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    Chapter 6   
 Limited-Transpiration Trait for Increased 
Yield for Water-Limited Soybean: 
From Model to Phenotype to Genotype 
to Cultivars       

       Thomas     R.     Sinclair     ,     Jyostna     M.     Devi    , and     Thomas     E.     Carter     Jr.   

    Abstract      Soybean ( Glycine max  (L.) Merr.)   is the most widely grown grain legume 
in the world due to its many uses in feed, food, and industrial products. However, 
soybean yield is particularly sensitive to soil water defi cits, and seemingly, opportu-
nities exist to increase yield by improving specifi c plant traits. One trait that has 
proven to be especially useful is the limited-transpiration trait in which water loss 
by the plants is constrained by the plant under high atmospheric vapor pressure 
 defi cit conditions. This chapter reviews the integrated studies at several levels and 
disciplines to identify the trait, develop some physiological and genetic understand-
ing of the trait, apply classical breeding approaches to develop germplasm  expressing 
the trait, and a simulation analysis across the USA to identify where, how often, and 
how much the trait in soybean will benefi t farmers. The research on the limited- 
transpiration trait has now led to higher yielding commercial germplasm for water- 
defi cit environments based on expression of the limited-transpiration trait. As often 
suggested but rarely put into practice, a multi-level, multi-faceted approach was 
applied in the study of the limited-transpiration trait to generate scientifi c under-
standing that was applied in crop breeding to generate higher yielding genotypes.  

6.1         Introduction 

 Soybean ( Glycine max  (L.) Merr.) is grown globally to the greatest extent by far 
among grain legumes, with a total annual production of about 250 million tons 
( Sinclair   and Vadez  2012 ). The high protein and oil contents of its seeds cause it to 
have many uses. Its protein is used to feed both livestock and humans, and its oil is 
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used in cooking. In addition,  soybean   oil has many industrial uses. Of course, a 
 critical advantage of soybean is that it can express high rates of symbiotic nitrogen 
fi xation alleviating the need for nitrogen fertilizer. Expanding consumption of meat 
and high prices of fossil fuel will result in continued increases in global production 
of soybean. 

 The increase in demand for  soybean   will likely require production in areas with 
uncertain rainfall patterns. Even now soybean is often subjected to suffi cient soil 
drying that yields are constrained (Purcell and Specht  2004 ). One reason that soy-
bean yield is especially sensitive to soil drying is the sensitivity of its symbiotic 
nitrogen fi xation to even modest decreases in soil water content ( Sinclair   and Vadez 
 2012 ). Recently, we have given considerable attention to  traits   that result in early- 
season  soil water conservation   so that more water is available to complete seed fi ll 
under drought conditions, which occur more commonly late in the growing season. 
A specifi c trait that is especially promising in soybean is one in which transpiration 
rate is limited under high midday  vapor pressure defi cit  . Partial restriction of tran-
spiration rate under high vapor pressure defi cit limits the rate of soil water use, 
allowing the crop to conserve water for sustaining physiological activity if late- 
season drought develops. 

 The objective of this chapter is to review the advances in developing the  limited- 
transpiration     trait in  soybean  . The approach to this trait generally followed the top- 
down approach leading to development of cultivars expressing the desired trait as 
originally proposed by  Sinclair   et al. ( 2004 ). In this approach, the sequence of steps 
undertaken include (1) initial exploration of the trait using a simulation model, (2) 
discovery of genotypic variation for the trait, (3) physiological studies on the nature 
of the trait, (4) genetic screen for the trait, and (5) development and assessment of 
cultivars with desired  traits  . Each of these steps is explored as essential components 
in progress in understanding the cropping system leading to yield increase.  

6.2     Initial Model Exploration of Limited Transpiration Trait 

 The study of the  limited-transpiration   trait can be traced to a brainstorming session 
among Tom  Sinclair  , Graeme  Hammer   and Eric van  Oosterom   on one spring after-
noon in 2004 under a tree at the University of Queensland in Brisbane, Australia. 
Dr. Sinclair was at the University of Queensland for two months with the rather 
ambiguous plan to "think" about plant  traits   that might improve crop yields under 
drought conditions. We ended up focusing on the idea that restricting transpiration 
under high atmospheric  vapor pressure defi cit   (VPD) offered the possibility for 
 conservation of soil water for use late in the growing season to support seed fi ll. We 
hypothesized that decreased transpiration rate under high VPD would have the 
 double benefi t of increasing transpiration water use effi ciency, and conserving soil 
water for use later in the growing season. 

 We then undertook an initial assessment of the putative benefi t of the  limited- 
transpiration     trait by simulating the development and growth of  sorghum ( Sorghum 

T.R. Sinclair et al.



131

bicolor  L.)   at four locations in Australia for which 115 years of weather had been 
assembled ( Sinclair   et al.  2005 ). The analysis was done using a comparatively sim-
ple, mechanistic sorghum/maize model (Sinclair et al.  1997 ; Sinclair and Muchow 
 2001 ). In this model, the increase in leaf area development is simulated daily as a 
function of  temperature   and constrained when soil water reaches low levels. The 
leaf area is used to calculate the daily growth of the crop by multiplying intercepted 
solar radiation by the radiation use effi ciency. Radiation use effi ciency was held 
constant except when it was decreased as soil water content reached low levels. 
Transpiration was calculated as a function of the crop growth, which was shown by 
Tanner and Sinclair ( 1983 ) to be an obligatory relationship with an essentially con-
stant coeffi cient for each crop species. Seed growth was simulated as a linear 
increase in  harvest index   during seed fi ll. 

 The  limited-transpiration   trait was simulated by adapting the model from daily 
time step calculations to hourly time steps. Models to extrapolate daily minimum 
and maximum  temperature  , and solar radiation were used to obtain hourly estimates 
from daily weather input. Hourly values of  vapor pressure defi cit   were calculated 
from the estimates of hourly temperature and the minimum daily temperature. The 
limited-transpiration trait was imposed by simply setting a maximum hourly tran-
spiration rate. Whenever the initsial calculation of transpiration exceeded this limit, 
the transpiration rate was set equal to the limit. Also, in these cases hourly carbon 
accumulation was decreased to correspond to the decrease in transpiration rate. As 
a consequence, during the midday period the transpiration rate could be constant as 
illustrated in Fig.  6.1 .
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  Fig. 6.1    Plot through the daily cycle of the transpiration rate of two  limited-transpiration   
 phenotypes (maximum transpiration rates of 0.4 or 0.6 mm h −1 ) in which there is a constant tran-
spiration rate once a maximum rate is reached ( Sinclair   et al.  2005 ). The limited-transpiration 
water loss pattern contrasts with the standard  phenotype   ( solid line ) in which there is no limitation 
on transpiration rate at high  vapor pressure defi cit  . The vapor pressure defi cit through the daily 
cycle is included as a reference       
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   The results of the simulations for sorghum at the four locations in Australia were 
consistent. The mean yield increase over all seasons was in the range of 5 %. 
However more importantly, in growing seasons when yield was less than 450–500 
g m −2  there was a yield increase in almost all growing seasons as a result of the 
transpiration-limited trait. The yield increase in these low-yielding seasons was 
generally around 10 %. In growing seasons above this threshold yield, yields were 
decreased due to the trait, but the decreases were generally quite small. Yield 
increases were simulated in about 75 % or more over all growing seasons. On bal-
ance, it was concluded that sorghum farmers in Australia would welcome the 
 limited- transpiration     trait since it resulted in yield increases in the economically 
threatening seasons of low yield, even if a small yield decrease was the price of this 
trait in the seasons of highest yield.  

6.3     Studies of Limited-Transpiration Phenotype 

 Having shown in the sorghum model assessment that the  limited-transpiration   trait 
resulted in yield benefi ts in dry seasons, the next question was whether the idea also 
applies to  soybean   and if so, whether there is the possible expression of the trait in 
existing soybean germplasm. An experiment was done by one of the authors (TEC) 
that greatly narrowed the number of candidate genotypes that might express the 
limited-transpiration trait. A nursery of soybean genotypes was subjected to soil 
drying once full canopy had developed. During the drying cycle the onset of wilting 
for each  genotype   was observed. Two lines in particular were found to have delayed 
wilting with respect to all other lines: PI 416937 and PI 471938. Genotype PI 
416937 was initially explored for several physiological  traits   for drought conditions 
but no specifi c trait was clearly identifi ed to account for the delayed wilting (Sloane 
et al.  1990 ; Hudak and Patterson  1995 ). 

 Subsequently, the two ‘ slow-wilting  ’ lines were investigated for the  limited- 
transpiration     trait (Fletcher et al.  2007 ). Genotype PI 416937 was found to express 
the desired limited-transpiration trait while PI 471938 did not (Fig.  6.2 ). In PI 
416937, there was essentially a constant transpiration rate (Fig.  6.2c ) at VPD greater 
than 2.1 kPa, which was an expression of the limited-transpiration trait explored in 
the sorghum model. Therefore, subsequent studies focused on PI 416937 in under-
standing the limited-transpiration trait. This  genotype   is a plant introduction from 
Japan with unknown parentage (Pantalone et al.  1999 ;  Carter   et al.  2003 ).

   The hypothesis that was explored was that hydraulic conductance in the plants of 
PI 416937 was insuffi cient to allow water loss from leaves to be replenished under 
high VPD conditions. Three approaches were studied to determine if the hydraulic 
conductance in the leaves of PI 416937 was less than expressed in other genotypes 
( Sinclair   et al.  2008 ). While all approaches indicated a low  leaf hydraulic 
 conductance   in the leaves of PI 416937, the results for the temporal kinetics of rehy-
dration of leaves were particularly interesting. The results showed that there were 
two distinct water compartments in  soybean   leaves, and both were much more 
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slowly refi lled in PI 416937 than in other genotypes. Of particular interest for the 
 limited- transpiration     trait, was the implication that hydraulic conductance between 
the xylem and the guard cells was low in PI 416937. A low hydraulic conductance 
in the leaves is likely to result in limited water fl ow to maintain turgor in guard cells 
for maximum pore opening. 

 Since no obvious unique features were observed in the leaf anatomy of PI 
416937, the hypothesis was explored that the limited hydraulic conductance of PI 
416937 may result from a unique population of  aquaporins  , i.e., water-transporting 
proteins in cell membranes. The population of aquaporins in PI 416937 was hypoth-
esized to have lower capacity to transport water in the pathway from the xylem to 
guard cells. Sadok and  Sinclair   ( 2010a ) subjected PI 416937 and a  genotype   with-
out the  limited-transpiration   trait to two aquaporin inhibitors: mercury and silver. 
Transpiration of leaves of the two genotypes decreased equally when treated with 
mercury. However, when treated with silver ions the transpiration rate decreased 
substantially in the non-limited transpiration genotype while the transpiration rate 
of PI 416937 decreased only a small amount. Additionally, the comparative insen-
sitivity of PI 416937 for decreasing transpiration rate to treatment with silver in 
comparison with many other  soybean   genotypes was documented by Sadok and 
Sinclair ( 2010b ) (Fig.  6.3 ).
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  Fig. 6.2    Plot of transpiration rate for various  vapor pressure defi cit  s (VPD) of four  soybean   
 genotypes (Fletcher et al.  2007 ). Panel ( c ) presents the results for PI 416937 in which the transpira-
tion rate was limited at a VPD threshold of 2.13 kPa. This result contrasts with other genotypes in 
which transpiration increased linearly over the whole range of tested VPD       
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   Sadok and  Sinclair   ( 2010b ) hypothesized one explanation for the insensitivity of 
transpiration rate in PI 416937 to treatment with silver may be that it has fewer, or 
maybe none, of the  aquaporins   present in other genotypes that caused them to have 
decreased transpiration when treated with silver. The absence of the hypothesized 
silver-sensitive population of aquaporins in PI 416937 is consistent with the 
 observation that the  leaf hydraulic conductance   of this  genotype   is less than that of 
other genotypes. That is, without the  silver-sensitive aquaporins   PI 416937 has 
restricted capacity for water movement to the guard cells resulting in limited 
 transpiration rate under high VPD.  

6.4     Studies of Limited-Transpiration Genotype 

 The possibility of sorting out the genetic expression of the  limited-transpiration   trait 
was explored in a  recombinant inbred line   s    (RILs)     population derived from the 
 mating of PI 416937 and the cultivar Benning. While Benning also expressed a 
transpiration breakpoint in its response to increasing VPD (result not shown), the 
limitation on transpiration rate at high VPD was much less than in PI 416937. Sadok 

  Fig. 6.3    Decrease in transpiration rate (DTR, expressed as percentage) of leaves of 12  soybean   
genotypes in response to the feeding with silver ion (Sadok and  Sinclair    2010b ). Line PI 416937 
and two of its progeny lines (BP-160 and BP-59) were virtually insensitive to the silver treatment. 
These three lines were also found to express a breakpoint (BP) indicative of the  limited- transpiration     
trait. The remaining lines had decreased transpiration rate with silver and these lines either 
expressed a BP or did not express a BP (i.e., a linear response to increasing  vapor pressure 
defi cit  )       
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and  Sinclair   ( 2009 ) found in a comparison of 22 RIL lines from the mating of PI 
416937 × Benning that nine expressed the limited-transpiration trait at high VPD 
while thirteen did not. The breakpoint in the transpiration rate occurred at lower 
VPD (1.1–1.9 kPa) than for either parent. 

 A challenge in examining genotypic expression of the  limited-transpiration   trait 
is the limited capacity to measure directly the response of plants to a range of 
VPD. The possibility of using a screen based on transpiration response to silver 
treatment was explored since many genotypes (40+) could be tested in one day. 
Sadok and  Sinclair   ( 2010b ) measured the response of fi ve  RILs   to treatment with 
silver. The two RILs, which expressed the breakpoint in transpiration rate with 
increasing VPD, were also found to be insensitive to treatment with silver. The two 
RILs not expressing the breakpoint in transpiration with increasing VPD were quite 
sensitive to the silver treatment. However, one RIL that expressed a breakpoint was 
also sensitive to silver, indicating some ambiguity in interpreting the silver results. 

 Regardless of the specifi c mode of action of silver ions, the tests of Sadok and 
 Sinclair   ( 2010b ) indicated that silver might be used as a rough screen of genotypes 
as a surrogate for direct measurements of the  limited-transpiration   trait. Therefore, 
a survey of the RIL population derived from PI 416937 × Benning was done for 
transpiration response to silver treatment of leaves (Carpentieri-Pipolo et al.  2012 ). 
A wide range in response was observed in the initial screen of 147  RILs  . Forty-eight 
lines were selected from the extremes of the initial screen for retest for silver 
response and  quantitative trait loci   (QTL)    analysis. Ultimately, four major  QTLs   
were identifi ed as being associated with the segregation of RILs for their silver 
response. The phenotypic variation explained by each of these QTLs was greater 
than 16 % and the total variation explained by the four QTLs was 87.5 %. Two of 
the loci appeared to be associated with PI 416937 and two with Benning. 

 A complementary approach to the identifi cation of  genes   involved in the  limited- 
transpiration     trait is transcriptomics. Analysis of the expression patterns under high 
and low VPD reveals not just the genes induced by the high VPD but also the genes 
whose transcription is inhibited. Identifi cation of several stress specifi c genes could 
help understand the physiological networks involved in stress responses. 

 Illumina Hiseq sequencing was performed on leaf tissues of three  soybean   
 genotypes: PI 416937, PI 471938, and Hutcheson, which is fast wilting with a linear 
increase in transpiration rate with increasing VPD. Differential expression was 
tested between exposure of plants to low VPD and high VPD under which the 
 limited- transpiration     trait would be expressed. Of the 49,408 annotated  genes  , only 
one gene differentially expressed in Hutcheson between exposure of low and high 
VPD and 22 in PI 471938. In contrast, PI 416937 differentially expressed 944 genes 
between exposure to low and high VPD conditions ( Devi   et al.  2015a ). 

 With an objective to display differentially expressed  genes   onto pathways and to 
obtain an overview of genes affected in response to high VPD in PI 416937, the 
MapMan tool was used on the 944 genes in PI 416937 for which differential expres-
sion values were available. A total of 425 transcripts had up-regulated expression 
variation with log 2 fold changes from 2 to 9 and 519 with signifi cant down- 
regulated expression with log 2 fold of −2 to −10. The overview map of Mapman 
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showed differentially expressed genes assigned into 28 classes of a total of 36 func-
tional classes, referred as BINs (Thimm et al.  2004 ; Usadel et al.  2009 ). Of these 
classes, the majority of the genes were classifi ed as unknown or not assigned, while 
the remaining were identifi ed as belonging to known metabolic pathways (Fig.  6.4 ). 
This allowed exploration of gene categories that are activated during high VPD 
conditions and may have been involved in the processes associated with the  limited- 
transpiration     trait.

   Based on the assigned  genes   to different BINs, an attempt was made to under-
stand differentially expressed genes of key metabolic reactions that often modulate 
normal cellular functioning under the high VPD conditions. As a result, cell, cell 
wall and development, RNA, lipid metabolism, secondary metabolism, stress- 
related genes, protein, signaling and transport categories were analyzed in detail. 

6.4.1     Cell, Cell Wall and Development 

 Changes in the magnitudes of cell and cell wall transcripts have been identifi ed to 
play crucial roles in cellular metabolism. The  genes   related to cell metabolism (17) 
are mostly involved in the process of cell organization and are down regulated. 

  Fig. 6.4    Number of gene transcripts up or down regulated under high  vapor pressure defi cit   condi-
tions in  soybean    phenotype   exhibiting limited transpiration trait. Annotated  genes   are categorized 
in to 28 functional classes (BINs) using MapMan       
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Genes coding cell wall (74) had decreased transcript abundance and the majority of 
those belong to cell wall degradation and modifi cation (39) and some cell wall pro-
teins are abundant in both up- and down-regulated categories. Some of the genes 
related to development mostly late embryogenesis abundant (LEA) proteins and 
storage proteins were found in both the up- and down-regulated categories.  

6.4.2     Secondary, Hormone and Lipid Metabolism 

 Flavonoids and isofl avonoids are known to play a signifi cant role in plant defense 
responses to pathogens (Dixon and Steele  1999 ; Uppalapati et al.  2009 ). Several 
 genes   related to secondary metabolism such as phenylpropanoids, fl avanoids and 
simple phenols which are mostly over expressed were observed in response to high 
VPD. Several genes involved in phenylpropanoid metabolism, such as phenyl 
ammonia lyase, coumarate:CoA ligase, lignin biosynthesis, were observed in the 
study. All the aforementioned genes are in both over expressed and suppressed lists 
but commonly appeared in induction. Hormonal genes which are differentially over 
expressed are ethylene and jasmonate metabolism related genes. All abscisic acid, 
gibberellin, auxin and brassino-steroid related genes are repressed, that included 
some jasmonate metabolism related genes too. It is already well known that these 
hormones, especially ABA, are involved in stomatal regulation ( Wang   and Irving 
 2011 ). Lipid metabolism related genes include lipid degradation, sphingolipids, 
fatty acids (FA) synthesis and FA elongation and phospholipid synthesis which can 
be found both in expressed and inhibited category. FA may be an important deter-
minant of responses of photosynthesis and  stomatal conductance   to environmental 
stresses such as high VPD (Poulson and Edwards  2002 ).  

6.4.3     RNA Regulation of Transcription 

 Expression of limited transpiration responsive  genes   under high VPD environment 
was shown to be regulated by many transcription factors. Many genes (79) assigned 
to RNA regulation were identifi ed. Genes coding for the zinc-fi nger family protein, 
MYB domain containing family, WRKY, ethylene response factor, bZIP were 
 identifi ed (Tran et al.  2004 ; Mochida et al.  2010 ). A high number of genes belong-
ing to WRKY transcription factor and MYB domain category were found and they 
up- regulated under high VPD. Transcripts related to the basic helix-loop family 
were mostly decreased and the remaining transcripts like bZIP, zinc fi nger, and 
auxin/IAA were up and down regulated.  
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6.4.4     Protein, Signaling and Transport 

 Protein and signaling related  genes   were both induced and suppressed in high VPD 
samples. Protein genes are mostly involved in either post translational changes or 
degradation. Signaling genes include receptor kinases, leucine rich repeats and 
those involved in nutrient physiology. There were especially large numbers of the 
receptor kinases which are involved in improving plant performance under drought 
and also defense mechanism (Marshall et al.  2012 ). Several transport related 
 transcripts are regulated under high VPD conditions and it was found that in PI 
416937 most of the transcripts are induced (22). 

 Upregulated transcripts include nitrate, amino acids, ABC transporters, anion, 
cation, oligopeptides and phosphates. However, the majority of the differentially 
down-regulated transporters are major intrinsic proteins i.e., water channel proteins 
which probably could be the reason for the limited transpiration in PI 416937 under 
high VPD environments. In an aquaporin study in PI 416937 by  Devi   et al. ( 2015b ), 
plasma membrane intrinsic proteins (PIP), especially PIP 2 were down regulated. 
PIPs and TIPs (Tonoplast Intrinsic Proteins) are said to play major roles in water 
transport (Maurel et al.  2008 ) and are responsive to different environmental condi-
tions including VPD.  

6.4.5     Stress Genes 

 Molecular responses to stress factors such as heat shock, anaerobiosis, plant patho-
gens, oxygen free radicals, heavy metals, water stress and chilling in plants have 
been assessed in various plant species (Matters and Scandalios  1986 ). Sixteen 
down-regulated and 22 up-regulated  genes   with biotic and abiotic stress-related 
annotations were grouped in to stress genes. Most of the biotic stress genes that are 
pathogen resistance responsive proteins were found to be more induced than 
 suppressed, while abiotic stress showed an inverse pattern. The induced genes in the 
abiotic stress group include heat, drought and salt majorly involving heat shock 
proteins and dehydration responsive elements. The genes involved in the stress 
group are conserved and evidenced in earlier stress response studies of  soybean   (Le 
et al. 2012; Cal et al.  2013 ). 

 A clear trend in expression of all transcription factors together was not observed. 
However, overall, the differential regulation of many transcription factors under 
high VPD is similar to that seen with dehydration in  soybean   (Le et al. 2012).   

6.5     Application of Limited-Transpiration Trait 

 While the initial simulations of the  limited-transpiration   trait with sorghum pro-
vided encouragement to study the trait, the value of the trait in developing cultivars 
for drought-tolerant lines and the possible benefi t in  soybean   production needed to 
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be assessed. Two lines of evidence were developed in evaluating the practical  benefi t 
of the limited-transpiration trait. The fi rst evidence involved the development of 
breeding lines that have superior performance under water-limited conditions. 
The breeding effort based on PI 416937 was initiated even before the results of the 
physiological studies were available. The second evidence was obtained for a 
detailed modeling of soybean production across the various environments of the 
USA to determine the amount and  probability of yield increase   that might be 
expected from the limited-transpiration trait. 

6.5.1     Breeding Progress 

 Deliberate efforts to mitigate the impact of drought on  soybean   via breeding are 
relatively recent even though the problem has long been recognized by farmers and 
scientists ( Carter    1989 ; Carter et al.  1999 ; Orf et al.  2004 ; Chen  2013 ). Until 
recently, the prevailing view among breeders was that yield data collected from 
drought stricken environments had little or no value because genetic repeatability or 
 heritability   of seed yield in these environments was thought to be (and often was) 
lower than in high-yielding irrigated counterparts. This view is exemplifi ed by the 
practice of discarding yield trials from USDA regional testing (starting in the 1940s) 
whenever the average yield of the experiment was 170 g m −2  (25 bu/ac) or less. 
Minimum-stress environments were viewed as allowing expression of yield and 
greater separation of genotypic means. Sneller and Dombeck ( 1997 ) and Specht 
et al. ( 1986 ) offered arguments that generally supported this view. While they found 
some evidence for  drought tolerance   in the applied breeding pools in Arkansas and 
Nebraska, heritability and genetic variance for seed yield were generally greater in 
high-yielding irrigated environments. 

 A paradigm shift began with the discovery of the delayed wilting  phenotype   of 
PI 416937 (USDA  2012a ) and PI 471938 (USDA  2012b ) in the 1980s and 1990s 
(Sloane et al.  1990 ;  Carter   et al.  1999 ). Although genetic variation for seed yield 
was still regarded as greatest in high-yielding environments, the prospect of making 
agronomic yield improvements in drought-stressed environments gained substantial 
currency. Funding from the United Soybean Board (a non-profi t farmer organiza-
tion), starting in the mid 1990s, plus the identifi cation of drought-prone fi eld sites 
which had suffi cient uniformity to support fi eld breeding, set the stage for public 
breeders in Nebraska, Minnesota, North Carolina, Arkansas, and Georgia to begin 
the process of developing drought-tolerant cultivars. 

 One important fi eld site identifi ed for this work was North Carolina State 
University’s Sandhills Research Station with deep uniform sandy soils and low 
water holding capacity. The station has moderate drought during August pod fi lling 
in 2 of 4 years, and extreme August drought in 1 of 4 years, on average. The USDA 
 soybean   breeding program in North Carolina began its drought breeding project in 
1989 by hybridizing PI 416937 from Japan (identifi ed in 1983 at a drought prone 
fi eld site at Clinton, NC) with adapted USDA breeding line N77-144, known to be 
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an elite performer in high-yielding environments. F4-derived lines were evaluated 
under drought at the Sandhills station in replicated trials over 2 years, and eventu-
ally cultivar N7001 was released in 2003 from this effort ( Carter   et al.  2003 ). N7001 
has good yielding ability and excellent overall yield  stability   and was the fi rst USA 
cultivar that had in its pedigree as much as 50 % exotic pedigree since the 1950s. 
The USDA program has evaluated approximately 5000 yield plots annually at 
Sandhills research station since 1992. Several additional breeding lines have been 
developed, tested regionally, and shown to have high yield under drought ( Devi   
et al.  2014 ). Some of these lines are being made available through Materials Transfer 
Agreements to major commercial seed companies and others for use as parental 
stock in their breeding programs. As such, this program is a major source of new 
genetic materials for the soybean industry and as genetic resources for physiologi-
cal investigations into mechanisms of  drought tolerance  . 

 Using the cultivar N7001 as a parent, new cultivars N7002, N8001, and Woodruff 
were developed which are now among the top-yielding public cultivars in maturity 
groups VII and VIII ( Carter   et al.  2007 ,  2008 ). Both N7002 and N8001 have been 
high-yielding ‘check’ or control cultivars in USDA regional trials, in their  respective 
maturity groups, for the past several years. A new breeding line, N05-7432, was 
developed more recently from the mating of N7002 (a derivative of PI 416937) with 
N98-7265 (a derivative of slow wilting PI 471938). This new breeding line is a top 
yielder in maturity group VIII (Gillen and Shelton  2012 ), surpassing check cultivar 
N8001 by 7 % ( p <  0.05) averaged over more than 45 year-location combinations, 
which is quite large by breeding standards. The yield advantage of N05-7432 is 
quite stable, numerically out yielding N8001 in eight of the ten locations used in the 
multi-year testing trials. Further, expression of the  limited-transpiration   trait by 
N05-7432 has been documented ( Devi   et al.  2014 ). It also happens that N05-7432 
is very tolerant to soil manganese defi ciency (Masson  2014 ). 

 Line PI 416937 is perhaps the only exotic plant introduction being used as 
 parental stock in USA at present which has the  limited-transpiration   trait. The full 
impact of this specifi c trait on improved agronomic drought response in its many 
progeny has not been ascertained as yet. Certainly, the ability of PI 416937 to 
 conserve soil water to a greater extent than other  soybean   genotypes has been 
 demonstrated in fi eld experiments (King et al.  2009 ; Ries et al.  2012 ). 

 Parallel research in conjunction with fi eld breeding has identifi ed  QTLs   from PI 
416937 for  slow-wilting   aquaporin response, prolifi c rooting, and aluminum 
 tolerance in recent years, and all  traits   appear multi-genic in nature (Abdel-Haleem 
et al.  2011 ,  2012 ,  2013 ; Carpentieri-Pipolo et al.  2012 ). Current  QTL   research 
involves fi ne mapping of genetic markers for developing of factorial combinations 
of these QTL through breeding, so that their relation to the limited transpiration trait 
can be ascertained. In conjunction, the QTLs are being adapted to marker assisted 
selection in order to facilitate and enhance current fi eld breeding programs aimed at 
improved  drought tolerance  .  
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6.5.2     Model Assessment of Benefi t in the USA 

 Having investigated the physiology of the  limited-transpiration   trait and shown that 
the trait can be genetically transferred in a breeding program, key questions remain 
about where and by how much can  soybean   yield be expected to be impacted as a 
result of the trait. Considering the breadth of geographical area and environments in 
which soybean is grown in the USA, such an assessment can only be done by using 
simulations done over the range of locations and weather conditions likely to be 
experienced by soybean. Such an assessment using a mechanistic model has been 
done for soybean production in the USA ( Sinclair   et al.  2010 ). 

 The  soybean    model   used in this study was originally presented by  Sinclair   ( 1986 ) 
and has been shown to be robust in several studies (Muchow and Sinclair  1986 ; 
Sinclair et al.  1987 ,  1992 ,  2007 ; Salado-Navarro and Sinclair  2009 ). The structure 
of the model is virtually the same as the sorghum model discussed earlier. The 
major modifi cation was the simulation of nitrogen accumulation by the crop that 
refl ected the high sensitivity of nitrogen fi xation to soil drying. Loss of nitrogen 
fi xation activity to soil drying caused an inhibition on leaf area development and 
ultimately less nitrogen in the plants to support seed growth. Again, the model was 
modifi ed to run on an hourly basis to allow the  limited-transpiration   trait to be 
expressed in simulation during daytime hours under high VPD. In these simula-
tions, the VPD breakpoint was assumed to occur at 2.0 kPa. 

 A key feature of the  soybean   simulations was the use of the GIS data base assem-
bled by Pioneer DuPont (Loffl er et al.  2005 ). In this data base, the areas in the US 
in which soybean is grown was segmented into 2655 blocks of 30 km × 30 km. In 
each block, 50 years of weather were developed to give daily minimum and maxi-
mum  temperature  , and precipitation. Solar radiation on each day was synthesized 
from temperature using the function developed by Bristow and Campbell ( 1984 ). In 
addition to weather information, the data base for each block included sowing date, 
maturity group, and available soil water storage. 

 Each set of simulations required the model to be run for each of the 50 years in 
each of the blocks for a total of more than 130,000 runs. The initial simulations were 
for a ‘standard’  soybean   with a linearly increasing transpiration rate with increasing 
VPD. The  limited-transpiration   rate was simulated by imposing a VPD breakpoint 
at 2 kPa, above which there was no further increase in transpiration rate. For each 
year in each geographical block, the difference between the yield with the limited- 
transpiration trait and the standard soybean was calculated. A  probability of yield 
increase   was calculated for each block based on the fraction of years in which the yield 
increased as a result of the limited-transpiration trait. The results of the  soybean 
simulations assessing the probability of yield increase as a result of the limited- 
transpiration trait are shown in Fig.  6.5a . The probability of yield increase was 80 % 
or greater in virtually all areas of the USA. The only places where there was not a 
high probability of yield increase were on the coasts in the southeast, the very 
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 northern blocks, and a few scattered blocks in Iowa and Minnesota. Overall, the 
probability results show the limited-transpiration trait to be benefi cial in nearly all 
the soybean production areas in the USA.

   In addition to calculating the  probability of yield increase  , within each block the 
yield difference of each growing season was ranked from lowest to highest. This 
ranking gave the distribution yield from which specifi c percentile rankings could be 
compared. In Fig.  6.5b–d  are shown the yield difference for each block for the 75 % 
(wet years), median, and 25 % (dry years) percentile, respectively. In the 25 % 
 percentile, or drier years, the model predicted increases of about 90 g m −2  (dry grain 
weight) in many locations especially in the southern areas. The southeast, mid- 
south, and Kansas showed the greatest benefi t of the  limited-transpiration   trait. The 
remainder of the country had yield increases in the 25 % percentile years in the 
range of 30–90 g m −2 . 
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  Fig. 6.5    Simulation results of  soybean   grain yield with  limited-transpiration   trait for 50 years in 
30 × 30 km blocks across the USA ( Sinclair   et al.  2010 ). Panel ( a ) presents the  probability of yield 
increase   over the standard soybean in each block. Panels ( b ), ( c ), and ( d ) present the 75 % (wet), 
medium, and 25 % (dry) percentile yield increase (in g m −2 ) over the standard soybean within each 
block       
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 The benefi t of the  limited-transpiration   trait was also positive in most areas in the 
USA in the median year. In these years the yield benefi t was simulated to be in the 
range of roughly 20–70 g m −2 . Even in the 75 % percentile year, the limited- 
transpiration trait was simulated to be benefi cial although the yield increase tended 
to be in the range of 0–25 g m −2 . The largest benefi t in the 75 % percentile year was 
in the North Carolina & Virginia, the Mississippi Delta region, and a belt from 
southern Indiana to Kansas. While not shown in these maps, the yield decrease 
simulated in the wettest years was small.   

6.6     Conclusions 

 This study of the  limited-transpiration   trait in  soybean   illustrates the benefi t of a 
systematic approach involving approaches and disciplines of study. Simulation 
studies were done initially to assess the potential value of the trait. Potential 
 germplasm sources for the trait were evaluated in fi eld screens and candidate lines 
were subjected to detailed studies of transpiration response across various levels of 
VPD. Physiological investigations of the trait led to hypotheses for investigation of 
the limited-transpiration trait and its potential physiological explanation. Finally, 
breeding has progressed to the release of soybean lines that express the limited- 
transpiration and have increased grain yields under dry conditions. Another series 
of simulations were done specifi cally for the production areas for soybean in the 
USA. These simulations indicated where, how often, and how much the trait in 
soybean will benefi t farmers. The results of the studies on the limited-transpiration 
trait were advanced due to a comprehensive research program that involved investi-
gations in several disciplines, under fi eld and controlled conditions, and at several 
levels of sophistication. As often suggested but rarely put into practice, a multi-level 
approach in the study of the limited-transpiration trait involving a multi-faceted 
research effort resulted in progress in scientifi c understanding leading to benefi t for 
farmers.     
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