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ABSTRACT 

Rapid growth rate of the human population is driving the increased demand for 

cultivated soybean [Glycine max (L.) Merrill], a major source of protein and oil in global 

food, feed, and biofuel production.  Increasing yield at a pace faster than traditional breeding 

methods presently achieve has become a need and future commitment.  In soybean, a self-

pollinated crop, a possibility to increase yield may result from the development of hybrid 

cultivars. Researchers have been interested in floral development and pollination, as these 

factors have a direct impact on maintaining and enhancing crop yields.  Soybean breeders 

also need to understand phenotypic differences in male-sterility loci that could be 

manipulated for use in hybrid seed production.  Among them, the ms9 locus is particularly 

interesting because it has high insect pollinator attraction, which facilitates its potential use in 

hybrid seed production.  Recent release of multiple genomic tools for soybean, new 

bioinformatic approaches can be used to identify candidate male-sterility genes and compare 

their function. This dissertation is organized in chapters dealing with different aspects related 

to the use of male sterility.   

In Chapter 2, we determined that ms9 is a thermosensitive male-sterility locus, 

influenced by day temperature.  Bioinformatic analyses in Chapter 3 identified four 

homeologs of male-sterility genes from Arabidopsis and rice as candidate genes for ms3, 

msp, and ms2 loci.  A total of 23 candidate genes for the ms9, msp, ms3, and ms2 loci were 

identified.  In Chapter 4, utilizing a similar bioinformatic approach targeting the ms9 locus, 

we prioritized a list of nine candidate genes for analyses using quantitative real-time 

polymerase chain reaction (qRT-PCR).  Two genes, a small nuclear ribonucleoprotein 

(snRNP, Glyma03g30880) and an auxin-indole-3-acetic acid (AUX/IAA) responsive gene 
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(Glyma03g31530), had increased expression in fertile and in male-sterile floral phenotypes 

as day temperature increased from 30 to 35 °C.  

Our results will facilitate protocol development to utilize ms9 as the source of male 

sterility for soybean breeding and hybrid seed production programs.  The bioinformatic 

approaches used, identified for the first time, candidate male-sterility genes in soybean, 

which allow future elucidation of functional aspects of these candidate male-sterility genes.  

Finally, polymorphic markers will be designed once the male-sterility gene is confirmed.  

Marker assisted selection (MAS) programs can be used to identify male-sterile, female-fertile 

plants prior to flowering.  This approach would ultimately improve efficiency of identifying 

plants for use as female (pod) parent in hybrid seed production. 
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CHAPTER 1: GENERAL INTRODUCTION 

 The cultivated soybean [Glycine max (L.) Merrill] is one of the main oilseed crops in 

the world (Economic Research Service, 2010).  The United States is the world‟s leading 

soybean producer (35%), planting 30.33 million hectares averaging 2,811 kg·ha
-1

 in 2011 

(Agricultural Statistics Board, 2011) with Brazil second in production at 27% (SoyStats, 

2011).  Soybeans are the largest source of protein feed and second largest source of vegetable 

oil in the world (Economic Research Service, 2010). 

 Breeding efforts and cultivar development have focused mainly on increasing 

soybean yield through selection of high-yielding genotypes within heterogeneous families 

that are the result of artificial cross-pollination.  Soybean is a naturally self-pollinated crop, 

and commercial cultivars are highly inbred genotypes.  Average yield increases of 15.1 

kg·ha
-1

, or 0.6%, per year since the 1920s have been reported (Specht and Williams, 1984).  

Methods to achieve higher yields, other than conventional soybean cultivar development 

practices, need to be identified.  One possibility is the utilization of hybrid soybeans for 

commercial production. 

Exploitation of hybrid vigor in naturally self-pollinated crops has achieved vyield 

increases in commercially important commodities such as rice (Li and Yuan, 2000; Virmani 

et al., 2003), pigeonpea (Saxena et al., 2010), and cotton (McCarty et al., 2004a, 2004b).  In 

soybean this is not a production practice, however, it could become a feasible approach.  

Soybean is a highly autogamous species with perfect flowers and will require considerable 

effort to economically produce hybrids for commercial production.  Palmer et al. (2001) 

listed requirements, which must be satisfied for the successful development of commercial 

hybrid soybean cultivars: 1) parental combinations that produce heterosis levels superior to 
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the best pure-line cultivars, 2) a stable and uniform population of male-sterile, female-fertile 

soybean plants to serve as the female parent in hybrid production, 3) a selection system to 

obtain 100% female (pod parent) plants that set seed normally and can be harvested 

mechanically, 4) an efficient pollen transfer mechanism from pollen parent to pod parent, and 

5) an economic level of seed increase for seedsmen and growers that ultimately will benefit 

the consumer.  These requirements will be discussed in relation to research we conducted in 

soybean to understand male-sterility loci, with reference to the ms9 locus. 

 The first requirement to consider when incorporating hybrids into commercial 

production for a crop is the extent to which yield heterosis is expressed.  For soybean, high-

parent heterosis ranged from 2 to 20% in replicated field plot experiments (Palmer et al., 

2001).  High parent heterosis was evident between specific parental combinations among 73 

hybrids, which ranged from -10% to 20%, with 36 hybrid combinations achieving a mean 

yield greater than the high parent (Palmer et al., 2001).  This suggests that dominant genetic 

effects accompany the significant additive × additive epistatic effects that have been reported 

in soybean breeding populations (Burton, 1987). 

The second requirement for hybrid seed production is the identification of stable and 

uniform male-sterile, female-fertile plants to serve as the female parent.  Complete sterility in 

soybean first was observed in progeny of Manchu (Owen, 1928).  Sterile plants did not set 

seed and maintained green leaves instead of progressing through normal reproductive 

development from stages R1 through R8 as defined by Fehr and Caviness (1977).  In addition 

to the complete sterile phenotype described above, partial-female sterility (Pereira et al., 

1997), partial-male sterility (Caviness et al., 1970; Stelly and Palmer, 1980), and male 

sterility (Horner and Palmer, 1995; Palmer et al., 2001) also have been observed in soybean. 
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Prior evidence suggests soybean lines expressing male sterility may be environmentally 

sensitive (Caviness and Fagala, 1973; Stelly and Palmer, 1980).  Environmental sensitivity in 

relation to stable expression of male-sterility needs to be investigated for different male-

sterility loci prior to their use and incorporation into a hybrid seed production system. 

For self-pollinating crops, i.e. soybean, the amount of out-crossed seed is directly 

related to the magnitude of attraction by insects (Palmer et al., 2009), which relates to the 

fourth requirement for hybrid seed production in soybean, efficient pollen transfer.  Insects 

are typically the only means by which to transfer pollen between plants resulting in natural 

cross-pollination.  For soybeans, the frequency of cross-pollination generally is less than 1% 

(Fehr, 1980).  The male-sterility locus ms9 originally was selected for our research because 

an evaluation of insect-mediated seed-set demonstrated, that it had the highest out-crossing 

capability and seed-set of ten male-sterility loci previously identified (Ortiz-Perez et al., 

2006).  Soybean breeders need to understand floral characteristics and insect-pollinator 

relations since these factors directly relate to hybrid seed production, potential hybrid yield, 

and yield stability (Palmer et al., 2009).  An additional challenge related to efficient pollen 

transfer and cross-pollination to produce hybrid seed in naturally autogamous crops is, how 

to limit self-pollination.  For this reason, understanding male-sterility loci in soybean is a 

crucial component for practical execution of hybrid seed production. 

In using male-sterility systems for hybrid production in soybean, the classification of 

fertile versus male-sterile, female-fertile plants needs to be done.  This is accomplished by 

visually examining pollen phenotype at flowering time, the R2 stage as defined by Fehr and 

Caviness, (1977).  Flower classification causes delays in manual cross-pollination and is 

labor intensive.  Therefore, my initial research objective was to address the third requirement 
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for hybrid seed production, i.e. an effective phenotypic selection method to identify male-

sterile, female-fertile plants prior to flowering.  The original goal was to develop molecular 

marker(s) that could be used in a marker assisted selection (MAS) program as a means to 

identify male-sterile, female-fertile plants prior to flowering, so the ms9 gene could be used 

in hybrid soybean development. 

With the newly developed soybean genome browser (www.soybase.org), we were 

able to visualize the ms9 genomic region.  BLASTN (E < 10
-4

, Altschul et al., 1997) analysis 

was used to compare the flanking simple sequence repeat (SSR) markers Satt521 and Satt237 

identified by Cervantes-Martinez et al. (2007) to the soybean genome sequence (Glyma 1, 

Schmutz et al., 2010).  This identified the intervening region on chromosome 03 (molecular 

linkage group, MLG N) at position 38.6 to 40.1 mega bases (= 10
6
 base pairs, Mb).  This 

sequence was searched for AT (15) and AAT (10) repeats that were used to develop novel 

SSR markers.  In total, 68 primers were designed to flank the repeats in the hope that the 

mapping parents would have polymorphisms due to differences in repeat number.  Primers 

were tested against the parents of Soybean Genetic Type Collection number T359H, the 

heterozygous (H) maintainer line for ms9, to identify polymorphic markers that could be used 

to screen the selfed progeny of T359H. 

Challenges arose using pollen phenotype to classify male-sterile, female-fertile plants 

of selfed progeny of T359H, planted at Kunia, Hawaii, in September and October 2008.  At 

R2 stage, no obvious differences in pollen characteristics were noted to distinguish between 

fertile and male-sterile, female-fertile plants at Hawaii.  At harvest, the observed phenotypic 

segregation ratios were different from the expected ratio for a single male-sterility gene with 

recessive ms9 allele.  To better understand the phenotypic variation observed, we grew 



5 

 
 

T359H at Isabela, Puerto Rico in April 2009.  Similar challenges were faced in identifying 

male-sterile, female-fertile plants when pollen phenotypic data were collected at stage R2.  

Only two of 151 plants that were examined, were classified as male-sterile pollen phenotype.  

At harvest, fertile vs. male-sterile, female-fertile plants were indistinguishable using seed-set 

numbers.  Molecular screening of the progeny and parents was conducted with the newly 

designed markers for the ms9 region.  However, we were unable to confidently associate the 

SSR markers with the male-sterile phenotype for ms9. 

In a separate experiment planted in Huxley, Iowa in May 2009, it was possible to 

identify male-sterile, female-fertile plants from the selfed progeny of T359H.  The 

preliminary research we conducted in Hawaii, Puerto Rico, and Iowa indicated that 

differences in environmental conditions altered the phenotypic expression of ms9, increasing 

the difficulty of visual identification of male sterility using pollen shed at anthesis or seed-set 

at maturity.  On the basis of these observations, our research objectives were modified.  It 

was decided that improving the understanding of environmental influence on male sterility at 

the ms9 locus was required.  Research was planned accordingly, and both Chapters 2 and 4 of 

the dissertation were the products of this effort.  Concurrently, we shifted our approach to 

identify candidate genes for mapped male-sterility loci in soybean and compare genomic 

differences between environmentally sensitive (ms9, ms8, msp, and ms3) mutants and 

environmentally stable male-sterility locus (ms2), as a part of Chapter 3.  Our final research 

objective, Chapter 4 in the dissertation, presents our molecular approach to identify candidate 

genes for the ms9 locus, for expression analysis.  Results from the redefined objectives 

became the subject matter of additional research.   
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DISSERTATION ORGANIZATION 

The dissertation is organized in 3 chapters, corresponding to each of the objectives.  Each 

chapter will be submitted to appropriate journals: Chapter 2 to Crop Science, Chapter 3 to 

Plant Genome, and Chapter 4 to Theoretical and Applied Genetics.  Additional sections in 

the dissertation include: general introduction, dissertation organization, objectives of each 

chapter, a literature review-summary, and a conclusion section. 

 

OBJECTIVES 

Chapters for publication have been written and presented as journal papers with the 

format of the journal to which they will be submitted.  

Chapter 2 

Our objectives were to characterize the phenotypic variation of pollen phenotypes and seed-

set among selfed progeny of T359H, in which ms9 ms9 plants are male-sterile, female-fertile 

(Palmer, 2000).  This would allow us to determine if the ms9 locus conferring male sterility 

in soybean was environmentally sensitive in its phenotypic expression.  If it was, objectives 

were developed to determine which types of environments could be used for hybrid seed 

production and/or male-sterile line maintenance. 

Chapter 3 

Our objectives in this analysis were to use computational methods, to identify candidate 

genes for male sterility.  In addition, we wanted to determine if the same transcription factor 

regulated the expression of all environmentally sensitive male-sterility loci.  While we could 

not track transcription factors directly, we could determine if transcription factor binding 
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sites (TFBS) were common across environmentally sensitive male-sterility loci or unique for 

each male-sterility locus. 

Chapter 4 

Our objectives were to identify ms9 candidate genes and analyze the RNA expression 

patterns in floral tissue of fertile and male-sterile, female-fertile plants across different 

controlled environments.  Candidates not expressed during floral development were 

eliminated from further analysis.  This approach enabled us to detect genes with differential 

expression in fertile and male-sterile, female-fertile plants across day and night temperatures.  

In addition, we wanted to identify differentially expressed genes between fertile and male-

sterile, female-fertile plants.  This approach will prioritize the list of candidate genes 

involved in male sterility at the ms9 locus.  
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GENERAL LITERATURE REVIEW – SUMMARY APPROACH 

Since sterility first was observed in soybean over 80 years ago, there have been 

numerous studies about the genetics of mutant nuclear genes with Mendelian inheritance, 

which affect male cell and organ development.  The genes collectively have been designated 

as ms genes (Horner and Palmer, 1995).  To date there are 11 distinct, independent male-

sterility loci identified in soybean (ms1 thru ms9 and msp, Palmer et al., 2001) and ms MOS 

(Midwest Oil Seeds, Jin et al., 1997).  Five loci have been mapped, ms9 (Cervantes-Martinez 

et al., 2007), ms3 (Cervantes-Martinez et al., 2009), ms8, msp (Frasch et al., 2010), and ms2 

(Cervantes-Martinez et al., 2007).  All arose as spontaneous mutations with the exception of 

ms5, which was induced by mutagenesis (Buss, 1983; Graybosch and Palmer, 1988).  In 

addition, there are multiple independent mutation events for ms1 (7 alleles), ms2 (2 alleles), 

ms3 (3 alleles), ms4 (2 alleles), and ms6 (2 alleles) (Graybosch and Palmer, 1988; Palmer et 

al., 2001).  Homozygous recessive mutations for any one of these loci result in male sterility. 

Typically male-sterility genes are recessive and expressed in sporophytic tissues.  

Cytological analyses have been done on all male-sterility loci except ms5, ms7, ms8, and 

ms9.  These analyses revealed that male-sterility genes have abnormal microsporogenesis at 

the following stages: degeneration at any stage (msp), failure of cytokinesis leading to tapetal 

degeneration (ms1 and ms4), degeneration of tetrads (ms2 and ms6), degeneration of 

microspores (ms3), and tapetal and/or parietal abnormalities (ms MOS) (Palmer et al., 2001).  

Furthermore, cytological studies of male-sterile mutants determined that their phenotypic 

expression is subdivided into three categories: 1) sporogenous, indicating stamen 

development is normal, but abnormalities occur during microgametogenesis, 2) structural, 

indicating the stamen is absent or abnormal (Johns et al., 1981), and 3) functional, indicating 
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pollen is not produced or does not reach the stigma (Horner and Palmer, 1995).  However, 

molecular mechanisms controlling male sterility in soybean are just at the beginning to be 

understood. 

Male sterility results in a floral phenotype.  Therefore, one can assume that the genes 

involved would be expressed in floral tissues and be involved in floral development.  Genetic 

and molecular studies have found intricate gene interactions involved in anther morphology 

and pollen grain differentiation (Goldberg et al., 1993).  In model crop systems like 

Arabidopsis and rice, male-sterile mutant screenings have identified genes involved in 

establishment of anther cell layers, archesporial specification, tapetal development, pollen 

wall formation, exine formation and patterning, programmed cell death (PCD) of the 

tapetum, hormonal regulation of pollen development, and dehiscence (Scott et al., 2004; 

Wilson and Zhang, 2009; Wilson et al., 2011).  A summary of genes involved in anther or 

pollen development, putative annotations, known mutant phenotypes, and their respective 

literature citations are presented in Table 1.  In addition, publications by Chen et al. (2007, 

2009), Woo et al. (2008), Yang et al. (2009), Tang et al. (2011), Sakata et al. (2010), and 

Endo et al. (2009) identified genes or candidate genes for thermosensitive genic-male 

sterility (TGMS).   

Novel approaches facilitated research on male-sterile systems and identification of 

candidate genes.  With the recent release of the soybean genome sequence (Glyma 1, 

Schmutz et al., 2010) and the soybean genome browser (www.soybase.org), researchers can 

visualize regions of the genome for traits of interest.  Sequences of each gene in the defined 

region can be downloaded and BLASTX comparison analyses (Altschul et al., 1997) can be 

used to annotate the putative function of the genes.  Another novel resource in soybean is the 
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recently released RNA-Seq atlas (Severin et al., 2010) that allows researchers to assess 

expression of candidate genes in 14 different tissue types including root, nodule, young leaf, 

flower, pod, and seed with several different time points during pod and seed development.  

These data allow researchers to identify candidate genes expressed in specific tissues, 

developmental cycles, or constitutively expressed throughout development for traits of 

interest.  Finally, using Clover analysis (Frith et al., 2004) to identify overrepresented 

transcription factor binding sites (TFBS) from the 126 plant transcription factors in the 

curated TRANSFAC database (Matys et al., 2006), aids in identification of elements 

involved in regulating gene expression.  Release of these tools enables bioinformatic 

approaches to identify candidate male-sterility genes and the transcription factors regulating 

their expression. 
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Table 1. Male sterility related genes in model species Arabidopsis and rice. 

Species Gene Long gene name Putative function annotation Mutant phenotype Reference(s) 

Arabidopsis Archesporial specification and establishment of anther cell layers 

 

NZZ/ SPL 

NOZZLE/ 

SPOROCYTELESS 

Homology to MADS-like 

transcription factor (TF) acts 

during archesporial division on 

stamen and carpen 

development 

Female and male sterile; nzz mutants fail 

to develop pollen mother cell (PMC) or 

megaspore mother cell; spl mutant 

blocks sporocyte and anther wall 

formation 

Wilson and Zhang, 

2009           

Schiefthaler et al., 

1999                      

Yang et al., 1999 

 

      

AG AGAMOUS 

MADS box TF; necessary for 

specification of reproductive 

organs (stamen and carpels) 

Pollen formation is induced by 

AG activating  NZZ/SPL or 

DAD1 regulating stamen 

development 

 ag-1 mutant has indefinite numbers of 

successive whorls of sepal-petal-petal 

Ito et al., 2004                 

Wilson et al., 2011 

 

      

AP3 APETALLA3 

MADS box gene required for 

normal development of petals  

and stamen 

Misexpression results in development of 

stamens in place of 4
th

 whorl carpels 

Tilly et al., 1998                      

Wilson et al., 2011 

 

      

PI PISTILLATA 

Necessary for proper 

development of 2
nd

 and 3
rd

 

whorl of flower (petals and 

stamen) 

Misexpression results in petaloid sepals 

in place of sepals in 1
st
 whorl 

Tilly et al., 1998                      

Wilson et al., 2011 

 

      

SEP1    SEP2    

SEP3    SEP4 SEPALLATA 

Class E genes, redundant to 

Agamous-like (AGL2, AGL4, 

AGL9, and AGL3), interacts 

with AP3 and PI 

Simultaneous disruption of SEP1, SEP2, 

and SEP3 leads to development of sepals 

rather than petals, stamen and carpels, 

disruption of all SEP leads to 

transformation of all floral organs into 

vegetative leaves Melzer et al., 2009 
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Species Gene Long gene name Putative function annotation Mutant phenotype Reference(s) 

 

DAD1 

DEFECTIVE IN ANTHER 

DEHISCENCE1 

Chloroplastic phospholipase 

A1 catalyzes initial step in 

jasmonic acid (JA) 

biosynthesis 

Failure of pollen maturation, dehiscence, 

and flower opening due to lack of JA Ishiguro et al., 2001 

 

      

EXS 

EXTRASPOROGENOUS 

CELLS 

EXS Leu-rich repeat (LRR) 

receptor kinase protein (RPK) 

regulates fate and number of 

archesporial cells in the anther 

exs mutant male development ceases at 

tetrad stage, anthers have no tapetal or 

middle cell layer, and contain no pollen Canales et al., 2002 

 

      

EMS1 

EXCESS 

MICROSPOROCYTES1 

EMS1 LRR-RPK involved in 

differentiation of 

microsporocytes and tapetal 

cells 

ems1 male-sterile mutants produce extra 

meiocytes and lack tapetal cells but 

maintain middle cell layer Zhao et al., 2002 

 

      

TPD     TPD1 

TAPETUM 

DETERMINANT1 

Tapetal specification and 

maintenance of tapetal cell 

fate; ligand for EMS1 receptor 

kinase 

tpd1 mutant phenotype like 

exs/ems1mutant 

Yang et al., 2005              

Jia et al., 2008 

 
      

BAM1  BAM2 BARELY ANY MERISTEM 

LRR-receptor-like kinase 

(RLK) proteins; involved in 

early anther development 

regulating cell division and 

differentiation 

bam1 bam2 mutants are male sterile, fail 

to produce pollen, have abnormal 

formation of anther cell layers and  

PMCs degenerate Hord et al., 2006 

 

      

SERK1  

SERK2 

Somatic Embryogenesis 

Receptor-Like Kinase1 and 

2 

LRR-RLKs function 

redundantly in sporophytic 

development controlling male 

gametophyte production and 

specify somatic cell identify 

serk1 serk2 double mutants are male 

sterile and lack tapetal layer; single 

mutants show no phenotype 

Albrecht et al., 2005 

Colcombet et al., 

2005 
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Species Gene Long gene name Putative function annotation Mutant phenotype Reference(s) 

 

ER         

ERL1    ERL2 

ERECTA receptor-like 

kinase 

ER-family of LRR-RLKs act 

redundantly in cell 

differentiation during early 

anther development and 

tapetal development 

Mutants produce viable pollen, however 

anthers do not dehisce and pollen grains 

adhere to anther walls Hord et al., 2008 

 

      

MPK3  

MPK6 

Mitogen-activated protein 

kinase (MAPK) 

MAPK involved in cell 

differentiation during anther 

development; acts redundantly 

to ER-family 

Disorganized tapetal layer, reduced 

fertility Hord et al., 2008 

 

      

RPK2 

Receptor-Like protein 

Kinase2 

Regulates tapetal development 

and degradation 

Male sterility; limited pollen grains are 

clustered together, defective dehiscence  Mizuno et al., 2007 

 

      

SGC SGC Lectin RLK 

Perceives signals in 

oligosaccharide signal during 

early pollen development 

ensuring continuation of 

pollen development 

sgc  mutant is male sterile, collapsed 

pollen grains 'glued' together Wan et al., 2008 

  

    Arabidopsis Tapetal development 

 

DYT1 

DYSFUNCTIONAL 

TAPETUM 

basic helix-loop-helix (bHLH) 

TF involved in tapetal gene 

regulation, regulates AMS and 

MS1 

Male-sterile dyt1 mutant exhibits a  

highly vacuolated tapetum and 

cytokinesis rarely occurs Zhang et al., 2006 

 

     



76 
 

 
 
 

no uniquely overrepresented TFBS.  Additionally, ms9A, ms8A, or mspA contained no 

unique TFBS. 

The non-environmentally sensitive ms2 locus analyses contained more TFBS than the 

environmentally-sensitive male-sterility loci in each dataset: 43 (ms2A), 51 (ms2F), and 52 

(ms2SF), which was unexpected since it was slightly smaller in gene number than the msp 

locus.  Eighteen TFBS were overrepresented in ms2F or ms2SF but not identified in ms2A.  

While the ms2 datasets did not have the AG binding site motifs mentioned earlier, there was 

one unique AGL TFBS overrepresented in ms2SF dataset, AGL2_01, with AGL being a 

regulator of floral development (Tilly et al., 1998).  The ms2 locus only had one type of Dof 

TFBS overrepresented in ms2F and ms2SF datasets: DOF3_01.  This TFBS is found in a 

peptidase gene in rice (Yanagisawa, 2004) and also was found overrepresented in the mspF 

dataset.  The ms2 locus had four unique TFBS, the previously mentioned AGL2_01, 

ATHB5_01 [binds homeodomain leucine zipper, (HDZip) family of TFs, which are positive 

regulators of abscisic acid (ABA) response, Kim, 2006], WRKY_Q2, and ZAP1_01 (binds 

zinc-responsive transcriptional activator, a maize ortholog of APETALA1, Mena et al., 1995). 

Identification of Male-Sterility Homeologous Regions 

Soybean is recognized as an ancient palaeopolyploid with a duplicated genome 

(Schmutz et al., 2010).  If male-sterility homeologous regions are present, genes within those 

regions may have evolved distinct functions, expression patterns, or become non-functional 

(Force et al., 2005, Yang et al., 2006).  Therefore, we were interested in identifying the 

homeologs for each mapped male-sterility loci.  Using the soybean genome browser 

(http://www.soybase.org), we identified homeologous regions (designated H) for two of the 

four environmentally sensitive male-sterility regions (ms9H and ms8H on chromosomes 19 
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and 8, respectively) and also the environmentally stable ms2 locus (chromosome 20). The 

other two environmentally sensitive male-sterility loci had partial homology to multiple 

regions in the soybean genome: ms3 was partially homologous to Gm01 and Gm07, whereas 

msp had three partial homologs on Gm10, Gm14, and Gm17 (Table 4).  To date, these 

homeologous regions have no known sterility traits of any kind leading us to believe that the 

male-sterility genes in these regions have either been lost or specialization has occurred 

altering their expression. 

For further analyses we chose to focus on those homeologous regions with complete 

homeology to the known male-sterility loci. To confirm homology, each male-sterility locus 

was compared to its homeolog using BLASTN (E < 10
-4

, Altschul et al., 1997) and 

visualized using the Artemis comparison tool (ACT, Carver et al., 2005). The ends of 

putative homeologous regions were trimmed to match the corresponding male-sterility loci 

(ms9H: Gm19:41176292 to 42986270 and ms8H: Gm08:18310741 to 18484951, Fig. 1 and 

Fig. 2).  In the case of ms2, Artemis visualization identified a 9.49 Mb nonhomeologous 

fragment separating two sections of the homeolog. The nonhomeologous section was 

removed and the two remaining fragments were treated as one complete homeolog (ms2H, 

Gm20:33040389 to 36501513; 45993589 to 46721826, Fig.3).  Similar to the male-sterility 

loci, differences in size and number of genes within each homeologous region also were 

detected.   The ms9HA and ms8HA datasets had 153 and 20 genes, respectively, similar to 

gene counts for their appropriate male-sterility regions.  However, the ms2HA was 37% 

larger than the ms2A dataset (510 to 373 genes, respectively).  

Floral Expression within Male-Sterility Homeologs 
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Similar to characterization of the male-sterility loci, we evaluated each male-sterility 

homeologous region for floral expression using the RNA-Seq atlas (Severin et al., 2010).  

The ms2HF, ms9HF, and ms8HF datasets had 403, 134, and 13 floral genes, respectively 

(Table 4).  By limiting the analysis to significantly overrepresented floral genes, the ms2HSF, 

ms9HSF, and ms8HSF datasets had 110, 40, and seven floral genes.  The ms8H decreased in 

both floral and significantly floral expression (65% and 35%, respectively) compared to ms8 

(78% and 42%, respectively).  In contrast, the ms9H exhibited more floral expression than its 

respective male-sterility locus (ms9) for both floral and significantly floral classes (88% to 

82% F; 26% to 23% SF, respectively).  While the ms2HF decreased in floral expression 

compared to ms2F (79% to 91%), no difference was observed in significantly floral 

expression (ms2HSF, 26% of total genes) when compared to its respective male-sterility 

locus (ms2SF). 

Similarity within Male-Sterility Homeologous Regions for Floral Expression  

BLASTN (E < 10
-20

, Altschul et al., 1997) was used to compare genes within male-

sterility loci to genes within their respective homeologous region.  For each comparison, we 

divided the genes by their expression class (F, SF).  The greatest correspondence between 

genes and expression between homeologous regions was found using the F class.  

Comparisons of ms2F and ms2HF revealed that 78% of genes were shared between regions 

(317 of 406 ms2HF genes similar to ms2F).  Similarly, 77% of genes were shared between 

ms9F and ms9HF data sets (106 of 137 ms9HF genes) and 69% of genes were shared 

between the ms8F to ms8HF data sets (9 of 13 ms8HF genes).  When using the SF data sets, 

retention of genes and their expression decreased to less than 50%: ms2SF to ms2HSF 48% 

(53 of 110 ms2HSF), ms9SF to ms9HSF 48% (19 of 40 ms9HSF genes), and ms8SF to 



79 
 

 
 
 

ms8HSF at 43% (3 of 7 ms8HSF genes).  These findings further support our hypothesis that 

subfunctionalization of homeologous regions may be regulated by changes in TFBS driving 

the differential expression patterns of homeologous genes. 

To determine if the ms9 and ms2 candidate male-sterility genes we identified earlier 

were present in the homeologous regions, we used BLASTN (E<10
-4

, Altschul et al., 1997) 

to compare Glyma03g31520, Glyma03g31530, and Glyma03g31590 (ms9) and 

Glyma10g42830, Glyma10g43850, and Glyma10g44260 (ms2) to the predicted genes in the 

ms9H and ms2H loci. The ms8 and ms8H loci were not analyzed since no candidate genes 

were identified in an earlier analysis.  For each gene, we were able to identify the 

corresponding homeolog (Glyma19g34370, Glyma19g34380, and Glyma19g34420 (ms9H); 

Glyma20g24170, Glyma20g38570, Glyma20g39040 (ms2H).  The homeologs for 

Glyma03g31520, Glyma03g31530, Glyma03g31590 (ms9), and Glyma10g44260 (ms2) were 

present in the same (A, F, and/or SF) data classes.  However, for the ms2 and ms2H loci, 

Glyma10g42850 is significantly overrepresented with floral reads, while its homeolog 

(Glyma20g38570) was not.  These data demonstrate the floral specificity of three candidate 

genes from the ms9 locus and two of the candidate genes from the ms2 locus, suggesting 

expression data can be used to prioritize genes for future analyses.  Interestingly, 

Glyma10g42830 (ms2) and its homeolog Glyma20g24170 (ms2H), which showed greatest 

homology to the Arabidopsis AMS gene (ABORTED MICROSPORE, Sorenson et al., 2003), 

had very little evidence of expression in the RNA-Seq atlas.  While Glyma10g42830 had six 

assigned reads (none floral), Glyma20g24170 had none.  This suggests Glyma10g42830 has 

a very specific floral expression pattern not picked up in the RNA-Seq atlas or may not be a 

candidate gene for ms2. 
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Cis-element Over-Representation Analyses of Male-Sterility Homeologs 

As before, we used Clover analyses to discover overrepresented TFBS (t ≤ 0.05, Frith 

et al., 2004) within homeologs of male-sterility loci (ms9H, ms8H, and ms2H).  A 

comprehensive list of all TFBS for male-sterility homeologs is presented in Table 5.  

Significantly overrepresented TFBS were identified for the homeologs of the 

environmentally sensitive male-sterility loci ms9 and ms8.  For ms9H, 21 TFBS were found 

in ms9HA, 22 in ms9HF, and 16 in ms9HSF.  For ms8H, five TFBS were found in ms8HA, 

six in ms8HF, and eight in ms8HSF.  A total of 26 different TFBS were found between 

ms9HA and ms8HA datasets.  In total, in the ms9HF, ms9HSF, ms8HF, and ms8HSF datasets 

had 14 overrepresented TFBS that were not significant in their respective all genes data set.  

Two TFBS were uniquely overrepresented in the ms9H region (AG_02 and BCP1_Q2) and 

one (ARR10_01) in the ms8H region.  Interestingly, BCP1 is an anther specific gene from 

Brassica campestris required for male fertility (Xu et al., 1995), whereas ARR10_01 binds 

an authentic response regulator that plays roles in cytokinin signaling (Ishida et al., 2008).  

Clover analyses of the homoelogous region for ms2 found 31 TFBS overrepresented in 

ms2HA, 36 in ms2HF, and six in ms2HSF.  TGA1A_Q2_01, which binds a transcriptional 

activator basic leucine zipper (bZIP) protein, was the only unique TFBS in the ms2H region, 

also identified in the ms2HA and ms2HF datasets.  There was no overrepresented TFBS 

shared across all three homeologous regions. 

Cis-element Over-Representation Analyses Between Male-Sterility Loci and Their 

Homeologs 

Our final computational comparison was to evaluate each male-sterility region 

relative to its homeolog.  When comparing ms9 to ms9H, 23 TFBS were commonly 
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overrepresented across homeologous regions, seven of which were identified in the same 

classes for ms9 and ms9H.  14 TFBS were significantly overrepresented in ms9 but not 

significant in ms9H, some key TFBS were ABF_Q2, AG_01, AGL1_01, AGL1_02, 

AGL15_01, MADSA_Q2, PBF_01 a member of the Dof family (Yanagisawa and Schmidt, 

1999), and RAV1_02, which binds to a cold-responsive transcription factor (Yamasaki et al., 

2004), (Supplemental Table 1).  Similarly, for the ms8 locus compared to ms8H, one basic 

helix-loop-helix TFBS (BHLH66_01) was common to both regions, whereas 12 TFBS were 

differentially identified between ms8 and ms8H.  Two TFBS (AGP1_01 and DOF1_01) were 

unique to ms8 compared with ms8H (Supplemental Table 2).  Finally, in comparing ms2 

locus to ms2H, 38 TFBS were commonly overrepresented to both loci.  However, only four 

were identified in the same data classes for ms2 and ms2H (Supplemental Table 3).  There 

were 28 TFBS differentially overrepresented between ms2 and ms2H, 23 were uniquely 

overrepresented in the ms2 locus compared with ms2H, some intriguing TFBS were 

ABF_Q2, AG_01 and_03, AGL1_02, AGL2_01, AGP1_01, BZIP910_02, BZIP911_01 and 

_02 (bZIP transcription factors are activators of histone gene expression during floral 

development, Martínez-García et al., 1998), DOF3_01, GAMYB_01, GT1_Q6, RAV1_02, 

and WRKY_Q2, which suggests the genes containing these TFBS may be involved in 

regulation of floral development (Supplemental Table 3).   

 

DISCUSSION 

Palmer et al. (2001) summarized soybean male-sterility loci by detailing the various 

stages of microgametogenesis affected by each male-sterility gene.  The step in pollen 

production where breakdown occurs can result in diverse pollen phenotypes.  One of our first 
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bioinformatic analyses performed was to determine if related genes were responsible for 

male sterility.  We were unable to identify any candidate male-sterility genes shared across 

multiple loci.  In retrospect, the subtle differences in pollen phenotype and abnormalities in 

microgametogenesis in each male-sterility locus (Palmer et al., 2001) suggested that shared 

genes across loci were unlikely.  Nevertheless, using a bioinformatics approach we were able 

to identify 23 diverse candidate genes for ms9, msp, ms3, and ms2 indicating that different 

genes are controlling male sterility at each locus.  The msp, ms3, and ms2 loci each contained 

a homolog of a male-sterility gene identified from the model organisms Arabidopsis or rice.  

Reciprocal best TBLASTX (E < 10
-20

, Altschul et al., 1997) confirms that between genomes, 

these genes are most related to each other, further supporting their involvement in male 

sterility in soybean.  In addition to searching for soybean homologs of known male-sterility 

genes, we also used BLAST (Altschul et al., 1997), in conjunction with the available 

literature, to identify 20 additional genes with links to floral development and male sterility.  

Comparison of these data with the phenotypic observations made by Palmer et al. (2001) 

may further help elucidate candidate male-sterility genes. 

For the ms9 locus, we were unable to identify homologs of known male-sterility 

genes.  However, we identified three candidate genes based on BLAST (Altschul et al., 1997) 

and review of the literature.  These genes encoded two AUX/IAA responsive genes and a 

glycosyltransferase.  Each of these genes is a good candidate for the ms9 thermosensitive 

genic male-sterile (TGMS) phenotype (Wiebbecke et al., 2011), because glycosyltransferase 

and auxin response genes are involved in TGMS (Xiao et al., 2009; Sakata et al., 2010).  The 

TGMS conferred by the glycosyltransferase and auxin biosynthesis genes resulted in 

complete male sterility in rice, Arabidopsis, and barley.  However, the ms9 male-sterile 
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phenotype occurs late in microgametogenesis, allowing production of some functional 

pollen, as well as abnormal non-functional pollen (Wiebbecke et al., 2011).  It is possible 

these candidate genes are involved in male-sterility for ms9 locus because they are 

thermosensitive, but they may have different TFBS altering detection of environmental cues.   

In the case of msp, BLAST analyses using known male-sterility genes from model 

plants identified a gene homologous to the ms-h gene encoding a UGPase (Woo et al., 2008).  

In rice, UGPase silenced or cosupressed plants had pale, shrunken anthers, resulting in 

complete sterility, and were thermosensitive (Chen et al., 2007, 2009).  Six additional 

candidate genes were identified by BLAST (Altschul et al., 1997) and review of the male-

sterility literature: two Aux/IAA responsive genes, a UDP-glucose-glycosyltransferase (Xiao 

et al., 2009; Reyes et al., 2010), a heat shock protein (HSP, Yang et al., 2009), and flavonol 

biosynthesis gene (Schijlen et al., 2004) genes were identified, as well as the previously 

identified UGPase.  For the msp locus, pollen degeneration can occur at any stage in 

development allowing some functional pollen to be produced resulting in a partial male-

sterile phenotype (Palmer et al., 2001).  The Aux/IAA, UDP-glucose-glycosyltransferase, 

and UGPase genes are influenced by temperature (Chen et al., 2007, 2009; Xiao et al., 2009; 

Sakata et al., 2010).  Like the ms9 locus, different regulatory elements in the promoter 

regions of these genes may alter their expression in the msp background resulting in partial-

male sterility.  The HSP gene in Arabidopsis (TMS1) and flavonol biosynthesis genes effect 

pollen-tube germination resulting in decreased male fertility (Schijlen et al., 2004; Yang et 

al., 2009).  Further microscopic investigation is needed to determine if pollen-tube 

germination is effected in the msp male-sterile background. 



84 
 

 
 
 

One of the candidate genes identified for ms3 was an ortholog of the rice MALE 

STERILITY1 (MS1) gene encoding a plant homeodomain transcription factor (Ito et al., 

2007).  MS1 mutants in Arabidopsis have shown variable pollen phenotype from semisterile 

(Ito et al., 2007) to no viable pollen (Wilson et al., 2001).  Both pollen phenotypes are caused 

by altered tapetum degeneration and abnormal programmed cell death occurring after 

microspore release from the tetrad (Ito et al., 2007; Wilson and Zhang, 2009).  In the case of 

ms3, abnormal tapetum degeneration appears to inhibit microspore release resulting in both 

viable and nonfunctional pollen (Palmer et al., 2001).  In addition, ms3 may have an 

immature pollen wall causing degeneration of microspores (Palmer et al., 2001).  By using 

BLAST (Altschul et al., 1997) and reviewing the literature, ten additional candidate genes 

were identified within six functional groups: AP2, Caffeyol-CoA methyltransferase, UDP-

glucose related, MADS-box TF, and HSP.  Of these candidate genes, the UDP-glucose 

related, Caffeyol-CoA methyltransferase, and HSP are the most likely candidate genes 

because they previously have been shown to be involved in TGMS (Chen et al., 2007, 2009; 

Xiao et al., 2009; Yang et al., 2009). 

For the ms2 loci, we were able to identify two candidate genes from BLASTX of 

Arabidopsis and rice male-sterility genes.  Again, an ortholog of the rice MS1 gene was 

identified.  The second candidate gene identified for ms2 was an ortholog of TAPETUM 

DEGENERATION RETARDATION  (TDR) in rice, and the ABORTED MICROSPORE 

(AMS) Arabidopsis gene.  For both of these genes pollen development fails because of 

premature tapetum and microspore degeneration, typically just after microspore release from 

the tetrad (Sorenson et al., 2003; Li et al., 2006).  Identification of these candidate genes is 

surprising because ms2 male sterility is thought to be caused by an earlier failure during 
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microgametogenesis, causing degradation of microspores in the tetrad prior to microspore 

release, resulting in complete male sterility (Palmer et al., 2001).  Based on gene annotation, 

we were able to identify two additional candidate genes, a chalcone-flavonol biosynthesis 

gene and sugar transporter both involved in floral and pollen development (Schijlen et al., 

2004; Xiao et al., 2009; Reyes et al., 2010).   

Each locus has a unique male-sterile pollen phenotype that may be the result of 

different genes.  However, environmentally sensitive male-sterility loci may share common 

transcription factors regulating response to biotic cues for male-sterility genes.  Our results 

suggest that TFs binding the AG, AGL, AGP, and Dof TFBS, identified in the 

environmentally sensitive male-sterility loci, may be involved in regulating those signaling 

cascades.  In contrast, ms2 which has no demonstrated environmental sensitivity, may be 

regulated by different TF classes.  Identification of different transcriptional regulators in 

soybean male-sterility loci suggests different mechanisms influence male-sterility gene 

perception of environmental cues. 

Our initial analysis began with the sequences of markers used to map male-sterility 

genes.  Our bioinformatic analyses demonstrates that researchers can use computational 

methods to identify candidate genes from mapping data using the genomic and expression 

data readily available for soybean.  The recently released soybean genome sequence 

(Glyma1, Schmutz et al., 2010), the soybean genome browser (www.soybase.org), and RNA-

Seq atlas (Severin et al., 2010) are all available to the soybean community and comparative 

analyses can be made between soybean and other model species to identify candidate genes 

from other species. 
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The candidate genes we have identified in the bioinformatic analysis can be further 

investigated to see if they are responsible for male sterility at each locus.  A more traditional 

molecular approach would be to design new single nucleotide polymorphism (SNP) or SSR 

markers in or near the candidate gene(s), which could then be used to screen a segregating 

population to determine if the marker segregates with the male-sterile phenotype.  A more 

sophisticated method would be to use virus induced gene silencing (VIGS, Zhang et al., 

2009) or RNAi (Libault et al., 2009) to knock down the candidate gene expression and then 

screen for the male-sterile phenotype. 

Once a male-sterility gene is confirmed in soybean, it would enable breeders to 

develop and use SNP or SSR markers for marker assisted selection (MAS) to identify male-

sterile, female-fertile plants.  Developing a MAS system would eliminate one limitation 

mentioned by Palmer et al. (2001), described a requirement for successful implementation of 

hybrid seed production, “a selection system to identify 100% female plants”.  A more 

comprehensive view of environmental male sterility and the signaling cascade regulating 

response to biotic cues could also lead to the elimination of another constraint to hybrid 

soybean production, which is “a stable-uniform male-sterile, female-fertile plant to serve as 

the female parent in hybrid seed production” (Palmer et al., 2001).  Developing a better 

understanding of the transcription factors regulating male-sterility and the TFBS within the 

promoters of male-sterility genes will enable the improvement of male-sterile systems in 

soybean and could ultimately lead to a broad use of hybrids in soybean cultivar development. 
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Table 1. Molecularly mapped male-sterility loci in soybean. 

Male-

sterility 

region/ 

Strain
†
 

All 

tissues
‡
 Floral

‡
 

Predicted 

genes 

Predicted 

genes 

with > 1 

floral 

reads  

Predicted 

genes with 

significantly 

floral 

expression
§
 

Chromosome 

number and 

location (bp) 

Region 

size (Kb) MLG 

Flanking 

Markers 

Gene range from 

Glyma1 genome 

assembly
¶ 

Reference 

ms3 

T284H 196,297 16,219 253 206 86 

Gm02:9239800 

..12976559 3736.8 D1b 

Satt157 to 

Satt542 

Glyma02g11060 

to 02g14380 

Cervantes-

Martinez et 

al., 2009 

            ms8 

T358H 15,129 1,410 14 11 6 

Gm07:01 

..163911 63.9 M 

Sat_389 to 

telomere 

Glyma07g00200 

to 07g00370 

Frasch et al., 

2010 

            

ms9 

T359H 1,323,458 7,094 150 123 35 

Gm03:38596702 

..40192601 1595.9 N 

Satt521 to 

Satt237 

Glyma03g30740 

to 03g32450 

Cervantes-

Martinez et 

al., 2007 

            msp 

T271H 

 291,761 23,643 408 227 99 

Gm02:39888952 

..46538883 6649.9 D1b 

Satt350 to 

Sat_069/ 

Satt172 

Glyma02g35180 

to 02g41380 

Frasch et al., 

2010 

            ms2 

T375H 

T360H 328,265 25,283 373 341 98 

Gm10:47601155 

..50969635 3368.5 O 

Sat_109 to 

telomere 

Glyma10g40090 

to 10g44630 

Cervantes-

Martinez et 

al., 2007 

            Genome 

All 8,143,671 495,595 66,210 37,671 

 

- 1,115,000 - - - 

Schmutz et 

al., 2010 

† T-strains with H suffix (e.g. T284H) the allele is carried as the heterozygote because the homozygote is sterile. 

‡
 Raw expression counts from 14 tissue types including root, nodule, young leaf, flower, pod, and seed with different time points during pod and seed 

development, RNA-Seq atlas (Severin et al., 2010). 

§ Significantly floral genes identified by Fisher's exact test (Fisher, 1949) comparing read distribution for each gene relative to the soybean genome.  A 

Bonferroni correction was applied for over-sampling (P-value ≤ 0.05, Bonferroni, 1936). 

¶ Glyma 1, Schmutz et al. (2010) and SoyBase (www.soybase.org). 
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Table 2. Overrepresented (t ≤ 0.05) plant transcription factor binding sites (TFBS) found in the promoter region of Arabidopsis and rice male-

sterility gene orthologs were identified using Clover analysis (Frith et al., 2004) from TRANSFAC (Matys et al., 2006).  The dataset identifier is in 

parenthesis below each Glyma 1 assembly ID (Schmutz et al., 2010) in the heading.  

Plant TFBS 

Glyma02g11970 

(ms3A) 

Glyma02g40810 

(mspA) 

Glyma02g40810 

(mspF) 

Glyma02g40810 

(mspSF) 

Glyma02g41020 

(mspA) 

Glyma02g41020 

(mspF) 

Glyma10g42830 

(ms2A) 

ABF_Q2 0 0 0 0 1* 1* 0 

ABZ1_01 0 0 0 0 3 * 3 * 0 

AG_02 1 * 0 0 0 2 * 2 * 0 

AGL15_01 1 * 0 0 0 2 * 2 * 2 

ALFIN1_Q2 2 3 * 3 * 3 * 2 * 2 * 1 

ARF_Q2 2 2 2 * 2 1 1 * 1 

ATMYB15_01 1 0 0 0 0 0 1 * 

CG1_Q6 1 3 * 3 * 3 * 2 * 2 * 0 

CPRF2_01 0 0 0 0 1 * 1 * 0 

CPRF2_Q2 0 0 0 0 1 * 1 * 0 

CPRF3_01 0 0 0 0 1 * 1 * 0 

CPRF3_Q2 0 0 0 0 1 * 1 * 0 

DOF_Q2 1 2 * 2 * 2 0 0 1 

DOF2_01 0 0 0 0 2 2 * 2 

DOF3_01 0 0 0 0 4 4 * 2 

E2F_Q2 0 0 0 0 2 * 2 * 0 

EMBP1_02 0 0 0 0 2 * 2 * 1 

GAMYB_01 0 1 1 1 3 3 2 * 

GAMYB_Q2 0 1 1 * 1 * 2 2 * 1 

GBF_Q2 0 2 * 2 * 2 * 0 0 0 

GBP_Q6 0 1 * 1 * 1 * 0 0 0 

GT1_Q6 0 0 0 0 0 0 1 * 

HBPA1_Q6_01 0 1 * 1 * 1 1 * 1 * 0 



 
Table 2. (continued) 

 
 
 

 

1
0
0
 

Plant TFBS 

Glyma02g11970 

(ms3A) 

Glyma02g40810 

(mspA) 

Glyma02g40810 

(mspF) 

Glyma02g40810 

(mspSF) 

Glyma02g41020 

(mspA) 

Glyma02g41020 

(mspF) 

Glyma10g42830 

(ms2A) 

ID1_01 0 1 1 * 1 2 2 * 0 

KNOX3_01 0 2 * 2 * 2 * 1 * 1 * 1 * 

LIM1_01 1 2 * 2 * 2 * 3 * 3 * 2 * 

MYBAS1_01 0 1 1 * 1 * 4 4 * 0 

NAC691_01 0 2 * 2 * 2 * 0 0 0 

O2_02 1 0 0 0 2 * 2 * 0 

O2_Q2 1 0 0 0 3 * 3 * 0 

OCSBF1_01 1 1 * 0 1 * 0 0 0 

OSBZ8_Q6 0 2 * 0 2 * 2 * 2 * 0 

PBF_01 1 0 0 0 2 * 2 * 1 

PCF2_01 0 0 0 0 1 * 1 * 1 * 

PCF5_01 1 2 * 0 2 * 1 * 1 * 0 

RAV1_01 0 1 1 1 2 2 2 * 

RAV1_02 0 1 1 1 0 0 1 * 

RITA1_01 1 0 0 0 1 * 1 * 0 

ROM_Q2 0 2 2 2 1 1 2 * 

SBF1_01 0 2 * 2 * 2 1 * 1 * 0 

SED_Q2 1 0 0 0 2 * 2 * 1 

TAF1_01 0 0 0 0 2 * 2 * 0 

TGA1B_01 0 1 1 * 1 0 0 0 

TRAB1_Q2 0 3 * 3 * 3 * 1 * 1 * 0 

WRKY_Q2 0 2 2 2 2 2 1 * 
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environmentally sensitive male-sterility loci (ms9, msp, and ms3) and the environmentally 

stable ms2 locus.  The computational analysis also identified transcription factor binding sites 

(TFBS) common across multiple environmentally sensitive male-sterility loci, as well as 

TFBS that were unique to each male-sterility locus.  This initial identification of candidate 

male-sterility genes in soybean, accomplished for the first time, will allow future experiments 

to elucidate the functional aspects of candidate male-sterility genes.  We also have 

demonstrated that bioinformatic approaches used enables researchers identify candidate 

genes for any mapped trait of interest.  The genomic tools available for model crops and 

soybean provide novel resources to analyze genes and determine putative annotations.  

Further conformational testing can be pursued for a detailed subset of candidate genes for 

any trait of interest. 

Similarly, in Chapter 4, with the identification of specific genes with differential 

expression among male-sterile, female-fertile plants as day temperature increases also will 

permit further analysis to confirm male-sterility expression in relation to environmental 

factors.  A traditional molecular approach can be used, in which new molecular markers, 

simple sequence repeats (SSRs) or single nucleotide polymorphisms (SNPs), can be designed 

for each candidate gene within a male-sterility locus.  The markers can be screened against 

segregating populations to determine if they cosegregate with plants displaying the male-

sterile phenotype.  A different modern technique to determine function and phenotypic 

association of candidate gene(s) would be to utilize RNA interference (RNAi, Libault et al., 

2009) or virus induced gene silencing (VIGS, Zhang et al., 2009) to silence expression of the 

candidate gene(s).  The silenced plants would be characterized in attempts to identify 

phenotypes associated with male sterility.  Once candidate genes are confirmed, polymorphic 
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markers can be designed from within or near the gene, and marker assisted selection (MAS) 

programs could be used to identify male-sterile, female-fertile plants prior to flowering.  

Ultimately, this approach would greatly improve the efficiency of identifying plants for use 

as female parents in hybrid seed production. 
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Chapter 3. Supplemental Table 1. Plant transcription factor binding sites (TFBS) identified using 

Clover analysis (Frith et al., 2004) from  TRANSFAC (Matys et al., 2006) for ms9 locus versus ms9H 

locus.  Total number of genes in each dataset is in parenthesis below each dataset name in the 

heading. 

Plant TFBS 

Name 

ms9A 

(150)
a 

ms9F 

(123)
b 

ms9SF 

(35)
c 

ms9HA  

(153)
a 

ms9HF 

(143)
b 

ms9HSF 

(40)
c 

ABF_Q2 52 43 10 50 *  41 *  17 *  

ABF1_02 29 * 25 * 4 21 19 6 

ABI4_01 54 42 12 82 77 *  26 

ABZ1_01 130 * 112 33 143 128 48 

AG_01 104 * 91 * 28 75 67 18 

AG_02 81 75 23 88 *  77 *  22 

AG_03 104 * 91 * 28 75 67 18 

AGL1_01 124 * 100 * 24 92 83 21 

AGL1_02 116 * 94 22 82 74 18 

AGL15_01 140 * 126 * 32 115 95 20 

ALFIN1_Q2 376 324 82 349 *  309 *  98 

ATMYB77_01 52 46 * 14 56 *  51 *  14 

BPC1_Q2 133 108 27 144 131 *  39 

BZIP911_02 39 * 27 7 36 29 12 *  

CG1_Q6 200 *  168 * 52 195 *  176 *  48 

CPRF_Q2 138 * 119 * 40 * 133 *  116 *  40 *  

CPRF1_01 82 * 70 * 19 * 90 *  77 *  23 *  

CPRF2_01 79 * 64 * 24 84 72 22 

CPRF2_Q2 78 * 62 * 22 87 *  74 *  25 *  

CPRF3_01 81 * 64 24 * 85 *  75 *  23 *  

CPRF3_Q2 87 * 71 * 25 * 84 *  73 *  22 *  

DOF_Q2 263 215 * 58 279 *  253 *  87 *  

E2F_Q2 104 * 94 * 28 105 *  89 *  19 

EMBP1_02 123 103 29 * 120 105 36 *  

EMBP1_Q2 105 * 92 * 34 100 *  82 *  35 *  

GBF_Q2 113 91 37 116 105 36 *  

GBP_Q6 154 * 124 48 170 150 58 *  

HAHB4_01 95 81 26 * 121 *  107 *  29 

HBP1A_Q2 139 * 118 * 45 150 *  130 *  44 *  

KNOX3_01 175 146 * 46 172 *  151 *  39 

MADSA_Q2 160 140 * 36 166 146 34 

O2_02 117 * 93 * 35 127 109 40 

OCSBF1_01 169 139 45* 191 *  169 *  52 

PBF_01 195 163 * 52 199 181 60 

PIF3_01 53 44 * 9 54 47 18 
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Plant TFBS 

Name 

ms9A 

(150)
a 

ms9F 

(123)
b 

ms9SF 

(35)
c 

ms9HA  

(153)
a 

ms9HF 

(143)
b 

ms9HSF 

(40)
c 

PIF3_02 51 * 46 * 6 47 41 19 *  

RAV1_02 123 * 94 24 141 126 31 

RITA1_01 127 102 39 * 145 124 39 

SED_Q2 180 151 37 179 163 65 *  

TAF1_01 196 * 162 * 54 218 *  188 *  54 

TAF1_Q2 154 * 125 * 49 158 *  137 *  43 *  

TGA1B_01 91 * 69 24 91 *  79 *  25 

TGA1B_Q2 154 * 123 39 167 *  146 46 

TRAB1_Q2 184 * 148 * 32 178 159 40 

*
 Significantly overrepresented TFBS, t ≤ 0.05. 

a 
All genes dataset. 

b
 Genes with at least 1 floral read in RNA-Seq atlas (Severin et al., 2010).  

c
 Genes with floral expression significantly overrepresented determined using Fisher's exact test 

(Fisher, 1949) with Bonferroni correction (P-value ≤ 0.05, Bonferroni, 1936).
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Chapter 3. Supplemental Table 2. Plant transcription factor binding sites (TFBS) identified using 

Clover analysis (Frith et al., 2004) from TRANSFAC (Matys et al., 2006) for ms8 locus versus ms8H 

locus.  Total number of genes in each dataset is in parenthesis below each dataset name in the 

heading. 

Plant TFBS 

Name 

ms8A 

(14)
a 

ms8F 

(11)
b 

ms8SF 

(6)
c 

ms8HA 

(20)
a 

ms8HF 

(13)
b 

ms8HSF 

(7)
c 

AGP1_01 13 * 10 7 * 17 12 4 

ARR10_01 10 7 3 21 14 * 5 

BHLH66_01 16 11 9 * 20 13 9 * 

C1_Q2 15 12 5 30 * 20 * 11 * 

DOF1_01 22 19 * 6 26 15 9 

DOF2_01 18 13 7  29 * 18 8 

DOF3_01 18 12 4 32 * 22 * 13 * 

GAMYB_01 16 10 5 21 16 * 7 * 

HAHB4_01 5 0 0 12 8 6 * 

LIM1_01 25 13 4 50 * 36 * 23 * 

MYBAS1_01 20 17 5 28 18 * 10 * 

RAV1_02 12 8 5 25 * 11 3 

TEIL_01 7 5 2 18 13 8 * 

*
 Significantly overrepresented TFBS, t ≤ 0.05. 

a 
All genes dataset. 

b
 Genes with at least 1 floral read in RNA-Seq atlas (Severin et al., 2010). 

c
 Genes with floral expression significantly overrepresented determined using Fisher's exact test 

(Fisher, 1949) with Bonferroni correction (P-value ≤ 0.05, Bonferroni, 1936).
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Chapter 3. Supplemental Table 3. Plant transcription factor binding sites (TFBS) identified using 

Clover analysis (Frith et al., 2004) from TRANSFAC (Matys et al., 2006) for ms2 locus versus ms2H 

locus.  Total number of genes in each dataset is in parenthesis below each dataset name in the 

heading. 

Plant TFBS 

Name 

ms2A 

(373)
a 

ms2F 

(341)
b 

ms2SF 

(98)
c 

ms2HA 

(510)
a 

ms2HF 

(403)
b 

ms2HSF 

(110)
c 

ABF_Q2 108 *  103 *  31 *  157 132 20 

ABF1_02 59 *  58 *  22 *  74 63 9 

ABI4_01 181 *  171 *  54 243 * 218 * 54 * 

ABZ1_01 329 *  309 *  96 *  428 * 372 * 85 

AG_01 202 *  185 *  59 *  256 215 57 

AG_03 202 *  185 *  59 *  256 215 57 

AGL1_01 250 *  236 *  74 *  350 290 * 75 * 

AGL1_02 253 *  241 *  67 *  372 315 82 

AGL2_01 222 202 58 *  261 209 63 

AGP1_01 183 *  171 *  50 *  245 198 46 

ALFIN1_Q2 835 793 *  229 1157 * 983 * 217 

ATHB5_01 348 325 83 *  432 337 99 

ATMYB15_01 41 *  38 *  17 *  61 * 49 * 6 

ATMYB84_01 64 *  61 *  18 *  69 63 12 

BHLH66_01 378 363 111 467 386 * 85 

BZIP910_02 102 94 26 *  117 94 24 

BZIP911_01 54 51 19 *  86 71 13 

BZIP911_02 93 90 33 *  141 117 31 

C1_Q2 462 *  432 *  135 *  580 * 478 * 147 * 

CG1_Q6 488 *  466 *  154 *  651 * 551 * 136 

CPRF_Q2 335 312 *  98 *  494 * 409 * 98 

CPRF1_01 207 *  193 *  62 *  304 * 254 * 61 

CPRF2_01 202 *  194 *  66 *  270 * 219 * 53 

CPRF2_Q2 212 *  201 *  71 *  282 * 233 * 56 

CPRF3_01 203 *  194 *  78 *  283 * 235 * 56 

CPRF3_Q2 211 201 *  78 *  280 232 * 55 

DOF3_01 467 439 *  143 *  662 556 141 

E2F_Q2 241 224 51 309 243 * 64 

EMBP1_02 303 279 78 388 * 314 * 72 

EMBP1_Q2 259 242 *  83 *  364 * 298 * 66 

ERF2_01 289 *  272 *  89 *  335 276 67 

GAMYB_01 363 *  318 102 505 410 122 * 

GBF_Q2 293 *  280 *  92 *  410 * 344 * 76 

GBP_Q6 414 *  400 *  160 *  534 * 450 * 111 

GT1_Q6 170 *  155 *  53 *  187 147 37 
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Plant TFBS 

Name 

ms2A 

(373)
a 

ms2F 

(341)
b 

ms2SF 

(98)
c 

ms2HA 

(510)
a 

ms2HF 

(403)
b 

ms2HSF 

(110)
c 

HBP1A_Q2 316 300 117 *  457 389 * 94 

HBP1B_Q6 307 286 *  92 *  389 * 332 * 74 

HBPA1_Q6_01 345 324 *  103 *  491 * 428 * 87 

KNOX3_01 390 *  359 *  107 *  546 * 447 * 107 

LIM1_01 718 *  672 *  205 938 * 789 * 219 * 

MYBAS1_01 399 *  356 *  95 522 * 438 * 117 

MYBPH3_02 119 104 32 190 147 * 45 

O2_02 280 *  265 *  98 *  438 358 * 80 

O2_Q2 292 *  279 *  76 *  364 302 81 

OCSBF1_01 434 *  398 *  126 *  593 * 490 * 130 * 

OSBZ8_Q6 386 *  371 *  115 *  445 382 94 

P_01 333 311 100 537 * 434 * 128 

PCF2_01 354 *  325 *  94 499 427 * 107 

PCF5_01 271 *  255 *  75 *  315 276 * 76 

PEND_01 238 218 58 *  397 304 77 

PIF3_01 134 131 *  42 *  199 166 37 

PIF3_02 131 *  128 *  32 *  181 * 150 * 24 

RAV1_01 533 *  492 *  138 694 * 533 * 142 

RAV1_02 351 *  321 *  95 *  386 314 74 

RITA1_01 363 *  341 *  117 *  499 * 398 * 100 

ROM_Q2 455 *  422 *  120 *  607 * 516 * 145 

TAF1_01 505 *  477 *  167 *  648 * 540 * 123 

TAF1_Q2 383 363 *  132 *  507 420 * 88 

TEIL_01 263 *  232 55 349 275 84 

TGA1A_Q2 388 *  371 *  136 *  536 * 443 * 99 

TGA1A_Q2_01 256 239 73 *  368 * 302 * 79 

TGA1B_01 217 *  209 *  74 *  278 232 * 54 

TGA1B_Q2 409 *  391 *  150 *  547 * 462 * 100 

TRAB1_Q2 458 *  441 *  143 *  563 * 488 * 105 

WRKY_Q2 294 *  266 *  71 391 311 84 

ZAP1_01 162 156 *  44 *  225 172 51 

*
 Significantly overrepresented TFBS, t ≤ 0.05. 

a 
All genes dataset. 

b
 Genes with at least 1 floral read in RNA-Seq atlas (Severin et al., 2010). 

c
 Genes with floral expression significantly overrepresented determined using Fisher's exact test 

(Fisher, 1949) with Bonferroni correction (P-value ≤ 0.05, Bonferroni, 1936).
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Chapter 3. Supplemental Text. ms3 partial homolog gene range from Glyma1 genome assembly
 

(Schmutz et al., 2010). 

Glyma01g05320 

Glyma01g05330 

Glyma01g05340 

Glyma01g05350 

Glyma01g05360 

Glyma01g05370 

Glyma01g05380 

Glyma01g05390 

Glyma01g05400 

Glyma01g05410 

Glyma01g05420 

Glyma01g05430 

Glyma01g05440 

Glyma01g05450 

Glyma01g05460 

Glyma01g05470 

Glyma01g05480 

Glyma01g05490 

Glyma01g05500 

Glyma01g05510 

Glyma01g05520 

Glyma01g05530 

Glyma01g05540 

Glyma01g05550 

Glyma01g05560 

Glyma01g05570 

Glyma01g05580 

Glyma01g05590 

Glyma01g05600 

Glyma01g05610 

Glyma01g05620 

Glyma01g05630 

Glyma01g05640 

Glyma01g05650 

Glyma01g05660 

Glyma01g05670 

Glyma01g05680 

Glyma01g05690 

Glyma01g05700 

Glyma01g05710 

Glyma01g05720 

Glyma01g05730 

Glyma01g05740 

Glyma01g05750 

Glyma01g05760 

Glyma01g05770 

Glyma01g05780 

Glyma01g05790 

Glyma01g05800 

Glyma01g05810 

Glyma01g05820 

Glyma01g05830 

Glyma01g05840 

Glyma01g05850 

Glyma01g05860 

Glyma01g05870 

Glyma01g05880 

Glyma01g05890 

Glyma01g05900 

Glyma01g05910 

Glyma01g05920 

Glyma01g05930 

Glyma01g05940 

Glyma01g05950 

Glyma01g05960 

Glyma01g05970 

Glyma01g05980 

Glyma01g05990 

Glyma01g06000 

Glyma01g06010 

Glyma01g06020 

Glyma01g06030 

Glyma01g06040 

Glyma01g06050 

Glyma01g06060 

Glyma01g06070 

Glyma01g06080 

Glyma01g06090 

Glyma01g06100 

Glyma01g06110 

Glyma01g06120 

Glyma01g06130 

Glyma01g06140 

Glyma01g06150 

Glyma01g06160 

Glyma01g06170 

Glyma01g06180 

Glyma01g06250 

Glyma01g06260 

Glyma01g06270 

Glyma01g06280 

Glyma01g06290 

Glyma01g06300 

Glyma01g06310 

Glyma01g06320 

Glyma01g06330 

Glyma01g06340 

Glyma01g06350 

Glyma01g06360 

Glyma01g06370 

Glyma01g06380 

Glyma01g06390 

Glyma01g06400 

Glyma01g06410 

Glyma01g06420 

Glyma01g06430 

Glyma01g06440 

Glyma01g06450 

Glyma01g06460 

Glyma01g06470 

Glyma01g06480 

Glyma01g06490 

Glyma01g06500 

Glyma01g06510 

Glyma01g06520 

Glyma01g06530 

Glyma01g06540 

Glyma01g06550 

Glyma01g06560 

Glyma01g06570 

Glyma01g06580 

Glyma01g06590 

Glyma01g06600 

Glyma01g06610 

Glyma01g06620 

Glyma01g06630 

Glyma01g06640 

Glyma01g06650 

Glyma01g06660 

Glyma01g06670 

Glyma01g06680 

Glyma01g06690 

Glyma01g06700 

Glyma01g06710 

Glyma01g06720 

Glyma01g06730 

Glyma01g06740 

Glyma01g06750 

Glyma01g06760 

Glyma01g06770 

Glyma01g06780 

Glyma01g06790 

Glyma01g06800 

Glyma01g06810 

Glyma01g06820 

Glyma01g06830 

Glyma01g06840 

Glyma01g06850 

Glyma01g06860 

Glyma01g06870 

Glyma01g06880 

Glyma01g06890 



159 

APPENDIX A 
Chapter 3. Supplemental Text (continued) 

 
 
 

Glyma01g06900 

Glyma01g06910 

Glyma01g06920 

Glyma01g06930 

Glyma01g06940 

Glyma01g06950 

Glyma01g06960 

Glyma01g06970 

Glyma01g06980 

Glyma01g06990 

Glyma01g07000 

Glyma01g07010 

Glyma01g07020 

Glyma01g07030 

Glyma01g07040 

Glyma01g07050 

Glyma01g07060 

Glyma01g07070 

Glyma01g07080 

Glyma01g07090 

Glyma01g07100 

Glyma01g07110 

Glyma01g07120 

Glyma01g07130 

Glyma01g07140 

Glyma01g07150 

Glyma01g07160 

Glyma01g07170 

Glyma01g07180 

Glyma01g07190 

Glyma01g07200 

Glyma01g07210 

Glyma01g07220 

Glyma01g07230 

Glyma01g07330 

Glyma01g07340 

Glyma01g07350 

Glyma01g07360 

Glyma01g07370 

Glyma01g07380 

Glyma01g07390 

Glyma01g07400 

Glyma01g07410 

Glyma01g07420 

Glyma01g07430 

Glyma01g07440 

Glyma01g07450 

Glyma01g07460 

Glyma01g07470 

Glyma01g07480 

Glyma01g07490 

Glyma01g07500 

Glyma01g07510 

Glyma01g07520 

Glyma01g07530 

Glyma01g07540 

Glyma01g07550 

Glyma01g07560 

Glyma01g07570 

Glyma01g07580 

Glyma01g07590 

Glyma01g07600 

Glyma01g07610 

Glyma01g07620 

Glyma01g07630 

Glyma01g07640 

Glyma01g07650 

Glyma01g07660 

Glyma01g07670 

Glyma01g07680 

Glyma01g07690 

Glyma01g07700 

Glyma01g07710 

Glyma01g07720 

Glyma01g07730 

Glyma01g07740 

Glyma01g07750 

Glyma01g07760 

Glyma01g07770 

Glyma01g07780 

Glyma01g07790 

Glyma01g07800 

Glyma01g07810 

Glyma01g07820 

Glyma01g07830 

Glyma01g07840 

Glyma01g07850 

Glyma01g07860 

Glyma01g07870 

Glyma01g07880 

Glyma01g07890 

Glyma01g07900 

Glyma01g07910 

Glyma01g07920 

Glyma01g07930 

Glyma01g07940 

Glyma01g07950 

Glyma01g07960 

Glyma01g07970 

Glyma01g07980 

Glyma01g07990 

Glyma01g08000 

Glyma01g08010 

Glyma01g08020 

Glyma01g08030 

Glyma01g08040 

Glyma01g08050 

Glyma01g08060 

Glyma01g08070 

Glyma01g08080 

Glyma01g08150 

Glyma01g08160 

Glyma01g08170 

Glyma01g08180 

Glyma01g08190 

Glyma01g08200 

Glyma01g08210 

Glyma01g08220 

Glyma01g08230 

Glyma01g08240 

Glyma01g08250 

Glyma01g08260 

Glyma01g08540 

Glyma01g08550 

Glyma01g08560 

Glyma01g08570 

Glyma01g08580 

Glyma01g08590 

Glyma01g08600 

Glyma01g08610 

Glyma01g08980 

Glyma01g08990 

Glyma01g09000 

Glyma01g09010 

Glyma01g09020 

Glyma01g09030 

Glyma01g09040 

Glyma01g09050 

Glyma01g09060 

Glyma01g09070 

Glyma01g09080 

Glyma01g09090 

Glyma01g09100 

Glyma01g09110 

Glyma01g09120 

Glyma01g09130 

Glyma01g09140 

Glyma01g09150 

Glyma01g09160 

Glyma01g09170 

Glyma01g09180 

Glyma01g09190 

Glyma01g09200 

Glyma01g09210 

Glyma01g09220 

Glyma01g09230 
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Glyma01g09240 

Glyma01g09250 

Glyma01g09260 

Glyma01g09270 

Glyma01g09280 

Glyma01g09290 

Glyma01g09300 

Glyma01g09310 

Glyma01g09320 

Glyma01g09330 

Glyma01g09340 

Glyma01g09350 

Glyma01g09360 

Glyma01g09370 

Glyma01g09380 

Glyma01g09390 

Glyma01g09400 

Glyma01g09410 

Glyma01g09420 

Glyma01g09430 

Glyma01g09440 

Glyma01g09450 

Glyma01g09460 

Glyma01g09470 

Glyma01g09480 

Glyma01g09490 

Glyma01g09500 

Glyma01g09510 

Glyma01g09520 

Glyma01g10040 

Glyma01g10050 

Glyma01g10060 

Glyma01g10070 

Glyma01g10080 

Glyma01g10090 

Glyma01g10100 

Glyma01g10110 

Glyma01g10120 

Glyma01g10130 

Glyma01g10140 

Glyma01g10150 

Glyma01g22230 

Glyma01g22240 

Glyma01g22250 

Glyma01g22260 

Glyma01g22270 

Glyma01g22280 

Glyma01g22290 

Glyma01g22300 

Glyma01g22310 

Glyma01g22320 

Glyma01g22330 

Glyma01g22340 

Glyma01g22350 

Glyma01g22360 

Glyma01g22370 

Glyma01g22380 

Glyma01g22390 

Glyma01g22400 

Glyma01g22410 

Glyma01g22420 

Glyma01g22430 

Glyma01g22440 

Glyma01g22450 

Glyma01g22460 

Glyma01g22470 

Glyma01g22480 

Glyma01g22490 

Glyma01g22500 

Glyma01g22510 

Glyma01g22520 

Glyma01g22530 

Glyma01g22540 

Glyma01g22550 

Glyma01g22560 

Glyma01g22570 

Glyma01g22580 

Glyma01g22590 

Glyma01g22600 

Glyma01g22610 

Glyma01g22620 

Glyma01g22630 

Glyma01g22640 

Glyma01g22650 

Glyma01g22660 

Glyma01g22670 

Glyma01g22990 

Glyma01g23000 

Glyma01g23010 

Glyma01g23020 

Glyma01g23030 

Glyma01g23040 

Glyma01g23050 

Glyma01g23060 

Glyma01g23070 

Glyma01g23080 

Glyma01g23090 

Glyma01g23100 

Glyma01g23110 

Glyma01g23120 

Glyma01g23130 

Glyma01g23140 

Glyma01g23150 

Glyma01g23160 

Glyma01g23170 

Glyma01g23180 

Glyma01g23190 

Glyma01g23200 

Glyma01g23210 

Glyma01g23220 

Glyma01g23230 
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Chapter 4. Supplemental Table 1. ms9 male-sterility candidate gene assay primers and TaqMan® probes. 

Assay 

Name 

Glyma 

1 IDa 

Sequence 

type 

Forward primer 

sequence 

Reverse primer 

sequence Probe sequence Amplicon sequence 

Amplicon 

Length 

(bp) Tm Homeolog template sequence 

Gm 

ActinISU 

Glyma19

g00850 CDS 
CGAGACCAGCTC

TTCAGTGGAGAA 

ACGCTCAGCGCCA

ATAGTGATAA 

ATGAGTTGCCTG

ATGGGC 

CGAGACCAGCTCTTCAGTGGAGAAGAGCT

ATGAGTTGCCTGATGGGCAGGTTATCACTA

TTGGCGCTGAGCGT 73 81 N/A 

Amylase_

2 

Glyma03

g30770 CDS 
GGAAGTTGTTTTC

TCCAATACCGCT 

CACCAACTCCATTT

GCATAATAGTAGG

TT 

AGATTGGTGCTC

TACAGGGA 

GGAAGTTGTTTTCTCCAATACCGCTGAGAT

TGGTGCTCTACAGGGAATTGACGACTCAAC

CTACTATTATGCAAATGGAGTTGGTG 86 78 

GGAAGTTGTTTTCTCCAATACCGCAGAG

ATTGGTGCTATACAGGGAATTGATGACT

CGTCCTACTATTATGCAAATGGAGTTGG

TG 

AUX_  

IAA 

Glyma03

g31530 CDS 

CACTGAAGAAGT

GCTCATCAGGAA

GA 

GATCTGCAGCAGC

AGCAGCTT 

ACTGAGGAGGAT

GAGTCTGCTA 

CACTGAAGAAGTGCTCATCAGGAAGAGAG

GTTTCTCTGAGACTGAAACTGAAACTGAGG

AGGATGAGTCTGCTACCACTGTGGATTTGA

TGCTTAATCTTTCTTCTAAGGAAGCTGCTGC

TGCTGCAGATC 131 78 

CACTGAAGAAGTGCTCATCAGGAAGAG

GGGTTTCTCTGAGACTGAAACTGGTCAT

GAAGATGAGTCTGCCACCACTGTGGATT

TGATGCTTAATCTTTCTTCTAAGGAGGC

CGCAACCACTGC 

Ca
2+

 
Transport

_3 

Glyma03

g31420 CDS 
GTGGGGGATGTT

GTGTCACTTAAG 

TGATTCATCCACTT

GCAAAGAATGA 

ATTCCAGCTGAT

GGATTGTT 

GTGGGGGATGTTGTGTCACTTAAGATTGGT

GATCAAATTCCAGCTGATGGATTGTTCTTA

AGTGGTCATTCTTTGCAAGTGGATGAATCA 90 76 

GTGGGAGATATTGTATCACTTAAAATTG

GTGATCAAATTCCAGCTGATGGGTTGTT

CTTAAGTGGCTATTCTTTGCTAGTGGAT

GAATCA 

GTP 
Binding 

Protein_3 

Glyma03

g31040 CDS 

ATGTGATGACAT

TGGAGAGAGGTC

CTAT 

CTTTGCCTATTGTG

GGAAGCTTTGT 

ATGTGGCTGATG

TTGCTGCA 

ATGTGATGACATTGGAGAGAGGTCCTATGA

TGTGGCTGATGTTGCTGCAATTCTTGTGCA

GATGCTTACAAAGCTTCCCACAATAGGCAA

AG 92 78 

ATGTGATGACATTGGAGAGAGGTCCTA

CGATGTGGCCGATGTTGCTGCAATTCTT

GTGCAGATGCTTTCGAAGCTTCCCACAG

TAGGTATGT 

MYC 

Glyma03

g30940 CDS 

CATACCCTCTTGT

CACTGCCAATAA

TACTA 

GTTAGGGACTGCT

AATTCTGCTTCTTT

G 

CATTGTTGATAG

AGGAGAAGCT 

CATACCCTCTTGTCACTGCCAATAATACTA

TTCCAATCCAAAACATTGTTGATAGAGGAG

AAGCTATAATATTGAATAATAATACCAAAG

AAGCAGAATTAGCAGTCCCTAAC 113 74 N/A 

Sucrose_

2 

Glyma03

g31020 CDS 
TAGCCGCTTCGA

CCGTCGTA 

TGTCACTGAGGAG

CCAACTGATG 

CCTTATCATTGCT

TACACCGCC 

TAGCCGCTTCGACCGTCGTAGGCCCTTCAT

CCTCATCGATGTCGTCATCATCTTTGTCGTT

GTCCTTATCATTGCTTACACCGCCAACATC

AGTTGGCTCCTCAGTGACA 110 80 N/A 

SnRNP_3 

Glyma03

g30880 Transcribed 

GACGTTGCAGGA

GTGCTGTTGTTAG

TTAG 

TTTCTTTCAGTGGA

GACTTGAGAGATA

TGG 

CTTGCATCAATA

ATTTGAAGTTCTC

G 

GACGTTGCAGGAGTGCTGTTGTTAGTTAGT

CATGCAGACTTTGTTCATGTTGCCATTTTCT

TGCATCAATAATTTGAAGTTCTCGTGTATA

ATTCCTTCCTGTTGGATAATTGCCATATCTC

TCAAGTCTCCACTGAAAGAAA 143 75 

GACGTTGTAGGAGTGCTGTTGTTAGTTA

ATCATGCAGACTTTGTTCATGTTGCCAT

TTTCTTGCATCAATGCTTTGAAGTTCTCG

TGTATAATTC-

CTTCCTGTTGGATAATTGTCATATCTCTA

AAGTCTCTTCTGAAAGAAA 

Miro 
GTPase_

2 

Glyma03

g30990 Transcribed 

GCAGTTAGAAAG

AATTCCTCTGGTT

AGTCATC 

GCCCAATACTGAA

CACGAATCCA 

AGAAACTTTATA

CTGACAGAGCCG

AC 

GCAGTTAGAAAGAATTCCTCTGGTTAGTCA

TCAAGAAACTTTATACTGACAGAGCCGACT

TAAATTAACTGTTGGATTCGTGTTCAGTATT

GGGC 95 75 

GCAGTTAAAAAGAATTCCTCTGGTTAGT

CATCAAGAAAATTTATAATGGCAGAGC

TGACTTAAATTAACTGTTGAATTCGTGT

TCAGTATTGGGC 

SnRNP 

CorePro_

2 

Glyma03

g30750 Transcribed 

CCAGAAGGTGTG

GACATTGAATTA

TTG 

TGGAAGCCCACTG

AATTCTCTCAT 

ACGATGCCACAA

GAAGAGAA 

CCAGAAGGTGTGGACATTGAATTATTGCAC

GATGCCACAAGAAGAGAAGCTCGGGGCGG

TTAATGTCTTCATTTTGTGTTGTAATCTTAT

TTAATGAGAGAATTCAGTGGGCTTCCA 117 77 

CCAGAAGGGGTGGACATTGAATTATTG

CACGATGCCACAAGAAGAGAAGCCCGG

GGCGGTTAGTGTCTTCATTTTGTGATGT

ATCTTATTTATGAGAATTCGGTGGGCTT

ACA 

a Soybean sequence Glyma 1, Schmutz et al. (2010).  
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Chapter 4. Supplemental Table 2. Technical replicates for actin (Glyma19g00850), calculated 

mean, and relative expression calculated using y = 10^(mean sample Ct – b)/m ), where b = slope 

and m = intercept from the standard curve validation (Applied Biosystems 2001). 

 

 

Cycle threshold (Ct) 

 Sample 

Name 

Floral 

phenotypic 

class 

Actin 

rep 1 

Actin 

rep 2 

Actin 

rep 3 Mean 

Relative 

expression 

1-14-1 ms 28.8598 29.0681 29.0149 28.9809 9.7245 

2-15-49 ms 28.4599 28.2003 28.3176 28.3259 15.0607 

1-14-20 F 28.1984 27.9858 28.0835 28.0892 17.6396 

3-14-8 F 26.7163 26.3320 26.2190 26.4224 53.6925 

1-14-30 F 28.1380 27.9780 27.9489 28.0216 18.4545 

3-14-20 ms 27.3373 27.0222 27.0943 27.1513 33.0013 

1-14-44 F 27.8913 27.5798 27.6945 27.7219 22.5441 

3-14-41 F 26.9967 26.7055 26.5510 26.7511 43.1115 

1-14-55 ms 28.5449 28.2213 28.2853 28.3505 14.8150 

3-15-1 F 27.1955 26.9685 26.9697 27.0446 35.4388 

1-15-26 F 27.5235 27.3288 27.2299 27.3607 28.6928 

3-15-15 ms 28.6892 28.3886 28.4228 28.5002 13.4060 

1-15-56 ms 29.7819 29.4756 29.4415 29.5663 6.5779 

3-15-31 ms 28.0526 27.8033 27.8332 27.8964 20.0641 

2-14-19 F 27.6973 27.3811 27.5228 27.5337 25.5622 

3-15-43 F 27.3822 27.0304 27.0649 27.1592 32.8278 

2-14-27 ms 28.7352 28.6934 28.7009 28.7098 11.6545 

4-14-4 ms 29.1567 28.6671 28.7561 28.8600 10.5425 

2-14-51 F 27.6385 27.2061 27.4730 27.4392 27.2284 

4-14-16 F 27.6096 27.0262 27.1777 27.2712 30.4619 

2-15-9 F 28.4549 28.0881 28.1875 28.2435 15.9127 

4-14-36 F 27.6617 27.1351 27.2708 27.3559 28.7865 

2-15-36 F 28.2791 28.6667 28.3590 28.4349 14.0030 

4-14-50 F 27.9207 27.4656 27.5134 27.6333 23.9185 

4-15-4 F 26.7471 26.5535 26.5512 26.6172 47.1428 

4-15-20 F 29.2244 28.6710 28.8457 28.9137 10.1711 

4-15-52 ms 29.4430 28.9294 29.0081 29.1268 8.8217 

1-14-3 ms 28.9407 28.7684 28.9808 28.8967 10.2875 

2-15-51 F 27.7688 27.5964 27.3721 27.5791 24.7998 

1-14-21 F 28.2410 28.0527 28.1095 28.1344 17.1156 

3-14-11 ms 27.8003 27.6066 27.4592 27.6220 24.0990 

1-14-35 ms 28.8396 28.5155 28.5356 28.6302 12.2910 

3-14-22 ms 27.9190 27.5891 27.3534 27.6205 24.1233 

1-14-45 ms 29.2929 29.1019 28.9539 29.1162 8.8844 

3-14-43 F 27.2758 26.9617 27.0703 27.1026 34.0916 
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Cycle threshold (Ct) 

 Sample 

Name 

Floral 

phenotypic 

class 

Actin 

rep 1 

Actin 

rep 2 

Actin 

rep 3 Mean 

Relative 

expression 

1-15-11 F 29.2070 28.8780 28.9845 29.0232 9.4540 

3-15-3 F 27.2907 27.0392 27.0126 27.1141 33.8294 

1-15-29 F 28.4912 28.0566 28.2905 28.2794 15.5354 

3-15-18 ms 28.8404 28.5599 28.5029 28.6344 12.2566 

2-14-1 F 27.9828 27.4017 27.5814 27.6553 23.5687 

3-15-32 ms 28.1921 27.9404 27.9570 28.0298 18.3537 

2-14-20 ms 28.9700 28.7705 28.6853 28.8086 10.9104 

3-15-46 F 28.0294 27.8908 27.8030 27.9077 19.9126 

2-14-30 ms 28.4456 28.2239 28.0459 28.2384 15.9666 

4-14-5 F 27.6555 27.5405 27.5241 27.5734 24.8947 

2-14-53 F 27.9486 27.5277 27.6257 27.7007 22.8655 

4-14-19 ms 28.1480 27.9634 27.9245 28.0120 18.5739 

2-15-13 F 28.4512 28.1004 28.0295 28.1937 16.4510 

4-14-37 ms 28.5448 28.1384 28.0616 28.2483 15.8620 

2-15-37 F 28.0899 27.9630 27.9523 28.0017 18.7011 

4-14-51 F 27.7716 27.1968 27.2334 27.4006 27.9388 

4-15-11 F 27.1711 26.6448 26.6722 26.8294 40.9157 

4-15-22 ms 33.0399 32.1543 32.3880 32.5274 0.9105 

4-15-53 F 29.1768 28.4948 28.4086 28.6934 11.7832 

1-14-5 ms 28.7190 28.7511 28.7152 28.7285 11.5105 

2-15-53 F 27.6250 27.4953 27.3840 27.5014 26.1202 

1-14-22 ms 28.8213 28.1788 28.3939 28.4647 13.7277 

3-14-12 F 26.9123 26.7228 26.8305 26.8219 41.1205 

1-14-36 ms 29.5959 29.2170 29.3194 29.3774 7.4623 

3-14-23 F 27.6066 27.2411 27.3145 27.3874 28.1862 

1-14-46 F 28.7406 28.4433 28.3396 28.5078 13.3376 

3-14-45 ms 27.4510 27.2878 27.2781 27.3390 29.1129 

1-15-13 F 28.8424 28.4208 28.5859 28.6164 12.4050 

3-15-5 F 27.4816 27.1032 27.2468 27.2772 30.3392 

1-15-34 F 28.0622 27.9504 27.8310 27.9479 19.3861 

3-15-19 ms 28.3050 27.9978 27.9676 28.0901 17.6289 

2-14-8 F 27.5440 27.2872 27.3256 27.3856 28.2213 

3-15-33 F 27.7164 27.5619 27.5490 27.6091 24.3073 

2-14-21 ms 28.5525 28.2971 28.3000 28.3832 14.4956 

3-15-48 ms 28.0057 27.9073 27.9543 27.9558 19.2841 

2-14-35 F 26.9955 26.7514 26.8162 26.8543 40.2391 

4-14-6 ms 28.0698 27.8265 27.8253 27.9072 19.9196 
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Cycle threshold (Ct) 

 Sample 

Name 

Floral 

phenotypic 

class 

Actin 

rep 1 

Actin 

rep 2 

Actin 

rep 3 Mean 

Relative 

expression 

2-14-54 F 27.6495 27.1579 27.2842 27.3639 28.6325 

4-14-22 ms 28.5255 28.2043 28.3748 28.3682 14.6413 

2-15-17 F 27.9036 27.7288 27.6061 27.7462 22.1816 

4-14-40 F 29.0295 28.4452 28.5191 28.6646 12.0120 

2-15-38 ms 28.8357 28.5157 28.6168 28.6561 12.0806 

4-14-52 ms 28.1099 27.7894 28.1341 28.0111 18.5842 

4-15-12 ms 28.6174 28.1476 28.3015 28.3555 14.7661 

4-15-26 F 27.9831 27.5981 27.4143 27.6652 23.4143 

4-15-55 ms 29.3451 28.9104 28.7625 29.0060 9.5631 

1-14-6 F 27.5170 27.6078 27.6551 27.5933 24.5656 

2-15-55 F 27.6323 27.1731 27.4635 27.4230 27.5249 

1-14-23 ms 28.6415 28.4953 28.5205 28.5524 12.9462 

3-14-13 F 26.9830 26.6623 26.8556 26.8336 40.7991 

1-14-37 ms 29.5004 29.2840 29.4023 29.3956 7.3724 

3-14-25 ms 28.4549 28.1364 28.3096 28.3003 15.3204 

1-14-47 F 27.8606 27.5556 27.6356 27.6840 23.1224 

3-14-46 ms 27.9726 27.5390 27.8024 27.7714 21.8113 

1-15-14 ms 29.3933 29.1209 29.5334 29.3492 7.6043 

3-15-7 F 27.3361 26.9172 27.1421 27.1318 33.4328 

1-15-40 ms 29.0335 28.8613 28.9301 28.9416 9.9832 

3-15-20 F 27.6963 27.2474 27.3760 27.4399 27.2152 

2-14-9 F 27.5587 27.6055 27.5984 27.5876 24.6598 

3-15-35 F 27.8027 27.4516 27.2986 27.5176 25.8391 

2-14-22 F 27.5969 27.1977 27.3882 27.3943 28.0575 

3-15-49 F 27.4750 27.2304 27.3482 27.3512 28.8764 

2-14-39 F 27.7795 27.7650 27.7044 27.7496 22.1302 

4-14-7 F 27.8366 27.4793 27.5291 27.6150 24.2119 

2-14-56 F 27.5592 27.3643 27.5668 27.4967 26.2019 

4-14-25 ms 28.2222 28.0497 28.0679 28.1132 17.3591 

2-15-23 F 28.0842 27.7697 27.8989 27.9176 19.7821 

4-14-41 F 27.9522 27.5821 27.5525 27.6956 22.9432 

2-15-39 F 28.2523 27.9566 28.0954 28.1014 17.4966 

4-14-54 F 27.5540 27.3393 27.1951 27.3628 28.6531 

4-15-13 F 27.0894 26.9224 26.9362 26.9826 36.9347 

4-15-28 F 29.0964 28.2502 28.5289 28.6252 12.3324 

4-15-56 ms 29.1696 28.7971 28.7832 28.9166 10.1511 

1-14-8 ms 28.2138 28.2891 28.2194 28.2408 15.9418 
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Cycle threshold (Ct) 

 Sample 

Name 

Floral 

phenotypic 

class 

Actin 

rep 1 

Actin 

rep 2 

Actin 

rep 3 Mean 

Relative 

expression 

3-14-4 F 26.7908 26.7692 26.7716 26.7772 42.3659 

1-14-24 ms 28.5187 28.4779 28.4286 28.4751 13.6327 

3-14-14 F 26.7601 26.7025 26.4417 26.6348 46.5942 

1-14-38 F 27.6341 27.4155 27.4818 27.5105 25.9628 

3-14-26 F 26.9502 26.5704 26.6631 26.7279 43.7847 

1-14-48 F 28.0489 27.8087 27.9092 27.9223 19.7203 

3-14-49 ms 27.5987 27.1975 27.2343 27.3435 29.0249 

1-15-15 ms 28.7765 28.8340 28.5837 28.7314 11.4876 

3-15-9 ms 28.5628 28.1409 28.3790 28.3609 14.7129 

1-15-44 ms 29.3096 28.9681 28.9477 29.0751 9.1316 

3-15-22 ms 28.0267 27.6584 27.5445 27.7432 22.2252 

2-14-10 ms 28.7522 28.6397 28.5193 28.6371 12.2345 

3-15-37 ms 28.1882 27.9468 27.8758 28.0036 18.6778 

2-14-23 F 27.4971 27.2307 27.2483 27.3254 29.3789 

3-15-52 F 27.3625 27.0715 27.1577 27.1972 32.0041 

2-14-42 ms 27.9362 27.6852 27.8099 27.8104 21.2500 

4-14-9 F 27.3754 27.2541 27.1193 27.2496 30.9037 

2-15-1 ms 28.9451 28.6695 28.6816 28.7654 11.2299 

4-14-27 ms 28.0790 27.8216 27.9109 27.9372 19.5250 

2-15-25 F 28.0677 27.5666 27.8814 27.8386 20.8538 

4-14-42 ms 28.1864 27.9777 27.8312 27.9985 18.7420 

2-15-42 F 28.0705 27.8541 27.8608 27.9285 19.6387 

4-14-56 F 27.6315 27.4110 27.5291 27.5239 25.7316 

4-15-14 ms 27.5717 27.4936 27.4643 27.5098 25.9734 

4-15-30 F 27.9019 27.6439 27.5665 27.7041 22.8133 

1-14-12 ms 28.5374 28.2679 28.4630 28.4228 14.1172 

3-14-5 F 27.0283 26.6410 26.6555 26.7749 42.4300 

1-14-26 ms 28.9183 28.6136 28.8409 28.7909 11.0400 

3-14-16 F 27.0989 26.6543 26.7785 26.8439 40.5200 

1-14-39 F 27.8612 27.4993 27.6990 27.6865 23.0828 

3-14-27 ms 27.5718 27.3402 27.3263 27.4128 27.7128 

1-14-50 F 27.8221 27.5896 27.6233 27.6783 23.2097 

3-14-51 F 26.9886 26.7612 26.8597 26.8698 39.8243 

1-15-21 ms 29.4566 28.9382 28.9355 29.1101 8.9206 

3-15-10 ms 27.8791 27.5855 27.6296 27.6981 22.9053 

1-15-45 F 28.2458 27.8227 27.9426 28.0037 18.6765 

3-15-23 F 27.7778 27.5577 27.5594 27.6316 23.9446 
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Cycle threshold (Ct) 

 Sample 

Name 

Floral 

phenotypic 

class 

Actin 

rep 1 

Actin 

rep 2 

Actin 

rep 3 Mean 

Relative 

expression 

2-14-11 F 27.6443 27.4421 27.5627 27.5497 25.2910 

3-15-38 F 27.1876 26.9393 27.1423 27.0897 34.3860 

2-14-24 ms 28.2099 28.1962 28.1551 28.1871 16.5239 

3-15-54 F 27.6090 27.3357 27.6143 27.5197 25.8039 

2-14-45 F 27.3500 27.1599 27.1516 27.2205 31.5101 

4-14-12 F 27.5202 27.1915 27.2065 27.3061 29.7597 

2-15-2 F 28.4768 28.0325 28.0916 28.2003 16.3789 

4-14-28 ms 28.3399 28.6152 28.0097 28.3216 15.1040 

2-15-30 F 28.3037 27.9981 28.0327 28.1115 17.3792 

4-14-46 F 27.5604 27.1935 27.1491 27.3010 29.8606 

2-15-43 ms 29.0165 28.8668 28.8496 28.9110 10.1895 

4-15-2 F 27.3224 26.9771 27.0557 27.1184 33.7340 

4-15-15 F 26.9500 26.1008 26.6039 26.5515 49.2575 

4-15-32 F 29.2354 28.5669 28.7022 28.8349 10.7210 

1-14-18 F 27.3953 27.2928 27.2429 27.3103 29.6756 

3-14-6 ms 27.7316 27.3344 27.4887 27.5182 25.8282 

1-14-28 F 28.3569 28.1260 28.1747 28.2192 16.1733 

3-14-17 ms 27.8337 27.3827 27.4672 27.5612 25.0980 

1-14-41 F 28.1590 27.9042 27.9139 27.9924 18.8184 

3-14-35 ms 27.6241 26.9426 27.1889 27.2519 30.8570 

1-14-52 F 27.9657 27.6480 27.7459 27.7865 21.5912 

3-14-53 ms 27.5372 27.1317 27.2857 27.3182 29.5199 

1-15-24 F 27.9322 27.6044 27.8544 27.7970 21.4411 

3-15-13 ms 27.8891 27.3414 27.5266 27.5857 24.6905 

1-15-49 ms 28.8166 28.3479 28.7224 28.6290 12.3011 

3-15-25 ms 28.2933 27.6641 27.9544 27.9706 19.0940 

2-14-13 ms 28.1619 27.9839 28.1758 28.1072 17.4291 

3-15-40 ms 28.2397 28.0266 28.0172 28.0945 17.5776 

2-14-25 ms 27.8890 27.8288 27.6328 27.7835 21.6349 

4-14-1 ms 28.0957 27.6754 28.0378 27.9363 19.5367 

2-14-46 F 27.5772 27.2476 27.2442 27.3563 28.7772 

4-14-13 ms 28.1228 27.8110 27.6989 27.8776 20.3176 

2-15-5 F 28.0845 27.7831 27.6445 27.8374 20.8703 

4-14-29 ms 28.0250 27.7575 27.9391 27.9072 19.9200 

2-15-33 F 28.0845 27.8354 27.9332 27.9510 19.3450 

4-14-48 F 27.5784 27.3496 27.3232 27.4171 27.6332 

2-15-44 F 28.4445 28.2117 28.3104 28.3222 15.0980 
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Cycle threshold (Ct) 

 Sample 

Name 

Floral 

phenotypic 

class 

Actin 

rep 1 

Actin 

rep 2 

Actin 

rep 3 Mean 

Relative 

expression 

4-15-6 F 27.6367 27.3133 27.2990 27.4163 27.6476 

4-15-18 ms 28.7095 28.2497 28.3693 28.4429 13.9292 

4-15-33 F 27.6019 26.9895 27.1179 27.2364 31.1769 

1-14-19 ms 28.8052 28.7043 28.6978 28.7358 11.4544 

3-14-7 ms 28.3041 27.5476 27.8322 27.8947 20.0872 

1-14-29 ms 28.4093 28.4002 28.3559 28.3885 14.4444 

3-14-18 F 27.3561 26.7591 26.9785 27.0312 35.7559 

1-14-43 ms 28.4531 28.3139 28.4896 28.4188 14.1543 

3-14-37 ms 27.7560 27.3852 27.4291 27.5234 25.7389 

1-14-54 ms 28.5964 28.3401 28.5474 28.4946 13.4557 

3-14-54 F 26.9502 26.8587 27.0178 26.9422 37.9450 

1-15-25 F 27.9433 27.5324 27.6427 27.7061 22.7828 

3-15-14 ms 27.7606 27.2271 27.3201 27.4359 27.2877 

1-15-53 ms 29.2042 29.0462 28.9853 29.0786 9.1107 

3-15-27 F 27.6322 27.3712 27.4499 27.4845 26.4174 

2-14-14 ms 28.0268 27.9896 27.9712 27.9959 18.7743 

3-15-41 ms 28.1871 27.8906 27.8469 27.9749 19.0398 

2-14-26 ms 28.0765 27.8503 27.6912 27.8727 20.3843 

4-14-2 ms 28.0487 27.7315 27.7116 27.8306 20.9648 

2-14-49 ms 28.0940 27.6697 27.8700 27.8779 20.3130 

4-14-14 F 27.3464 27.0296 26.9992 27.1251 33.5832 

2-15-6 F 27.6448 27.2742 27.3499 27.4229 27.5254 

4-14-33 F 27.6203 26.9270 27.2075 27.2516 30.8620 

2-15-35 F 27.8664 27.4274 27.4345 27.5761 24.8493 

4-14-49 ms 27.7895 27.4320 27.5127 27.5781 24.8168 

2-15-47 ms 29.9811 30.3832 29.9819 30.1154 4.5586 

4-15-7 ms 28.6191 28.2730 28.2384 28.3768 14.5569 

4-15-19 F 27.3172 27.0723 26.9629 27.1174 33.7549 

4-15-34 ms 28.5721 27.8340 28.0333 28.1464 16.9784 
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Chapter 4. Supplemental Table 3. Fertile floral samples were normalized to fertile actin expression 

and male-sterile floral samples were normalized to male-sterile actin expression, then mean relative 

expression was calculated using 2
-ΔΔCt

 method (Livak and Schmittgen 2001). 

Sample 

ID 

Floral 

phenotypic 

Class 

 Seed 

count 

snRNP 

(Glyma03g30

880) mean 

AUX/IAA 

responsive 

gene 

(Glyma03g31

530) mean 

Sucrose 

transporter 

(Glyma03g31

020) mean 

MYC 

(Glyma03g30

940) mean 

GTP-

binding 

(Glyma03g

31040) 

mean 

Ca2+ 

transport 

protein 

(Glyma03g31

420) mean 

Isoamylase 

(Glyma03g3

0770) mean 

snRNP core 

protein 

(Glyma03g3

0750) mean 

Miro 

GTPase 

(Glyma03

g30990) 

mean 

1-14-18 F 62 4119.275 2927.659 20.862 24.753 1646.860 983.513 348.613 752.004 150.971 

1-14-20 F 53 7021.589 4384.334 48.979 44.627 2462.630 980.470 640.393 755.209 158.830 

1-14-21 F 25 6255.840 5119.147 98.579 43.283 2677.579 716.766 607.134 1111.400 253.691 

1-14-28 F 37 9115.496 6584.899 10.109 166.060 3406.218 5499.063 418.078 1473.471 353.168 

1-14-30 F 44 4642.061 3427.277 35.217 22.440 2109.111 1285.253 389.470 718.317 162.449 

1-14-38 F 23 5009.532 3191.046 42.055 38.759 1935.033 846.443 448.630 722.026 170.948 

1-14-39 F 42 5334.651 3209.866 53.076 29.328 2076.638 1900.324 558.711 805.320 177.665 

1-14-41 F 65 6740.866 4366.984 14.553 47.111 2803.604 2585.742 754.687 919.130 211.532 

1-14-44 F 65 5617.312 2518.670 43.753 21.651 2066.209 609.357 426.961 677.554 163.096 

1-14-46 F 50 5181.235 4980.473 32.474 65.350 3784.900 859.092 500.744 1407.925 300.316 

1-14-47 F 84 5824.141 3890.474 46.532 71.686 2810.689 738.617 325.990 1202.810 224.477 

1-14-48 F 55 5506.142 3359.821 59.950 34.205 2805.719 903.545 516.805 1136.924 259.077 

1-14-50 F 29 3698.434 2881.774 71.583 19.971 1915.641 956.307 484.944 771.368 188.922 

1-14-52 F 44 5496.217 4614.163 66.004 28.166 2468.536 674.909 647.219 1121.883 261.242 

1-14-6 F 31 3669.533 4037.867 52.033 18.214 1399.669 1175.895 332.812 737.348 190.473 

1-15-11 F 32 15861.762 10883.133 155.154 50.645 4383.608 932.674 694.164 1491.672 490.543 

1-15-13 F 22 11468.695 7576.068 320.259 48.364 4285.075 3579.394 900.581 1835.385 518.220 

1-15-24 F 64 6569.115 8489.144 314.339 26.799 2208.611 2539.577 468.356 1129.391 315.576 

1-15-25 F 38 5154.919 4231.585 60.503 43.368 2348.620 2479.704 555.497 754.004 155.723 

1-15-26 F 35 5820.185 3035.390 44.398 25.727 1567.532 1395.633 468.186 574.483 119.275 

1-15-29 F 59 7474.934 8921.023 201.771 71.799 2708.755 2953.971 425.246 1278.129 335.115 

1-15-34 F 51 5621.976 11155.010 225.089 40.615 1986.054 1891.635 401.763 1145.855 294.802 

1-15-45 F 24 8507.653 7712.688 125.270 52.189 3249.539 1768.187 608.844 1312.796 324.033 

2-14-1 F 28 6388.550 3839.432 103.271 20.547 1627.107 2210.399 628.409 825.031 193.290 

2-14-11 F 63 7113.644 4083.516 387.924 100.237 2308.200 1671.605 699.593 1094.599 277.221 

2-14-19 F 129 5250.161 4398.490 117.355 28.693 1532.774 1102.607 502.366 820.076 211.781 

2-14-22 F 38 4259.355 4102.538 102.839 29.631 1559.982 1078.022 492.369 849.259 240.718 

2-14-23 F 83 7214.602 3938.055 91.081 44.527 2056.628 1946.989 653.687 995.782 215.221 

2-14-35 F 145 4754.401 3205.713 75.818 20.673 1426.647 1915.160 468.352 753.504 194.098 

2-14-39 F 103 10806.809 4172.392 77.189 25.222 2782.345 1470.799 946.617 1365.106 304.612 

2-14-45 F 154 7035.451 4830.598 127.921 22.881 1652.164 1352.945 545.963 982.212 242.191 

2-14-46 F 110 6344.399 3858.929 81.004 33.048 1836.003 3421.123 617.106 791.861 227.224 

2-14-51 F 48 4690.428 3242.340 127.812 13.775 1133.654 1132.195 325.000 458.164 122.446 

2-14-53 F 181 6342.050 4300.300 125.278 34.836 2456.386 1409.228 679.058 1112.823 244.125 

2-14-54 F 185 7605.023 5079.212 81.728 33.096 2040.041 2992.085 561.778 986.395 229.745 

2-14-56 F 62 6432.392 3448.149 71.819 16.849 1745.059 3092.319 570.563 914.304 220.308 
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Sample 

ID 

Floral 

phenotypic 

Class 

 Seed 

count 

snRNP 

(Glyma03g30

880) mean 

AUX/IAA 

responsive 

gene 

(Glyma03g31

530) mean 

Sucrose 

transporter 

(Glyma03g31

020) mean 

MYC 

(Glyma03g30

940) mean 

GTP-

binding 

(Glyma03g

31040) 

mean 

Ca2+ 

transport 

protein 

(Glyma03g31

420) mean 

Isoamylase 

(Glyma03g3

0770) mean 

snRNP core 

protein 

(Glyma03g3

0750) mean 

Miro 

GTPase 

(Glyma03

g30990) 

mean 

2-14-8 F 100 5633.760 5269.340 170.692 33.987 1746.389 1542.615 415.701 941.575 222.788 

2-14-9 F 161 7987.509 6046.425 108.375 21.847 2266.712 2773.156 606.247 1265.823 325.429 

2-15-13 F 38 7779.734 4062.566 65.847 43.362 3122.076 520.509 535.608 1264.103 206.346 

2-15-17 F 58 8677.329 4250.613 117.479 27.579 2963.493 1402.610 755.455 1345.341 355.679 

2-15-2 F 98 13360.373 4976.611 105.443 39.063 3803.013 1756.540 579.814 1734.551 333.502 

2-15-23 F 58 10752.237 4955.542 67.635 38.136 3015.943 1375.765 561.105 1272.968 280.904 

2-15-25 F 62 12223.460 7512.053 35.372 26.107 3464.904 2350.108 501.417 1491.369 286.400 

2-15-30 F 59 9275.657 5020.827 58.971 80.963 3503.323 2640.581 402.168 2141.659 353.521 

2-15-33 F 49 10918.570 7522.818 67.807 33.866 3354.908 3741.613 647.537 1711.984 405.352 

2-15-36 F 32 9121.788 5415.107 59.052 30.921 2656.380 1452.561 505.359 938.663 228.274 

2-15-37 F 45 8817.193 4605.947 37.329 33.902 3202.876 1829.950 632.763 1414.034 251.620 

2-15-39 F 70 10718.913 5603.402 62.921 35.851 3647.494 2780.779 446.382 1728.387 297.096 

2-15-42 F 64 15223.250 4800.274 67.079 57.370 3782.015 1846.670 503.532 1769.667 307.582 

2-15-44 F 66 12111.996 7211.054 81.657 42.347 3802.847 2433.068 635.627 2091.240 394.816 

2-15-5 F 40 9259.158 5675.343 90.913 42.888 3114.544 719.202 640.843 1293.078 313.878 

2-15-51 F 53 16086.851 10018.357 137.056 47.267 3459.106 1416.725 1107.219 1818.638 621.620 

2-15-53 F 76 16904.873 8918.515 128.561 64.181 3169.013 1371.104 1159.896 2544.375 720.992 

2-15-55 F 68 19664.313 8903.870 161.470 77.113 3641.480 1070.627 1237.996 2465.543 684.180 

2-15-6 F 56 5999.007 3661.467 43.580 13.222 1939.321 813.021 362.017 771.539 185.481 

2-15-9 F 50 8257.056 5234.184 40.370 29.134 2990.737 867.949 653.842 1123.944 223.025 

3-14-12 F 64 5440.320 10437.458 185.561 24.428 1059.386 798.725 872.526 1218.015 383.536 

3-14-13 F 87 9651.992 8422.636 179.572 26.597 1344.834 949.431 1126.966 1360.533 373.689 

3-14-14 F 40 10553.960 6097.900 126.676 17.500 1268.493 990.163 1395.747 1062.143 259.793 

3-14-16 F 85 8840.222 10992.985 166.371 35.564 1361.875 831.700 1036.263 1168.495 298.276 

3-14-18 F 74 8224.285 12188.834 148.008 46.036 1660.652 1561.722 1175.506 1098.330 371.114 

3-14-23 F 26 14520.370 10091.239 169.720 44.378 2360.538 1896.809 2164.911 2210.575 509.199 

3-14-26 F 37 9010.657 7525.409 134.874 17.542 1393.661 1105.396 1407.649 1206.998 294.306 

3-14-4 F 82 8305.376 9047.674 135.217 21.504 1300.296 1288.061 906.349 1037.139 278.685 

3-14-41 F 50 7901.186 6150.365 61.608 25.359 1908.736 1340.754 1239.421 1053.999 246.408 

3-14-43 F 101 11558.474 6515.237 81.529 27.623 1900.293 1086.012 1319.125 1366.869 345.935 

3-14-5 F 46 10072.109 13041.625 190.573 50.100 1928.491 904.431 1407.303 1479.972 440.238 

3-14-51 F 60 7949.344 6403.079 118.051 17.562 1482.877 874.133 780.469 1351.105 306.050 

3-14-54 F 72 11327.082 8386.752 70.046 23.300 1615.465 2103.262 1444.251 2024.399 467.244 

3-14-8 F 53 7553.083 7806.516 130.089 28.073 1194.240 770.408 1044.577 1201.738 351.401 

3-15-1 F 46 8202.467 7707.404 68.777 25.895 1317.513 1084.467 958.098 1134.401 319.398 

3-15-20 F 25 13034.408 7745.682 160.995 53.614 2184.680 639.201 1027.505 1348.001 302.762 

3-15-23 F 29 11903.124 8476.095 156.212 76.196 2258.462 1116.121 886.666 1480.304 367.712 

3-15-27 F 21 9063.398 5987.024 97.129 101.936 2412.782 1284.754 603.687 998.409 247.165 

3-15-3 F 22 9951.754 6172.903 107.926 38.134 2015.391 944.168 1025.299 1181.074 291.023 
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Sample 

ID 

Floral 

phenotypic 

Class 

 Seed 

count 

snRNP 

(Glyma03g30

880) mean 

AUX/IAA 

responsive 

gene 

(Glyma03g31

530) mean 

Sucrose 

transporter 

(Glyma03g31

020) mean 

MYC 

(Glyma03g30

940) mean 

GTP-

binding 

(Glyma03g

31040) 
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Ca2+ 

transport 

protein 

(Glyma03g31
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Isoamylase 

(Glyma03g3

0770) mean 

snRNP core 

protein 

(Glyma03g3

0750) mean 

Miro 

GTPase 

(Glyma03

g30990) 

mean 

3-15-33 F 72 14582.228 7512.427 161.850 35.347 2291.716 861.101 1189.001 1587.196 317.886 

3-15-35 F 43 15558.524 7772.562 126.678 37.126 2417.260 845.874 1432.541 1700.293 418.899 

3-15-38 F 75 12760.063 7092.025 184.121 46.041 2083.740 953.076 810.934 1596.281 370.762 

3-15-43 F 81 12155.108 6359.319 137.848 37.923 2120.657 891.206 1097.414 1350.262 347.557 

3-15-46 F 75 16847.931 9023.415 127.192 51.449 2385.088 765.196 1409.859 1633.992 519.122 

3-15-49 F 48 15167.624 6140.924 193.103 25.453 1620.761 575.410 1090.381 1338.679 430.051 

3-15-5 F 63 10376.700 7225.888 81.974 19.921 1859.737 1070.899 1195.934 1143.633 293.009 

3-15-52 F 32 7302.844 7359.258 61.346 31.688 1502.653 576.896 622.269 855.963 245.690 

3-15-54 F 13 11048.942 8159.773 41.718 45.481 1823.229 459.234 755.760 1380.964 363.967 

3-15-7 F 57 10077.354 10960.221 129.703 42.703 1630.633 1141.577 903.719 1421.832 353.900 

4-14-12 F 39 12100.097 6837.511 84.768 29.474 2068.452 1021.288 1177.200 1558.018 374.593 

4-14-14 F 53 9432.474 5728.958 91.851 16.037 1732.668 1210.009 867.570 1059.320 292.574 

4-14-16 F 46 13650.071 7769.538 59.331 61.652 2600.911 773.506 825.519 1515.287 302.409 

4-14-33 F 32 14908.724 4904.484 88.272 55.032 2580.616 1170.058 854.639 1113.647 269.311 

4-14-36 F 51 15124.513 7676.255 47.495 59.591 2588.918 729.065 957.476 1477.846 330.942 

4-14-40 F 75 19334.414 14137.325 57.897 216.648 4415.919 1308.916 824.496 2712.252 651.806 

4-14-41 F 65 15231.861 4291.056 62.610 77.356 3022.780 864.909 822.028 1683.528 277.826 

4-14-46 F 26 12413.391 4573.008 50.263 71.905 2353.246 568.430 633.825 1554.027 286.534 

4-14-48 F 41 10414.016 8095.648 45.451 53.171 2355.306 1012.029 570.453 1534.834 257.451 

4-14-5 F 54 12054.001 9032.535 91.598 35.991 1838.464 793.365 863.662 1352.077 362.763 

4-14-50 F 24 15059.068 7695.317 94.133 69.794 3367.876 897.989 1293.044 1571.646 338.818 

4-14-51 F 37 10919.733 8102.974 49.791 57.163 2419.992 628.987 782.910 1212.465 261.186 

4-14-54 F 49 11708.281 6357.420 85.721 28.471 2159.321 684.085 756.452 1139.379 271.896 

4-14-56 F 36 15784.621 7240.043 34.709 88.689 2883.694 1178.999 744.316 1485.762 288.560 

4-14-7 F 35 14698.217 8417.842 57.594 66.645 2381.922 1268.236 1004.890 1736.898 409.649 

4-14-9 F 32 12151.081 8185.658 55.565 42.739 2106.131 678.406 1061.686 1437.918 357.029 

4-15-11 F 82 14911.427 9046.775 507.981 56.509 3290.847 710.052 1393.084 2514.250 660.179 

4-15-13 F 36 16576.146 13459.643 356.489 76.686 3416.120 1022.469 1222.289 3486.166 751.024 

4-15-15 F 65 21734.013 12180.056 393.663 96.922 4156.901 1624.648 2148.858 3657.900 882.461 

4-15-19 F 75 18154.189 16953.238 397.651 85.137 2664.459 2243.743 1341.278 2576.508 677.763 

4-15-2 F 35 9163.874 6194.499 158.364 34.039 1928.291 1242.206 756.353 1099.359 325.358 

4-15-20 F 45 13145.555 14132.414 378.912 58.645 2970.434 1545.458 697.470 1569.347 410.576 

4-15-26 F 71 15035.800 10414.031 282.941 49.182 3425.560 1380.453 1212.590 2386.858 530.467 

4-15-28 F 53 16654.530 11011.408 327.619 54.573 3297.470 1176.981 1327.305 2276.812 523.280 

4-15-30 F 51 15231.253 11734.813 276.474 65.124 2986.790 2191.295 1021.341 2503.650 557.021 

4-15-32 F 27 13799.011 9340.583 226.458 111.048 3323.076 1605.344 1180.553 2201.210 430.067 

4-15-33 F 108 17746.138 8101.744 211.778 73.067 3537.291 1460.453 1298.145 2274.382 410.389 

4-15-4 F 89 16883.823 8785.172 381.124 40.083 2813.058 504.599 1017.054 2008.294 491.226 

4-15-53 F 59 26220.892 6964.609 241.042 60.303 3334.630 687.701 1218.071 1600.742 380.530 
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ID 

Floral 
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snRNP 

(Glyma03g30

880) mean 
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responsive 
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(Glyma03g31
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(Glyma03g3
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snRNP core 
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Miro 

GTPase 

(Glyma03

g30990) 

mean 

4-15-6 F 46 8907.675 7551.012 260.947 38.025 2615.921 1143.886 969.161 1297.393 239.951 

2-15-35 F 80 7400.624 4139.066 44.729 21.628 2973.825 4347.699 551.251 1245.963 234.003 

1-14-1 ms 12 5784.319 3797.925 44.560 20.695 1933.014 514.558 479.040 617.685 113.187 

1-14-12 ms 21 5896.477 2902.027 62.044 100.102 2410.915 1503.607 404.432 897.867 182.532 

1-14-19 ms 7 7767.492 4390.396 63.250 19.774 2645.574 1788.878 626.410 926.003 202.026 

1-14-22 ms 19 4662.216 1833.466 50.162 29.839 1961.678 683.407 317.573 579.590 127.945 

1-14-23 ms 16 7327.272 2277.121 41.739 31.672 2318.255 1281.011 657.995 899.376 184.190 

1-14-24 ms 16 6420.321 2974.018 36.048 28.065 2010.435 2051.124 522.813 919.711 164.586 

1-14-26 ms 9 5842.207 3609.578 50.793 22.663 2361.284 2444.085 452.877 911.031 232.327 

1-14-29 ms 12 5466.196 3020.831 44.620 10.062 2051.444 1921.308 533.163 690.513 157.896 

1-14-3 ms 13 4750.797 3553.689 58.345 44.618 2018.983 421.683 296.335 895.571 192.945 

1-14-35 ms 10 5921.325 2447.909 40.039 34.999 2218.879 1976.647 646.597 843.024 191.395 

1-14-36 ms 0 9211.772 3714.436 11.932 68.568 3615.568 3667.606 294.467 1386.194 280.579 

1-14-37 ms 0 8549.783 3867.422 68.146 57.813 3334.704 895.252 483.092 1553.803 326.391 

1-14-43 ms 7 6305.760 2576.924 51.844 13.877 1897.052 1589.069 445.030 778.025 171.001 

1-14-45 ms 10 8015.619 2815.666 82.777 76.809 3336.563 1075.888 702.840 980.943 232.610 

1-14-5 ms 13 4478.110 2816.139 45.470 34.204 1980.060 742.883 288.371 873.385 173.347 

1-14-54 ms 11 7253.796 3097.778 69.304 41.039 2321.798 1500.133 675.101 892.269 189.697 

1-14-55 ms 13 6818.475 2172.998 56.444 25.304 1941.808 567.929 488.849 731.944 131.195 

1-14-8 ms 12 6079.049 3807.378 27.630 126.279 1959.904 3532.648 219.046 911.824 201.084 

1-15-14 ms 0 12738.555 8514.907 170.293 43.118 3139.734 2448.286 532.024 1598.188 489.474 

1-15-15 ms 1 8339.331 6028.718 196.578 42.103 2800.780 2393.870 623.922 1276.726 344.425 

1-15-21 ms 2 10439.906 11844.170 246.756 57.438 3371.508 8173.816 712.805 1628.161 493.703 

1-15-40 ms 0 9359.627 10353.050 146.458 48.009 2347.014 3346.926 447.093 905.981 295.878 

1-15-44 ms 0 7579.109 9118.766 130.087 73.434 3986.624 3589.713 596.077 1360.843 365.320 

1-15-49 ms 3 8001.072 8917.920 185.992 39.856 2245.145 1510.702 779.268 1035.943 340.032 

1-15-53 ms 2 11461.132 8999.269 116.622 44.177 3088.187 6308.858 756.772 1437.067 460.400 

1-15-56 ms 0 11035.053 8131.383 74.815 87.206 3821.248 2160.584 449.421 1265.363 328.651 

2-14-10 ms 16 5823.576 8733.340 176.317 36.217 1624.480 3027.966 312.201 1083.663 258.979 

2-14-13 ms 12 8214.189 6424.424 139.267 27.928 1872.133 1310.095 687.076 1072.009 263.544 

2-14-14 ms 15 5588.212 4431.506 93.997 14.714 1670.451 2717.307 557.521 833.127 217.475 

2-14-20 ms 14 5162.255 6116.126 101.327 18.606 1436.466 1185.382 263.875 889.897 230.657 

2-14-21 ms 9 5507.876 4630.729 128.410 17.528 1613.365 1199.026 451.192 763.601 186.962 

2-14-24 ms 21 7029.086 4139.777 121.559 16.067 1876.210 2211.780 645.642 1150.728 260.242 

2-14-25 ms 29 6253.630 4464.876 88.928 29.509 1550.846 1832.445 497.932 910.618 213.953 

2-14-26 ms 9 6006.830 4554.480 99.614 24.596 1554.721 2106.650 494.752 734.863 186.395 

2-14-27 ms 0 7367.328 4848.019 188.895 19.841 1817.312 1641.652 523.716 841.646 174.626 

2-14-30 ms 15 11640.246 4165.920 73.297 41.593 2820.725 1088.995 972.496 1161.046 252.868 

2-14-42 ms 14 8566.318 3332.337 52.343 31.144 2127.673 1156.369 777.119 871.528 192.131 
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Sample 

ID 

Floral 

phenotypic 

Class 

 Seed 

count 

snRNP 

(Glyma03g30

880) mean 

AUX/IAA 

responsive 

gene 

(Glyma03g31

530) mean 

Sucrose 

transporter 

(Glyma03g31

020) mean 

MYC 

(Glyma03g30

940) mean 

GTP-

binding 

(Glyma03g

31040) 

mean 

Ca2+ 

transport 

protein 

(Glyma03g31

420) mean 

Isoamylase 

(Glyma03g3

0770) mean 

snRNP core 

protein 

(Glyma03g3

0750) mean 

Miro 

GTPase 

(Glyma03

g30990) 

mean 

2-14-49 ms 36 6342.849 4684.590 113.194 32.068 1413.003 2090.397 482.627 731.199 174.713 

2-15-1 ms 14 9929.651 4634.745 144.947 50.202 2779.639 1146.726 422.281 1506.256 334.575 

2-15-38 ms 23 11783.619 3456.339 73.781 33.462 2519.283 1796.696 519.540 1084.701 228.325 

2-15-43 ms 27 14909.893 7379.923 357.071 158.037 4181.394 2231.567 709.596 2482.749 433.478 

2-15-47 ms 19 7822.305 14709.358 31.016 106.455 2880.662 661.405 335.971 1219.888 281.943 

2-15-49 ms 19 22280.029 6300.487 211.252 59.775 3820.353 1687.202 1548.938 2665.723 710.465 

3-14-11 ms 7 7708.047 9269.432 203.316 25.974 1295.345 686.899 1173.555 1324.710 392.632 

3-14-17 ms 23 5433.841 12227.475 169.388 43.451 992.017 1043.588 681.379 1008.484 337.757 

3-14-20 ms 27 10048.317 5536.032 111.681 22.753 1351.904 455.333 1114.672 997.070 229.656 

3-14-22 ms 8 7885.172 9101.528 112.537 34.498 1319.546 846.481 1325.330 1195.891 347.004 

3-14-25 ms 0 10829.727 12401.268 269.412 43.820 1973.192 1296.152 1046.398 2021.664 460.613 

3-14-27 ms 5 7150.375 8200.142 116.972 22.830 1024.943 1010.429 752.870 1072.682 286.371 

3-14-35 ms 12 6176.040 7146.535 65.446 35.056 1085.937 1286.861 841.028 829.751 224.172 

3-14-37 ms 11 8729.721 8455.684 91.992 26.691 1528.752 1795.589 1225.277 1082.840 285.106 

3-14-45 ms 29 8637.331 6507.047 64.093 24.162 1123.847 988.524 995.282 1020.270 253.618 

3-14-46 ms 28 9266.661 8290.532 117.473 18.080 1465.190 1087.022 1045.914 1525.639 449.552 

3-14-49 ms 39 5424.173 8134.325 121.590 26.687 1065.285 820.873 614.324 916.705 269.838 

3-14-53 ms 34 7743.372 6135.734 99.919 17.482 1263.757 1243.813 860.671 1094.169 281.768 

3-14-6 ms 13 6404.525 13597.450 192.533 27.505 1058.663 1039.524 892.832 1145.786 391.743 

3-14-7 ms 0 7857.343 11734.605 260.870 23.693 1790.287 1941.687 1240.167 1316.811 370.794 

3-15-10 ms 16 7269.734 5568.338 119.478 34.482 1384.504 837.856 678.923 1038.428 251.737 

3-15-13 ms 33 10088.103 7231.385 114.529 35.382 1832.084 1336.549 1095.269 1066.538 249.296 

3-15-14 ms 21 8794.295 5934.467 66.943 23.524 1723.311 1708.740 961.672 1062.508 255.535 

3-15-15 ms 0 10627.668 8923.095 132.130 61.654 3088.272 1715.032 622.443 1762.322 361.994 

3-15-18 ms 0 13178.510 9936.310 150.902 72.303 3496.595 1107.526 937.256 1876.385 468.341 

3-15-19 ms 17 9037.232 7756.154 151.336 42.961 2211.514 682.927 590.383 1150.007 233.546 

3-15-22 ms 38 8435.691 7378.748 83.876 25.071 1594.144 2142.579 860.982 984.856 220.371 

3-15-25 ms 11 8571.033 9606.109 116.841 60.567 1962.387 895.873 768.302 1035.169 276.489 

3-15-31 ms 16 10230.167 7555.135 127.482 26.636 1586.549 893.778 921.247 1046.941 265.662 

3-15-32 ms 18 10220.928 7945.897 104.825 49.297 2014.266 933.747 950.700 1424.936 353.945 

3-15-37 ms 25 11192.664 7382.579 123.447 24.376 1857.639 1106.249 1187.832 1246.482 298.600 

3-15-40 ms 31 13217.626 8057.680 127.476 35.351 1864.055 849.536 927.278 1224.198 357.911 

3-15-41 ms 35 11163.339 6871.887 152.261 35.013 1578.739 946.711 872.941 985.802 305.716 

3-15-48 Ms 27 7809.743 5614.436 120.196 15.166 1545.524 448.164 883.481 1009.808 317.055 

3-15-9 Ms 11 9152.331 5154.991 59.213 17.458 2145.441 3462.579 811.450 1158.166 292.267 

4-14-1 Ms 28 11482.942 6053.521 75.520 28.679 1629.917 654.531 760.896 1296.532 309.063 

4-14-13 Ms 23 11228.193 4368.033 68.809 34.484 1819.793 1034.459 743.774 1139.806 279.516 

4-14-19 Ms 11 11959.543 7010.758 50.562 46.480 2205.458 621.649 732.437 1590.339 333.780 

4-14-2 Ms 15 14549.649 3553.158 60.750 127.216 2110.306 928.726 1226.914 1393.338 297.997 
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Sample 

ID 

Floral 

phenotypic 

Class 

 Seed 

count 

snRNP 

(Glyma03g30

880) mean 

AUX/IAA 

responsive 

gene 

(Glyma03g31

530) mean 

Sucrose 

transporter 

(Glyma03g31

020) mean 

MYC 

(Glyma03g30

940) mean 

GTP-

binding 

(Glyma03g

31040) 

mean 

Ca2+ 

transport 

protein 

(Glyma03g31

420) mean 

Isoamylase 

(Glyma03g3

0770) mean 

snRNP core 

protein 

(Glyma03g3

0750) mean 

Miro 

GTPase 

(Glyma03

g30990) 

mean 

4-14-22 Ms 0 12925.099 5411.976 83.366 65.377 2574.703 823.207 693.491 1452.732 327.634 

4-14-25 Ms 13 10938.335 6430.107 55.065 46.012 1837.182 519.451 792.239 1313.867 342.511 

4-14-27 Ms 22 9469.601 6250.026 60.505 23.022 1672.057 930.530 609.672 1218.274 291.971 

4-14-28 Ms 14 13792.252 5003.670 75.296 68.722 2095.192 1337.215 648.999 1660.710 319.538 

4-14-29 Ms 10 10961.688 4648.826 52.472 39.451 1685.400 838.265 603.098 1121.641 237.055 

4-14-37 Ms 17 10700.786 7035.111 29.348 80.417 2563.969 838.980 793.388 1512.152 350.580 

4-14-4 Ms 0 17636.256 8568.320 96.779 118.376 3843.004 1057.960 806.823 2543.694 612.035 

4-14-42 Ms 26 9483.562 6552.593 62.482 29.765 1835.976 600.044 676.809 1311.991 300.422 

4-14-49 Ms 14 8804.628 4088.074 50.362 28.526 1517.257 991.885 626.578 751.577 195.320 

4-14-52 Ms 15 6891.300 7151.851 68.908 27.476 1588.917 710.219 586.246 912.219 245.930 

4-14-6 Ms 19 9834.161 5263.531 65.271 43.145 1701.932 764.530 930.924 1023.447 280.932 

4-15-12 Ms 2 16006.699 7061.206 293.090 38.687 2504.979 1051.412 1563.473 1939.563 435.664 

4-15-14 Ms 2 7988.714 5813.025 272.627 32.367 2031.968 1712.455 1026.644 2018.394 464.400 

4-15-18 Ms 0 12282.221 14741.204 324.551 57.938 2984.472 1202.391 945.419 2080.854 497.262 

4-15-22 Ms 1 13915.095 13045.764 511.476 156.653 3109.403 1782.612 1281.712 1838.266 483.702 

4-15-34 Ms 0 14264.063 9337.776 241.488 50.774 2806.758 1426.983 1167.814 1656.967 415.372 

4-15-52 Ms 3 21999.565 6993.889 228.059 80.831 3280.048 852.786 1264.369 1980.671 420.140 

4-15-55 Ms 4 18678.312 16231.591 203.894 134.536 5149.898 1825.379 1333.014 3505.060 814.768 

4-15-56 Ms 0 23017.615 12857.547 403.951 57.477 4441.378 1437.740 1617.327 3631.363 895.897 

4-15-7 Ms 2 11156.307 8015.518 217.190 29.631 2668.222 2311.928 1028.119 1167.801 409.108 
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Chapter 4. Supplemental Table 4. Using a split-plot experimental design in which whole-plots were temperature 

regimens across growth chamber and sub-plots were floral phenotypic classification within chambers (Wiebbecke et 

al. 2011a) an Analysis of Variance (ANOVA) analyzed by PROC MIXED in SAS version 9.2 (SAS Institute Inc. 

2008) was used to estimate mean relative quantity and standard errors for the internal control (actin). Candidate 

genes were normalized by relative quantity of actin mRNA for their respective floral phenotypic classification.  

Relative gene expression of technical replicates was calculated using 2
-ΔΔCt

 method (Livak and Schmittgen 2001), 

averaged for each sample, and compared using the split-plot experimental design described above. 

Putative gene 

annotation 

Glyma 1 assembly 

ID
c 

Floral 

phenotypic 

Class 

Mean 

relative 

expression 

SE P-value 
EnvID  

P-value 

Pheno 

P-value 

EnvID×Pheno   

P-value 

Actin F 26.9078
a
 1.8496 0.035 

   Glyma19g00850
 

ms 15.8242
a
 1.8614 0.0594 0.5405 <0.0001 0.1196 

Isoamylase F 9.5669
b 

0.1113 0.0042 
   

Glyma03g30770 ms 9.478
b 

0.1123 0.0036 0.4057 0.1326 0.5406 

AUX/IAA 

responsive gene 
F 12.656

b 
0.05347 <.0001 

   

Glyma03g31530 ms 12.6566
b 

0.05552 <.0001 0.1703 0.9913 0.0697 

Ca
2+

 transport 

protein 
F 10.3236

b 
0.2122 0.0093 

   

Glyma03g31420 ms 10.4938
b 

0.2136 0.0083 0.7094 0.0713 0.1953 

GTP binding F 11.1402
b 

0.1208 0.005 
   

Glyma03g31040 ms 11.0829
b 

0.1215 0.0046 0.5351 0.2389 0.2845 

MYC F 5.2839
b 

0.07021 <.0001 
   

Glyma03g30940 ms 5.2727
b 

0.07477 <.0001 <.0001 0.9132 0.7260 

Miro GTPase F 8.259
b 

0.0403 <.0001 
   

Glyma03g30990 ms 8.245
b 

0.04292 <.0001 <.0001 0.8125 0.2640 

snRNP F 13.1484
b 

0.04942 <.0001 
   

Glyma03g30880 ms 13.1525
b 

0.05131 <.0001 0.1776 0.9395 0.0327 

snRNP core protein F 10.3078
b 

0.04503 <.0001 
   

Glyma03g30750 ms 10.2557
b 

0.04724 <.0001 0.1778 0.3553 0.7716 

Sucrose transporter F 6.7779
b 

0.1109 0.0023 
   

Glyma03g31020 ms 6.8294
b 

0.1134 0.0014 0.2347 0.5812 0.9428 

a 
Each samples relative quantity mRNA was calculated using y = 10^(sample Ct – b)/m), Applied Biosystems 

(2001). 

b 
Each samples relative expression, 2

-ΔΔCt
 method (Livak and Schmittgen 2001) expressed as mean fold change on 

the log2 scale. 

c
 Soybean sequence Glyma 1, Schmutz et al. (2010). 
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Chapter 4. Supplemental Table 5. Using a split-plot experimental design in which whole-plots were temperature regimens across growth chamber and sub-

plots were floral phenotypic classification within chambers (Wiebbecke et al. 2011a) an Analysis of Variance (ANOVA) analyzed by PROC MIXED in SAS 

version 9.2 (SAS Institute Inc. 2008) was used to estimate mean relative quantity of actin or the relative candidate gene expression for each floral phenotypic 

classification within each environment. 

 

 

Env ID 

Night / 

Day 

(°C) 

Floral 

Phenotypic 

Class 

No. 

samples 

Actin 

(Glyma19g

00850)
a 

Actin SE 

Iso 

amylase 

(Glyma03g

30770)
b 

Iso 

amylase 

SE 

AUX/IAA 

responsive 

gene 

(Glyma03g

31530)
b 

AUX/IAA 

responsive 

gene SE 

Ca2+ 

transport 

protein 

(Glyma03g

31420)
b 

Ca
2+

 

transport 

protein SE 

GTP-

binding 

(Glyma03g

31040)
b 

GTP-

binding 

SE 

MYC 

(Glyma03g

30940)
b 

MYC 

SE 

Miro 

GTPase 

(Glyma03g

30990)
b 

Miro 

GTPase 

SE 

snRNP 

(Glyma03g

30880)
b 

snRNP 

SE 

snRNP 

core 

protein 

(Glyma03g

30750)
b 

snRNP 

core 

protein 

SE 

Sucrose 

transporter 

(Glyma03g3

1020)
b 

Sucrose 

transporter 

SE 

v214 12/ 30 F 15 27.488 5.05 9.141 0.30 12.033 0.14 10.818 0.58 10.839 0.33 4.825 0.18 7.822 0.10 12.633 0.13 9.842 0.12 6.792 0.30 

214 12/ 30 ms 12 16.798 5.10 9.035 0.31 12.256 0.15 10.728 0.59 10.773 0.33 4.614 0.20 7.749 0.12 12.726 0.14 9.827 0.13 6.761 0.31 

314 15/ 30 F 14 40.730 5.06 10.226 0.30 13.059 0.14 10.130 0.58 10.569 0.33 4.769 0.19 8.426 0.11 13.154 0.13 10.355 0.12 7.005 0.30 

314 15/ 30 ms 14 25.810 5.06 9.910 0.30 13.093 0.14 10.029 0.58 10.324 0.33 4.756 0.19 8.317 0.11 12.901 0.13 10.171 0.12 7.018 0.30 

115 17/ 35 F 8 18.547 5.22 9.093 0.32 12.806 0.17 10.988 0.60 11.389 0.34 5.418 0.25 8.171 0.14 12.917 0.16 10.136 0.15 7.216 0.33 

115 17/ 35 ms 8 9.390 5.22 9.228 0.32 13.111 0.17 11.657 0.60 11.571 0.34 5.710 0.25 8.581 0.14 13.247 0.16 10.334 0.15 7.228 0.33 

315 18/ 30 F 15 28.972 5.05 9.923 0.30 12.870 0.14 9.726 0.58 10.939 0.33 5.355 0.18 8.406 0.10 13.496 0.13 10.368 0.12 6.821 0.30 

315 18/ 30 ms 15 19.147 5.05 9.743 0.30 12.827 0.14 10.130 0.58 10.913 0.33 5.081 0.18 8.203 0.10 13.257 0.13 10.205 0.12 6.819 0.30 

415 18/ 35 F 13 27.986 5.06 10.178 0.30 13.291 0.14 10.257 0.58 11.589 0.33 5.925 0.19 8.942 0.11 13.913 0.13 11.059 0.12 8.234 0.30 

415 18/ 35 ms 9 12.850 5.18 10.263 0.31 13.264 0.16 10.503 0.59 11.599 0.34 5.916 0.23 9.008 0.13 13.848 0.15 11.023 0.14 8.163 0.33 

114 21/ 30 F 15 21.001 5.05 8.902 0.30 11.907 0.14 10.128 0.58 11.196 0.33 5.211 0.18 7.702 0.10 12.398 0.13 9.849 0.12 5.327 0.30 

114 21/ 30 ms 18 12.070 5.02 8.813 0.30 11.559 0.14 10.351 0.58 11.168 0.33 5.143 0.16 7.537 0.09 12.632 0.13 9.781 0.11 5.551 0.29 

215 & 

414 
23/ 30 F 27 23.631 3.55 9.505 0.21 12.626 0.10 10.219 0.41 11.461 0.23 5.485 0.12 8.343 0.07 13.528 0.09 10.545 0.08 6.051 0.21 

215 & 
414 

23/ 30 ms 29 14.706 3.66 9.355 0.22 12.488 0.11 10.059 0.42 11.233 0.24 5.689 0.16 8.320 0.09 13.457 0.11 10.449 0.10 6.265 0.23 

a 
Each samples relative quantity mRNA was calculated using y = 10^(sample Ct – b)/m), Applied Biosystems (2001). 

b 
Each samples relative expression, 2

-ΔΔCt
 method (Livak and Schmittgen 2001) expressed as mean fold change on the log2 scale. 

c
 Soybean sequence Glyma 1, Schmutz et al. (2010). 

 

 


