— % g
1=1 1=1 hexose
m-2

PI468396A IV 43 16 23 34 108 563 181.1 439.2 1203 128 43 154 540 135 1.25
PI468397A 1II 47 18 25 36 87 530 148.8 470.8 110.8 123 32 145 56.0 139 1.29
P1 468917 11 34 7 15 36 67 438 112.2 474.6 844 137 31 112 561 159 1.30
PI483460A 1II 30 7 15 39 107 515 177.7 450.8 100.7 11.6 34 124 56.6 159 0.94
PI 597456 I 45 17 26 33 95 548 159.0 4482 1012 14.0 34 13.0 538 158 0.87
Williams I 16 10 21 56 216 570 3914 4183 198.0 10.8 40 279 51.0 6.3 14.81
LSD 5 6 4 5 8 14 54 24.5 8.8 3.8 0.1 0.1 0.7 0.6 0.4 0.14

1 R8 = Harvest maturity.

1 Days R2 to R7, a measurement of the duration of reproductive growth from flowering (R2) to physiological maturity (R7).

§ Total plant mass = dry seed and shoot weight including leaves in wild soybean and dry seed and shoot weight excluding leaves and petioles in domesticated
soybean. Wild and domesticated soybean plant mass samples were weighed on the same date after drying on a greenhouse bench for several weeks after harvest.
4 Photosynthate required for seed yield assumes that 1 g hexose yields 0.40 g protein, 0.33 g oil, and 0.83 g carbohydrates (Penning de Vries, 1973 as cited by
Sinclair and deWit, 1975).
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Table 3. Analysis of variance of the yield (g m™), seed protein (g kg™'), and seed oil (g kg™) of domesticated (G. max) and wild (G.

soja) soybean grown at 3 environments in North Carolina.

Seed Yield Seed Protein Seed Oil
Source dfy MS F p-value df: MS F p-value df§ MS F p-value
Environment, Env. 2 9940 2 1239.06 2 397.96
Rep (Env.) 9 617 9  100.53 9 10.63
Genotype 5 29689  103.7 <0.01 5 5198.66 45.9 <0.01 5 1783531 8524 <0.01
G. max vs. G. soja 1 135287 88.9 <0.01 1 14784.38 17.4 <0.01 1 80906.89 518.2 <0.01
Among G. soja 4 3289 2.2 ns 4 2558.89 3.0 ns 4 1905.72 12.2 <0.01
Genotype x Env. 10 1521 5.3 <0.01 10 850.57 7.5 <0.01 10 156.11 7.5 <0.01
(G. max vs. G. soja) x Env. 2 6498 22.7 <0.01 2 3681.60 32.5 <0.01 2 37.36 1.8 ns
(Among G. soja) x Env. 8 277 1.0 ns 8 113.38 1.0 ns 8 149.76 7.2 <0.01
Error 43 28612 44 113.16 43 20.92

T 2 outliers removed because studentized residuals >[3.0|
1 1 outlier removed because studentized residual >|3.0|
§ 1 observation missing; 1 outlier removed because studentized residual >|3.0|
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Figure 1. Wild soybean A) closed canopy compared to domesticated soybean, B) harvest at

physiological maturity, and C) harvested wild and domesticated soybean plots.
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DISSERTATION SUMMARY

Drought can severely decrease yield in soybean production systems. Developing
drought-resistant genotypes would aid growers in diminishing the risk of crop failure due to
inadequate quantity and/or timing of rainfall. Some drought traits have been identified from
crop models that can hypothetically improve yield under drought conditions. Two traits in
particular cause a physiological adjustment in transpiration that temporarily decreases water
use under mild atmospheric stress conditions, before soil water deficits are present.
Consequently, some of the soil water is conserved and can be available to plants later under
more severe drought conditions. One of these traits was found in exotic soybean germplasm,
the PI 416937 from Japan. The other trait has yet to be discovered in soybean, despite
multiple reported efforts. Glycine soja, or wild soybean, is the ancestor of domesticated
soybean, and the two can be inter-crossed using traditional plant breeding techniques. Wild
soybean is an annual plant that grows in Asia, including some of the more arid regions of

North China.

We hypothesized that Glycine soja would possess drought resistance traits that could
be used in domesticated soybean breeding programs. The objectives of this dissertation
research were 1) to identify above- and below-ground drought resistance mechanisms in
Glycine soja, as compared to Glycine max, 2) to determine how temperature influences the
drought mechanisms in both species, and 3) to quantify the yield of Glycine soja in closed-
canopy conditions in the field. To accomplish the first objective, one set of experiments was

carried out to measure whole-plant transpiration as wild and domesticated soybean plants
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were subjected to vapor pressure deficit (VPD) treatments, inducing an atmospheric-demand-
driven drought stress. In a following series of experiments, wild and domesticated soybean
transpiration was measured in response to progressive soil drying. Controlled-environment

systems were used to reveal possible temperature effects on the water-use patterns.

Glycine max responded to VPD favorably (Chapter 1, Table 4), but not soil drying
(Chapter 2, Fig. 4A). Glycine soja adjusted its water use in response to both the above- and
below-ground stress treatments (Chapter 1, Table 3; Chapter 2, Figure 4B). Temperature had
an important role that influenced whether or not plants altered their water use. Wild and
domesticated soybean both exhibited drought traits when grown in their respective optimal
temperatures, 25 °C for Glycine soja and 30 °C for Glycine max. The results indicated that
the wild soybean traits could potentially lead to water savings and drought resistance in the
field. However, the linkage of expression with cooler temperature would have to be separated

for the trait to be beneficial in the southern USA.

The final objective was addressed by growing Glycine soja in multiple-row field plots
for three years at three different locations in North Carolina. Glycine max was included as a
check. Both wild and domesticated soybean closed the crop canopy at similar times and were
harvested in an effective manner for seed yield measurements. All yields were low because
the plants were not adapted to the southern USA. As expected, Glycine max had higher yield
than Glycine soja (Chapter 3, Table 2). However, the yield of Glycine soja, about 40% of
Glycine max on average, was not as low as may have been supposed. A significant genotype

x environment interaction indicated that the yield of wild soybean relative to the
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domesticated soybean would decrease in more favorable environments. Perhaps now with
quantitative results, plant breeders will have better information on which to base their

decisions when faced with options for using the wild species in their breeding populations.

In conclusion, we have found that Glycine soja is a source of traits that allow plants
to adjust water use in response to above- and below-ground stress. Temperature does affect
these traits. If it is possible to separate the wild soybean mechanisms from their temperature
dependency, they may be useful to soybean breeders for future drought research.
Additionally, testing wild and domesticated soybean in environments to which they are better

adapted would help clarify how different yield is between Glycine soja and Glycine max.
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Appendix Table Chpt.2-A. Growth measurements obtained from the destructive harvests of
Glycine max and Glycine soja plants at the initiation of dry down. Values are the means of 4

replicate plants. Standard errors of the means (s.e.) are included.

Glycine max Glycine soja
25°C 30°C 35°C 25°C 30°C 35°C
Leaf Area (cm?) 252.8 295.5 271.0 203.3 712.5 540.9
s.e. +6.7  £20.0 243 +28.5 +3.7 +79.2
SLW (g/m?) 38.41 41.29 38.76 37.73 35.83 40.87
s.e.  +0.53 +1.73 +0.40 +0.76 +0.84 +1.29
Tot Mass (g) 2.39 2.54 2.32 1.62 5.96 6.18
s.e. +0.06 +0.07 +0.24 +0.21 +0.13 +0.98
Shoot Mass (g) 1.55 1.67 1.55 1.08 3.80 3.18
s.e. +0.03 +0.06 +0.13 +0.14 +0.04 +0.44
Root Mass (g) 0.84 0.87 0.77 0.54 2.16 3.00
s.e. +0.04 +0.01 +0.11 +0.06 +0.10 +0.54
Shoot:Root 1.85 1.91 2.06 2.02 1.77 1.08
se.  £0.06 +0.06 +0.16 +0.08 +0.07 +0.06
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Appendix Table Chpt.2-B. Growth measurements obtained from the final harvests of Glycine max and Glycine soja plants
at the end of dry down. Values are the means of 4 replicate plants for Glycine max and 6 replicate plants for Glycine soja.

Standard errors of the means (s.e.) are included.

Glycine max Glycine soja
Watered Dry Down Watered Dry Down
25°C  30°C  35°C 25°C  30°C  35°C 25°C  30°C  35°C 25°C  30°C  35°C
Leaf Area (cm®) 1371 1182 1184 - - - 1288 1891 1617 - - -
s.e. +149 +144 +109 +134 +169 +222
SLW (g/m?) 40.60 37.50  38.02 4719 3355  38.48
s.e. +1.18  +0.73 +0.78 +1.59  +039  +1.62
Tot Mass (g) 12.50 10.40 9.83 11.13 7.70 5.64 14.91 14.27 14.60 7.97 8.68 7.85
s.e. +0.69 +1.13 +0.81 +0.43 +0.41 +0.31 +1.44 +1.58 +1.60 +0.45 +0.66 +0.57
Shoot Mass (g) 8.65 6.86 7.12 7.86 4.68 3.98 10.32 10.35 10.06 5.87 5.87 5.53
s.e. +0.71 +0.81 +0.74 +0.29 +0.25 +0.22 +0.86 +1.06 +1.20 +0.35 +0.41 +0.47
Root Mass (g) 3.86 3.54 2.71 3.28 3.03 1.67 4.58 3.93 4.54 2.10 2.81 2.32
s.e. +0.03 +0.48 +0.12 +0.15 +0.26 +0.13 +0.60 +0.58 +0.54 +0.11 +0.31 +0.25
Shoot:Root 2.25 1.99 2.62 2.40 1.58 2.41 2.32 2.71 2.26 2.80 2.18 2.52
s.e. +0.20 +0.24  +0.22 +0.05 +0.13 +0.14 +0.12  +0.17  +0.19 +0.11 +0.21 +0.31
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Appendix Table Chpt.2-C. The percentage of total root length and surface area found in

seven diameter classes of Glycine max and Glycine soja roots. Plants were grown in

hydroponics at different root temperatures.

TOTAL ROOT LENGTH Root Diameter Class
<0.10 0.1-025 0.25-05 05-075 0.75-1.0 1.0-125 >1.25
Species Temperature Percent of total root surface area within diameter class
°C %
Glycine
max 25 0.3 2.8 47.0 26.5 13.6 5.0 4.7
30 0.2 4.2 38.7 32.0 12.8 5.7 6.4
35 0.4 2.9 52.7 21.1 9.0 7.0 6.8
Glycine
soja 25 0.5 7.4 52.2 23.2 9.4 3.8 3.6
30 0.3 7.6 51.9 24.0 7.8 4.6 39
35 0.1 3.1 47.0 27.5 12.8 54 4.2
ROOT SURFACE AREA Root Diameter Class
<0.10 0.1-0.25 0.25-0.5 05-0.75 0.75-1.0 1.0-125 >1.25
Species Temperature Percent of total root surface area within diameter class
°C %
Glycine
max 25 0.0 0.9 30.6 26.4 20.0 9.4 12.7
30 0.0 1.3 24.7 30.1 17.4 10.0 16.4
35 0.1 1.0 34.1 20.4 13.0 12.8 18.6
Glycine
soja 25 0.1 2.5 37.5 25.9 15.0 7.9 11.2
30 0.0 2.6 36.8 26.7 12.5 9.4 12.1
35 0.0 1.0 31.0 27.8 18.5 10.0 11.6
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Appendix Table Chpt. 3-A. Analysis of variance for the dates of flowering (R2),

physiological maturity (R7), harvest maturity (R8), and the reproductive period (days from

R2-R7) of Glycine max and Glycine soja at 3 environments in North Carolina.

FLOWERING (R2)

Source df Type III SS MS F p-value
Environment 2 1369.333 684.666 59.0 <.0001
Genotype 5 2090.666  418.133 36.1 <.0001
G. max vs. G. soja 1 1440.000 1440.000 124.1 <0.01

Among G. soja 4 650.667 162.667 14.0 <0.01
Error 10 116.000 11.600
Total 17 3576.000

PHYSIOLOGICAL MATURITY (R7)

Source df Type III SS MS F p-value
Environment 2 388.000 194.000 36.4 <.0001
Genotype 5 380.666 76.133 143 0.0003
G. maxvs. G.soja 1 25.600 25.600 4.8 ns

Among G. soja 4 355.066 88.766 16.6 <0.01
Error 10 53.333 5.333
Total 17 822.000

HARVEST MATURITY (RS8)

Source df Type III SS MS F p-value
Environment 2 391.444 195.722 23.2 0.0002
Genotype 5 327.111 65.422 7.7 0.0032
G. max vs. G. soja 1 0.178 0.178  <0.1 ns

Among G. soja 4 326.933 81.733 9.7 <0.01
Error 10 84.555 8.455
Total 17 803.111

REPRODUCTIVE PERIOD (R2-R7)

Source df Type III SS MS F p-value
Environment 2 329.333 164.666 9.32 0.0052
Genotype 5 1154.000  230.800 13.06 0.0004
G. max vs. G. soja 1 1081.600 1081.600 61.22 <0.01

Among G. soja 4 72.400 18.100 1.02 ns
Error 10 176.666 17.666
Total 17 1660.000
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Appendix Table Chpt.3-B. Analysis of variance of the photosynthates required for yield (g

hexose m™), plant mass (g m~), and 100-seed weight (g) at 3 environments in North

Carolina.
PHOTOSYNTHATE FOR YIELD
Source dff Type III SS MS F p-value
Environment, Env. 2 59434.1 29717.0 353 <.0001
Rep (Env.) 9 15977.7 1775.3 2.1 0.0501
Genotype 5 449092.3 89818.5 106.7  <.0001
G. max vs. G. soja 1 412153.9 412153.9 81.9 <0.01
Among G. soja 4 36938.3 9234.6 1.8 ns
Genotype x Env. 10 50335.3 5033.5 5.98 <.0001
(G. max vs. G. soja) x Env. 2 43805.3 21902.6 26.0 <0.01
(Among G. soja) x Env. 8 6529.9 816.2 1.0 ns
Error 42 353243 841.1
Total 68 626362.9
PLANT MASS
Source df Type III SS MS F p-value
Environment, Env. 2 1048103 524051 123.6  <.0001
Rep (Env.) 9 38665 4296 1.0 ns
Genotype 5 140058 28011 6.6  0.0001
G. max vs. G. soja 1 25661 25661 1.5 ns
Among G. soja 4 114396 28599 1.6 ns
Genotype x Env. 10 174520 17452 4.1  0.0005
(G. max vs. G. soja) x Env. 2 37470 18735 44 <0.05
(Among G. soja) x Env. 8 137050 17131 4.0 <0.01
Error 45 190779 4239
Total 71 1592127
100-SEED WEIGHT
Source dff  Type III SS MS F p-value
Environment, Env. 2 4.077 2.038 68.2 <.0001
Rep (Env.) 9 0.238 0.026 0.9 ns
Genotype 5 1724.199 344.839 115359  <.0001
G. max vs. G. soja 1 1722.138 1722.138 1163.6 <0.01
Among G. soja 4 2.061 0.515 0.3 ns
Genotype x Env. 10 14.801 1.480 49.5 <0001
(G. max vs. G. soja) x Env. 2 14.584 7.291 2514 <0.01
(Among G. soja) x Env. 8 0.217 0.027 0.9 ns
Error 44 1.315 0.029
Total 70 1761.436

T 1 observation missing; 2 outliers removed because studentized residuals >|3.0|
11 outlier removed because studentized residual >|3.0|

100



Appendix Table Chpt.3-C. Analysis of variance of the saturated fatty acid content (%),
palmitic acid (16:0) and stearic acid (18:0), of Glycine max and Glycine soja at 3

environments in North Carolina.

PALMITIC ACID (16:0)

Source df Type III SS MS F p-value

Environment, Env. 2 0.5973515 0.29868 1436  <.0001

Rep (Env.) 9 0.2529345 0.02810 1.35 0.2453

Genotype 5 62.0494602 12.40989 596.7 <.0001

G. max vs. G. soja 1 29.6509047  29.65090 225.0 <0.01

Among G. soja 4 34.2823127 8.57057 65.0 <0.01

Genotype x Env. 10 1.3176054 0.13176 6.3 <.0001

(G. max vs. G. soja) x Env. 2 0.0521124  0.02605 1.3 ns

(Among G. soja) x Env. 8 0.8702159 0.10877 5.2 <0.01
Error 37 0.7695654  0.02079

Total 63 80.7300000
STEARIC ACID (18:0)

Source df Type III SS MS F p-value

Environment, Env. 2 0.3300267 0.165013 15.3 <.0001

Rep (Env.) 9 0.1878075 0.020868 1.9 ns

Genotype 5 9.6010725 1.920215 178.1 <.0001

G. max vs. G. soja 1 1.9667382 1.966738 37.1 <0.01

Among G. soja 4 7.5627988  1.890699 35.7 <0.01

Genotype x Env. 10 0.5301912 0.053019 4.9 0.0002

(G.max vs. G.soja) x Env. 2 0.0237058  0.011853 1.1 ns

(Among G. soja) x Env. 8 05119368 0.063992 59  <0.01
Error 37 0.3988591 0.010779

Total 63 12.020000

tAll recorded canopy closure dates were the same among Glycine soja genotypes.
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Appendix Table Chpt.3-D. Analysis of variance of the unsaturated fatty acid content (%),

oleic acid (18:1), linoleic acid (18:2), and linolenic acid (18:3) of Glycine max and Glycine

soja at 3 environments in North Carolina.

OLEIC ACID (18:1)

Source df Type III SS MS F p-value
Environment, Env. 2 53.870 26.935 40.3 <.0001
Rep (Env.) 9 7.548 0.838 1.2 ns
Genotype 5 2010.667  402.133 6024  <.0001
G. max vs. G. soja 1 1930.491 1930.491 93.6 <0.01
Among G. soja 4 101.684 25.421 1.2 ns
Genotype x Env. 10 206.307 20.630 309  <.0001
(G. max vs. G. soja) x Env. 2 188.179 94.089 141.1 <0.01
(Among G. soja) x Env. 8 19.440 2.430 3.6 <0.05
Error 37 24.698 0.667
Total 63 2365.397
LINOLEIC ACID (18:2)
Source df Type III SS MS F p-value
Environment, Env. 2 22.249 11.124 222 <.0001
Rep (Env.) 9 4224 0.469 0.9 ns
Genotype 5 284.607 56921 1139  <.0001
G. max vs. G. soja 1 215926 215.926 11.9 <0.01
Among G. soja 4 63.561 15.890 0.9 ns
Genotype x Env. 10 181.722 18.172  36.3  <.0001
(G. max vs. G. soja) x Env. 2 186.434 93217 186.8 <0.01
(Among G. soja) x Env. 8 10.893 1.362 2.7 <0.05
Error 37 18.482 0.499
Total 63 503.377
LINOLENIC ACID (18:3)
Source df Type III SS MS F p-value
Environment, Env. 2 10.690 5.345 25.1 <.0001
Rep (Env.) 9 4.172 0.463 2.1 0.0467
Genotype 5 686.169  137.233 6447  <.0001
G. max vs. G. soja 1 638.0153  638.015 305.7 <0.01
Among G. soja 4 53.2749 13.319 6.4 <0.01
Genotype x Env. 10 20.872 2.087 9.8 <0001
(G. max vs. G. soja) x Env. 2 3.7482 1.874 8.8 <0.01
(Among G. soja) x Env. 8 17.0152 2.127 10.0 <0.01
Error 37 7.875 0.212
Total 63 789.784
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