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Abstract 

  

Iron Deficiency Chlorosis (IDC) can be a significant yield limiting nutrient 

stress in soybean.  IDC most frequently occurs in high pH soils that are rich in 

calcium carbonates, as is common in areas of the Midwestern United States.  

While several agronomic solutions exist to combat IDC, such as the application 

of iron chelates at planting, the use of tolerant soybean genotypes remains the 

most effective method of controlling IDC stress.  Breeding for IDC tolerance is 

common, however little about the genetics of IDC is understood, aside from a 

major tolerance locus located on Gm03.  A tolerance locus was previously 

discovered through bi-parental and association mapping on Gm05 to a 1.5 

megabase region, which in this study was found to be important in elite soybean 

germplasm and warranted further investigation.  Fine-mapping was conducted 

using heterogeneous inbred families, narrowing the interval to 137 kilobases and 

17 genes.  A controlled environment assay was developed to analyze the effect 

of nodulation, pH, and calcium carbonates on soybean genotypes and to assess 

the expression of Glyma.05g001700, a gene candidate in the fine-mapped 

region.  Glyma.05g001700 was further explored using protein modeling, domain 

classification, gene homology, haplotype diversity, and overexpression in 

soybean hairy roots to assess gene function.  It was concluded that 

Glyma.05g001700 is likely involved in iron homeostasis through changes in gene 

expression driven by a putative TATA box present in the tolerant genotype 

‘Fiskeby III’.    
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Synopsis 
 

Iron deficiency chlorosis (IDC) is an important soybean nutrient deficiency 

which is easily identified by interveinal chlorosis of the leaves and reduced plant 

growth, both of which lead to yield reductions.  IDC research is often segmented 

into studies of soil characteristics, microbe interactions, specific tissues, or IDC 

tolerance genetics.  Joining these areas of research into a comprehensive 

literature review will advance our understanding of IDC physiology and bridge 

known IDC tolerance loci with plant responses to iron stress.  This review 

investigates what is known about the genetics of IDC tolerance and traces IDC 

physiology research beginning with the role of soil, transport of iron into and 

through plant tissues, and eventual deposition in the seed.   
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Soybeans: Valuable and Iron Sensitive  
 

Soybean (Glycine max L. Merr.) is a highly valued oil crop worldwide but is 

also important for its use in livestock feed and protein in the human diet (Masuda 

and Goldsmith, 2009).  Soybean is an important dietary source of both protein 

and iron in developing countries (Messina, 1999).  In 2019 131 million metric 

tonnes of soybeans were harvested in the U.S., planted on 31 million hectares, 

second only to maize (USDA, 2019).  Yields of soybean have been steadily 

increasing at a rate of 1.5% per year over the last century (Egli, 2008).  Although 

domesticated in China in the eleventh century B.C. (Guo et al., 2010), soybean 

has only relatively recently been introduced to the U.S., becoming more common 

in the early 1900’s.  The process of domestication, a small number of founder 

cultivars brought to the U.S., and intense breeding have limited the genetic 

diversity of soybean (Gizlice et al., 1994).   

Limited genetic diversity has led to susceptibility of soybean cultivars to 

several important diseases and deficiencies.  Iron deficiency chlorosis (IDC) is a 

nutrient deficiency common in soybean grown in the North Central U.S.  IDC is 

characterized by interveinal chlorosis of the leaves, stunted plant growth, and 

substantial yield loss.  It has been estimated that losses due to IDC can cost 

growers $260 million annually in the U.S. (Peiffer et al., 2012).  As a legume 

species, soybeans form a symbiotic relationship with Rhizobia bacteria which fix 

atmospheric nitrogen.  The process of nitrogen fixation requires large amounts of 

iron (Carnahan and Castle, 1958).  Coupled with the need for iron to maintain 
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cellular respiration and photosynthesis, the iron demand on legumes is greater 

than that for other crops (Tang et al., 1990).   

From the genetic perspective, many studies have revealed quantitative 

trait loci (QTL) that confer tolerance to IDC (Peiffer et al., 2012; King et al., 2013; 

Mamidi et al., 2014; Wang et al., 2008) (Table 1.1).  Furthermore, the release of 

soybean genome sequence assemblies (Schmutz et al., 2010; Song et al., 2016; 

Valliyodan et al., 2019) and the development of high-throughput molecular 

markers (Song et al., 2015) has enabled such studies to be performed at higher 

resolution and with greater genomic information (e.g. Merry et al., 2019; Assefa 

et al. 2020).  

With the discovery of a many IDC tolerance QTL it is timely to better 

understand the physiology of iron deficiency, and to identify the mechanisms and 

genes underlying IDC tolerance. The aim of this review is to provide a 

comprehensive, full physiological analysis of iron deficiency in soybean, tracing 

to limitations in the soil, possible interactions with microbes, uptake of iron into 

the root, transport of iron in the nodule and plant, and eventual deposition of iron 

within the seed.  By thoroughly reviewing the recent literature in this field, this 

work hopes to bridge the gap in knowledge between IDC tolerance physiology 

and the QTL that confer this tolerance.   

 

Genetics of Iron Deficiency 
 

While multiple IDC tolerance QTL studies have been conducted (Table 

1.1), the physiological basis of tolerance associated with discovered QTL is 
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rarely identified in soybean.  An exception to this was the detailed 

characterization of a susceptible/tolerance locus identified on chromosome 3 

(Gm03).  The Gm03 major tolerance QTL was first identified by Lin et al. (1997), 

and further characterized by Peiffer et al. (2012).  Based on mapping and 

genomic analysis, the candidate gene in the Gm03 locus is a basic helix-loop-

helix (bHLH) transcription factor, with a mutation in a dimerization region 

hypothesized to confer susceptibility.  It is thought that this gene activates the 

iron deficiency response in the plant under iron stress.  Isolines ‘Clark’ (PI 

548533) and ‘IsoClark’ (PI 547430) (which differ in allelic state at the Gm03 

locus), show exceptional differences in gene transcription throughout the genome 

under iron stress (O’Rourke et al. 2007,2009).  Discovery of the Gm03 bHLH-

transcription factor has led to the discovery of additional soybean bHLH-

transcription factors involved in regulating the response to iron deficiency as well 

(Li et al., 2018).   

Seed iron accumulation has also been associated with a tolerance QTL 

first identified by Lin et al. (1997) on Gm20.  This locus was later found to 

colocalize with seed iron content, indicating a physiological basis for IDC 

tolerance (King et al., 2013).  While it may be possible to discover the 

physiological mechanism of iron deficiency tolerance in some cases (such as the 

Gm03 locus), the type of approach conducted on Gm20 may be more feasible if 

mapped loci contain potential candidate gene(s), otherwise no apparent link 

between gene candidates and mechanism can be established for 

experimentation.  In either case, a better understanding of the physiology of 
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whole plant iron homeostasis will greatly improve our ability to detect gene 

candidates within mapped QTL and associate iron deficiency tolerance traits with 

previously discovered QTL.   

 

The Multiple Roles of Soil in Soybean Iron Nutrition  
 

Carbonates, nitrates, and iron availability 

As the fourth most abundance mineral on the planet, iron is present at 

more than adequate levels in agricultural soils.  However, the form of iron that is 

available for plants can make soybean susceptible to IDC (Marschner and 

Romheld, 1994).  Iron in the soil is often oxidized into iron oxides or forms 

complexes with other elements that make it unavailable for uptake by soybean.  

As a strategy I plant, soybean transport ferrous iron (Fe2+) into the root, in 

comparison to strategy II plants which transport iron into the root as an iron-

siderophore complex (Marschner and Romheld, 1994).  However, in high pH 

soils, iron is oxidized to the ferric state (Fe3+) which binds tightly to anions, 

covalent metals, phosphorus, and soil particles and is unavailable for uptake and 

transport into the root (Marschner and Romheld, 1994).  Calcareous soils are 

characterized by a calcium carbonate parent material deposited by ancient seas 

or lakes. Calcareous soils prevalent in the upper Midwest commonly have a pH 

ranging from 7.0-8.5, which is highly conducive to iron deficiency in soybean 

(Robin et al., 2008).  Robin et al. (2008) also found that iron deficiency is not 

uniform on a field level.  Portions of the field with chlorotic symptoms were found 
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to have higher moisture content and increased soluble salt levels and 

carbonates.   

In the past decade, the relative contributions of physical and chemical soil 

characteristics to IDC has been well characterized (Robin et al., 2008; Hansen et 

al., 2003; Liesch et al., 2012).  While calcareous soils are conducive to iron 

deficiency symptoms, the severity of the conditions is highly dependent on soil 

moisture.  Under high moisture the parent calcium carbonate is dissolved into 

solution, resulting in Ca2+ and carbonate (CO3
-2) (Hansen et al., 2003).  Low 

areas in fields are more prone to iron deficiency, as a result of increased 

moisture accumulation and dissolving of the parent material (Robin et al., 2008).  

Once in soil solution, carbonate acts as a strong base, raising the pH and 

oxidizing Fe2+ to Fe3+, and also as a buffer in the soil (Hansen et al., 2003).  The 

effect of the buffering capacity of carbonate will be discussed more thoroughly in 

a forthcoming section of this review, as it intimately relates to root acquisition of 

iron.   

In high pH soils, soil nitrates have also been shown to increase the 

severity of iron deficiency in soybean (Wiersma 2010).  When available in soil, 

soybean will preferentially scavenge nitrogen to reduce inputs required for 

biological nitrogen fixation (BNF) in the nodules (Bloom et al., 2011).  To balance 

intracellular charge and pH, the uptake of nitrate is coupled with a carbonate 

extrusion into the soil.  This results in further pH increases and buffering of the 

soil in the rhizosphere of the plant and increases in IDC symptoms (Rogovska et 

al., 2007; Wiersma 2010; Bloom et al., 2011).  Several management strategies 



8 
 

preventing excess soil nitrates have proven beneficial in reducing iron deficiency 

severity (Naeve and Rehm, 2006; Dragicevic et al., 2015).  Corn and soybean 

rotations, in which the quantity of nitrogen is carefully applied so that excess 

nitrogen does not carry over to the following soybean crop, was found to increase 

not only iron availability but also the availability of other nutrients that are often 

unavailable at high pH (Naeve and Rehm, 2006). Utilizing a companion crop was 

also found to alleviate IDC symptoms (Dragicevic et al., 2015).  When oat was 

used as a companion crop with soybean, oat was able scavenge soil nitrogen 

more efficiently, forcing soybean to rely on BNF and reduce the extrusion of 

carbonates into the rhizosphere (Dragicevic et al., 2015).  Competition for Fe2+ 

between soybeans and denitrifying bacteria may also be occurring in high pH 

soils.  Denitrifying bacteria utilize Fe2+ as an electron donor in the denitrifying 

process, further limiting available iron in the soil.   

 

Iron chelates  

The use of iron chelates (such as DTPA, EDTA, and EDDHA) as soil 

amendments to alleviate IDC in soybean is common in high pH soils (Kaiser et 

al., 2014; Helms et al., 2010; Gamble et al., 2014; Wiersma, 2007; Goos and 

Johnson, 2001).  Iron chelates have a high affinity for Fe3+, increasing the 

solubility of iron in the soil.  Roots are better able to reduce iron to Fe2+ when 

Fe3+ is freed from bonds with other anions and soil surfaces and forms a complex 

with chelates.  Once reduced, the iron is released from the chelate and 

transported into the root (Wiersma, 2007).  Chelates can be applied as a seed 
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treatment or in furrow at planting (Kaiser et al., 2014).  The success of chelate 

application relies heavily on the buffering capacity and pH of the soil.  Too little 

application to overcome high pH and buffering results in short term improvement, 

followed by a return to chlorotic symptoms (Wiersma, 2007).  The economics of 

applying iron chelates must also be considered when managing iron deficiency.  

Chelates must be applied before symptoms occur for best results (Gamble et al., 

2014). In years with minor iron deficiency, such as years with ample drying out 

periods between rainfalls, the application of chelates would be an added cost 

with little to no benefit to the grower.  While chelates can improve iron deficiency 

symptoms, it is also recommended to use an IDC-tolerant cultivar to complement 

the iron supplement (Gamble et al., 2014; Liesch et al., 2011). 

 

Multiple nutrient stresses 

Several other nutrients are also limited in high pH soils.  Phosphorus, 

potassium, manganese, boron, copper, and zinc also become less available for 

plant uptake at pH greater than 7.5.  Research suggests that multiple nutrient 

stresses synergistically increase iron deficiency responses to overcome iron 

stress (Romera et al., 2003).  Under simultaneous copper and iron stress, 

soybeans increase soil acidification and metabolite release, enhancing iron 

reduction and acquisition (Romera et al., 2003).  Soybean cultivars that absorb 

phosphorus with high efficiency (i.e., phosphorus-efficient soybean) have also 

been found to have improved iron uptake in iron limiting conditions (Romera et 

al., 2003).  Because multiple nutrient stresses occur at high pH, it is logical that 
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plants would develop complementary mechanisms to acquire the unavailable 

nutrients.  However, additional research in this area is needed to understand the 

impact of multiple nutrient stress on soybean more thoroughly.  In high pH soils 

iron deficiency is most commonly identified, however iron may simply be the 

most limiting nutrient and the plant may actually be under additional nutrient 

stresses.  With recent advances in ionomics (Qiu et al., 2017), it is possible to 

better investigate the correlations between the acquisition of different nutrients in 

high pH soils.   

 

Microbial Assistance in Iron Acquisition  
 

Microbial communities in the rhizosphere and their influence on plant 

health has been well documented in the last decade (Comprehensively reviewed 

in Mosa et al. (2017)).  Microbes face many of the same challenges as plants in 

iron limiting conditions, including the need to free iron tightly sorbed to the soil 

and other compounds, and reduce Fe3+ to Fe2+.  While a majority of microbial 

research with soybean focuses on rhizobium and nodulation, studies are 

beginning to emerge that look at other aspects of the microbial communities in 

the soybean rhizosphere and their importance to mineral acquisition.   

The diversity of bacterial species present in the soil allows for siderophore 

production (Finkel et al., 2017) as well as other iron reducing strategies that allow 

plants to scavenge a portion of iron reduced in the rhizosphere by bacteria 

(Khandelwal et al., 2002; Zhang et al., 2009).  While microbial effects on plants in 

general has been well characterized, relatively few studies have been conducted 
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specifically on the effects of microbial communities on soybean in iron deficient 

soils. 

Fungal associations allow plants access to nutrients beyond the reach of 

the rhizosphere.  Siderophore production, which is highly efficient in iron 

acquisition in high pH soils, is also common in fungal species and allows for 

soybean to mimic the graminaceous strategy II plants (Marschner, 2011).  In 

non-calcareous soil, mycorrhizal relationships were found to increase 

manganese, iron, and phosphorus in soybean (Karaca et al., 2013; Ibiang et al., 

2017).  With the growing popularity of seed coat inoculants, there is a great 

opportunity to further research this topic and identify fungal species which can 

alleviate iron deficiency in calcareous soils.   

 

Root Acquisition and Transport  
 

Previous sections have addressed the importance of soil characteristics 

and microbial communities in iron acquisition, while this section addresses the 

importance of root function for the transport of ferrous iron into the plant.  While 

strategy II plants (graminaceous monocots) release siderophores into the 

rhizosphere, which can bind Fe3+ and transport the entire complex back into the 

root, soybean must ultimately rely on reduction of Fe3+ to Fe2+ (Marschner and 

Romheld, 1994). Soybean has evolved multiple mechanisms of iron acquisition in 

roots, including rhizosphere acidification and extrusion of multiple chelating 

compounds into the rhizosphere.   
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Proton extrusion has been well characterized as a mechanism to acidify 

the rhizosphere and increase iron uptake (Robin et al., 2008).  The effectiveness 

of this mechanism is greatly reduced in calcareous soils with the high buffering 

capacity of carbonates, resulting in little to no pH change.  Advances in 

metabolomics since the turn of the century has resulted in increased interest 

(and several publications i.e. Romera et al., 2003; Nogueira et al., 2007; Shen et 

al., 2011) focused on compounds extruded into the rhizosphere by soybean to 

acquire iron.  These compounds primarily act as iron chelators and allow for 

reduction of iron via reductase enzymes at the root/soil interface.  Citrate is an 

example of a well characterized root exudate important in acquiring phosphorus 

and in aluminum toxicity tolerance in soybean (Nogueira et al., 2007; Shen et al., 

2011).  Under iron stress, citrate is released into the rhizosphere (Romera et al., 

2003).  Citrate exudates dissociate metals and phosphorus from oxide bonds and 

allow for reduction of Fe3+ by iron reductase enzymes.   

 

Flavonoids 

The importance of flavonoids to iron acquisition in plants was reviewed 

extensively by Cesco et al. (2010).  In many species, flavonoids are highly 

responsive to iron deficiency conditions in the soil and act to reduce iron, 

increasing mobility. In soybean, several flavonoids have been identified as root 

exudates during soybean growth (D’Arcy-Lamenta, 1986; Romheld and 

Marschner, 1986; Graham, 1991; Zocchi et al., 2007), however there is a lack of 

research on the role of flavonoids in soybean IDC.  More research on the role of 
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flavonoids in improving IDC should be conducted for two reasons.  First, 

flavonoids are widely accepted as important root exudates in iron deficiency 

responses in a range of species (Graham, 1991).  Second, plants use flavonoids 

as key signaling molecules to bacteria (Romheld and Marschner, 1986).  The 

signaling of flavonoids to potential iron reducing or chelating bacteria could have 

profound effects on iron acquisition in soybean.   

 

Iron reductase 

Iron reductase enzymes are crucial for the uptake of Fe2+.  Once Fe3+ is 

released from iron oxides or other chemical bonds, it can be reduced at the root 

surface by an iron reductase and transported into the root.  Studies in common 

bean (Phaseolus vulgaris L.) have shown variation for iron reductase activity 

under iron stress (Skorupska et al., 2017).  A similar study conducted in soybean 

could be beneficial in identifying QTL or genes to alleviate IDC symptoms. 

Transgenic overexpression of a ferric reductase enzyme in soybean resulted in 

upregulation of iron transporting citrates and malates and iron accumulation 

within roots and stems (Blair et al., 2010). 

 

Nodulation as a Major Iron Sink 
 

As a legume species, soybean engages in a symbiotic relationship with 

rhizobia in which atmospheric nitrogen is fixed by the rhizobia in exchange for 

nutrients and safety from the soybean plant.  Nitrogenase, the enzyme that fixes 

atmospheric nitrogen, is highly sensitive to oxygen.  However, oxygen is also 
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important for respiration within the rhizobia to supply the massive amount of 

energy needed to fix nitrogen.  To circumvent this, leghemoglobin acts as an 

oxygen transporter to reduce the presence of oxygen near nitrogenase but allow 

it to be available for respiration.  Both leghemoglobin and nitrogenase require 

iron as a constituent.  Iron is used for binding and transporting oxygen in 

leghemoglobin and as an electron transporter in nitrogenase (Vasconcelos et al., 

2014).  Therefore, nodules rely on a large iron supply from the roots for effective 

nitrogen fixation.  In fact, when the iron transporter gene fegA is knocked out in 

rhizobia, nitrogen fixation does not occur normally (Benson et al., 2005).  This is 

most likely because nitrogen fixation cannot occur without iron, and the soybean 

plant responds by minimizing inputs to the nodule.   

For iron to enter the rhizobia it must first cross the symbiosome membrane 

(SM) which physically separates the plant and bacterium (Guerinot, 1991) 

(comprehensively reviewed by Moreau et al. (1998)).  While iron is transported 

through the SM as both Fe2+ and Fe3+, the rate of transport for Fe2+ is much 

faster (Clarke et al., 2014) indicating the possible importance of the reduction of 

iron near the SM.  In common bean, nodules were found to have an over-

accumulation of proton pumps on the surface and within the nodule as well as 

IRT1 (iron-regulated transporter 1) (Brear et al., 2013).  This is highly beneficial 

in accumulating iron where it will be utilized, and for reducing iron that reverted to 

Fe3+ after entering the root or nodule.   Proton pumps and IRT1 are also greatly 

upregulated in the nodule under iron stress (Latni et al., 2012).  These 

physiological mechanisms help ensure a steady iron supply for nitrogen fixation.  
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The ferrous iron transporter Glycine max divalent metal transporter 1 (GmDMT1) 

was discovered as a major iron transporter across the SM (Slatni et al., 2011).  

GmDMT1 was most highly expressed in developing nodules.  As iron is not 

depleted within rhizobia during nitrogen fixation, it is possible that iron is 

accumulated early in nitrogen fixation and then maintained within the bacteroid 

throughout the life of the soybean.  An experiment could be designed to track the 

cycling and retention time of iron in the nodule using Fe-57, a stable iron isotope 

that can be used to trace iron transport in soybean (Kaiser et al., 2003).  Another 

recently discovered transporter of iron across the SM, GmVTL1, was found to be 

expressed in mature nodules (Brear et al., 2020).  The utilization of multiple 

genes for iron transport most likely represents the tight regulation and 

evolutionary importance of iron homeostasis in both the plant and rhizobia 

bacteria.   

It is unclear from the literature whether nitrogen fixation or photosynthesis 

is first affected under iron stress.  It is logical that nodulation may receive a 

greater portion of acquired iron under iron stress as nodules would be one of the 

first tissues to come into contact with nutrients after transport into the roots, 

whereas iron must be transported into stems and then leaves for photosynthesis.  

This hypothesis could be tested with a simple physiological experiment looking at 

iron partitioning in the nodules and leaves under iron stress.  Nitrogen fixation 

levels as well as chlorophyll content (and resulting photosynthetic levels) could 

also be monitored to better assess the physiological response to low iron in both 

systems on a temporal level.  An experiment such as this could also characterize 
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a possible negative feedback loop, in which reduced chlorophyll production due 

to low iron results in less photosynthate produced for nitrogen fixation, and a 

subsequent reduction in nitrogen fixation results.   

 

Iron Transport and Partitioning in the Stem 
 

Forms of iron in the stem 

In strategy II plants, iron taken up in complexes with can be directly 

transported as an Fe-siderophore complex in the stem.  As a strategy I plant, 

soybean primarily transports iron in the stem in complexes with nicotianamine or 

citrate.  In a comparison of six species, soybean was found to have the highest 

levels of both nicotianamine and citrate in xylem sap (Ariga et al., 2014), 

suggesting that these compounds are important for iron transport.   

When overexpressed in soybean, increased nicotianamine synthesis 

resulted in a doubling of iron accumulation and tolerance to iron deficiency in 

calcareous soil (Nozoye et al., 2014).  Increasing transport of iron away from the 

roots at a faster rate may stimulate an iron deficiency response in roots. It is also 

possible this result is caused by a reduction in iron transport to the nodules due 

to increased movement of iron into the stem.   

The transporter protein of citrate has been found to be important in iron 

efficiency in soybean (Nozoye et al., 2014; Rogers et al., 2009). Multidrug and 

Toxin Efflux (MATE) proteins are common in plants as transporters of 

compounds across cell membranes.  The MATE protein ferric reductase 

defective 3 (FRD3) has been identified in Arabidopsis thaliana (A. thaliana) as a 
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transporter of citrate into the xylem, with defective mutants accumulating Fe-

citrate compounds within the root (Liu et al., 2016).  Two FRD3 homologs 

identified in soybean had high expression in an iron-efficient variety (Clark) and 

low expression in an iron-inefficient near isogenic line (IsoClark).  Clark had 

much higher levels of citrate in the xylem compared to IsoClark, most likely 

attributable to the increased expression of the citrate transporter (Rogers et al., 

2009).  Other MATE genes have been identified as important for iron 

homeostasis in A. thaliana as well.  A MATE protein localized to the golgi 

apparatus, Bush and Chlorotic Dwarf 1 (BCD1), hyperaccumulated iron in the 

golgi when overexpressed.  This hyperaccumulation resulted in leaf chlorosis and 

senescence throughout the plant (Seo et al., 2017). A similar result occurred with 

the overexpression of the MATE gene Early Leaf Senescence-1(ELS1) in A. 

thaliana (Want et al., 2016).  Interestingly, both of these genes appear to have 

little homology with FRD3. 

 The lack of movement of iron from the roots and into the shoots and 

leaves has been identified as a characteristic of soybean that are susceptible to 

IDC (Durrett et al. 2007).   Defective nicotianamine and citrate transporters in the 

shoot may be prevalent in the soybean germplasm.  An intriguing question is why 

these susceptible genotypes can transport iron from their roots into the shoots 

and leaves when not in calcareous or high pH soil.  Gene expression studies 

using Clark and iso-Clark have indicated that iso-Clark fails to respond to iron 

stress.  As a result, cell repair genes were activated in an attempt to regulate the 

iron stress (Santos et al., 2015).  Susceptible genotypes with this stress 
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response could be sequestering iron in the roots to maintain homeostasis.  Such 

a response would be beneficial if iron later became available to the plant, 

keeping cells in the roots healthy enough to transport iron into the plant and 

again move iron into the shoot.   

 

Iron Stress in Leaves  
  

Iron deficiency is visually characterized by interveinal chlorosis of the 

leaves.  Under iron deficient conditions, chlorophyll content and carotenoids in 

leaves is decreased, although only minor decreases are seen for carotenoids.  A 

reduction in photochemical efficiency is also found (Abadia et al., 1999).  It has 

long been assumed that iron is necessary for chlorophyll synthesis, most likely as 

a precursor (Pushnik et al., 1984).  Iron also plays an important role in the 

photosynthetic electron transport chain.  With reduced iron available to carry out 

electron transport, excess light energy intercepted could generate reactive 

oxygen species and damage the leaf (Asada, 2006; Zhao, 2018).   

 A metabolomics study has been conducted on the leaves of soybean 

cultivars that are susceptible and tolerant to iron deficiency (Lima et al., 2014).  A 

key finding in this study was reduced citrate levels in leaves of iron 

susceptible/deficient genotypes, again illustrating the importance of this 

compound in iron transport.  Multiple amino acids (alanine, asparagine, 

threonine, and valine) were found at higher levels in iron deficient leaves, as well 

as increased compounds involved in oxidative stress protection.  One may 

hypothesize that iron deficient leaves must attempt to maintain homeostasis 
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when over-exposed to photosynthetically active radiation (PAR) due to reduced 

chlorophyll content.   

 While it is often assumed that transpiration in plants is necessary to 

transport minerals from roots to leaves, mineral transport has been shown to 

occur regardless of transpiration, most likely through some form of active 

transport (Tanner and Beevers, 2001).  In fact, iron has been shown to 

accumulate in leaves more efficiently under high relative humidity (RH) (and thus 

lower transpiration) in an iron efficient soybean genotype while no differences 

were seen in an iron inefficient genotype (Roriz et al., 2014).  While the 

physiological basis of this response has not been elucidated, one could 

hypothesize that increased photosynthetic activity due to reduced stomatal 

closure provides additional energy for the iron efficient genotype to overcome 

iron stress.  During high RH, water losses in the leaf would be reduced, allowing 

for longer opening of the stomata and increased CO2 uptake (Mortenson and 

Gislerod, 1990), and thus increased photosynthetic activity.  While it is 

impossible to control humidity at the field level for management of IDC in 

soybean, it is important to consider RH in controlled environment studies and the 

effects it may have on IDC symptoms.    

 

Iron in Seeds, Getting a Good Start 
 

The seed of soybean provides nutrients required by the early seedling, 

before roots and photosynthetic capacities can be established.  Sufficient iron is 

usually stored within the seed to supply the emerging soybean until the third 
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vegetative growth stage (V3), corresponding to the full emergence of the third 

soybean trifoliate.  For this reason, iron deficiency symptoms are often not 

visualized until the V3 growth stage or later.  IDC tolerant varieties have been 

found to have higher seed iron content than susceptible varieties, when grown in 

either iron-available or iron-deficient conditions (Wiersma, 2005; 2012).  Larger 

stores of initial iron within the seed allows for increased initial plant growth before 

the onset of iron deficiency.  These plants may not only escape iron deficiency by 

having stored iron that can last until soils begin to dry in summer, but larger and 

healthier soybeans can more efficiently protonate the rhizosphere or produce iron 

chelating compounds.   

Iron is loaded into the seed via both xylem and phloem sources (Grillet et 

al., 2014).  During seed fill, iron acquired from the roots is transported directly to 

the seed via the xylem (Blair et al., 2010).  It can therefore be assumed that 

nicotianamine and citrate play an important role in this iron loading into the seed.  

Evidence in Arabidopsis has shown the importance of nicotianamine in seed 

loading of iron (Klatte et al., 2009), however no such study has been conducted 

in soybean.  Sinclair and de Wit (1976) classified soybean as a “self-destructive” 

plant, meaning that nearly all the nutrients stored within root, stem, and leaf 

tissues are remobilized and loaded into seeds, causing plant senescence.  An 

iron isotope study has indicated that perhaps nearly half of iron loaded into seeds 

is remobilized from the nodules, while the remaining iron is transferred from the 

leaves and stem as well as directly loaded from the soil (Burton et al. 1998).    
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 The use of iron seed content as a proxy of iron deficiency tolerance has 

been suggested (Wiersma, 2005; 2007; 2012; Skorupska et al., 2017) and may 

be of use in breeding programs.  One major downfall of these studies is that they 

sampled a small number of soybean cultivars.  To better establish a relationship 

between high seed iron levels and iron deficiency tolerance, a large-scale study 

should be conducted analyzing the seed iron content of a diverse panel of many 

cultivars.   

 

Concluding Remarks: Prospects for Iron in Soybean  
 As a globally valuable crop for both human and livestock food sources and 

oil, the need for highly productive soybean in many different environments is 

vital.  High pH soil conditions around the globe can result in severe yield limiting 

soybean losses due to iron deficiency, although the extent of the severity is 

dependent on transient factors such as soil moisture and nitrate content.  Iron 

deficiency in soybean results in changes in physiology in all tissues.  Nodules 

and leaves are the tissues most heavily affected due to their elevated iron 

requirements.  Reduced iron available to nodules results in decreased nitrogen 

fixation and poor nodule development.  In the leaves, photosynthesis is greatly 

impacted by a reduction in chlorophyll and photosynthetic efficiency.   

 IDC tolerance is primarily determined by root iron uptake and increased 

iron scavenging abilities.  Transport of acquired iron from the roots into the 

shoots, leaves, and seeds also appears to be important in determining iron 

efficiency.  The role of nicotianamine and citrate transporters needs to be more 

thoroughly researched to elucidate this transport process.  It also appears that 
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seed iron levels play an important role in early and sustained iron deficiency 

tolerance, due to either escape from the deficiency or improved plant health for 

later iron scavenging.   

 While few studies have focused specifically on soybean iron uptake, 

transport, and efficiency, a systemic picture is emerging through research in 

other species.  For example, several studies have meticulously studied iron 

acquisition and deficiency in peanut (Arachis hypogea L.) (Romheld and 

Marschner, 1983; O’Hara et al., 1988) and citrus (Jin et al., 2017; Martinez-

Cuenca et al.; 2017), however similar studies have not been conducted to 

validate these findings in soybean.  A full understanding of iron partitioning and 

transport in soybean would be beneficial for achieving IDC tolerant cultivars and 

better management strategies.  Large knowledge gaps, especially in the 

contribution of microbes to alleviating iron stress, need to be addressed in the 

future. 
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Synopsis 
 

 Iron deficiency chlorosis (IDC) is an important nutrient stress for soybeans 

grown in high pH soils. Despite numerous agronomic attempts to alleviate IDC, 

genetic tolerance remains the most effective preventative measure against 

symptoms.  In this study, two association mapping populations and a bi-parental 

mapping population were utilized for genetic mapping of IDC tolerance.  QTL 

were identified on chromosomes Gm03, Gm05, and Gm06.  Heterogenous 

inbred families were developed to fine-map the Gm05 QTL, which was uniquely 

supported in all three mapping populations.  Fine-mapping resulted in a QTL with 

an interval size of 137 kb on the end of the short arm of Gm05, which produced 

up to a 1.5 point reduction of IDC severity on a 1 to 9 scale in near isogenic lines.  
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Introduction  
 

Iron deficiency chlorosis (IDC) is an abiotic stress prevalent in soybean 

(Glycine max L. Merr.).  Soils with a pH greater than 8causes iron to become 

unavailable for plant uptake.  High soil pH is often accompanied by bicarbonate 

release in calcareous soils of the North Central U.S., which acts as a pH buffer 

and exacerbates IDC in soybeans due to the inability of the plant to acidify the 

rhizosphere (Hansen et al., 2003; Inskeep and Bloom, 1987).  This lack of iron 

availability reduces chlorophyll production, visually observed as interveinal 

chlorosis of leaves in soybeans, which ultimately hinders photochemical capacity 

(Spiller and Terry, 1980).  Minor symptoms can reduce grain yields up to 20%, 

and severe cases can result in total crop failure (Froehlich and Fehr, 1981; 

Niebur and Fehr, 1981).   In the North Central U.S., it has been estimated that 

soybeans are grown on 1.8 million ha of high pH soil with an accompanying 

estimated annual yield loss of 340,000 Mg (Hansen et al., 2003).   

There are several agronomic treatments for IDC including foliar sprays, 

seed treatments, soil iron chelate applications, and tolerant cultivar selection.  

Foliar sprays are used as a restorative measure after the onset of chlorosis.  A 

comparison of different foliar applications indicated that while chlorosis of the 

soybeans improved, no yield improvement was achieved (Chaterjee et al., 2017).  

Iron supplementation through seed treatments has had limited success.  While 

IDC tolerant cultivars were found to respond positively to iron seed treatments, 

no yield increase was observed in susceptible cultivars (Karkosh et al., 1988).  In 
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studies comparing the effects of iron foliar sprays, seed treatments and soil iron 

chelate application, it was concluded that cultivar selection was the most 

effective method for controlling IDC in soybean (Goos and Johnson, 2000; Kaiser 

et al., 2014).   

 Phenotyping of foreign soybean introductions that displayed some 

tolerance to IDC from the USDA soybean collection indicated that no cultivar 

existed that was completely tolerant to IDC (Fehr, 1982).  Although there is a 

great deal of variation for IDC tolerance in breeding material, there were no 

completely tolerant cultivars found during recent soybean variety trials in 

Minnesota (MAES 2017) and North Dakota (Kandel et al., 2017) when sufficient 

IDC pressure was present.  Spatial variation and year- to-year variation in IDC 

severity (Inskeep and Bloom, 1987) make IDC tolerance a difficult trait to select 

for in breeding programs.  Furthermore, little is known about the mechanism of 

iron deficiency tolerance in soybean, which prevents indirect selection for trait 

improvement.  Therefore, nearly all selection for IDC tolerance is done through 

visual ratings on breeding lines planted in IDC-prone nurseries (Personal 

Communication Aaron Lorenz, Ted Helms, and George Graef, 2018).   

Identifying quantitative trait loci (QTL) for marker-assisted breeding of IDC 

tolerance would be beneficial, considering the difficulty and inefficiency of 

screening breeding populations based on phenotype alone.  Once QTL are 

identified, it would also be useful to identify the gene variant underlying the 

tolerance trait to illuminate the physiological and molecular mechanisms soybean 

uses to combat this abiotic stress.  An early study on IDC tolerance indicated that 
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it was controlled by a single major gene (Weiss 1943); however, later studies 

firmly concluded that IDC tolerance is a quantitative trait controlled by many 

genes (Cianzio and Fehr, 1980; Mamidi et al., 2014). Relatively large-effect QTL 

have been identified, including a single major-effect QTL required for soybean 

iron efficiency reported on Gm03 (linkage group N) (Lin et al., 1997).  Pieffer et 

al. (2012) used a backcrossing technique to develop Near Isogenic Lines (NILs) 

of different recombination classes within the Gm03 QTL for fine-mapping.  As a 

result, two genes encoding basic helix-loop-helix transcription factors, which 

were hypothesized to dimerize together, were identified as potential candidates.  

One of the two genes was found to contain a deletion in a predicted dimerization 

domain.  Differences in transcript abundance of genes induced by iron deficiency 

had previously been identified (O’Rourke et al. 2009), making a transcription 

factor a likely candidate.  This discovery led to the identification of additional 

transcription factors important in the iron deficiency response (Li et al., 2018).  

Several minor effect QTL for IDC tolerance have also been identified in soybean 

(Charlson et al., 2005; Lin et al., 1997,2000; Mamidi et al., 2011,2014; Wang et 

al., 2008).  To our knowledge, fine-mapping of these QTL has not been 

conducted, most likely due to the difficulties associated with phenotyping IDC 

and the lack of power to detect small differences in tolerances associated with 

these individual QTL.  Fine-mapping of additional IDC QTL is an important step 

in developing markers for selection, as well as leading to gene discovery and 

furthering our understanding of IDC tolerance mechanisms in soybean. 
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While no completely tolerant cultivars are present in the germplasm 

collection, there are a handful of cultivars with a high level of IDC tolerance.  One 

such cultivar is ‘Fiskeby III’ (PI 438471), which was identified as a potential cool 

climate cultivar (Holmberg, 1973) with multiple abiotic stress tolerances.  ‘Fiskeby 

III’ has presented an opportunity to map QTL for tolerance to salt (Carter et al., 

2006; Do et al., 2018), aluminum toxicity, ozone tolerance (Burton et al., 2016), 

and canopy wilt tolerance (Butenhoff, 2015).  In this study, we utilized a 

previously developed bi-parental mapping population with ‘Fiskeby III’ as a 

parent to fine-map an IDC tolerance QTL.    

The objective of this study was to identify and fine-map QTL controlling 

IDC tolerance in soybean. We first demonstrate that a QTL on Gm05 is an 

important contributor to genetic variation for IDC tolerance through association 

mapping using both plant introductions from the USDA GRIN soybean collection 

and elite breeding lines from Uniform Regional Trials (URTs). We then present 

results from a biparental linkage mapping population of ‘Fiskeby III’ (PI 438471) 

by ‘Mandarin (Ottawa)’ (PI 548379), which also mapped a QTL to the same 

position on Gm05. Using this population, we created a series of near-isogenic 

lines (NILs) and narrowed the QTL interval to a 137 kb region containing 

seventeen gene models. Results from this study form an important step towards 

identification of genes controlling IDC tolerance in soybean. 

 

Methods 
 

 

Association Mapping 
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Two independent panels of soybean genotypes were used for genome-

wide association mapping: a panel of plant introductions (PI Panel) and a panel 

of breeding lines entered into the USDA Northern Uniform Regional Trials (URT 

Panel). A total 1737 accessions comprised the PI Panel, of which 1352 were 

evaluated for IDC tolerance at two locations in 2001, and 385 were evaluated for 

IDC tolerance at five locations in 2004. Phenotypic data for the PI Panel was 

downloaded from the Germplasm Resource Information Network website 

(https://npgsweb.ars-grin.gov/gringlobal/descriptordetail.aspx?id=51074). Briefly, 

the experimental design consisted of two randomized replications of the PI Panel 

grown under field IDC conditions with symptoms scored using a 1-5 chlorosis 

severity rating scale, where 1 indicated no chlorosis and 5 indicated severe 

chlorosis (Cianzio et al., 1979). Final scores for the PI Panel were reported as 

adjusted means using values of neighboring plots as covariates for adjustment.  

 A total of 854 advanced public breeding lines comprising the URT Panel 

were also screened for IDC tolerance. IDC scores for the URT Panel were 

obtained from the final reports of the USDA Northern Region Uniform Soybean 

Tests between the years 1989 and 2017.  Each year, breeding lines in the URT 

maturity groups 00 – II were planted into IDC conditions at one or two locations 

using a randomized complete block design with two replications. In most years, 

plots consisted of single rows 0.91 m in length spaced 0.76 m apart. IDC scores 

were taken using the same phenotypic scale described for the PI Panel and 

reported as the mean of two scoring dates and averaged across replications. 

Means of each breeding line were obtained from 
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https://ars.usda.gov/mwa/lafayette/cppcru/ust and compiled into a single data set 

consisting of breeding line, location, year, and mean IDC score.   

 Genotypic data was downloaded from SoyBase (www.soybase.org) for the 

PI panel and accessions were genotyped using the SoySNP50K iSelect SNP 

Beadchip (Song et al., 2013, 2015). To initiate URT line genotyping, remnant 

seeds of URT lines were requested from public soybean breeders that entered 

breeding lines in the Northern Uniform Regional Trials. Tissue was collected from 

between five to ten germinated seedlings per line, and DNA was extracted using 

the CTAB (hexadecyltrimethylammonium bromide) method (Kisha et al., 1997). 

DNA was then genotyped using the SoySNP6K Infinium Beadchip (Illumina, Inc. 

San Diego, CA) utilizing the Illumina iScan platform, and GenomeStudio 

Genotyping Module (Illumina, Inc. San Diego, CA) was used to call the SNP 

alleles (Song et al., 2013). SoySNP6K genotype data was obtained for several 

individuals (‘Burlison’ (PI 533655), ‘Kenwood’ (PI 537094), ‘Sturdy’ (PI 542768), 

‘Hoyt’ (PI 540552), ‘Flyer’ (PI 534646), and ‘Resnik’ (PI 534645)) by selecting the 

SoySNP6K SNP allele data from the SoySNP50K iSelect SNP Beadchip data 

(Song et al., 2013, 2015). 

In both panels, SNPs with minor allele frequencies less than 0.025 were 

removed. A total of 42,294 and 5,972 bi-allelic SNP markers were respectively 

retained in the analysis after minor allele filtering.  SNP positions, and all 

genomic positions within this study are in reference to the Wm82.a2.v1 genome 

assembly base pair (bp) positions (Song et al., 2016).  A genome-wide 

association analysis was implemented using GWAS function within the rrBLUP 

https://ars.usda.gov/mwa/lafayette/cppcru/ust
http://www.soybase.org/
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package (rrBLUP version 4.6, Endelman 2011) on both the PI and URT panels 

separately. In each analysis, the year, location, subpopulation structure (modeled 

using three principal components), and SNP effects were fit as fixed effects into a 

mixed linear model. A principal component analysis (PCA) implemented in the 

FactoMineR package using the pca function (Le et al., 2008) was performed 

separately on the PI and URT panel genotypic data. The first three principal 

components accounted for 20% and 11% of the total SNP variation in the PI and 

URT panels, respectively.  Random polygenic effects (u) were also included, and 

were modeled as ~𝑀𝑉𝑁(0, 𝐺𝜎𝑢
2) , where G represents the genomic relationship 

matrix calculated internally by the GWAS function of the rrBLUP package. To 

declare statistically significant associations between SNPs and IDC scores, a 

genome-wide significance threshold of 5.93 and 5.07 (-log(p)) was set for the PI 

and URT panels, respectively, using a Bonferroni correction for number of tests 

(i.e., total number of SNPs tested) in each panel. This is a highly conservative 

form of multiple-testing correction, and thus any SNPs surpassing this threshold 

displayed very strong evidence of a true association with the observed IDC 

score. Reduced power through using a conservative threshold was not of 

concern because the objective of this study was to ultimately fine map specific 

QTL, not describe the full genetic architecture of IDC tolerance. 

The LD function of the genetics package (genetics version 1.3.8.1.2, 

Warnes 2019) was used to calculate linkage disequilibrium between significant 

SNPs discovered near each other on the same chromosome.  SNPs associated 

with each other were considered a single QTL.  To detect epistatic interactions 
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between QTL, a linear model was fit with year, location, and the first three 

principal components as fixed effects and all interactions modeled between peak 

significant-SNPs.   

 

Bi-Parental Mapping Population Development 

The development of the biparental population used in this study has been 

previously described by Burton et al. (2016). Briefly, ‘Fiskeby III’ (maturity group 

000) was hybridized with the IDC susceptible cultivar ‘Mandarin (Ottawa)’ (PI 

548379, maturity group 0) in 2006 to create an F5:6 population of 239 

recombinant inbred lines (RILs).  ‘Mandarin (Ottawa)’, a selection from the 

Chinese landrace Mandarin, was a prominent parent in breeding crosses of early 

North American breeding programs. Through a pedigree analysis, Gizlice et al. 

(1994) estimated that Mandarin (Ottawa) contributed 12% of the genes of U.S. 

cultivars released between 1947 and 1988 . F1 seed was harvested and planted 

in a winter nursery in Chile during 2006-2007. F2 seed was harvested, and single 

seed descent was used to advance the population to the F5 generation. F5 seed 

was planted in the greenhouse at the USDA-ARS facility in Raleigh, North 

Carolina in the winter of 2010, and F5:6 families were created by harvesting the 

seeds from individual F5 plants. The F5:6 families were then planted in the 

summer of 2010 in Minnesota in progeny rows. Seed was harvested and bulked 

by each progeny row to create F5:7 families for use in this study. 

 

Bi-Parental Mapping, Design and Phenotyping   
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The 239 RILs were planted in an iron chlorosis nursery near Danvers, 

Minnesota in 2011, 2012, and 2013.  The soil type consisted of 50 percent 

Bearden-Quam, 30 percent Byrne, and 10 percent each of Quam and Malachy.  

All soil series shared the common characteristics of being poorly drained (which 

facilitates bicarbonate release) and prone to iron deficiency chlorosis symptoms.  

RILs were planted into single-row plots arranged in a randomized complete block 

design with three replications.  Plots consisted of 25 seeds planted in rows 0.91 

m in length and spaced 0.76 m apart. Only two replications were planted in 2013 

due to a shortage of seed. Seven check lines were included to control for 

environmental variation.  Check lines included ‘Fiskeby III’ (RIL parent, resistant), 

‘Mandarin (Ottawa)’ (RIL parent, susceptible), ‘MN0095’ (resistant check), 

‘Sheyenne’ (resistant check), ‘Dawson’ (resistant check), ‘Corsoy 79’ (susceptible 

check), ‘Bicentennial’ (susceptible check used in 2011), ‘Parker’ (susceptible 

check used in 2012), and ‘Lambert’ (susceptible check used in 2013).   

Iron deficiency chlorosis was scored for each replication at the third 

trifoliate (V3) stage and again at the sixth trifoliate (V6) (Fehr and Caviness, 

1977) stage using a 1 to 9 chlorosis severity rating scale on a whole-plot basis 

using the following guidelines:  1 = healthy, green plants within the plot with no 

signs of chlorosis, 2 = several chlorotic leaves visible within the plot, 3 = 10-20% 

of leaves chlorotic, 4 = 20-30% of leaves chlorotic, 5= 30-50% leaves chlorotic, 6 

= > 50% of leaves chlorotic, 7= > 50% of leaves chlorotic with < 50% necrosis 

occurring, 8 = > 50% of leaves chlorotic with > 50% necrosis, 9 = complete 

necrosis and plant death.  This nine point scale was used in this experiment for 
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increased resolution and thus better ability to detect small differences between 

the NILs. 

For estimation of broad-sense heritability on an entry-mean basis (Holland 

et al., 2010) of IDC scores, the following model was fit:  

𝑦𝑖𝑗𝑘 = 𝜇 + 𝑔𝑖 + 𝑒𝑗 + 𝑟𝑘(𝑗) + 𝑔𝑒𝑖𝑗 + 𝜀𝑖𝑗𝑘 

where 𝑦𝑖𝑗𝑘 is the IDC score of the plot, 𝜇  is the model intercept, 𝑔𝑖 is the effect of 

ith RIL, 𝑒𝑗 is the effect of the jth environment, 𝑟𝑘(𝑗) is the effect of the kth replicate 

(block) nested within the jth environment, 𝑔𝑒𝑖𝑗 is the interaction effect between the 

ith genotype and jth environment, and 𝜀𝑖𝑗𝑘 is the residual. To calculate heritability, 

all effects were considered to be random for the estimation of variance 

components using restricted maximum likelihood.  For purposes of QTL 

mapping, RIL least-squares means were calculated using the same linear model 

with the exception of the RIL effect being fit as a fixed effect.  

DNA from the RIL plants were extracted using the Qiagen DNeasy Plant 

Mini Kits in a QiaCube workstation (Qiagen, Hilden, Germany). DNA was 

extracted from a sample of 15-20 primary root tips for each RIL. One thousand 

five hundred thirty-six single nucleotide polymorphism (SNP) markers were 

genotyped in the RIL population using the Illumina GoldenGate assay (Hyten et 

al., 2010), and analysis was completed following the protocol described by Fan et 

al., (2006) on the Illumina BeadStation 500G (Illumina Inc, San Diego, CA). 

Linkage map construction for this population is described by Burton et al. (2016).  

The following criteria were used to exclude markers: monomorphism, call 

frequency less than 95%, GenTrain score less than 0.25, cluster separation less 
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than 0.20, and ABT Mean less than 0.20 or between 0.80-1.00. The software 

package R/qtl, v.1.32-10 (Broman et al., 2003) was used to evaluate the quality 

of the linkage map by checking for duplicate and missing markers, marker order 

compared to the USDA consensus map (Hyten et al.,, 2010), and segregation 

distortion. Upon completion of marker allele calls and map quality evaluation, 366 

SNP markers were retained for quantitative trait loci (QTL) analysis. The final 

map length was 1811 cM with an average marker spacing of 5.2 cM. 

Composite interval mapping in the R/qtl (Broman et al., 2003) statistical 

package was used for QTL mapping. Composite interval mapping was performed 

using five marker covariates, a window size of 10 cM, and a walking speed of 2 

cM. LOD thresholds for declaring QTL significance were set to ensure an 

experiment-wise error rate of 0.05.  The thresholds for the 1%, 5%, and 10% 

significance level were 4.57, 3.77, and 3.46, respectively. These thresholds were 

determined using 1000 permutation tests (Doerge and Churchill 1996). Haley-

Knott regression, implemented in R/qtl, was used to estimate the amount of 

phenotypic variation that significant QTL accounted for, as well as marker effect 

estimates on the 1-9 rating scale. 

 

Fine-mapping  

Twenty F5:6 families from the ‘Fiskeby III’ x ‘Mandarin (Ottawa)’ population 

were identified as being heterogeneous for a significant QTL found on Gm05. 

Individuals from each RIL family were genotyped using a custom panel of 19 

SNP assays (Table 2.1, designed using SNPs from the SoySNP50K iSelect SNP 
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Beadchip) on a MassARRAY platform (Sequenom) in the winter of 2014-2015 to 

identify heterozygous plants and develop heterogeneous inbred families (HIFs) 

(Tuinstra et al., 1997).  Six F5:6 families were found to still have heterozygous 

individuals. Heterozygous plants were identified and advanced for three 

generations to the F9 generation.  F9:10 NILs were developed for each HIF family 

from single F9 heterozygous plants.  F10:11 seed was harvested from NILs and 

used for phenotyping (Figure 2.1). To further resolve the QTL, an additional 

panel of 27 SNP assays  (Table 2.1, designed using SNPs found in whole 

genome resequencing of ‘Fiskeby III’ and ‘Mandarin (Ottawa)’) were used to find 

a critical recombination point in HIF 609.   

Phenotyping of the fine-mapping population was done at the Danvers, MN 

site in 2016 and 2017.  F10:11 NILs in 2016 and F11:12 NILs in 2017 from each HIF 

were planted in an augmented block design with 5 NIL pairs in each incomplete 

block alongside two checks -- ‘Fiskeby III’ as a tolerant check and ‘Mandarin 

(Ottawa)’ as a susceptible check -- planted in the center of each incomplete 

block. Each pair of NILs appeared in the same incomplete block together, but 

pairs were randomized across the incomplete blocks. Three replications of each 

NIL pair were planted and evaluated in complete blocks, so that incomplete 

blocks were nested inside complete blocks. Plot dimensions were identical to 

those used for the initial QTL mapping.  Ratings were conducted on the same 1-9 

scale used for initial QTL mapping.   Statistical significance of SNP effects was 

determined using the following linear model: 

𝑦𝑖𝑗𝑘𝑙𝑚 = 𝜇 + 𝑧𝑖𝑚 + 𝑒𝑗 + 𝑟𝑘(𝑗) + 𝐵𝑥𝑙 + ℎ𝑚 + 𝜀𝑖𝑗𝑘𝑙𝑚 
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where 𝑦𝑖𝑗𝑘𝑙𝑚 is the IDC score of the plot; 𝜇 is the intercept; 𝑧𝑖 is an indicator 

variable indicating whether line i carries the ‘Mandarin (Ottawa)’ allele or the 

‘Fiskeby III’ allele at the SNP locus being tested; m is the SNP effect; 𝑒𝑗 is the 

effect of the jth year; 𝑟𝑘(𝑗) is the effect of the kth complete block nested within the 

jth year; B is an incomplete block effect modeled as a quantitative covariate using 

the mean IDC score of the checks in each incomplete block, 𝑥𝑙;  ℎ𝑚  is the effect 

of the mth heterogeneous inbred family; and 𝜀𝑖𝑗𝑘𝑙𝑚 is the residual. Significance of 

the SNP effect was calculated and used to fine-map the position of the QTL. To 

estimate effects of individual NILs, the model described above for testing SNP 

effects was used, with the exception of 𝑧𝑖𝑚  having been replaced by 𝑔𝑖, which 

represents the effect of the nth NIL. NIL effects were used to calculate NIL 

adjusted means. Significant differences (P < 0.05) between paired NILs were 

determined using least-significant differences (LSD) obtained from the “LSD.test” 

function of the “agricolae” package in R (De Mendiburu, 2009).   

 

Genomic Coordinates 

 All genomic coordinates used in this study are in reference to the 

Wm82.a2.v1 genome assembly bp positions (Song et al., 2016). 

 

Results  
 

Genome-Wide Association Mapping of IDC Tolerance  

Phenotypic variation for IDC was found in all years and locations for both 

the PI and URT panels.  One thousand three hundred thirty-six lines were 
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included in the PI Panel.  IDC scores over the 2-year study period in the PI Panel 

ranged from 1 to 5, with an average score of 3.07.  Eight hundred fifty-four lines 

were included in the URT Panel over the course of the 19-year study, with IDC 

scores ranging from 1 to 5 and an average score of 3.11. 

A total of 42,294 and 5,972 bi-allelic SNP markers were retained in the 

analysis after minor allele filtering in the PI and URT panels, respectively, and 

used in GWAS. In the PI panel, four significant SNPs were found in association 

with each other (p < 0.001) in a 369 kb region on Gm03, three significant SNPs 

were found in association with each other (p < 0.001) in a 1.1 Mb region on 

Gm05, and seven significant SNPs were found in association with each other (p 

< 0.001) in a 24 kb region on Gm06 (Figure 2.1a). These findings indicated three 

distinct QTL. A significant epistatic interaction was found between the Gm03 and 

Gm06 QTL (p < 0.001). Two significant SNPs were found in the URT Panel at the 

genome-wide significance level (-log(p) > 5.07, Figure 2.2b), both on Gm05 and 

in high association with each other (p < 0.001).  This Gm05 QTL in the URT 

Panel co-localized within the Gm05 region discovered in the PI Panel.  Marker bp 

positions and -log(p) scores are summarized in Table 2.2. Of the SNPs 

associated with the QTL discovered in association mapping in the PI Panel on 

chromosome Gm03 and Gm06, only one SNP from each QTL was present on 

the SoySNP6K Infinium Beadchip used in the URT Panel.  The minor alleles of 

these SNPs had frequencies of 0.03 (ss715585486) and 0.029 (ss715595697) in 

the URT population, respectively. Though these minor allele frequencies are 

above the minimal threshold for inclusion in the analysis, their low frequencies 
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greatly reduced power for detection in the URT panel despite the fact these QTL 

have strong effects.   

 

RIL analyses for IDC phenotypic variation and QTL mapping 

Genetic mapping of IDC symptoms was performed using a RIL population 

derived from ‘Fiskeby III’ and ‘Mandarin (Ottawa)’ using a 1 to 9 chlorosis 

severity rating scale.  As expected, ‘Fiskeby III’ showed greater tolerance to IDC 

than ‘Mandarin (Ottawa)’ in all three years of evaluation.  The average IDC score 

for ‘Fiskeby III’ and ‘Mandarin (Ottawa)’ over the three-year study period was 

3.25 and 5.19, respectively.  A high amount of phenotypic variation was observed 

in the RIL population, which is typical for IDC.  The mean IDC score over the 

three-year period for the RILs was 3.98 but ranged from 1.29 to 7.15 following a 

normal distribution.  2012, a year with record heat and drought, had the lowest 

average IDC score and a maximum IDC score of 4.97 averaged across 

repetitions.  2013, which had a cool and extremely wet spring, had a much higher 

average and maximum IDC score and a minimum score nearly equal to the 

average score in 2012 (4.01) (Table 2.3).  Significant differences in IDC score 

were found in RIL genotype (p < 0.001) as well as year (p < 0.001). Heritability of 

IDC tolerance on an entry mean basis averaged over the three-year period was 

0.61 which is similar to heritabilities for IDC reported in previous studies (Lin et 

al., 1997, 2000; Charlson et al., 2005). Variation due to year had the highest 

impact (54%), while genotypes and genotypes nested within years accounted for 

9.8% and 9.6%, respectively. Variance due to repetition and repetitions nested 
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within years was negligible, and error variance accounted for 26.4% of the total 

variation.  

Two QTL for IDC tolerance were detected, one on Gm05 and another on 

Gm06 (Figure 2.2c).  The Gm05 QTL was found to have a peak LOD score of 8.5 

at 0 cM and spanned 0-2 cM on a 1.5-LOD support interval=.  The QTL on Gm05 

displayed an additive effect of 0.25 and explained 16.2% of the phenotypic 

variation for IDC in this study. The  Gm06 QTL had a peak LOD  at 67 cM, 

spanned 57-81 cM based on a 1.5-LOD support interval, and had a peak LOD 

score of 5.5 (Figure 2.2c).  The Gm06 QTL had an additive effect of 0.16 and 

explained 7.7% of the phenotypic variation for IDC in this study (Table 2.4).  The 

‘Fiskeby III’ alleles contributed IDC tolerance in both cases (Table 2.4).  

 

Fine-mapping  

 The QTL discovered on Gm05 in both the association mapping and bi-

parental mapping experiments was fine-mapped to provide higher resolution of 

the causative locus. Six HIFs were generated from RILs in the bi-parental 

mapping population and were further inbred. In each inbreeding generation, 

heterozygosity was maintained within the QTL region to allow for new 

recombination within the locus while simultaneously increasing the homogeneity 

of the genetic background within each HIF.  NIL pairs generated from HIFs were 

analyzed for differences in IDC tolerance in Danvers, MN in 2016 and 2017 using 

the 1 to 9 rating scale.   
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F10:11 NIL pairs generated from F9:10 HIFs showed significant variation for 

IDC tolerance in the 2016 field season (p < 0.001) (Figure 2.3).  A single NIL pair 

(722) showed a statistically significant difference in IDC score, which 

differentiated for a 450 kb region on Gm05.  Other NIL pairs that differentiated at 

this locus showed similar results, with the ‘Fiskeby III’ haplotype exhibiting lower 

mean IDC scores, although these differences were not statistically significant 

(Figure 2.3). The average IDC score reduction of NILs contrasting in the 450 kb 

region in 2016 was 0.55 points on a 1 to 9 scale, similar to the bi-parental 

mapping estimated homozygous effect of the QTL, and ranged from reductions 

of 0.49 points to 0.82 points. Moreover, two NIL pairs (642, 693) that were 

monomorphic for this region had very similar IDC scores (Figure 2.3). These 

results indicated that the QTL region was narrowed to a 450 kb region on the end 

of the short arm of Gm05 (Figure 2.4b).   

In the 2017 field season, a subset of five F11:12 NIL pairs were phenotyped 

in Danvers, MN to further resolve the 450 kb region (Figure 2.3).  Significant 

differences were again found between NILs (p =0.014).  Significant differences 

within pairs were only found for HIF 609, which differentiated a ~160 kb region; 

the ‘Fiskeby III’ haplotype at this region exhibited superior IDC tolerance.  NILs 

from HIFs 627, 644, and 693 also showed improved IDC score when the ‘Fiskeby 

III’ haplotype was present within the 160 kb region, although not statistically 

significant.  HIF 642 showed only minor differences in IDC score, and was 

homogeneous for the region.  An additional 27 SNP markers developed using 

whole genome resequencing data from ‘Fiskeby III’ and ‘Mandarin (Ottawa)’ in 
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the 160 kb region showed that HIF 609 has a recombination point between bp 

positions 133185 and 137207 on Gm05, roughly narrowing the QTL to 137 kb in 

size (Figure 2.4c and 2.4d).   The average score reduction of NILs with the 

‘Fiskeby III’ haplotype in this region was 0.73 points on a 1 to 9 scale.  HIF 609, 

with the smallest introgression region, showed an IDC score reduction of 1.5 

points with the ‘Fiskeby III’ haplotype.   

A combined analysis was performed on the 2016 and 2017 populations to 

validate significance between NIL pairs.  Markers from bp position 12018 to 

308102 showed significant differences (p < 0.01) for IDC score between ‘Fiskeby 

III’ and ‘Mandarin (Ottawa)’ alleles (Table 2.5), indicating the causative gene is 

near the end of the chromosome.  In all cases, the ‘Fiskeby III’ marker alleles 

contributed IDC tolerance, with an average score reduction of 0.61 points on a 1 

to 9 scale.   

 

Discussion  
 

 

Resolving the IDC QTL region on Gm05 

A QTL for soybean iron deficiency chlorosis tolerance was discovered on 

Gm05 through association mapping for both the PI and URT panels, as well as 

bi-parental mapping.  In association mapping, significant SNPs were found 

between bp positions 201448 to 1325450 on Gm05, with the peak marker at bp 

position 201448 in both populations.  In bi-parental mapping the most significant 

marker genome-wide was found on Gm05 at bp position 21750, and overlaps 

with the association mapping interval.  Results from bi-parental and association 
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mapping indicate that the QTL is located on the end of the chromosome, which 

coincides with another association mapping study that also used elite breeding 

lines (Mamidi et al., 2014). The Gm05 QTL is unique in that it is strongly 

supported by identification in all populations in this study.  Unlike the QTL 

onGm03 and Gm06 in the PI panel, the Gm05 QTL is an important source of 

genetic variation among elite breeding lines as it was the only significant QTL 

discovered in the URT Panel. Because ‘Mandarin (Ottawa)’, the susceptible 

parent in the bi-parental population, is prominent in the ancestry of elite lines 

released from 1947 to 1988 (Gizlice et al., 1994), many modern elite cultivars 

may have inherited the susceptible allele from Mandarin (Ottawa) at this locus.   

Fine-mapping of the Gm05 QTL through HIFs allowed for higher resolution 

of the QTL interval. In the 2016-2017 HIF combined analysis, significant markers 

were found from the beginning of Gm05 to bp position 308102, again indicating 

that the causative gene is located on the end of the short arm of Gm05. Direct 

NIL comparisons showed results similar to Tuinstra et al. (1997) in that NILs with 

the tolerant haplotype showed improvement, however, the differences were not 

always statistically significant from their NIL pair with the susceptible haplotype. 

This is not surprising considering the difficulty in accurately scoring IDC and the 

strong influence of genotype by environment (GxE) effects on this trait.  Despite 

this, at least one NIL pair in each year had statistically significant differences in 

IDC score.  Because significance was found in the combined analysis, it is 

possible to further narrow the region using individual HIFs that showed significant 

differences in IDC score between NILs.  NILs from HIF 609 showed significant 
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differences in IDC score, and were differentiated between ‘Fiskeby III’ and 

‘Mandarin (Ottawa)’ haplotypes in a ~137 kb region on the end of Gm05, 

representing the smallest resolved region which may contain the causative gene. 

The region fine-mapped to HIF 609 contains 17 protein coding gene models in 

the Wm82.a2.v1 soybean genome annotation (Figure 2.4).  It is not clear whether 

this QTL is sufficiently valuable to be used in marker-assisted selection 

programs.  However, further cloning of the IDC tolerance gene in this region will 

enhance our understanding of this trait.  

Understanding the causative gene will allow for increased knowledge of 

the physiological mechanisms of tolerance, as was proposed for the previously 

studies IDC tolerance gene on Gm03 (Pieffer, 2012). Furthermore, identifying the 

causative gene will provide a basis for the development of novel strategies for 

crop improvement, including mining for novel variation, or creating novel variation 

through gene editing technologies and transgenesis (Jaganathan et al., 2018). 

There are several candidate genes within the fine-mapped Gm05 locus that have 

annotations suggesting potential functions in IDC tolerance.  Glyma.05g001400 

is a VQ-containing motif protein, which are known to regulate abiotic stress 

responses (Jing and Lin, 2015).  VQ motif proteins interact with WRKY 

transcription factors, which have been shown to regulate phosphate acquisition in 

Arabidopsis thaliana (Devaiah et al., 2007) as well as iron homeostasis in rice 

(Oryza sativa L. ssp. indica) (Ricachenevsky et al., 2010).  The region also 

contains a Multidrug and Toxin Efflux (MATE) family protein gene 

(Glyma.05g001700).  MATE proteins GmFRD3a (Glyma.15g274600) and 
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GmFRD3b (Glyma.09g102800) have been shown to be involved in iron transport 

in the xylem of soybean, and increased expression of these genes improved iron 

efficiency (Rogers et al., 2009).  While Glyma.05g001700 shares only slight 

protein homology with GmFRD3a (E value 0.32, 24% Identity) and GmFRD3b (E 

value 0.75, 33% Identity) over the complete protein length, it is possible that it 

plays a role in iron transport within the roots, where it has been shown to be 

expressed (Severin et al., 2010).  Lastly, it is possible that the source of the IDC 

tolerance, ‘Fiskeby III’, may contain a causative gene(s) in the mapped interval 

that is not present in the soybean reference cv. ‘Williams 82’ genome (Schmutz 

et al., 2010). Further fine-mapping, genome analysis, and gene expression 

comparisons between NILs in the 609 family may help elucidate the gene and 

molecular mechanism(s) responsible for the ‘Fiskeby III’ Gm05 IDC tolerance 

QTL.   

 

Additional IDC QTL identified in this study 

The QTL on Gm05 was found in all mapping populations and methods in 

this study. However, two other IDC QTL were identified within different subsets of 

the analysis. Through association mapping, a QTL on Gm03 was discovered in 

the PI population.  This QTL overlaps with the known locus required for iron 

efficiency in soybean (Pieffer et al., 2012), which can explain 70% of phenotypic 

variation for IDC tolerance in some populations (Lin et al., 1997).  NILs Clark (PI 

548533) and IsoClark (PI 547430) have been used to characterize the genetic 

mechanism of the locus (O’Rourke 2007).  The iron inefficient IsoClark does not 
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show a response to iron deficiency stress, while the iron efficient Clark activates 

a suite of pathways to overcome the deficiency.  Because none of the 

differentially expressed genes reside within the Gm03 locus, Pieffer et al., (2012) 

hypothesized the tolerance gene to be a transcription factor or regulator.  The 

epistatic interaction with this QTL and the Gm06 QTL may be explained by this 

hypothesis.  While this QTL appears important in unadapted germplasm, it 

should be noted that no significance was found in this region in the URT Panel.  

The low minor allele frequency of marker ss715585486 within the QTL in the 

URT population suggests that the iron inefficient allele is present in low 

frequency among elite breeding lines.  

 Another QTL was identified on Gm06 in association mapping in the PI 

Panel and bi-parental mapping, however, it was not identified in the URT Panel. 

In the PI Panel, the peak significant marker (ss715595695) was at bp position 

9762865 on Gm06, while the peak marker in bi-parental mapping (BARC-

014557-01578) was at bp position 11851152.  Despite peak positions being 

roughly 2 Mb apart, this is likely a single QTL on Gm06 when considering the 

large support interval in the bi-parental mapping population due to low marker 

coverage in the region.  Similar to the Gm03 QTL found in this study, the minor 

allele frequency of the Gm06 QTL in the URT population was low (0.029) which 

is most likely why it was not detected in that population.  Interestingly, it is the 

iron inefficient allele which appears to be nearly fixed in the URT population.  

This QTL shows a very small effect (-0.16 of a point per allele copy), which limits 
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its value in a breeding program and potentially explains why it has perhaps not 

been under heavy selection. 

 

Conclusion 
 

 

An IDC tolerance QTL on Gm05 was found to be a significant source of 

variation in both PI and elite breeding material.  Two additional QTL identified on 

chromosomes 3 and 6 in the PI Panel were also identified, however, were not 

found to be a significant source variation in elite material.  A tolerance allele from 

‘Fiskeby III’ was independently mapped to the same locus on Gm05 in a bi-

parental mapping population and was then fine-mapped to a 137 kb region 

containing 17 putative gene models. The results from this study provide an 

important starting point for identifying the causal polymorphism within this QTL, 

which will be valuable in understanding the molecular mechanism underlying the 

variation in IDC tolerance among elite soybean varieties.   
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Chapter 3 - Development of a Controlled Environment Assay to 

Induce Iron Deficiency Chlorosis in Soybean by Adjusting 

Calcium Carbonates, pH, and Nodulation 
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Synopsis 
 

 Soybean iron deficiency chlorosis (IDC) is an important nutrient stress 

frequently found in high pH and/or high bicarbonate soils.  While IDC is 

frequently rated in the field for breeding purposes, a controlled-environment 

assay of iron stress would be better suited for studying the physiological 

mechanisms of tolerance.  To advance the understanding of IDC tolerance in 

soybean, a rapid (21-day) controlled-environment assay was developed to 

investigate the effects of calcium carbonate levels, pH, and nodulation (through 

inoculation with Bradyrhizobium japonicum) on IDC. This system was tested on 

four genotypes known to exhibit a range of IDC stress tolerances, including two 

standard IDC check cultivars (‘Corsoy 79’ and ‘Dawson’) and a pair of near-

isogenic lines exhibiting variation at a IDC tolerance quantitative trait locus.  

Visual score, chlorophyll content, plant height, root dry mass, and shoot dry mass 

were measured to quantify IDC stress.  Calcium carbonate levels and inoculation 

were found to have the greatest effects on IDC severity.  Increasing carbonate 

levels worsened IDC symptoms, while inoculation reduced symptoms. Higher pH 

levels increased IDC severity in check cultivars ‘Corsoy 79’ and ‘Dawson’, but did 

not induce IDC symptoms in near-isogenic lines.  A significant interaction was 

observed between genotype, inoculation, and calcium carbonate level, indicating 

that a specific treatment level could discern IDC symptoms between tolerant and 

susceptible genotypes.  The greatest phenotypic differences between the tolerant 

and susceptible check cultivars was observed in root dry mass and shoot dry 

mass, when plants were uninoculated and treated with 10% calcium carbonate 
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equivalents. For the near-isogenic lines, the greatest phenotypic differences were 

found in chlorophyll content when plants were uninoculated and treated with 30% 

calcium carbonate equivalents.  These treatments can be used to further 

investigate the response of these genotypes to iron stress and lead to 

advancements in our understanding of IDC tolerance physiology.  
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Introduction 
 

Iron deficiency chlorosis (IDC) is an important nutrient deficiency in 

soybean (Glycine max L.), resulting in an estimated 130 million dollars in yield 

losses annually (Hansen et al., 2008).  While the name “iron deficiency” implies a 

lack of iron in the soil, the element is almost always present in abundance.  

Rather, under IDC conditions, iron is present in the soil as Fe3+ which is unable 

to be transported into the roots (Marschner & Romheld, 1994).  There are two 

major iron acquisition strategies known in plants.  Strategy I plants (such as corn, 

oats, and other grasses) are able to take up Fe3+ under iron limiting conditions.  

This is accomplished by extrusion of siderophore compounds in the rhizosphere, 

which can bind Fe3+ and is then transported back inside the root zone where the 

iron can be converted to Fe2+ (Marschner and Romheld, 1994).  In strategy II 

plants, such as soybean, Fe3+ is reduced to Fe2+ in the rhizosphere by extrusion 

of protons and then transported into the root.  There are several major issues 

with this strategy (Marschner and Romheld, 1994).  If the buffering capacity of 

the soil is too great, the plant may not be able to extrude enough protons to 

reduce Fe3+ (Hansen et al., 2003; Inskeep and Bloom, 1987).  This strategy is 

also in direct competition with nitrogen acquisition, which relies on the exchange 

of a hydroxide group in the uptake of nitrate.  Under these conditions, the plant 

often exacerbates iron stress by increasing the pH of the soil to scavenge 

nitrogen (Rogovska et al., 2007; Bloom et al., 2007; Wiersma, 2010).  

Management of excess nitrogen in IDC prone areas is an important agronomic 

tool for limiting IDC symptoms (Naeve and Rehm, 2006).   
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 IDC most frequently occurs in soils with high levels of calcium carbonates 

and pH greater than 7 (Robin et al., 2008), although the complete soil chemistry 

involved may never be fully understood.  Genetic tolerance to IDC remains the 

most effective method for managing IDC stress (Goos and Johnson, 2000; 

Kaiser et al., 2014).  Breeding for IDC tolerance is challenging, relying on 

imperfect field observations in nurseries prone to IDC.  Despite carefully 

selecting nurseries, symptoms may be absent in some years due to variation in 

soil moisture levels and climatic variables.  IDC severity can also have extreme 

spatial variation in nurseries, making standard comparisons between lines 

difficult (Inskeep and Bloom, 1987).   

The lack of standard testing conditions makes attempts at studying 

physiological differences between tolerant and susceptible soybean genotypes 

especially challenging.  Using soil from IDC nurseries in potted greenhouse 

experiments has been attempted with varying results (Fairbanks et al., 1987).  

Soil collection, transport, and storage for experiments also brings into question 

the feasibility of this method.  Many controlled IDC studies are done using 

hydroponic methods.  Most often in these experiments, iron concentrations are 

reduced in the nutrient solution to induce IDC (Dragonuk et al., 1989; Lin et al., 

1998; O’Rourke et al., 2007; Peiffer et al., 2012).  Instead of making iron 

unavailable to plants, as occurs in the field, iron is simply limited in the 

hydroponic nutrient solution.  In effect, this methodology explores iron use 

efficiency and does not compare the ability of plants to access unavailable iron, 

which occurs in field conditions.  The use of carbonates to limit iron and induce 
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IDC symptoms in hydroponics has been conducted using solid NaHCO3 

(Coulombe et al., 1984) which can be slow to dissolve and is chemically different 

than the CaCO3 found in most IDC prone soil.  The use of a pre-dissolved liquid 

source of CaCO3 could improve experimental results by reducing variation 

caused by undissolved carbonates and more closely represent field conditions.   

In controlled IDC hydroponic experiments, the effect of nodulation on IDC 

symptoms is largely ignored despite indications that nodulation can improve the 

response to iron stress in soybean (Soerensen et al., 1988).  Another nodulation 

study of the IDC susceptible cultivar T203, which normally does not respond to 

iron stress, showed that nodulated roots could in fact produce an iron stress 

response and reduce chlorosis symptoms compared to uninoculated plants 

(Soerensen et al., 1989).  Nitrogen fixation by Bradyrhizobium japonicum 

(henceforth referred to as rhizobia) bacteria is also a large iron sink for soybean.  

Leghemoglobin and nitrogenase, crucial enzymes involved in nitrogen fixation in 

the nodule, require iron for proper activity.  It is possible that rhizobia in nodules 

signal to the plant under iron stress, improving the overall iron stress response.  

Relying on nodules for nitrogen fixation rather than scavenging soil nitrate could 

also alleviate iron stress.   

Clearly, soybean IDC tolerance is a complex trait and there is a need to 

further dissect the factors and interactions that determine the plant’s symptoms 

and responses to this abiotic stress.  Developing a method to represent field 

conditions more accurately will allow for a better understanding of the physiology 

of IDC tolerance in the future.  The goal of this study was to develop a growth 
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chamber assay to analyze the effects of genotype, inoculation with rhizobia to 

induce nodulation, pH, and calcium carbonates on IDC severity using single 

potted plants as the experimental unit.   

 

Methods 
 

Plant Materials 

 Two pairs of IDC tolerant and susceptible genotypes were selected for this 

study.  To accommodate the large number of treatments required by the full 

factorial design of the experiment, only one pair could be included in the growth 

chamber per experimental run and were thus analyzed separately.  The first pair 

consisted of the IDC susceptible cultivar ‘Corsoy 79’ (PI 518669) and IDC 

tolerant cultivar ‘Dawson’ (PI 542403) and is described as the “Check Genotypes 

Experiment” henceforth.  The second pair consisted of the tolerant and 

susceptible near isogenic lines (NIL), developed from a cross between the IDC 

tolerant genotype ‘Fiskeby III’ (PI 438471) and IDC susceptible genotype 

‘Mandarin (Ottawa)’ (PI 548379), as described by Merry et al. (2019). The 

specific pair used was from family 609 as described in Merry et al. (2019). The 

experiment involving these lines will henceforth be referred to as the “NIL 

Experiment”.  The NIL genotypes are highly isogenic (F11:12) and differ in a ~137 

kb region on Gm05 known to harbor a minor effect IDC tolerance quantitative 

trait locus (QTL). 

 

Growth medium 
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Medium-coarse vermiculite (Sun Gro Horticulture Agawam, MA) was used 

as the growth medium in this study, as it is unreactive, devoid of nutrients which 

may complicate treatments, and maintains high moisture levels to ensure that 

carbonates do not solidify in the pot, which would create difficult conditions for 

plant growth.  Vermiculite was presoaked with tap water to saturation.  For 

nodulated treatments, rhizobia (applied as TagTeam LCO granular inoculant 

(Novozymes A/S Bagsvaerd, Denmark)) was evenly mixed in vermiculite before 

saturation to a ratio of 500 mL inoculant per four cubic feet (one bag) of 

vermiculite.  Square pots 4.5” wide were then filled with water saturated 

vermiculite and placed in individual 6” round trays for treatment.  Two to three 

seeds were planted per pot and were thinned to a single plant after emergence.   

 

Experimental Design 

Seedlings were watered daily with tap water for the first week, after which 

nutrient solutions were used for treatment.  A full factorial completely randomized 

design was used for treatments of individual plants, with 2 levels of genotype 

(tolerant or susceptible), 2 levels of inoculation (rhizobia applicated or no rhizobia 

applicated), 3 levels of pH (6.5, 7.5, and 8.4) and 4 levels of calcium carbonate 

equivalency (CCE) (0%, 10%, 20%, 30%) (Figure 3.1).  A 5-12-26 (Nitrogen, 

Phosphorus and Potassium, respectively) hydroponic fertilizer containing 0.3% 

chelated iron was used as the nutrient source in all solutions (J.R. Peters, Inc. 

Allentown, PA).  CAL-FLO liquid limestone (Burnett Lime Company, Inc. 

Campobello, SC) was used to adjust CCE%.  Three single plant replications 



56 
 

were used for each treatment combination per experiment.  Because the Check 

Genotype experiment was repeated (for a total of two experimental runs), 

experimental run (henceforth described as “run”) was included as a blocking 

factor.  The NIL Genotypes experiment was conducted one time and not 

repeated.  Nutrient solutions were applied 6 times over the course of two weeks 

after the initial week of tap water.  Each 6” tray was filled to saturation to ensure 

equal amounts of solution were given to each plant.   

 

Growth Chamber Conditions 

Growth chamber temperature averaged 25° C for the duration of the 

experiment with 16 hours of light and 8 hours of dark per 24 hour period.  Light 

intensity during daylight hours averaged 32000 Lux. Humidity was held constant 

at 70%.  Growth chamber environmental conditions were monitored using a 

HOBO Data Logger (Onset Computer Corporation Bourne, MA) placed 10 cm 

from the chamber floor. 

 

Physiological Measurements 

Three weeks after planting, plants were removed from the growth 

chamber for analysis.  Plants were visually rated on a 1 to 9 scale as described 

by Merry et al. (2019).  SPAD value was used as a surrogate for chlorophyll 

content in this experiment. SPAD value of the topmost fully expanded trifoliate 

was measured using an atLeaf chlorophyll meter (FT Green LLC. Wilmington, 

DE) and was calculated as the average three readings from each leaflet of the 
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trifoliate.  Plant height was measured from the base of the plant to the topmost 

node.  Roots were then cleaned of vermiculite, and the roots and shoots were 

separated and dried at 94°C for 3-4 days until completely dry, at which time root 

dry mass (RDM) and shoot dry mass (SDM) were measured.    

 

Statistics 

 A full factorial ANOVA involving all factors and all combinations of their 

interactions was performed for each response variable using JMP PRO statistical 

software version 14.2.0 (SAS Institute Inc. Cary, NC) (Table 1). This was done 

for both the Check Genotypes Experiment and the NIL Experiment. Because the 

Check Genotypes Experiment was repeated, run was included as a blocking 

factor.  Significant differences between levels of a factor were determined using 

Tukey Honest Significant Differences (HSD) of the means. 

 

Results 
 

Genotypic Effect 

Genotype was a significant source of variation for visual score (p < 0.001), 

height (p < 0.001), and SDM (p < 0.01) in the Check Genotypes Experiment 

(Table 3.1).  ‘Corsoy 79’ had a higher average visual score compared to 

‘Dawson’ (Table 3.2), indicating greater IDC symptoms.  Furthermore, the 

‘Dawson’ plants exhibited stronger growth and biomass, as the average height of 

‘Dawson’ was significantly higher than ‘Corsoy 79’ and ‘Dawson’ also had a 

significantly higher average SDM than ‘Corsoy 79’ (Table 3.2). These findings 
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are consistent with several years of field observations, as ‘Dawson’ is the IDC-

tolerant check and ‘Corsoy 79’ is the IDC-susceptible check. This consistency 

indicates that our growth chamber environment may be useful as an alternative 

IDC phenotyping environment for some genotype comparisons. 

Differences between the NILs were not as profound as those between the 

check cultivars. A significant difference was only identified in SDM (p < 0.001) 

(Table 3.1), with the tolerant NIL having slightly greater shoot mass (Table 3.3).   

 

 

Effect of Inoculation  

In the Check Genotypes Experiment, significant differences were found 

between uninoculated plants and plants that were inoculated with rhizobia in 

terms of visual score (p < 0.001), SPAD value (p < 0.001), height (p < 0.001), 

RDM (p < 0.001), and SDM (p < 0.001) (Table 3.1).  Inoculated plants had a 

lower visual score on average compared to that of uninoculated plants (Table 

3.2), indicating increased plant health. Inoculated plants also had significantly 

higher average SPAD value compared to uninoculated plants, were significantly 

taller, and had a significantly higher RDM and SDM (Table 3.2).   

 Significant differences for visual score (p < 0.001), SPAD value (p < 

0.001), height (p < 0.001), and SDM (p < 0.001) were also observed between 

uninoculated plants and plants that were inoculated with rhizobia in the NIL 

Experiment (Table 3.1).  NIL plants inoculated with rhizobia had a lower visual 

score, more chlorophyll, and were taller (Table 3.3), also indicating improved 
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overall plant health. However, inoculated plants in the NIL Experiment had a 

slightly lower shoot dry mass (Table 3.3).  

 

Effect of Calcium Carbonate Equivalency Percent 

 Significant differences among varying CCE% levels were found in all 

phenotypes measured (p < 0.001 for visual score, SPAD value, height, RDM, and 

SDM) in both the Check Genotypes Experiment and NIL Experiment (Table 3.1).  

In the Check Genotypes Experiment, plants with 0% CCE had the lowest 

average visual score, indicating the least severe IDC symptoms.  Plants with 

10% or 20% CCE were not statistically significant from one another but had a 

significantly higher average visual score than plants with 0% CCE as well as a 

significantly lower average visual score than plants with 30% CCE.  Plants with 

30% CCE had a significantly higher visual score than all other levels of CCE% 

(Table 3.2).  In a similar pattern, SPAD values significantly decreased with 

increasing CCE% levels (Table 3.2), indicating loss of chlorophyll content in the 

higher CCE treatments. Furthermore, plants given 0% CCE were significantly 

taller than plants given 10%, 20%, and 30% CCE of liquid calcium carbonate.  

However, the heights of plants given liquid calcium carbonate at 10%, 20%, and 

30% CCE were not significantly different from each other (Table 3.2).  Root dry 

mass and SDM decreased with increasing CCE% (Table 3.2).   

 For the NIL Experiment, plants with 0% CCE had the lowest average 

visual score, again indicating the least severe IDC symptoms. Plants with 10% 

CCE, 20% CCE, and 30% CCE had visual scores significantly higher than plants 
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with 0% CCE, but not significantly different from each other (Table 3.3). Similar 

patterns were found for SPAD value, height, RDM, and SDM, in which plant 

averages at 0% CCE were significantly improved compared to plants given 10%, 

20%, or 30% CCE treatments.  Averages for SPAD value, height, RDM, and 

SDM at 10%, 20%, and 30% CCE were not significantly different from each other 

(Table 3.3).  

 

Effect of pH 

 Significant differences between levels of pH were found for all response 

variables in the Check Genotypes Experiment (p < 0.05) (Table 3.1).  pH was 

not, however, a significant source of variation in the NIL Experiment (Table 3.1).  

For visual score in the Check Genotypes Experiment, plants given nutrient 

solution with a pH adjusted to 6.5 had an average visual score similar to plants 

treated with a pH of 7.5.  Plants treated with a pH of 8.4 had a statistically higher 

visual score than the other levels of pH (Table 3.2), indicating increased IDC 

sensitivity.  For SPAD value, plants treated with a pH of 6.5 were not significantly 

different than plants treated with a pH of 7.5 or 8.4.  However, plants treated with 

a pH of 7.5 had significantly higher SPAD value than plants treated with a pH of 

8.5 (Table 3.2). Correspondingly, the height of plants treated with a pH of 6.5 and 

7.5 were similar, but significantly taller than plants treated with a pH of 8.4 (Table 

3.2).  For RDM and SDM, plants treated with a pH of 7.5 had a similar dry root 

and shoot mass to plants treated with a pH of 6.5 or 8.4, however plants treated 
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with a pH of 6.4 had a significantly higher root and shoot mass than plants 

treated with a pH of 8.4 (Table 3.2).   

 

Genotype x Inoculation Interaction 

 The Genotype × Inoculation interaction was significant for visual score (p 

< 0.05), RDM (p < 0.01), and SDM (p < 0.05) for the Check Genotypes 

Experiment (Table 3.1).  This interaction was also significant for SPAD value (p < 

0.05), height (p < 0.05), and SDM (p < 0.05) for the NIL Experiment (Table 3.1).  

For the Check Genotypes Experiment, inoculated genotypes had a similar 

average visual score.  However ‘Corsoy 79’ had a higher average visual score 

compared to the average visual score of ‘Dawson’ when uninoculated.  

Uninoculated visual scores were significantly higher than inoculated visual scores 

for both genotypes (Figure 3.2), indicating increased plant health with inoculation.  

For RDM, ‘Dawson’ both inoculated and uninoculated had similar root mass to 

inoculated ‘Corsoy 79’.  Uninoculated ‘Corsoy 79’ had a significantly lower root 

mass than ‘Corsoy 79’ inoculated and ‘Dawson’ in inoculated and uninoculated 

conditions (Figure 3.3), potentially revealing reduced nutrient scavenging abilities 

in ‘Corsoy 79’ compared to ‘Dawson’. In the Genotype × Inoculation interaction 

for SDM, ‘Corsoy79 and ‘Dawson’ had significantly higher shoot dry mass when 

inoculated but were not different from each other.  ‘Dawson’ uninoculated was 

significantly lower in SDM than either inoculated genotype.  ‘Corsoy 79’ 

uninoculated had the lowest SDM, which was different from all other treatments 

in the interaction (Figure 3.4).   
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 The Genotype × Inoculation interaction was also significant in the NIL 

Experiment for SPAD value (p < 0.05), height (p < 0.05) and SDM (p < 0.05).  

Plants not inoculated with rhizobia have significantly lower average SPAD value 

than inoculated plants (Figure 3.5).  For plant height, the susceptible NIL had a 

similar height whether inoculated or not , however the tolerant NIL genotype was 

taller when inoculated than when uninoculated.  The inoculated tolerant NIL 

genotype was also significantly taller than the uninoculated susceptible NIL 

genotype (Figure 3.6).  The inoculated tolerant NIL genotype had significantly 

more SDM than the inoculated susceptible genotype, and both uninoculated 

genotypes (Figure 3.7).  Taken together these traits indicate increased plant 

vigor for the tolerant NIL under stress conditions when inoculated. 

 

Inoculation x CCE Interaction 

The Inoculation × CCE% interaction was significant for visual score in both 

the Check Genotypes Experiment and NIL Experiment (p < 0.01 and p < 0.001, 

respectively) (Table 3.1).  For the Check Genotypes Experiment, Inoculated 

plants with 0%, 10%, and 20% CCE as well as uninoculated plants with 0% CCE 

had similar average visual scores.  Inoculated plants with 20% CCE had a similar 

visual score to inoculated plants with 30% CCE.  Uninoculated plants with 10% 

or 20% CCE had average visual scores similar to inoculated plants with 30% 

CCE, showing that inoculated plants can withstand higher carbonate pressure.  

Uninoculated plants with 30% CCE had the highest average visual score but was 

not significantly different from uninoculated plants with 20% CCE (Figure 3.8).  In 
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the NIL Experiment, inoculated and uninoculated plants at 0% CCE had 

significantly lower visual scores than all other levels (although not significantly 

different from each other at 0% CCE).  It is logical that plants with no carbonates 

would be healthier compared to plants with adjusted CCE% treatments.  

Inoculated plants at 10%, 20%, and 30% CCE had similar visual scores to each 

other, which were significantly lower than uninoculated plants at 10%, 20%, and 

30% CCE.  Uninoculated plants at 10%, 20%, and 30% CCE had similar visual 

scores, and were significantly higher than all other levels (Figure 3.9). 

Chlorophyll content (p < 0.001) and height (p < 0.01) also had a significant 

Inoculation × CCE% interaction in the Check Genotypes Experiment (Table 3.1).  

In general, the SPAD value continued to decrease for uninoculated plants as 

CCE% increased, while SPAD value decreased from 0% to 10% CCE but 

remained stable at higher CCE% for inoculated plants (Figure 3.10), exemplifying 

the benefits of inoculation with rhizobia.  Inoculated plants at all CCE% levels 

and uninoculated plants at 0% CCE were similar in height, and significantly taller 

than uninoculated plants at 10%, 20%, and 30% CCE (Figure 3.11).   

 

Genotype x Inoculation x CCE% Interaction 

 The Genotype × Inoculation × CCE% three-way interaction was significant 

for RDM (p < 0.05, Figure 3.12) and SDM (p < 0.01, Figure 3.13) in the Check 

Genotypes Experiment and SPAD value in the NIL Experiment (, p < 0.001, 

Figure 3.14) (Table 3.1).   

 



64 
 

Effect of Run  

 For the Check Genotypes Experiment there was a significant difference 

between the first and second runs of the experiment found in SPAD value, 

height, RDM, and SDM (p < 0.001 in all instances), indicating the necessity of 

using run as a blocking factor in the ANOVA model.   

 

Discussion  
 

 

 The main objective of this study was to develop an assay that explores the 

effects of genotype, inoculation, pH, and calcium carbonates on IDC stress in a 

controlled environment.  Ideally, a single combination with specific levels of the 

previously mentioned stress factors could be used to identify maximum IDC 

symptom differences between tolerant and susceptible genotypes. In such a 

case, it would be possible to increase the number of replicates and develop a 

simple “control” and “treatment” experimental design to assess IDC tolerance 

among genotypes. However, the two genotype comparisons in this study 

displayed their greatest pairwise differences under different parameters.  For 

example, the greatest difference between Check Genotypes was found for RDM 

(Figure 3.11) and SDM (Figure 3.12) when the plants were uninoculated and the 

CCE adjusted to 10%.  A logical follow-up study would be to use an 

uninoculated, 0% CCE control and uninoculated 10% CCE treatment with a large 

number of replicates to improve statistical power.  However, these were not the 

optimal parameters to differentiate the responses of the NIL genotype pair. For 

those materials, an ideal study may use an uninoculated, 30% CCE treatment, as 
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this level showed the greatest difference (though not significant with the number 

of replicates used in this study) between the tolerant and susceptible genotypes 

(Figure 3.14).    

 While increasing CCE% significantly decreased SPAD value in both NIL 

genotypes, the lack of significance the tolerant and susceptible genotypes at 

10%, 20%, and 30% CCE (Figure 3.14) indicates this method may not be 

sensitive enough to detect small differences in IDC tolerance.  Investigating 

genotypes with small IDC tolerance differences in a controlled environment is 

novel.  Previous studies have focused on genotypes that differ in whether 

activation of the iron stress response does or does not occur, and thus have 

large differences in IDC symptoms (Coulombe et al., 1984; Dragonuk et al., 

1989; Lin et al., 1998; O’Rourke et al., 2007; Peiffer et al., 2012).  Despite a lack 

of differences in symptom severity between the NIL genotypes, this method could 

still be used to study how tolerant soybean genotypes attempt to overcome IDC 

stress since both genotypes display IDC symptoms.  For example, gene 

expression studies between the tolerant and susceptible NILs under IDC stress 

may indicate if the tolerant genotype is attempting to overcome iron stress (and 

by what mechanism), regardless if differences are seen in IDC severity. While 

identifying specific treatment combinations that most differentiate tolerant and 

susceptible genotypes is important, examination of individual factors used in this 

experiment will improve our understanding of IDC physiology in soybean.  

 

Genotype 
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 Significant differences due to genotype were expected for Check 

Genotypes.  ‘Corsoy 79’ is a maturity group II soybean developed from a 

backcross of ‘Corsoy’ and ‘Lee 68’ (‘Corsoy’(6) x ‘Lee 68’), while ‘Dawson’ is a 

maturity group 0 soybean developed from a cross with ‘Evans’ and ‘M63-217Y’ 

(‘Evans’ x ‘M63-217Y’).  Inherent physiological differences can complicate 

results.  For example, ‘Corsoy 79’ has a higher visual score (indicating more 

stress) than ‘Dawson’ and is slightly shorter regardless of other treatment levels, 

highlighting the importance of proper treatment controls to correctly identify IDC 

symptoms.   

The significant difference in SDM between the NIL genotypes is intriguing.  

The NIL pair used in this study is highly isogenic (F11-derived), thus any 

physiological differences between the NIL genotypes should be considered as a 

potential mechanism for IDC tolerance.  The significantly higher root mass of the 

tolerant NIL could allow for increased uptake of nutrients under iron stressed 

conditions.  Because most studies focus on resultant phenotypes after IDC 

stress, investigating differences in pre-stress plant physiology to identify potential 

tolerance traits may add novel information to this area of study.   

 

Inoculation 

 As an often-overlooked factor in IDC studies, a thorough discussion on 

symbiosis is warranted here.  Inoculation with rhizobia significantly improved all 

measured traits in the Check Genotypes Experiment (Table 3.2), and all traits 

accept RDM for the NIL genotypes Experiment (Table 3.3).  This is unsurprising 
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when considered alone, as nodulation and nitrogen fixation by soybean has been 

well documented to improve yield more than nitrogen fertilizer (Beard and 

Hoover, 1971; Sorensen and Penas, 1978; Sogut, 2006).   

 Inoculation was the only factor that was a component in all significant 

interactions in this study (Table 3.1). Of particular interest and importance for IDC 

are the significant two-way interaction of inoculation with CCE% and the 

significant three-way interaction between inoculation, genotype and CCE%.  For 

all significant interactions of inoculation with CCE% (visual score in both ‘Corsoy 

79’/’Dawson’ and the NIL genotypes, SPAD value and height for ‘Corsoy 

79’/’Dawson’) the addition of calcium carbonates exacerbated IDC symptoms. 

However, uninoculated plants had more severe IDC symptoms than inoculated 

plants as CCE% increased, similar to findings by Soerensen et al. (1988).  With 

advances in molecular techniques, a better dissection of the relationship between 

inoculation and IDC stress may be timely.   

The significant three-way interactions between genotype, inoculation, and 

CCE% are critical as they indicate potential differentiation between tolerant and 

susceptible genotypes in IDC tolerance using this assay.  When ‘Corsoy 79’ and 

‘Dawson’ are inoculated, the RDM (Figure 3.12) and SDM (Figure 3.13) of 

‘Corsoy 79’ is higher at 0% and 10% CCE.  At 20% and 30% CCE, a rank 

change occurs in which ‘Dawson’ has a greater RDM and SDM than ‘Corsoy 79’.  

When uninoculated, RDM (Figure 3.12) and SDM (Figure 3.13) of ‘Dawson’ was 

greater than ‘Corsoy 79’ for 0%, 10%, and 20% CCE, but was equal to ‘Corsoy 

79’ at 30% CCE.  Taken together, these results indicate that ‘Dawson’ is more 
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IDC tolerant under increased carbonate levels, as expected.  It appears that 

when inoculated, ‘Corsoy 79’ is better able to overcome IDC stress in controlled 

environments than when uninoculated, similar to how T203 responded when 

inoculated as discovered by Soerensen et al. (1989).  When used as a 

susceptible check in the University of Minnesota IDC nursery, ‘Corsoy 79’ is 

planted without a rhizobia coating, as is common with commercially planted 

soybean seed.  While rhizobia inoculant is generally present in Minnesota soils 

(De Bruin et al., 2010), it would be interesting to see if symptom improvement 

occurred with inoculation at field planting in ‘Corsoy 79’.  This would have 

meaningful implications on IDC screening at the University of Minnesota, as new 

potential cultivars are also uninoculated and may be unknowingly ranked as 

having higher IDC susceptibility than necessary if simple rhizobia coating can 

improve symptoms.  A similar pattern is observed for the SPAD value three-way 

interaction of genotype, inoculation, and CCE that was significant in the NIL 

genotypes, however no clear pattern is discernable to easily differentiate the 

tolerant and susceptible NIL (Figure 3.14).  Because the difference in IDC 

tolerance between these NILs is small, a large number of replications may be 

required to reveal a significant difference in IDC tolerance between the NIL 

genotypes.   

The general improvement driven by inoculation raises the question of 

whether nitrogen nutrient stress is coupled with iron stress in controlled studies.  

A simple experiment to test this could be designed in which nitrogen and 

chelated iron are included as treatment factors in uninoculated plants with 
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elevated levels of calcium carbonates.  Theoretically, application of additional 

chelated iron should improve IDC symptom severity more so than additional 

nitrogen.  If the addition of nitrogen improved symptoms more so than chelated 

iron, then a nitrogen deficiency is likely occurring within the assay.  A nitrogen 

deficiency issue could be resolved through inoculating all plants with rhizobia to 

improve nitrogen supply and ensure symptoms are a result of iron deficiency in 

the plant.  

 

pH 

 As expected, increased pH worsened IDC symptoms in the Check 

Genotypes for visual score, RDM, and SDM (Table 3.2) but was surprisingly not 

a significant source of variation in the NIL experiment (Table 3.3).  Varying 

effects of pH on different genotypes suggests the existence of multiple types of 

tolerance to IDC.  While the check genotypes are susceptible to both pH and 

carbonate sources of iron stress, the NIL genotypes overcome iron stress due to 

pH but not increased carbonates.  Iron reduction in the rhizosphere is the primary 

mechanism of iron acquisition in Strategy II plants (Marschner and Romheld, 

1994).  It is logical that the NIL genotypes are better able to reduce Fe3+ to Fe2+ 

in the rhizosphere than the check genotypes, and are thus less effected by 

higher soil pH per se. 

It was expected that a significant interaction would be found between pH 

and CCE%, however no significance was found for this interaction in either 

experiment for any measured traits.  In fields with calcareous soils, high soil pH 
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often results in the release of bicarbonates (Hansen et al., 2003; Inskeep and 

Bloom, 1987).  Bicarbonate release potentially has a greater effect on IDC 

severity than pH per se, but in field conditions this is nearly impossible to 

decouple.  Further dissection of the relationship between carbonates and pH 

using this assay could greatly improve our understanding of IDC in soybean.  

 

CCE 

 IDC symptoms for all traits occurred with the treatment of calcium 

carbonates in both the Check Genotypes Experiment (Table 3.2) and the NIL 

Experiment (Table 3.3).  While symptoms showed increased severity for the 

check genotypes with increases in CCE%, no significant differences were found 

in any traits in the NIL Experiment among CCE levels higher than 10%.  It is 

possible that the NIL genotypes were better able to maintain iron homeostasis 

with increasing carbonate levels. Alternatively, they may be immediately 

overwhelmed with the addition of 10% CCE and maintain their physiological limit 

at higher levels of CCE.  This could be discerned by further increasing the 

percent CCE to see if symptoms become more severe or are still maintained. 

 

Limitations of the Method 

 It is important to note that the method described here is practical for 

studying IDC response differences among a relatively small number of 

genotypes. However, it is unlikely that further refinements could be made to 

successfully score a large number of genotypes for IDC tolerance, as is routinely 
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done in a breeding program, using this method.  There are several reasons for 

this conclusion.  First, the number of replicates required to accurately rate IDC 

severity makes space requirements limiting as the number of genotypes 

increases.  Second, the time required to apply nutrient treatments and measure 

traits on a large number of genotypes in controlled conditions is far more 

expensive than visually rating plants in an IDC field nursery or taking automated 

measurements with drone images from field data (Dobbels and Lorenz, 2019)  

Lastly, a single optimal treatment for a large set of genotypes would not give 

accurate IDC tolerance ratings.  This is indicated by the different optimal 

combination of inoculation and CCE that were identified for the Check Genotypes 

and NIL Genotypes for inducing IDC symptoms.  While these limitations make 

examining a large number of genotypes impractical, this method can still be 

utilized for advancing our understanding of the genetics and physiology of IDC 

through comparisons of tolerant and susceptible genotypes. 

 

Conclusion  
 

 

 IDC symptoms were successfully induced in the Check Genotypes 

Experiment as well as the NIL Experiment, indicating the success of using a 

liquid CaCO3 source and this assay for inducing IDC in controlled environments.  

The greatest significant differences between ‘Corsoy 79’ and ‘Dawson’ were 

shown in the RDM and SDM phenotypes when plants were uninoculated and 

treated with 10% CCE.  Sensitivity of the assay was highest when comparing 

‘Corsoy 79’ and ‘Dawson’, which have large differences in IDC tolerance.  
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Increasing sensitivity in genotypes with small tolerance differences may require 

more replication or alternative levels of CCE. Interestingly, CCE and pH impacted 

IDC severity independently, as indicated by a lack of a significant interaction 

between the two factors, and pH was not a significant factor in the NIL 

Experiment for any measured trait.  Inoculation reduced IDC symptoms in both 

pairs of genotypes and is valuable to include as a factor when examining the 

physiological response of soybean to iron stress.     
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Chapter 4 - Sequence Variation within the Chromosome 5 IDC 

Tolerance Fine-Mapped Region and Exploration of a MATE 

Efflux Candidate Gene 
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Synopsis 
 

 

 Iron deficiency chlorosis (IDC) is a significant abiotic stress for soybean 

grown on high pH and calcium carbonate rich soils and is estimated to cause 

yield losses of over $100 million annually in the U.S. alone.  Previous fine-

mapping of an IDC tolerance quantitative trait locus (QTL) on chromosome 5 

resolved the locus to a 137 kb region. In this study, we performed a 

comprehensive sequence analysis of this interval in the IDC-tolerant genotype 

‘Fiskeby III.’ We identified 116 instances of sequence variation within genes 

between ‘Fiskeby III’ and an IDC-susceptible line ‘Mandarin (Ottawa)’ with the 

‘Williams 82’ soybean reference genome. One gene in this interval, gene model 

Glyma.05g001700, encodes a MATE efflux protein with high homology to MATE 

efflux genes known to be involved in iron homeostasis in model plant species. An 

insertion in the promoter of Glyma.05g001700 found in the ‘Fiskeby III’ 

background introduced a putative TATA-box or other regulatory element 

consisting of 11 base pairs, which is absent in the reference soybean genome. 

Furthermore, Glyma.05g001700 was transcribed approximately 43-fold higher 

after one week in iron-stressed conditions compared to iron sufficient conditions. 

Meanwhile, the IDC-susceptible genotype ‘Mandarin (Ottawa)’, which lacks the 

promoter insertion, exhibited only a 2-fold increase after one week in the iron-

stressed conditions. Among a population of 106 resequenced soybean 

genotypes, 11 base pair promoter insertion was present at a frequency of 0.32, 

and no genotypes were found with nonsynonymous sequence variation in coding 

regions of Glyma.05g001700.  Hairy root transformation to assess the function of 
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Glyma.05g001700 using gene overexpression has been initiated, with 

preliminary observations indicating changes in root morphology possibly due to 

alterations in iron homeostasis. Based on a compilation of the available data, we 

conclude that the chromosome 5 IDC tolerance QTL is likely caused by 

enhanced expression of the MATE efflux gene in iron-stressed conditions due to 

the presence of an 11 bp insertion in the promoter region.  Identification of the 

sequence variant responsible for improved IDC tolerance will allow for the 

development of perfect markers for breeding purposes, as well as the possibility 

of further improving tolerance through transgenic approaches.   
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Introduction  
 

 

 Iron Deficiency Chlorosis in soybean is a nutrient stress prevalent in high 

pH, high calcium carbonate soils, as is common in the midwestern U.S. (Hansen 

et al. 2003).  Although IDC is an important nutrient stress in soybean, little is 

known about the underlying physiological mechanisms of most tolerance loci.  An 

IDC tolerance region was fine mapped to roughly 137 kb with seventeen 

annotated genes in the ‘Fiskeby III’ (PI 438471) x ‘Mandarin (Ottawa)’ (PI 

548379) biparental population and was also found to be an important source of 

IDC tolerance variation in elite germplasm (Merry et al. 2019).  While fine 

mapping is often adequate to develop markers for breeding purposes, there is 

value in identifying the causative IDC tolerance gene.  Candidate gene 

identification may provide a new understanding of the tolerance mechanism 

underlying the loci.  Extensive work on soybean (Glycine max L. Merr.) isolines 

‘Clark’ (PI 548533), which is IDC tolerant, and ‘IsoClark’ (PI 547430), which is 

IDC sensitive, illustrates this point well.  ‘Clark’ and ‘IsoClark’ differ for a major 

effect tolerance QTL located on Gm03 (Pieffer et al. 2012).  Differences in 

expression of genes known to be induced by iron deficiency were observed 

between ‘Clark’ and ‘IsoClark’ in iron deficient hydroponic conditions (O’Rourke 

et al. 2009).  This finding led to the discovery of a basic helix-loop-helix 

transcription factor with a deleted region in a predicted dimerization domain 

(Pieffer et al. 2012).  Located in a fine-mapped region of the major IDC QTL 

located on Gm03, it was hypothesized that the transcription factor activated the 

iron deficiency response in ‘Clark’, but was unable to function with the mutation in 
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‘IsoClark’.  The soybean ortholog G. max FRD3b (GmFRD3b, 

Glyma.09g102800), a MATE efflux gene involved in the transport of citrate into 

xylem to maintain iron homeostasis in soybean, is one example of a gene that is 

upregulated under iron deficient conditions in ‘Clark’ but not in ‘IsoClark’ (Rogers 

et al. 2009).  Citrate in the xylem binds to iron, forming a ferric-citrate complex 

which is transported throughout the plant (Tiffin 1970).  Citrate levels in the xylem 

are greatly reduced in Arabidopsis thaliana frd3-1 iron deficient mutants, in which 

the citrate transporter is nonfunctional.  Overexpression of GmFRD3b, or the 

homolog GmFRD3a (Glyma.15g274600), recover the iron deficient phenotype in 

frd3-1 mutants, indicating that expression levels of this gene are important for 

maintaining iron homeostasis in soybean (Rogers et al. 2009).   

 The importance of gene regulation in the improvement of quantitative traits 

has been identified in maize (Zea mays L.) (Springer et al. 2019, Ricci et al. 

2019). Trait-associated SNPs (TASs) have been found to be enriched in 

promoter regions of genes, and RNA-seq and transcriptome analysis of genes 

with promoter TASs often varied in gene expression levels (Li et al. 2012).  Aside 

from transcriptome level changes in gene expression, single gene expression 

changes have also proven important in iron homeostasis and iron deficiency 

tolerance.  IRT1 is an important transporter of iron discovered in A. thaliana and 

is activated by iron deficiency (Vert et al. 2002).  In the Malus genus, IRT1 

expression levels were found to be higher in iron deficiency tolerant M. 

xioajinensis than iron deficiency susceptible M. baccata (Zha et al. 2014).  A 

TATA-box insertion in the promoter region of IRT1 in M. xioajinensis was later 
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attributed to the increased expression levels (Zhang et al. 2017).  Increased 

expression of IRT1 allows M. xioajinensis to better tolerate iron deficient 

conditions by increasing transportation of iron from the soil to the root.     

 Resequencing soybean genomes allows for fast identification of sequence 

variation and is particularly beneficial when comparing parental genotypes of 

mapping populations in search of candidate genes.  The ‘Fiskeby III’ × ‘Mandarin 

(Ottawa)’ mapping population has been used extensively for mapping abiotic 

stress tolerance loci (Carter et al. 2006, Butenhoff 2015, Burton et al. 2016, Do et 

al. 2018, Merry et al. 2019).  Resequencing of ‘Fiskeby III’ and ‘Mandarin 

(Ottawa)’ would assist in candidate gene identification in the Gm05 IDC tolerance 

fine-mapped region.  As gene expression can play an important role in IDC 

tolerance, the promoters of genes in the region could also be assessed with 

resequencing data for potential regulatory changes that could affect expression, 

in addition to screening for mutations within genes. 

 The goal of this study was to identify potential candidate genes within the 

IDC tolerance fine mapped region on Gm05 (Merry et al. 2019).  This was 

accomplished through resequencing of the parental lines ‘Fiskeby III’ and 

‘Mandarin (Ottawa)’ to screen for sequence variation in the region.  An 

“ACTTATATATA” insertion in the promoter region of Glyma.05g001700 was 

identified as a putative TATA-box or regulatory element and further explored.  

Potential functionality of this gene was investigated through domain identification, 

sequence homology to known genes, and expression analysis.  The findings of 

this study indicate that Glyma.05g001700 is a strong candidate for IDC tolerance.  
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An experiment designed to observe changes in iron accumulation in soybean 

hairy roots when Glyma.05g001700 is overexpressed was initiated but could not 

be completed due to unprecedented circumstances (See Future Directions).  

 

Methods 
 

 

Whole genome resequencing of ‘Mandarin (Ottawa)’ and ‘Fiskeby III’ 

 DNA was extracted from leaf tissue of single plants from ‘Mandarin 

(Ottawa)’ (PI 548379) and ‘Fiskeby III’ (PI 438471) using a Qiagen DNeasy plant 

kit (item 69106).  Illumina HiSeq2500 with v4 chemistry was used for whole-

genome resequencing at the University of Minnesota Genomics Center.  125 bp 

paired-end reads were generated, with 20x genome coverage for each genotype.  

Initial read quality was assessed using Fastqc version 0.11.7 (Andrews 2010).  

Cutadapt version 1.18 (Martin 2011) was used to remove dual index adapters, 

keeping a minimum read length of 40 base pairs and removing reads with a 

phred score less than 20.  Reads were mapped to the soybean reference 

genome (Wm82.a2.v1, Song et al. 2016) using BWA version 0.7.17, setting band 

width to 100, marking shorter splits as secondary, and penalty for mismatch set 

to 6 (Li & Durbin 2009).  SAM files were converted to BAM format, sorted, and 

indexed using Samtools version 1.5 (Li et al. 2009). 

 

Identifying Sequence Variation 

IGV version 2.3.97 (Robinson et al. 2011) was used to visually screen for 

sequence variation in the region.  The sequences of ‘Mandarin (Ottawa)’ and 
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‘Fiskeby III’ were compared to the Wm82.a2.v1 reference genome.  Annotated 

gene model 5’ untranslated regions (UTRs), 3’ UTRs, introns and exons were 

assessed for single nucleotide polymorphisms (SNPs) and insertion/deletion 

(INDEL) variation. Promoter regions (defined as ~1kb from the transcription start 

site), were assessed only for INDELs, as SNP variation was frequent but difficult 

to assess for effects.  All variant types are in reference to the Wm82.a2.v1 

reference genome.  Several large insertions were further resolved using the 

Lee.a1 soybean reference genome (Glyma.Lee.gnm1, Valliyodan et al. 2019) as 

well as a de novo assembly of the ‘Fiskeby III’ genome (unpublished).  To create 

the ‘Fiskeby III’ de novo assembly, seeds from the single ‘Fiskeby III’ plant used 

previously for resequencing were grown in a growth chamber.  After a 24 hour 

dark period to reduce the presence of late stage photosynthetic carbohydrates, 

young leaves were harvested and immediately frozen in liquid nitrogen and 

stored at -80° C.  High molecular weight DNA was extracted as described by 

Doyle and Doyle (1987).  DNA was then sequenced using PacBio (Pacific 

Biosciences of California, Inc.) long reads to~134x coverage, with an average 

read length of 11,253 bp.  Long read assembly was done using MECAT (Xiao et 

al. 2017).   

 

Domain Analysis, Active Site Identification, and Homology of Glyma.05g001700 

 Amino acid sequence was obtained from https://soybase.org/ for two 

predicted splice variants of Glyma.05g001700.  InterPro version 78.0 

(https://www.ebi.ac.uk/interpro/) was used for domain classification of predicted 

https://soybase.org/
https://www.ebi.ac.uk/interpro/
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sequences.  Phyre2 version 2.0 (Kelley et al. 2015) was used to predict protein 

folding and active site regions.  Homology with MATE efflux genes known to be 

involved in iron homeostasis in soybean and A. thaliana was analyzed using 

NCBI protein BLAST (https://blast.ncbi.nlm.nih.gov/).  Amino acid sequences for 

these genes was obtained from https://soybase.org/ and 

https://www.arabidopsis.org/.  

 

qPCR of MATE gene 

Transcript abundance of Glyma.05g001700 was assessed with qPCR.  

‘Fiskeby III’ and ‘Mandarin (Ottawa)’ plants were grown using the protocol from 

the growth chamber assay as described in chapter 3, with RNA extracted from 

roots after 1 and 2 weeks of treatment.  All plants were inoculated, and the 

nutrient solution was adjusted to a pH of 6.5.  Liquid CaCO3 was left out for 

control plants or adjusted to 30% calcium carbonate equivalency (CCE%) for 

treated plants, with three replicates for each time point.  Lateral roots were 

collected from plants and immediately frozen in liquid nitrogen.  Total RNA was 

extracted using an RNeasy kit (Qiagen) and genomic DNA was removed with 

Deoxyribonuclease I (Invitrogen) using the protocols provided by the 

manufacturers.  cDNA was generated from RNA using an AffinityScript QPCR 

cDNA Synthesis kit (Agilent Technologies).  A primer pair was developed for the 

MATE gene so that the forward primer spanned the junction of the first and 

second exon (5’ GGATTTAGTGTCCTTTTGGGAATG 3’), and the reverse primer 

in the 5th exon (5’ CACAACCACTCGAACTGCAC 3’) (Table 4.3.).  RNA 

https://blast.ncbi.nlm.nih.gov/
https://soybase.org/
https://www.arabidopsis.org/
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quantification normalization was done using the housekeeping gene actin 

(Forward 5’ CGTTTCATGAATTCCAGTAGC 3’ and Reverse 5’ 

CGTTTCATGAATTCCAGTAGC 3’) (Byfield et al. 2006).  Real-Time PCR was 

conducted on a LightCycler 480 II (Roche) using a BIO RAD Precision Melt 

Supermix kit (Catalog #172-5110) according to the manufacturer’s directions.  

ΔCt values were calculated by subtracting averaged Glyma.05g001700 Ct values 

from averaged actin Ct values.  ΔΔCt values were calculated by subtracting ΔCt 

values of Glyma.05g001700 iron deficient ‘Fiskeby III’ or ‘Mandarin (Ottawa)’ 

from ΔCt values of each genotype by treatment.  Fold expression differences 

were then calculated using the formula 2(ΔΔCt). A perfect doubling of PCR product 

in each cycle for both the test and control genes was assumed in calculating the 

transcript fold-changes between samples. Only one replication of this experiment 

was performed (see Future Directions section for details). 

Analysis of 106 Soybean Genomes for Sequence Variation in Glyma.05g001700 

 Sequence variation analyses for Glyma.05g001700 from 106 previously 

resequenced soybean genotypes (Valliyodan et al 2016) was performed using 

the bash script VCFquery.sh 

(https://github.com/MeeshCompBio/Soybean_Scripts/blob/master/VCFquery.sh).  

The script was used to search for sequence variation on Gm05 from Wm82.a2.v1 

position 130259 to 133384, which contained all genes in the fine-mapped region 

of Merry et al. (2019).   

Genomic Coordinates 

https://github.com/MeeshCompBio/Soybean_Scripts/blob/master/VCFquery.sh
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 All genomic coordinates used in this study are in reference to the 

Wm82.a2.v1 genome assembly bp positions (Song et al., 2016). 

 

Results 
 

 

Sequence Variation Between ‘Fiskeby III’ and ‘Mandarin (Ottawa)’ in the Fine 

Mapped Region 

One hundred sixteen instances of sequence variation were discovered in 

genic regions in ‘Fiskeby III’ and ‘Mandarin (Ottawa)’ in the Gm05 fine mapped 

interval compared to the Wm82.a2.v1 reference genome (Table 4.1).  ‘Mandarin 

(Ottawa)’ only exhibited one variant in the region while ‘Fiskeby III’ exhibited all 

116 sequence variants, including the single variant discovered in ‘Mandarin 

(Ottawa). The single variant found in ‘Mandarin (Ottawa)’ was a deletion located 

in an intron of gene model Glyma.05g000600 in a region that lacks sequence 

information in the Wm82.a2.v1 reference genome.  ‘Fiskeby III’ also had a 

deletion in the same region as ‘Mandarin (Ottawa)’.  However, the deletion in 

‘Fiskeby III’ extended over a larger area of the intron.  The remainder of the 

variation consisted of 97 SNPs, 9 insertions, and 9 deletions all found in the 

‘Fiskeby III’ comparison to the Williams 82 reference genome.   

Of the SNPs, 16 were located in 5’ untranslated regions, 56 were located 

in introns, 7 were located in exons, and 18 were located in 3’ untranslated 

regions. Of SNPs within exons, two were synonymous.  Two non-synonymous 

SNPs were located in gene model Glyma.05g000100.  A SNP at position 6509 of 

Glyma.05g000100 resulted in an amino acid change of arginine to cysteine in the 
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82nd residue, and a SNP at position 5601 in the same gene resulted in an amino 

acid change of valine to leucine in the 144th residue.  A SNP at position 21750 in 

gene model Glyma.05g000300 resulted in an amino acid change of alanine to 

leucine at the 45th residue.  A SNP at position 107911 in gene model 

Glyma.05g001400 resulted in an amino acid change of proline to serine at 61st 

residue. A SNP at position 121415 in gene model Glyma.05g001600 resulted in 

an amino acid change of threonine to asparagine at the 188th residue.   

Deletions ranged in size from a single base pair to 77 base pairs.  Three 

deletions were located in 5’ UTRs, three deletions were located in introns, and 

another three deletions were located in putative promoter regions of the genes.  

Of the 9 deletions identified, 5 deletions occurred in gene model 

Glyma.05g000600.  In the promoter region, a deletion occurred between 

positions 38116 and 38383 (267 bp), 34 base pairs from the transcription start 

site.  Two small deletions were found in the first intron between positions 39110 

and 39116 (3 bp and 1 bp deletion, separated by a single base pair which was 

not deleted at position 39114).  Another deletion was found in the 12th intron 

between positions 47739 and 47816 (77 bp).  In the 15th intron of 

Glyma.05g000600, a deletion was found between positions 62889 and 62893 (4 

bp). Gene model Glyma.05g000700 contained a deletion in the promoter region 

between positions 74054 and 74070 (16 bp), 399 bp from the transcription start 

site.  Two deletions occurred in Glyma.05g001400, one in the promoter region 

between positions 108348 and 108367 (19 bp) and the other in the intron 

between positions 107637 and 107683 (46 bp).    
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Insertions ranged in size from a single base pair to roughly 6 kb in size.  A 

three base pair insertion between positions 29955 and 29956 in the exon of gene 

model Glyma.05g000500 added a lysine residue between residues 170 and 171.  

Two insertions were located in 5’ UTRs, one in Glyma.05g000700 between 

position 73456 and 73457 (5’ TCGCAAG 3’) and the other in gene model 

Glyma.05g000900 between position 83454 and 83455 (5’ CT 3’).  One insertion 

was located in a 3’ UTR, between position 25225 and 25226 of 

Glyma.05g000400 (5’ TGTCAATGCCATA 3’).  Three insertions were located in 

introns.  A single adenine was inserted between position 107527 and 107528 in 

the intron of Glyma.05g001400.  A 21 base pair insertion (5’ 

ACCCTAAACCCTAAACCCTAA 3’) was located in the 9th intron of 

Glyma.05g001600.  In the 7th intron of Glyma.05g001000, a large insertion was 

discovered between positions 91635 and 91649.  This insertion is likely the result 

of a transposon, evidenced by read mates in the region mapping to Gm019 and 

Gm10.  Additional sequencing information from the ‘Fiskeby III’ and ‘Lee’ 

reference genomes indicated this insertion to be about 3 kb in size.  Another 

likely transposon insertion was identified by the same method between positions 

101739 and 101740, in the putative promoter region of gene model 

Glyma.05g001200 and gene model Glyma.05g001300 (transcribing in opposite 

directions).  Lastly, an 11 base pair insertion between position 130259 and 

130260 (5’ ACTTATATATA 3’) was located 45 base pairs from the annotated 

transcription start site of gene model Glyma.05g001700; this insertion codes for a 

putative TATA-box in the promoter region of the gene.   
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Due to homology with genes known to be involved in iron homeostasis 

and the insertion of a potential regulatory enhancer in the promoter region, 

Glyma.05g001700 was further explored as a high priority candidate gene. 

 

Domain Classification of Glyma.05g001700 Splice Variants 

 Two splice variants are annotated in the Wm82.a2.v1 assembly for 

Glyma.05g001700.  The full length splice variant, Glyma.05g001700.1, consists 

of 486 amino acid residues.  Glyma.05g001700.2 has an additional splice site in 

the 5th exon after the 372nd residue, which results in a frameshift and early 

termination after 382 residues.  The protein classifying web tool InterPro was 

used to detect differences in predicted domains as a result of splice variation.  A 

putative cation binding domain was predicted in Glyma.05g001700, consisting of 

residues 273, 277, 305, 308, 387, 391, 418, 444, and 448 (E,F,T,Y,S,D,Y,T,S, 

respectively).  The domain was not annotated in Glyma.05g001700.2, most likely 

because 5 of the 9 putative cation binding domain residues are lost due to the 

frameshift.   

 Protein modeling using the online webtool Phyre2 indicated a single active 

site for Glyma.05g001700.1 and Glyma.05g001700.2 (Figure 4.1).  

Glyma.05g001700.1, the full length splice variant, contained thirteen 

transmembrane domains.  Amino acid residues forming the cation binding 

domain identified by InterPro were found to cluster within the modeled active site 

(Figure 4.1B).  Splice variation in Glyma.05g001700.2 reduced the 

transmembrane domains to ten (Figure 4.1C).  Five of the residues forming the 
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cation binding domain were retained in the splice variant, which are located 

closest to the surface of the active site (Figure 4.1D).   

 

Glyma.05g001700 homology to iron homeostasis genes in the MATE Efflux gene 

family 

 Six MATE efflux genes from A. thaliana and G. max that are known to be 

involved in iron homeostasis or cation transport were aligned to the amino acid 

sequence of the full length Glyma.05g001700.1 (Table 4.2).  A. thaliana DTX1, 

which has been shown to detoxify cadmium and respond to other heavy metals 

(Li et al. 2002) had the highest percent identity, 49.56%, and lowest e-value 

(3x10-162) of the aligned proteins.  A. thaliana BUSH-AND-CHLOROTIC-DWARF 

1 (BCD1) shared 30.9% protein identity with Glyma.05g001700 with an e-value 

of 3x10-70.  A. thaliana EARLY LEAF SENESENCE 1 (ELS1) had 29.07% identity 

with Glyma.05g001700 with an e-value of 2x10-69.  A. thaliana FRD3, and G. max 

GmFRD3a and GmFRD3b, were found to have high e-values in the alignment, 

suggesting they are not significantly similar to Glyma.05g001700.  Moreover, 

GmFRD3a and GmFRD3b did not share a high percent identity with 

Glyma.05g001700 despite being within the same species.  InterPro was used for 

domain prediction on all six of the gene homologs.  DTX1, BCD1, ELS1 were 

each annotated as containing a putative cation domain, similar to 

Glyma.05g001700.  FRD3, GmFRD3a, and GmFRD3b were not found to contain 

the domain, further suggesting a more distant relationship to Glyma.05g001700.   
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qRT-PCR of Glyma.05g001700 root tissue 

 Total RNA from lateral roots of ‘Fiskeby III’ and ‘Mandarin (Ottawa)’ was 

obtained from plants in control or iron deficient induced conditions at one and two 

weeks of treatment. qPCR analysis was used to compare the transcript level of 

Glyma.05g001700 in iron-stressed versus control conditions for ‘Fiskeby III’ and 

‘Mandarin (Ottawa)’. After one week of treatment, ‘Fiskeby III’ plants in iron 

deficient conditions had an estimated 43-fold expression increase of 

Glyma.05g001700 compared to ‘Fiskeby III’ plants in control conditions.  After 

one week of treatment, ‘Fiskeby III’ plants grown in iron deficient conditions also 

had 28-fold and 12-fold higher transcription levels of Glyma.05g001700 

compared to the ‘Mandarin (Ottawa)’ control and iron deficient condition plants, 

respectively.  At this timepoint, the transcript levels of Glyma.05g001700 in iron 

deficient ‘Mandarin (Ottawa)’ plants increased approximately 2-fold compared to 

‘Mandarin (Ottawa)’ control plants and approximately 3-fold compared to ‘Fiskeby 

III’ control plants (Figure 4.2). These small differences were considered 

essentially negligible compared to the massive upregulation observed in the 

‘Fiskeby III’ plants grown under the iron deficiency treatment. 

 After two weeks, transcription level differences in Glyma.05g001700 were 

less substantial among treatments.  Expression in iron deficient ‘Fiskeby III’ 

plants was 2-fold higher compared to ‘Fiskeby III’ control plants, and 8-fold and 

2-fold higher compared to ‘Mandarin (Ottawa)’ control and iron deficient plants, 

respectively.  Expression in ‘Mandarin (Ottawa)’ iron deficient plants was 4-fold 
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higher compared to ‘Mandarin (Ottawa)’ control and approximately equal to the 

‘Fiskeby III’ control plants, respectively (Figure 4.2).   

 

Presence of ACTTATATATA insertion in 106 resequenced soybean genomes 

 One hundred six soybean genomes previously resequenced by Valliyodan 

et al. (2016) were used to estimate the prevalence of the “ACTTATATATA” 

insertion variant as well as other variants of Glyma.05g001700 across a diverse 

set of germplasm.  Sixty-eight genotypes did not have the “ACTTATATATA” 

insertion between position 130259 and 130260, 6 genotypes were called as 

heterogeneous for the insertion, and 32 genotypes were called as homogeneous 

for having the insertion.  Nineteen additional sequence variants were found in the 

population, all of which were SNPs (Figure 4.3).  Seventeen of the SNPs were 

located within introns.  A synonymous SNP was found in the first exon, in 

addition to a synonymous SNP in the fifth exon which was previously discovered 

in the ‘Fiskeby III’ background.  Of the 20 total variants found, 10 were present in 

the ‘Fiskeby III’ allele of Glyma.05g001700, one of which is the “ACTTATATATA” 

insertion. The 9 shared SNP variants all have high frequencies in the population 

(0.53-0.62), while the “ACTTATATATA” insertion frequency is slightly lower 

(0.32). 

 Four distinct haplotypes were identified in the population, as well as 11 

genotypes with unique variant structure defined as “Other” (Figure 4.3).   

Haplotype 1 is entirely in consensus with the Wm82.a2.v1 assembly.  Soybean 

genotypes within haplotype 2 share a single SNP at position 131202. Haplotype 
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3 contains numerous SNPs within introns, as well as a synonymous SNP in the 

fifth exon.  The “ACTTATATATA” insertion was found only in haplotype 4 and 

several of the unique genotypes.  Haplotype 4 shares nearly all sequence 

variation found in haplotype 3, aside from the “ACTTATATATA,” which was found 

only in haplotype 4, and a SNP at position 133354 which was found in haplotype 

3 but not haplotype 4.  The “Other” soybean genotypes did not clearly conform to 

additional haplotypes.  Genotypes in the “Other” category also tended to have 

heterozygous calls at sequence variant sites. This is most likely explained by 

genotype contamination of these samples, or heterogeneity for this locus within 

accessions (e.g., Haun et al. 2011), assuming that multiple plants were sampled 

for each genotype.   

 

Discussion 
 

 

 Only one sequence variant was discovered in a genic region between 

‘Mandarin (Ottawa)’ and the ‘Williams 82’ reference soybean genome sequence 

within the entire 137 kb fine-mapped IDC interval.  The variant, in an intron of 

Glyma.05g000600, also occurred in ‘Fiskeby III’.  A high number of unknown 

(“N”) bases in the intron indicates that the Wm82.a2.v1 assembly is most likely 

incomplete for that region of Glyma.05g000600 and contributed to the finding.  

‘Mandarin (Ottawa)’ did not display any other genic sequence polymorphisms 

compared to the soybean reference genome. However, 116 sequence variants 

were discovered in the ‘Fiskeby III’ background compared to the reference 

soybean genome in promoter or genic regions.  This high polymorphism rate is 
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somewhat expected, as ‘Fiskeby III’ is a unique genotype in comparison to the 

base of U.S. soybean germplasm (Gizlice et al. 1994) and ‘Mandarin’ (PI PI 

548378) (from which  ‘Mandarin (Ottawa)’ was selected) is in the parentage of 

‘Williams 82’. 

 Further research was conducted on Glyma.05g001700 because of the 

‘ACTTATATATA’ insertion in the promoter region between positions 130,259 and 

130,260 and annotation of the gene as a MATE efflux transporter.  This is a large 

family of proteins involved in transport of many different compounds across the 

plasma membrane.  MATE efflux genes have previously been shown to be 

important in iron homeostasis in soybean (Rogers et al., 2009).  Rogers et al. 

(2009) identified MATE efflux genes GmFRD3a and GmFRD3b as citrate 

transporters, which improved iron efficiency through improved iron solubility by 

increasing citrate levels in the xylem of the plant.   

 Several MATE efflux genes in A. thaliana have also been found to be 

important in iron homeostasis.  FRD3 has also been found to efflux citrate into 

the xylem of A. thaliana and shares a high level of homology with GmFRD3a and 

GmFRD3b (Durrett et al. 2007, Rogers et al. 2009).  ELS1, a MATE efflux gene 

with little homology to FRD3, was found to induce IDC-like symptoms when 

overexpressed in A. thaliana (Wang et al. 2016).  BCD1, a golgi apparatus 

localized MATE efflux protein, was found to be involved in iron reallocation in 

damaged cells.  When overexpressed iron was hyperaccumulated in the golgi 

apparatus of cells.  This resulted in leaf senescence, which could be rescued by 

treating the leaf with excess iron (Seo et al. 2017). Considering the high level of 
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homology and shared cation binding domains between Glyma.05g001700 and A. 

thaliana genes ELS1, BCD1, and DTX1, Glyma.05g001700 is likely involved in 

iron homeostasis by either direct transport of iron or efflux of compounds which 

assist in iron transport across cell membranes.  It is unlikely that 

Glyma.05g001700 is involved in the efflux of citrate similar to GmFRD3a or 

GmFRD3b because of the lack of homology between these genes and absence 

of a cation binding domain in GmFRD3a and GmFRD3b.   

The importance of TATA-boxes in the initiation of transcription in 

eukaryotes has been well studied (Conaway & Conaway 1993).  Reinitiation of 

transcription has also been found to be a key role of TATA-boxes.  The presence 

of a TATA-box sequence allows for rapid binding of RNA Polymerase II after 

initial transcription, increasing the transcription rate (Yean & Gralla 1997).  

Furthermore, sequence differentiation in TATA-boxes can drastically effect 

transcription rate, and removal of a TATA-box can greatly reduce transcription 

(Hoopes et al. 1998).  The ‘ACTTATATATA’ insertion in the promoter region of 

Glyma.05g001700 found in the ‘Fiskeby III’ background occurs within 45 base 

pairs of the annotated 5’UTR.  TATA-boxes in plant genes are often in the range 

of 25 to 39 base pairs from the transcription start site (Joshi 1987, Patikoglou et 

al. 1999).  In the context of the base pairs surrounding the insertion, the complete 

sequence of the TATA-box is ‘CTACTTATATATAATAA’ (insertion underlined).  

Thus, the insertion causes high sequence similarity to the plant TATA-box 

consensus sequence of ‘TCACTATATATAG’ first proposed by Joshi (1987).  

This is further supported by the high early rate of transcription found in ‘Fiskeby 
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III’ under iron stressed conditions.  It is possible that increased early transcription 

of Glyma.05g001700 improves iron uptake in the roots in iron stressed conditions 

leading to improved IDC tolerance.  This mechanism would also ensure that 

overaccumulation of iron does not occur under non-stressed conditions, which 

could lead to iron toxicity.  A method to test the proposed mechanism was 

developed and initiated but was not able to be completed due to unique 

circumstances.  The method, as well as preliminary experiments and 

observations, is described under “Future Directions”.   

 The analysis of sequence variation for Glyma.05g001700 in 106 

resequenced soybean genomes revealed perfect conservation of the amino acid 

coding sequence in the population.  Two SNPs were found within exons but 

neither affected the amino acid sequence of the gene.  Several SNPs were found 

within introns, including five SNPs between the fifth and sixth exons which could 

affect preference for one of the two splice variants of Glyma.05g001700.  Four 

distinct haplotypes were discovered in the population with differing SNP profiles 

across the gene.  Members of these haplotypes could be used in a future study 

to add evidence that the promoter insertion is driving the expression difference 

seen in early iron stress between ‘Fiskeby III’ and ‘Mandarin (Ottawa)’, as well as 

whether SNPs within intron regions favor a specific splice variant.  The unique 

“Other” genotypes that did not conform to the four haplotypes may also harbor 

alleles that alter IDC tolerance and should be investigated.  As stated in the 

Results section, the majority of “Other” genotypes exhibited heterozygous calls, 

indicating that there may have been some contamination or heterogeneous 
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accessions sampled. Accessions that are heterogeneous in this interval could 

also serve as natural isolines to further study the impact of this gene on IDC 

tolerance (Mihelich et al. 2020). Five genotypes in the “Other” category were 

found to be heterogeneous for the promoter insertion.  It may be possible to use 

these populations as natural isolines to further investigate the function of 

Glyma.05g001700 as well as the effect of the promoter insertion.  The insertion is 

present in several G. soja genotypes, however not all of the ancestral soybean 

lines in this population carry the variant.  This is important because it makes it 

difficult to discern whether the 11 base insertion is the “ancestral state” of the 

promoter region, or whether it occurred later in G. soja and was introgressed into 

G. max after initial domestication.  It is also possible that the variation for the 

insertion in G. max is due to separate domestication events from G. soja.  

Resolving this would require investigation of more distant relatives of G. max and 

G. soja.  

 

Future Directions 
 

 As a result of the 2020 COVID-19 pandemic and reduced operations of 

the University of Minnesota, some important experiments related to this chapter 

were not able to be conducted or completed.  The goal of this section is to 

illustrate those experiments, explain the rationale, and describe what had been 

completed before the research hibernation. 

 

Glyma.05g001700 Overexpression in Soybean Hairy Roots  



95 
 

  Soybean hairy root induction is a fast and efficient way to analyze genes 

involved in root related traits.  In this method, Agrobacterium rhizogenes is used 

to co-transform soybean tissue (most often wounded cotyledons) with a construct 

that harbors genes required for hairy root formation as well as the insertion of a 

transgene of interest (TOI) harbored on a separate plasmid.  Hairy root induction 

and transformation with the TOI are separate events, resulting in both hairy roots 

produced with and without the transgene.  Because of this, reporter genes such 

as GUS or GFP are often used in the TOI to easily identify hairy roots harboring 

the transgene.  Hairy roots that are not transformed with the TOI serve as 

excellent controls, since they are produced in near identical conditions as other 

transformed hairy roots growing from the same cotyledon.  Hairy roots have been 

used extensively to study gene pathways involved in the interaction of soybean 

and Rhizobia bacteria species in nodule formation (Govindarajulu et al. 2008), as 

well as Soybean Cyst Nematode (SCN) resistance (Cook et al. 2012).  The hairy 

root system is ideal for gene function analysis in this study because 

Glyma.05g001700 has previously been shown to be expressed exclusively in the 

roots of soybean (Severin et al. 2011) and provides much faster results than 

soybean whole plant transformation.   

 The goal of this experiment was to overexpress Glyma.05g001700 in 

soybean hairy roots and observe the roots for differences in phenotype and iron 

accumulation compared to non-transformed hairy roots. I expect that 

overexpression of Glyma.05g001700 will cause hyperaccumulation of iron in 

transformed hairy roots, possibly resulting in iron toxicity or other unique root 



96 
 

phenotypes. This outcome would support the hypothesis that this gene is 

involved in iron transport and homeostasis. However, if no difference is observed 

between the transformed and non-transformed roots, that would indicate 

Glyma.05g001700 is either not the causal gene or mediates iron homeostasis 

through a different means (such as rhizosphere acidification).    

Hairy roots were successfully transformed with the gene of interest, as 

observed with GUS staining, however the iron accumulation analysis was not 

able to be completed due to the COVID-19 lab hibernation.  The forthcoming text 

describes what was completed, and what remains to be done once university 

operations resume.   

 

Construct Development  

PCR amplification of Glyma.05g001700 was conducted using genomic 

DNA from ‘Fiskeby III’.  Two primer pairs were developed to amplify the gene 

(Table 4.4.).  Forward primers were designed to add an AscI restriction digest 

site, and reverse primers were designed to add an SpeI restriction digest site for 

cloning into a pMDC_32_GUS vector with a β-Glucuronidase (GUS) reporter in 

the T-DNA region.  The insertion site allowed Glyma.05g001700 to be 

transcribed using a double 35s promoter and terminated with a NOS termination 

signal.  KOD Hot Start Master Mix (Sigma-Aldrich) was used as recommended 

by the manufacturer to amplify Glyma.05g001700.  Because the PCR product 

was large (~3kb) a PCR cleanup was performed instead of gel purification to 
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allow for maximum recovery of the product.  After cleanup, a small amount of 

PCR product was run on a gel to ensure successful amplification.   

   Restriction digestion was performed at 37° C overnight using AscI-HF 

and SpeI-HF (New England Biolabs) on both the PCR product and 

pMDC_32_GUS.  A PCR cleanup was performed as described above after heat 

inactivation of the restriction enzymes at 60° C for one hour.  Digested 

Glyma.001700 PCR product and pMDC_32 were then ligated using T7 ligase at 

room temperature for twenty minutes followed by one hour of heat inactivation at 

80° C.  The resultant plasmid is henceforth referred to as pMDC_32_GUS_MATE 

and was transformed into Invitrogen E. coli Subcloning Efficiency DH5α 

competent cells (Catalog # 18265-017).  Cells were plated on LB-agar with 0.5 

g/L kanamycin.  Colonies successfully transformed with pMDC_32_GUS_MATE 

were identified by colony PCR, using primers 5’-

TGCTAACCCGTGTTCTTAGAGT-3’ and 5’-TCCCTCGCTTTAGTTGCCTG-3’, 

which amplify a 190 bp product within the sequence of Glyma.05g001700.  

Positive colonies were grown overnight in LB liquid medium and the plasmid was 

purified using a mini-prep kit (Qiagen).  Presence of the Glyma.05g001700 

ligation into pMDC_32_GUS was verified by AscI/SpeI restriction digestion 

followed by agarose electrophoresis, to ensure the correct product sizes.  The 

pMDC_32_GUS_MATE construct was then transformed into A. rhizogenes strain 

K599 chemi-competent cells. 

 

Hairy Root Development 
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 Hairy root transformation was initiated but not taken to completion.  

Soybean seeds were surface sterilized for eighteen hours using chlorine gas.  

Sterilized seeds were germinated for seven days under fluorescent lighting to 

induce chlorophyll production.  After germination seeds were cut in half 

separating cotyledons longitudinally, leaving half of the seed embryo in each 

section.  The hypocotyl was trimmed to about ~3mm from the base of the seed, 

and shallow cuts were made to the flat side of the cotyledon to improve 

transformation by A. rhizogenes.   

 A. rhizogenes glycerol stock cultures transformed with 

pMDC_32_GUS_MATE were initiated forty eight hours before completion of seed 

germination.  One mL of glycerol stock was transferred to a 10mL liquid broth 

(LB) culture with kanamycin.  10mL cultures were shaken at ~225 RPM and 

incubated at 28° C for twenty four hours, at which time 1mL of culture was 

transferred to 10mL of fresh LB and returned to the shaker.  The culture was 

centrifuged at 4000xg for ten minutes to pellet the bacteria. The pellet was then 

resuspended in ¼ Murashige and Skoog (MS) media to an OD600nm (optical 

density) of ~0.2-0.3.  This was then used to inoculate the prepared seed halves 

by submerging the seeds in the inoculant for 1 hour.  After inoculation, seeds 

were placed on plates with filter paper soaked in liquid ¼ MS media or ¼ 

modified MS media with no iron.  Liquid media was reapplied as necessary, 

roughly every three to four days.  Plates were sealed with surgical tape (3M) and 

placed under fluorescent lighting for two weeks to allow for hairy root 

development. 
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X-Gluc staining  

To verify successful transformation of hairy roots with the GUS_MATE 

transgene, staining was performed with 5-bromo-4-chloro-3-indolyl glucuronide 

(X-Gluc) on either whole roots or whole cotyledons with hairy roots intact.  

Staining buffer consisted of 25 mM NaH2PO4, 25 mM Na2HPO4, 5 mM EDTA, 

and 1 mg/mL X-Gluc dissolved in dimethylformmide (DMF).  Hairy roots were 

stained for one hour incubated at 37° C and then removed from staining buffer 

for observation.   

 

Perls/DAB staining 

 Identification of iron accumulation within hairy roots was intended to be 

performed using Perls/DAB Fe staining as described by Roschzttardtz et al. 

(2013).  Briefly, untransformed and transformed hairy roots (identified by GUS 

staining of root sections) from both ¼ MS media and ¼ modified MS media with 

no iron were to be observed for iron accumulation.  Roots were to be vacuum 

infiltrated with fixation solution (2%(w/v) paraformaldehyde, 1%(v/v) 

glutaraldehyde, 1% (w/v) caffeine in 100 mM phosphate buffer) for thirty minutes, 

followed by a fifteen hour incubation in the same solution.  After fixation, roots 

were to be washed, embedded in resin, sectioned, and transferred to glass sides 

which had incubated in Perls stain solution for forty-five minutes as described by 

Roschzttardtz et al. (2013). 
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 The expected result of this experiment was hyperaccumulation of iron in 

hairy roots transformed with the Glyma.05g001700 overexpression cassette, 

possibly in both full MS media and modified MS media with no iron (accumulation 

of iron in roots grown in modified MS media could occur if iron stores in the 

cotyledon were transferred to the root).  Iron accumulation in hairy roots 

transformed with Glyma.05g001700 overexpression cassette would be compared 

to untransformed hairy roots.  This portion of the experiment was unable to be 

completed due to COVID-19 and reduced university operations but should be 

executed to confirm the function of Glyma.05g001700 prior to submitting this 

work to a scientific journal.     

 
Preliminary Results 
 After two weeks of hairy root growth, several whole cotyledons were 

stained with X-Gluc for confirmation of transformation with 

pMDC_32_GUS_MATE.  Five stained hairy roots were recovered, indicating 

successful transformation of pMDC_32_GUS_MATE.  Observationally the roots 

were small, never longer than 3cm, either devoid of lateral branching or had very 

stunted lateral roots, and often had necrotic lesions (Figure 4.4).  This phenotype 

could be caused by iron toxicity due to overaccumulation of iron or improper iron 

distribution as a result of Glyma.05g001700 overexpression.  Quantification of 

these observations was not conducted as more rigorous experimentation was 

meant to follow with Perls/DAB Fe staining, but was halted due to COVID-19 and 

reduced university operations.   
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Summary 
 

 

 A comparison of genotype ‘Fiskeby III’ with the ‘Williams 82’ reference 

genome sequence revealed 116 instances of sequence variation within the 17 

annotated genes and promoters located in the Gm05 fine-mapped region for IDC 

tolerance.  One of these variants is a putative TATA-box insertion in the promoter 

region of gene model Glyma.05g001700.  A qRT-PCR experiment showed that 

the presence of the insertion likely increases expression of this gene in early iron 

deficiency stress.  Glyma.05g001700.1 is a MATE efflux gene with a cation 

binding domain and high homology with genes in A. thaliana that are known to be 

involved in iron homeostasis.  Among 106 diverse soybean genotypes, the 

insertion was present in 32% of the population.  Some of these genotypes harbor 

unique variation, which could be explored for effects on IDC tolerance.  While 

hairy root transformation to show increased iron accumulation with 

overexpression of Glyma.05g001700 could not be completed, preliminary 

observations exhibited unique phenotypes possibly caused by iron toxicity, 

lending further evidence that this gene is involved in the iron uptake and/or 

accumulation process.   
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Tables 

 

Table 1.1. Soybean Iron Deficiency Chlorosis Tolerance Mapping Studies.   
The use of bi-parental and/or association mapping approaches to discover loci is 
indicated in the “Method” column.  Chromosomes on which the loci were 
discovered are also indicated.   
 
 
 

Study Year Method Chromosome(s) Associated with Tolerance 

Lin et al. 1997 Bi-parental Gm03,Gm12,Gm14,Gm18,Gm19,Gm20 

Charlson et al. 2003 Bi-parental Gm03,Gm05,Gm12,Gm19,Gm20 

Charlson et al. 2005 Bi-parental Gm19 

Wang et al. 2008 Association Gm13,Gm14,Gm18,Gm20 

Mamidi et al. 2011 Association 
Gm03,Gm05,Gm07,Gm09,Gm11,Gm13 
Gm15,Gm16,Gm17,Gm18,Gm19,Gm20 

King et al. 2013 Bi-parental Gm20 

Mamidi et al. 2014 Association 
Gm02,Gm03,Gm05,Gm07,Gm11,Gm12 

Gm15,Gm16,Gm17,Gm18,Gm19 

Merry et al. 2019 
Bi-parental/ 
Association 

Gm03,Gm05,Gm06 

Assefa et al. 2020 Association Gm03, Gm05, Gm16 
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Table 2.1. Primers used in custom MassARRAY genotyping for fine 
mapping of the Gm05 IDC QTL.   
SNP Panel indicates whether the primer pair was used in the initial 19 SNP fine 

mapping panel or the secondary 27 SNP panel used to discern the 

recombination point in HIF 609.  SNP position indicates the genomic location of 

the SNP used in genotyping in reference to the Wm82.a2.v1 genome assembly 

bp positions.  The SNP associated with the ‘Fiskeby III’ and ‘Mandarin (Ottawa)’ 

genotypes are indicated for each primer set. Note that all primers have 

‘ACGTTGGATG’ on the 5’ end for use in the MassARRAY chemistry for 

genotyping; the rest of the primer matches specific regions of the soybean 

genome. 

 

SNP 
Panel 

SNP 
Position 

‘Fiskeby 
III’ SNP 

‘Mandarin 
(Ottawa)’ 

SNP 

Forward Primer  

(5’-3’) 

Reverse Primer  

(5’-3’) 

19 
SNP 
Panel 

12018 
A G 

ACGTTGGATGTGACGC
ACCTTCTGTATACC 

ACGTTGGATGATA
GATCCAGTCGTCG
ATTC 

19 
SNP 
Panel 

21750 
A G 

ACGTTGGATGATTAATA
GCCACCTCGCACC 

ACGTTGGATGGTG
ATGAAGAAGACGA
CGAC 

19 
SNP 
Panel 

51898 
C T 

ACGTTGGATGGTATTG
GTGGTCCAAGAAGC 

ACGTTGGATGCTG
TTTTCAAGGCTAAG
CTG 

19 
SNP 
Panel 

160904 
T C 

ACGTTGGATGAGTACT
GTTGGAGGCGAATG 

ACGTTGGATGAGA
GAACTACCTTCTCA
CCG 

19 
SNP 
Panel 

292492 
C T 

ACGTTGGATGATGTGG
TTCTGCATCTTGCC 

ACGTTGGATGATAT
GGAGCATGTTGGT
GGC 

19 
SNP 
Panel 

308102 
T G 

ACGTTGGATGTGGTCA
AGGAAGCCATGCG 

ACGTTGGATGACC
GAACTTGTCCACCA
TTC 

19 
SNP 
Panel 

450712 
G T 

ACGTTGGATGAACTTC
AGTATGACAGCCAC 

ACGTTGGATGCATA
TACATGCTAATTCC
TGC 

19 
SNP 
Panel 

469490 
T C 

ACGTTGGATGTGTTTTT
GAGGCAAGAGCCC 

ACGTTGGATGTCCT
GACGGAAGTTAGT
CTG 

19 
SNP 
Panel 

484990 
A G 

ACGTTGGATGATGTGT
GATCAACTTGCTCG 

ACGTTGGATGCTCT
CAGCCTGGGATTT
ATC 

19 
SNP 
Panel 

487599 
T G 

ACGTTGGATGATGTCA
CCCAGTATGAGAGG 

ACGTTGGATGTGG
ACAGAAGAATTGG
GCAC 

19 
SNP 
Panel 

488255 
G A 

ACGTTGGATGCTAAGG
CTTCGGTTTTTCGG 

ACGTTGGATGTCC
AGCGAAAACAATC
GCAC 
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19 
SNP 
Panel 

595812 
T C 

ACGTTGGATGGCTACC
ATAATATTCTCGTG 

ACGTTGGATGGAT
CATCATTTCGCCCT
ACC 

19 
SNP 
Panel 

615080 
C T 

ACGTTGGATGGTCATA
CATACAATGGTAGC 

ACGTTGGATGTTGT
TGGAACACCTTGCT
GG 

19 
SNP 
Panel 

954235 
C T 

ACGTTGGATGGGAAAA
GTGGATATATTTCAG 

ACGTTGGATGCTT
GTCTCTTGCATCTT
GCT 

19 
SNP 
Panel 

954941 
G T 

ACGTTGGATGTGTGCG
TGCAGAGTGCACAT 

ACGTTGGATGTGG
GCGCTAAGCATAC
GTTT 

19 
SNP 
Panel 

984321 
A G 

ACGTTGGATGGGTGTC
ATTTCATGAAGTGC 

ACGTTGGATGAAG
AGAATAGGACAGC
AGCC 

19 
SNP 
Panel 

104993

9 
A G 

ACGTTGGATGGTAGCA
GTGTATGTCCCAAC 

ACGTTGGATGAGT
CTTGAATATTTGGT
GGG 

19 
SNP 
Panel 

109256

9 
A C 

ACGTTGGATGCTTCTC
CACAGACTGAGTTG 

ACGTTGGATGTCC
CGCGGCTATTAAAT
GAG 

19 
SNP 
Panel 

144433

4 
G A 

ACGTTGGATGTACTGA
GGTCACTGCCAGC 

ACGTTGGATGATG
AGGAAGGAGGAGG
TGAC 

27 
SNP 
Panel 

10251 
C T 

ACGTTGGATGTCATCC
GTAAGACTCGAACC 

ACGTTGGATGGCG
TTAAGCTAAATTTG
ATTG 

27 
SNP 
Panel 

10367 
T C 

ACGTTGGATGCACGAT
ATCCATCAGTTTAG 

ACGTTGGATGAAAT
CATGGTTGGGAGG
AGC 

27 
SNP 
Panel 

25206 
C T 

ACGTTGGATGCACTCA
TACGTTGACACGAG 

ACGTTGGATGAGT
CTTGGGAGCCTGA
TTTG 

27 
SNP 
Panel 

48428 
T C 

ACGTTGGATGACACCG
AGTAAGTATACCCC 

ACGTTGGATGGAG
AAACTACTAAAGGA
AGC 

27 
SNP 
Panel 

58561 
G A 

ACGTTGGATGTGGTTG
GTGTGCTTCCAAAG 

ACGTTGGATGTGTT
GTGGTCGGGTATA
GTG 

27 
SNP 
Panel 

61391 
C T 

ACGTTGGATGCTAATA
CTACACTCGTAATCC 

ACGTTGGATGGGG
TGCTTTCCACACTT
CAA 

27 
SNP 
Panel 

68177 
T C 

ACGTTGGATGTTTTGT
CCCCGTTTATCTCC 

ACGTTGGATGGTA
GGTTAACGGTCAA
CGTC 

27 
SNP 
Panel 

84921 
T C 

ACGTTGGATGCTCTGC
TGAGGTGGTAAAAG 

ACGTTGGATGCCC
ACATGCAATCCTTC
GTC 

27 
SNP 
Panel 

90924 
G A 

ACGTTGGATGTGGGAG
TAGTTCTCTGTTGG 

ACGTTGGATGAAG
GAGCAGTTTTCAGA
CAC 
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27 
SNP 
Panel 

102166 
C T 

ACGTTGGATGTTCAGC
CAGCTAAGGTTTCC 

ACGTTGGATGCTA
GTAGACTATGATCA
AGC 

27 
SNP 
Panel 

102437 
C T 

ACGTTGGATGGCATGC
GTTGTAAGTATGAAG 

ACGTTGGATGTCC
CTTCATCCTCCAAT
GTC 

27 
SNP 
Panel 

123523 
C T 

ACGTTGGATGTGACTT
CCCAACCCATTCAC 

ACGTTGGATGTGA
GAACTCAGACGTG
AACC 

27 
SNP 
Panel 

123586 
C T 

ACGTTGGATGACCCTT
TCGTGACATTCCTC 

ACGTTGGATGCTC
ACCAGAAGCTAGA
GAAC 

27 
SNP 
Panel 

124728 
T C 

ACGTTGGATGGTGCCA
AAAATCCTCACCAC 

ACGTTGGATGCAT
GGTCTCCTTTGTAG
CAC 

27 
SNP 
Panel 

133185 
G A 

ACGTTGGATGTCTGCA
TGGACTGTCATCTG 

ACGTTGGATGAAC
AGATACAACTGGG
CCAC 

27 
SNP 
Panel 

137207 
C G 

ACGTTGGATGTCTGTT
GTGAGAGATCTCAG 

ACGTTGGATGCAC
ATTATCCACCACAC
AGG 

27 
SNP 
Panel 

138051 
G C 

ACGTTGGATGCATCAA
TGACTATGACGCCC 

ACGTTGGATGTAG
ATTGAGAAGTGGC
ACCC 

27 
SNP 
Panel 

142107 
T C 

ACGTTGGATGCCACAT
GAAGAGTCTCAAAG 

ACGTTGGATGGGA
CTTATGTCTGCTTT
TGC 

27 
SNP 
Panel 

142782 
G A 

ACGTTGGATGTTGTCG
TAGGATTTTTATC 

ACGTTGGATGCAT
CGTTCAAATAATCT
GCAC 

27 
SNP 
Panel 

145224 
T A 

ACGTTGGATGTGGATC
TGAGTTGTGTGCTG 

ACGTTGGATGCAC
CATTTTGGTGCACA
CCT 

27 
SNP 
Panel 

147831 
G A 

ACGTTGGATGGAGGAA
TGCTAACAACACAC 

ACGTTGGATGGGA
AATCACAAAATTTT
GCCG 

27 
SNP 
Panel 

151052 
G A 

ACGTTGGATGAACTGT
TTGTGTCTCATGCC 

ACGTTGGATGCTC
CTCTGATGTAGTTC
TCC 

27 
SNP 
Panel 

152028 
A C 

ACGTTGGATGTGAGGA
CTTGGCTTCTTCTG 

ACGTTGGATGGTG
GATCAGTCTGTTGC
AAG 

27 
SNP 
Panel 

160904 
A G 

ACGTTGGATGTCGGAG
AAGTACTGTTGGAG 

ACGTTGGATGAGA
GAACTACCTTCTCA
CCG 

27 
SNP 
Panel 

165281 
A G 

ACGTTGGATGACTTGC
TCCCTTCCATATGC 

ACGTTGGATGTTCT
GGACACCAAACCT
GAC 

27 
SNP 
Panel 

166839 
A G 

ACGTTGGATGTCACTA
GAAGCAGCAGTAGG 

ACGTTGGATGCAA
ATCGTGCCGTTTGT
TTC 

27 
SNP 
Panel 

168392 
A G 

ACGTTGGATGGATTAT
CAAGAGGGATTAAG 

ACGTTGGATGTGA
CTATTGTTCAGATT
CCG 
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Table 2.2. Significant SNPs discovered in association mapping of the PI 
and URT panels.  
SNP ID, Chromosome, bp position, and -log(p) value for significant SNPs 

discovered in association mapping in the PI and URT panels. SNPs were 

considered significant when -log(p) was greater than 5.93 in the PI Panel and 

5.07 in the URT Panel.  SNP, chromosome, and bp position are aligned with the 

Wm82.a2.v1 genome assembly. 

 

 

SNP ID Chromosome Position 
                 -LOG(p) 

PI                                  
Panel 

URT 
Panel 

ss715585469 3 34532040 10.985 - 

ss715585427 3 34245545 7.691 - 

ss715585486 3 34612476 6.554 - 

ss715585425 3 34243241 6.247 - 

ss715592610 5 201448 6.880 10.306 

ss715592592 5 308102 - 10.000 

ss715592489 5 1323486 6.389 - 

ss715592488 5 1325450 6.125 - 

ss715595695 6 9762865 6.766 - 

ss715595694 6 9747938 6.558 - 

ss715595697 6 9767612 6.268 - 

ss715595696 6 9765765 6.141 - 

ss715595698 6 9767799 6.055 - 

ss715595700 6 9772068 6.024 - 

ss715595699 6 9768760 5.960 - 

 

 

 

 



107 
 

Table 2.3. Descriptive Statistics of IDC scores for QTL mapping of the 
‘Fiskeby III’ x ‘Mandarin (Ottawa)’ bi-parental population.   
Median, Minimum, and Maximum scores are the RIL average of three repetitions 

 

 

Year Mean Score 
Standard 
Deviation 

Median 
Score 

Minimum 
Score 

Maximum 
Score 

Skewness 
Excess 
Kurtosis 

2011 3.88 0.66 3.84 2.3 5.78 0.27 -0.08 

2012 2.95 0.77 2.88 1.29 4.97 0.3 -0.58 

2013 5.69 0.66 5.67 4.01 7.15 0.02 -0.72 

11/12/13 3.98 1.28 3.84 1.29 7.15 0.35 -0.62 
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Table 2.4. Summary of results for composite interval mapping of iron 
deficiency chlorosis using LS-mean IDC scores.   
For the QTL on chromosomes 5 and 6, associated peak marker, LOD position, 

LOD Score, 1.5-LOD support interval, percent phenotypic variation explained by 

the QTL, and additive effect of a single copy of the ‘Fiskeby III’ allele for each 

QTL are identified. Marker position coordinates are based on the Wm82.a2.v1 

genome assembly.   

 

 

Chromosome Peak Marker 
Marker 
Position 

(bp) 

LOD 
Peak 

Position 
(cM) 

LOD 
Score 

1.5-LOD 
Support 
Interval 

(cM) 

% 
Variation 
Explained 

Additive 
Effect 

5 
BARC-044481-

08709 
21750 0 8.5 0-2 16.2 -0.25 

6 
BARC-014557-

01578 
11851152 67 5.5 57-81 7.7 -0.16 
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Table 2.5. NIL 2016-2017 combined marker analysis.  
NILs in each year were pooled, and genotype data from each NIL was used to 

calculate IDC score average associated with alleles. Marker ID (SSID), marker 

bp position (according to the Wm82.a2.v1 genome assembly), marker IDC score 

averages for ‘Mandarin (Ottawa)’ and ‘Fiskeby III’ alleles, and significance of 

each marker are reported below.   

 

 

SSID Position 
Mandarin 
Average 

Fiskeby 
III 

Average 
Significance 

715592634 12018 5.784 5.182 **** 

715592632 21750 5.784 5.182 *** 

- 51898 5.784 5.182 *** 

715592615 160904 5.781 5.146 *** 

715592597 292492 5.781 5.146 *** 

715592592 308102 5.766 5.181 *** 

715592569 450712 5.611 5.494 N.S. 

715592558 469490 5.579 5.515 N.S. 

715592553 484990 5.579 5.515 N.S. 

715592552 487599 5.611 5.494 N.S. 

715592551 488255 5.611 5.494 N.S. 

715592539 595812 5.621 5.491 N.S. 

715592538 615080 5.588 5.512 N.S. 

715592510 954235 5.5 5.315 N.S. 

715592509 954941 5.516 5.548 N.S. 

715592507 984321 5.516 5.548 N.S. 

715592503 1049939 5.5 5.315 N.S. 

715592500 1092569 5.513 5.584 N.S. 

715592479 1444334 5.368 5.581 N.S. 

N.S. = Not Significant, *** = p < 0.001, **** = p < 0.0001 
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Table 3.1. ANOVA summary of significant effects in the Check Genotypes 
Experiment and the NIL Experiment.   
Significance code followed by ‘CD’ indicates significance in the Check Genotypes 

Experiment.  Significance code followed by ‘NIL’ indicates significance in the NIL 

Experiment.  Significance codes: (***) p < 0.001, (**) p < 0.01, (*) p < 0.05.  † 

Run was not included as a blocking factor for the NIL Genotypes experiment. 

 

 

    

Source of Variation  Visual Score SPAD Value  Height Root Dry Mass Shoot Dry Mass

Genotype ***CD ***CD **CD/***NIL

Inoculation ***CD/***NIL ***CD/***NIL ***CD/***NIL ***CD ***CD/*NIL

pH *CD *CD *CD *CD *CD

CCE% ***CD/***NIL ***CD/***NIL ***CD/***NIL ***CD/***NIL ***CD/***NIL

Genotype x pH

Genotype x CCE%

Genotype x Inoculation *CD *NIL *NIL **CD *CD/*NIL

Genotype x Inoculation x CCE% ***NIL *CD **CD

Genotype x Inoculation x pH

Genotype x CCE% x pH

CCE% x pH

Inoculation x pH

Inoculation x CCE% **CD/***NIL ***CD **CD

Inoculation x CCE% pH

Genotype x Inoculation x CCE% x pH

Run†
***CD ***CD ***CD ***CD
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Table 3.2. Main Effects of the Check Genotypes Experiment 
Main Effects of Check Genotypes Experiment and means and standard error 

(S.E.) for each measured trait. Significant differences between means calculated 

with Tukey’s HSD test and are indicated with differing letter superscripts (non-

significant differences are indicated with n.s. superscripts).   

 

 

   

Mean S.E. Mean S.E. Mean S.E. Mean S.E. Mean S.E.

 'Corsoy 79' 4.5
a 0.11 22.2

n.s. 0.36 11.1
a 0.15 0.62

n.s. 0.02 1.1
a 0.03

 'Dawson' 3.8
b 0.11 21.5

n.s. 0.36 12.0
b 0.15 0.65

n.s. 0.02 1.2
b 0.03

Yes 3.5
a 0.11 23.3

a 0.36 12.4
a 0.15 0.69

a 0.02 1.3
a 0.03

No 4.8
b 0.11 20.4

b 0.36 10.8
b 0.15 0.58

b 0.02 1.0
b 0.03

6.5 3.9
a 0.14 22.0

ab 0.44 11.7
ab 0.18 0.66

a 0.02 1.2
a 0.03

7.5 4.1
ab 0.14 22.6

a 0.44 11.8
a 0.18 0.65

ab 0.02 1.2
a 0.03

8.5 4.5
b 0.14 21.0

b 0.44 11.2
b 0.18 0.59

b 0.02 1.1
b 0.03

0% 2.8
a 0.16 26.2

a 0.51 12.8
a 0.21 0.71

a 0.02 1.6
a 0.04

10% 4.1
b 0.16 21.6

b 0.51 11.5
b 0.21 0.66

ab 0.02 1.1
b 0.04

20% 4.5
b 0.16 20.2

bc 0.51 11.2
b 0.21 0.62

bc 0.02 1.0
bc 0.04

30% 5.3
c 0.16 19.5

c 0.51 10.9
b 0.21 0.55

c 0.02 0.89
c 0.04

Genotype

Inoculated with 

Rhizobia

pH

CCE%

Source of 

Variation
Level

SPAD Value Height                  

(cm)

Root Dry Mass        

(g)

Shoot Dry Mass      

(g)

Visual Score          

(1-9 Scale)
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Table 3.3. Main Effects of the NIL Genotypes Experiment 
Main Effects of the NIL Genotypes Experiment and means and standard error 

(S.E.) for each measured trait. Significant differences between means calculated 

with Tukey’s HSD test and are indicated with differing letter superscripts (non-

significant differences are indicated with n.s. superscripts).   

 

 

   

Mean S.E. Mean S.E. Mean S.E. Mean S.E. Mean S.E.

 'Susceptible NIL' 3.7
n.s. 0.11 18.3

n.s. 0.41 9.0
n.s. 0.13 0.64

n.s. 0.02 1.4
a 0.03

 'Tolerant NIL' 3.6
n.s. 0.11 17.7

n.s. 0.4 9.2
n.s. 0.12 0.66

n.s. 0.02 1.5
b 0.03

Yes 2.8
a 0.11 20.7

a 0.41 9.5
a 0.12 0.64

n.s. 0.02 1.4
a 0.03

No 4.6
b 0.11 15.3

b 0.4 8.6
b 0.12 0.66

n.s. 0.02 1.5
b 0.03

6.5 3.5
n.s. 0.14 17.4

n.s. 0.49 9.3
n.s. 0.15 0.66

n.s. 0.02 1.5
n.s. 0.04

7.5 3.8
n.s. 0.14 18.0

n.s. 0.5 9.1
n.s. 0.15 0.68

n.s. 0.02 1.5
n.s. 0.04

8.5 3.7
n.s. 0.14 18.5

n.s. 0.5 9.0
n.s. 0.16 0.62

n.s. 0.03 1.5
n.s. 0.04

0% 1.6
a 0.17 22.0

a 0.59 10.4
a 0.18 0.82

a 0.03 2.7
a 0.04

10% 4.2
b 0.16 16.1

b 0.57 8.9
b 0.18 0.59

b 0.03 1.1
b 0.04

20% 4.6
b 0.02 16.6

b 0.56 8.6
b 0.17 0.58

b 0.03 1.1
b 0.04

30% 4.3
b 0.16 17.2

b 0.58 8.6
b 0.18 0.61

b 0.03 1.0
b 0.04

Genotype

Inoculated with 

Rhizobia

pH

CCE%

Source of 

Variation
Level

Visual Score          

(1-9 Scale)

SPAD Value Height                  

(cm)

Root Dry Mass        

(g)

Shoot Dry Mass      

(g)
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Table 4.1. Sequence variation found between ‘Fiskeby III’ and ‘Mandarin 
(Ottawa)’ in the fine-mapped IDC tolerance interval.   
The variant genome coordinate positions are shown according to the 

Wm82.a2.v1 assembly. SNP variants are indicated by nucleotide code (ATCG) in 

the following format: (‘Williams 82’ nucleotide) -> (‘Fiskeby III’ nucleotide*).  

Nonsynonymous SNPs and the resulting amino acid change are indicated in the 

“Resultant Change” column. Insertion or deletion variants in ‘Fiskeby III’ are also 

indicated in the “Variant Type” column, with small insertion sequences are given 

in the “Resultant Change” column.  * indicates the single variant found in both 

‘Fiskeby III’ and ‘Mandarin (Ottawa)’ genomes. 

 

 

Genome 
Position Gene  

Variant 
Location 

Variant 
Type Resultant Change 

5601 Glyma.05g000100 Exon C -> G V144L 

6194 Glyma.05g000100 Intron G -> A  

6509 Glyma.05g000100 Exon G -> A R82C 

6578 Glyma.05g000100 Intron G -> A  

6763 Glyma.05g000100 Intron A -> T  

7103 Glyma.05g000100 Intron A -> C  

7118 Glyma.05g000100 Intron C -> T  

7227 Glyma.05g000100 Intron C -> T  

11508 Glyma.05g000200 5’ UTR C -> T  

11770 Glyma.05g000200 5’ UTR C -> G  

11818 Glyma.05g000200 5’ UTR T -> G  

11819 Glyma.05g000200 5’ UTR A -> T  

12018 Glyma.05g000200 5’ UTR C -> T  

13561 Glyma.05g000200 Intron T -> C  

14196 Glyma.05g000200 Intron A -> T  

14531 Glyma.05g000200 Intron C -> G  

14627 Glyma.05g000200 Intron T -> A  

14628 Glyma.05g000200 Intron A -> C  

14758 Glyma.05g000200 Intron G -> T  

15992 Glyma.05g000200 Intron T -> G  

17611 Glyma.05g000200 Intron A -> G  

17799 Glyma.05g000200 Intron C -> T  

18088 Glyma.05g000200 Intron A -> G  

21750 Glyma.05g000300 Exon C -> T A45V 

22280 Glyma.05g000300 3’ UTR A -> T  

24078 Glyma.05g000400 3’ UTR A -> G  

24567 Glyma.05g000400 3’ UTR A -> C  

24688 Glyma.05g000400 3’ UTR T -> G  
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24749 Glyma.05g000400 3’ UTR A -> G  

25206 Glyma.05g000400 3’ UTR T -> C  

25225-25226 Glyma.05g000400 3’ UTR Insertion TGTCAATGCCATA 

25267 Glyma.05g000400 3’ UTR T -> G  

25292 Glyma.05g000400 3’ UTR G -> A  

25705 Glyma.05g000400 3’ UTR T -> C  

25889 Glyma.05g000400 3’ UTR C -> T  

25907 Glyma.05g000400 3’ UTR A -> G  

25970 Glyma.05g000400 3’ UTR T -> C  

26323 Glyma.05g000400 3’ UTR G -> C  

26882 Glyma.05g000400 Intron G -> C  

27497 Glyma.05g000400 5’ UTR C -> G  

29955-29956 Glyma.05g000500 Exon Insertion TCT, adds additional K 

38116-38383 Glyma.05g000600 Promoter Deletion  

38654 Glyma.05g000600 5’ UTR T -> C  

39110-39114 Glyma.05g000600 5’ UTR Deletion  

39115 Glyma.05g000600 5’ UTR Deletion  

40615 Glyma.05g000600 Intron C -> T  

42587 Glyma.05g000600 Intron T -> A  

47791 Glyma.05g000600 Intron G -> A  

47739-47816 Glyma.05g000600 Intron Deletion  

48428 Glyma.05g000600 Intron C -> T  

48940 Glyma.05g000600 Intron A -> G  

48945 Glyma.05g000600 Intron T -> C  

*51105-58120 Glyma.05g000600 Intron Mapping  

58439 Glyma.05g000600 Intron A -> T  

58561 Glyma.05g000600 Intron A -> G  

58749 Glyma.05g000600 Intron C -> T  

58752 Glyma.05g000600 Intron G -> A  

61391 Glyma.05g000600 Intron T -> C  

62130 Glyma.05g000600 Intron C -> A  

62241 Glyma.05g000600 Intron G -> A  

62889-62893 Glyma.05g000600 Intron Deletion  

64546 Glyma.05g000600 Intron C -> G  

64774 Glyma.05g000600 Intron A -> T  

65404 Glyma.05g000600 3’ UTR A -> G  

73456-73457 Glyma.05g000700 5’ UTR Insertion TCGCAAG 

74054-74070 Glyma.05g000700 Promoter Deletion  

78046 Glyma.05g000800 Intron A -> G  

82930 Glyma.05g000900 5’ UTR G -> C  

83205 Glyma.05g000900 5’ UTR T -> G  

83454-83455 Glyma.05g000900 5’ UTR Insertion CT 

83644 Glyma.05g000900 5’ UTR C -> T  
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83889 Glyma.05g000900 5’ UTR G -> A  

84921 Glyma.05g000900 Exon C -> T Synonymous 

90082 Glyma.05g001000 Intron C -> A  

90540 Glyma.05g001000 Intron A -> G  

90562 Glyma.05g001000 Intron A -> T  

90924 Glyma.05g001000 Intron A -> G  

91635-91649 Glyma.05g001000 Intron Insertion ~3kb 

92285 Glyma.05g001000 Intron C -> A  

94304 Glyma.05g001000 5’ UTR A -> C  

98104 Glyma.05g001200 3’ UTR T -> C  
101739-
101740  Promoter Insertion 

Transposon DTM_uuu_Gm19-
140 

102437 Glyma.05g001300 
Intron/ 
5’UTR T -> C  

105085 Glyma.05g001300 Intron T -> C  

105889 Glyma.05g001300 Intron C -> T  
107527-
107528 Glyma.05g001400 Intron Insertion A 

107604 Glyma.05g001400 Intron G -> A  

107616 Glyma.05g001400 Intron C -> G  
107637-
107683 Glyma.05g001400 Intron Deletion  

107911 Glyma.05g001400 Exon G -> A P61S 

108195 Glyma.05g001400 5’ UTR A -> G  

108223 Glyma.05g001400 5’ UTR A -> G  

108249 Glyma.05g001400 5’ UTR G -> A  
108348-
108367 Glyma.05g001400 Promoter Deletion  

111800 Glyma.05g001500 3’ UTR G -> T  

111846 Glyma.05g001500 3’ UTR G -> A  

114347 Glyma.05g001600 Intron T -> C  
114352-
114353 Glyma.05g001600 Intron Insertion 

ACCCTAAACCCTAAACCCTA
A 

115100 Glyma.05g001600 Intron C -> T  

115666 Glyma.05g001600 Intron G -> A  

117428 Glyma.05g001600 Intron A -> G  

118761 Glyma.05g001600 Intron A -> T  

118766 Glyma.05g001600 Intron T -> A  

121415 Glyma.05g001600 Exon G -> T T188N 
122006-
122013 Glyma.05g001600 5’ UTR Deletion  
130259-
130260 Glyma.05g001700 Promoter Insertion ACTTATATATA 

130387 Glyma.05g001700 5’ UTR C -> A  

131202 Glyma.05g001700 Intron A -> T  

131836 Glyma.05g001700 Intron A -> G  
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132056 Glyma.05g001700 Intron G -> T  

132830 Glyma.05g001700 Exon A -> G Synonymous 

132854 Glyma.05g001700 Intron A -> G  

132859 Glyma.05g001700 Intron A -> T  

132883 Glyma.05g001700 Intron C -> T  

132964 Glyma.05g001700 Intron A -> C  

133185 Glyma.05g001700 3’ UTR A -> G  
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Table 4.2. Homology of Glyma.05g001700 with A. thaliana and G. max 
MATE efflux genes known to be involved in iron homeostasis.   
Low E values of DTX1, BCD1, and ELS1 indicate high homology with 

Glyma.05g001700, all of which contain a putative cation binding domain 

annotated by the InterPro web tool. 

 

   

Gene Gene ID Species 
Percent 
Identity  

E 
Value 

Cation 
Binding 
Domain 

Publication 

DTX1 At2g04040 
A. 

thaliana 49.56% 
3E-
162 Present Li et al. 2002 

BCD1 At1g58340 
A. 

thaliana 30.09% 3E-70 Present Seo et al. 2017 

ELS1 At5G19700 
A. 

thaliana 29.07% 2E-69 Present 
Wang et al. 

2006 

FRD3 At3g08040 
A. 

thaliana 19.23% 0.28 Absent 
Durett et al. 

2007 

GmFRD3a Glyma.15g274600 G. max 32.89% 4.4 Absent 
Rogers et al. 

2009 

GmFRD3b Glyma.09g102800 G. max 32.89% 5.3 Absent 
Rogers et al. 

2009 
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Table 4.3. Primers used for RT-qPCR of Glyma.05g001700 actin control 
gene. 
 

 

Primer Pair 
Primer 

Orientation Sequence (5' -> 3') 

Glyma.05g01700 
Forward GGATTTAGTGTCCTTTTGGGAATG 

Reverse CACAACCACTCGAACTGCAC 

Actin 
Forward CGTTTCATGAATTCCAGTAGC 

Reverse CGTTTCATGAATTCCAGTAGC 
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Table 4.4. Primers used for PCR amplification of Glyma.05g001700 and 
ligation into pMDC32_GUS vector.   
Restriction enzyme recognition sites (underlined) for either AscI or SpeI were 

added to facilitate ligation into the pMDC32_GUS vector.  

 

 

Primer 
Pair 

Primer 
Name 

Restrictio
n Site Sequence (5' -> 3') 

1 

MATE 
F2 AscI 

TTTTTTTTGGCGCGCCGCACCACTTTCTCT
TTCTCTTC  

MATE 
R2 SpeI 

TTTTTTTTGAGCTCGCAGATGACAGTCCAT
GCAG 

2 

MATE 
F3 AscI 

TTTTTTTTGGCGCGCCGTGGCATGAACATT
GACCAG 

MATE 
R3 SpeI 

TTTTTTTTGAGCTCATCTTTCCACTCCACCG
CAG  
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Figure 2.1. Population development for the biparental mapping, NIL 
development, and fine-mapping populations.  
239 Recombinant inbred lines were generated from the initial hybridization of ‘Fiskeby III’ 

and ‘Mandarin (Ottawa)’.  After QTL mapping in the F5:7 generation, 6 RILs with residual 

heterozygosity in individuals were found and used to generate HIFs, depicted by red 

circles.  Heterozygous plants within HIFs were advanced to the F9 generation.  

Homozygous NIL pairs were identified in the F9:10 generation, and F10:11 seed was 

harvested for planting in the 2016 IDC nursery.  Further inbreeding was conducted from 

F9:10 heterozygous individuals to develop F11:12 NIL pairs for phenotyping in the 2017 IDC 

nursery.  
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Figure 2.2. SNP significance from GWAS of PI and URT panels and QTL 
mapping in the bi-parental population.  
(a-b) Chromosomes 1-20 are ordered on the X axis.  -log(p) is shown on the Y axis.  

Dots represent individual SNPs.  The red line indicates the significance threshold of –

log(p) = 5.93and 5.07 for the PI (a) and URT (b) panels, respectively.  (c) Marker LOD 

scores across the genome for the ‘Fiskeby III’ x ‘Mandarin (Ottawa)’ QTL mapping 

population. Green dashed line represents 0.01 significance threshold (LOD = 4.57), 

yellow dashed line represents 0.05 significance threshold (LOD = 3.77), and blue 

dashed line represents 0.10 significance threshold (LOD = 3.46).   
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Figure 2.3.  NIL pair haplotype classes generated in HIFs.  
Family identification number is indicated in HIF column, and near isogenic line 

identification number within family is indicated in NIL column.  IDC score was 

averaged for each NIL in 2016 (F10:11, Avg Score 2016) and 2017 (F11:12 , Avg 

Score 2017).  Average IDC scores with different letters indicate significant 

differences between NIL pairs by LSD.  Custom Sequenom MassARRAY SNP 

markers and bp positions of markers flanking crucial recombination points in the 

Gm05 QTL region are indicated.  Positions are in reference to the Wm82.a2.v1 

genome assembly.   
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Figure 2.4. Fine mapping of the Gm05 QTL region through HIFs.  
(a) Custom Sequenom MassARRAY SNP markers in the Gm05 QTL region. All 

numbers indicate bp position in reference to Wm82.a2.v1 assembly. (b) Region 

fine-mapped in 2016. (c) Region fine-mapped in 2017.  (d) Region fine-mapped 

to HIF 609 using an additional 27 SNPs.  A critical recombination point was 

discovered between SNPs at bp position 133185 and 137207.  The final fine-

mapped interval resides between bp position 0 and 137207. Arrows indicate 

gene models in the fine-mapped region.   
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Figure 3.1.  Overview of the full factorial experimental design and method.   
Each genotype was either inoculated with rhizobia at planting or uninoculated.  

One week after planting, a nutrient solution with pH and CCE treatment was 

applied to respective plants.  After three weeks (21 days) plants were assessed 

for visual score, SPAD value, height, root dry mass, and shoot dry mass.  
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Figure 3.2. Interaction between genotype and inoculation for visual score in 
the Check Genotypes Experiment.   
Differing letters indicate significant differences.  Error bars represent one 
standard error of the mean.   
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Figure 3.3. Interaction between genotype and inoculation for root dry mass 
in the Check Genotypes Experiment.  
Differing letters indicate significant differences.  Error bars represent one 

standard error of the mean.   
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Figure 3.4. Interaction between genotype and inoculation for shoot dry 
mass in the Check Genotypes Experiment.   
Differing letters indicate significant differences.  Error bars represent one 

standard error of the mean.   
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Figure 3.5. Interaction between genotype and inoculation for chlorophyll 
content in the NIL Experiment.   
Differing letters indicate significant differences.  Error bars represent one 

standard error of the mean. 
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Figure 3.6. Interaction between genotype and inoculation for plant height in 
the NIL Experiment.   
Differing letters indicate significant differences.  Error bars represent one 

standard error of the mean.   
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Figure 3.7. Interaction between genotype and inoculation for shoot dry 
mass in the NIL Experiment.   
Differing letters indicate significant differences.  Error bars represent one 

standard error of the mean.   
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Figure 3.8. Interaction between inoculation and CCE for visual score in the 
Check Genotypes Experiment.  
Differing letters indicate significant differences.  Error bars represent one 

standard error of the mean.   
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Figure 3.9. Interaction between inoculation and CCE for visual score in NIL 
Experiment.  
Differing letters indicate significant differences.  Error bars represent one 

standard error of the mean.   
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Figure 3.10. Interaction between inoculation and CCE for chlorophyll 
content in the Check Genotypes Experiment.  
Differing letters indicate significant differences.  Error bars represent one 

standard error of the mean.   
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Figure 3.11. Interaction between inoculation and CCE for plant height in the 
Check Genotypes Experiment.  
Differing letters indicate significant differences.  Error bars represent one 
standard error of the mean.   
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Figure 3.12.  Interaction between genotype, inoculation, and CCE for root 
dry mass in the Check Genotypes Experiment.  
Differing letters indicate significant differences.  Error bars represent one 

standard error of the mean.   
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Figure 3.13. Interaction between genotype, inoculation, and CCE for shoot 
dry mass in the Check Genotypes Experiment.  
Differing letters indicate significant differences.  Error bars represent one 

standard error of the mean.   
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Figure 3.14. Interaction between genotype, inoculation, and CCE for 
chlorophyll content in the NIL Experiment.  
Differing letters indicate significant differences.  Error bars represent one 

standard error of the mean.    
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Figure 4.1. Protein modeling of Glyma.05g001700 amino acid sequences 
using Phyre2.  
Amino acid residues modeled in red represent the predicted active site of the 

protein.  (A) Protein model of Glyma.05g001700.1 and (C) Glyma.05g001700.2.  

Splice variation between the two proteins reduces the number of transmembrane 

domains found in Glyma.05g001700.2 from thirteen to ten.  The 3D structure of 

amino acid residues forming a predicted cation binding domain near the active 

site in (B) Glyma.05g001700.1 and (D) Glyma.05g001700.2 are shown within the 

yellow circle.  Splice variation greatly reduced the number of residues forming the 

cation binding domain in Glyma.05g001700.2, which was not annotated as 

containing the domain by InterPro.   
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Figure 4.2. Expression of Glyma.05g001700 
Glyma.05g001700 fold expression differences of ‘Fiskeby III’ iron deficient (blue 

bars) and ‘Mandarin (Ottawa)’ iron deficient (red bars) to ‘Fiskeby III’ in iron 

sufficient conditions, ‘Mandarin (Ottawa)’ in iron sufficient conditions, and 

‘Mandarin (Ottawa)’ in iron deficient conditions (x-axis).  After 1 week of 

treatment, ‘Fiskeby III’ iron deficient plants had the highest expression of 

Glyma.05g001700, as indicated by the high level of differential expression with 

the ‘Fiskeby III’ iron sufficient plants.  Expression of glyma.05g001700 in 

‘Mandarin (Ottawa)’ in iron deficient conditions was similar to both ‘Fiskeby III’ 

and ‘Mandarin (Ottawa)’ in iron sufficient conditions after one week of treatment.  

After two weeks of treatment, expression of Glyma.05g001700 was similar in all 

cases.  
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Haplotype Genotype
 'Mandarin 

(Ottawa)'
T C T C G G G C A T A G A ATTCCA C A T A A G

PI087617 T C T C G G G C A T A G A ATTCCA C A T A A G

PI196175 T C T C G G G C A T A G A ATTCCA C A T A A G

PI398593 T C T C G G G C A T A G A ATTCCA C A T A A G

PI398595 T C T C G G G C A T A G A ATTCCA C A T A A G

PI398614 T C T C G G G C A T A G A ATTCCA C A T A A G

PI404198B T C T C G G G C A T A G A ATTCCA C A T A A G

PI407788A T C T C G G G C A T A G A ATTCCA C A T A A G

PI407965 T C T C G G G C A T A G A ATTCCA C A T A A G

PI408105A T C T C G G G C A T A G A ATTCCA C A T A A G

PI417091 T C T C G G G C A T A G A ATTCCA C A T A A G

PI424298 T C T C G G G C A T A G A ATTCCA C A T A A G

PI424608A T C T C G G G C A T A G A ATTCCA C A T A A G

PI437654 T C T C G G G C A T A G A ATTCCA C A T A A G

PI437655 T C T C G G G C A T A G A ATTCCA C A T A A G

PI437863A T C T C G G G C A T A G A ATTCCA C A T A A G

PI468915 T C T C G G G C A T A G A ATTCCA C A T A A G

PI507354 T C T C G G G C A T A G A ATTCCA C A T A A G

PI518664 T C T C G G G C A T A G A ATTCCA C A T A A G

PI542044 T C T C G G G C A T A G A ATTCCA C A T A A G

PI547862 T C T C G G G C A T A G A ATTCCA C A T A A G

PI548349 T C T C G G G C A T A G A ATTCCA C A T A A G

PI548511 T C T C G G G C A T A G A ATTCCA C A T A A G

PI549031 T C T C G G G C A T A G A ATTCCA C A T A A G

PI567230 T C T C G G G C A T A G A ATTCCA C A T A A G

PI567305 T C T C G G G C A T A G A ATTCCA C A T A A G

PI567343 T C T C G G G C A T A G A ATTCCA C A T A A G

PI591539 T C T C G G G C A T A G A ATTCCA C A T A A G

PI594512A T C T C G G G C A T A G A ATTCCA C A T A A G

PI598124 T C T C G G G C A T A G A ATTCCA C A T A A G

PI603154 T C T C G G G C A T A G A ATTCCA C A T A A G

PI603170 T C T C G G G C A T A G A ATTCCA C A T A A G

PI603175 T C T C G G G C A T A G A ATTCCA C A T A A G

PI603176A T C T C G G G C A T A G A ATTCCA C A T A A G

PI603497 T C T C G G G C A T A G A ATTCCA C A T A A G

PI639740 T C T C G G G C A T A G A ATTCCA C A T A A G

PI658519 T C T C G G G C A T A G A ATTCCA C A T A A G

S07-5049 T C T C G G G C A T A G A ATTCCA C A T A A G

S10-11227 T C T C G G G C A T A G A ATTCCA C A T A A G

PI079691-4 T C T C G G G C T T A G A ATTCCA C A T A A G

PI086006 T C T C G G G C T T A G A ATTCCA C A T A A G

PI378702 T C T C G G G C T T A G A ATTCCA C A T A A G

PI407184 T C T C G G G C T T A G A ATTCCA C A T A A G

PI424079 T C T C G G G C T T A G A ATTCCA C A T A A G

PI518751 T C T C G G G C A/T T A G A ATTCCA C A T A A G

FC31721 T A T C G G G C T T G T G GTTCCT T C T G A A

Peking T A T C G G G C T T G T G GTTCCT T C T G A A

PI088788 T A T C G G G C T T G T G GTTCCT T C T G A A

PI089772 T A T C G G G C T T G T G GTTCCT T C T G A A

PI090763 T A T C G G G C T T G T G GTTCCT T C T G A A

PI404166 T A T C G G G C T T G T G GTTCCT T C T G A A

PI407729 T A T C G G G C T T G T G GTTCCT T C T G A A

PI437679 T A T C G G G C T T G T G GTTCCT T C T G A A

PI437690 T A T C G G G C T T G T G GTTCCT T C T G A A

PI437725 T A T C G G G C T T G T G GTTCCT T C T G A A

PI464920B T A T C G G G C T T G T G GTTCCT T C T G A A

PI548316 T A T C G G G C T T G T G GTTCCT T C T G A A

PI548402a T A T C G G G C T T G T G GTTCCT T C T G A A

PI548415 T A T C G G G C T T G T G GTTCCT T C T G A A

PI561271 T A T C G G G C T T G T G GTTCCT T C T G A A

PI567336B T A T C G G G C T T G T G GTTCCT T C T G A A

PI567387 T A T C G G G C T T G T G GTTCCT T C T G A A

PI567516C T A T C G G G C T T G T G GTTCCT T C T G A A

PI567611 T A T C G G G C T T G T G GTTCCT T C T G A A

PI567690 T A T C G G G C T T G T G GTTCCT T C T G A A

PI567719 T A T C G G G C T T G T G GTTCCT T C T G A A

PI567731 T A T C G G G C T T G T G GTTCCT T C T G A A

PI612611 T A T C G G G C T T G T G GTTCCT T C T G A A

 'Fiskeby III' TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

IA3023 TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI087631-1 TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI200508 TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI209332 TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI248515 TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI398610 TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI417015 TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI437169B TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI438258 TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI438471 TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI467312 TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI471938 TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI475783B TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI495017C TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI548317 TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI548657 TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI548667 TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI552538 TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI567354 TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI567357 TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI567383 TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI567651 TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI593258 TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI594012 TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI594599 TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI605869A TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

S05-11482 TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

S-100 TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI416937 TACTTATATATA A C C G G G C T T G T A GTTCCT T C T G A G

PI647086 TACTTATATATA A C C G G G C T T G T A GTTCCT T C T G A G

PI483463 TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A A

PI366121 TACTTATATATA C T T A A A C T A A G A ATTCCA C A G A T A

PI424088 TACTTATATATA C T C G G G T T T G G A ATTCCA C A G A A/T A

PI424078 T/TACTTATATATA C T C G G G T T T G G G GTTCCT T C T G A G

V71-370 T/TACTTATATATA A T C G G G C T T G T G GTTCCT T C T G A G

PI407162 T/TACTTATATATA C/A T C G G G C A/T T A/G G/T A/G A/G TTCC A/T C/T A/C T A/G A G

PI567519 T/TACTTATATATA C T C G G G C/T A/T T A/G G A ATTCCA C A T/G A A/T G/A

PI597387 T/TACTTATATATA C T C G G G C A/T T A/G G A ATTCCA C A T/G A A/T G/A

PI458515 T C/A T C G G G C A/T T A/G G/T A/G A/G TTCC A/T C/T A/C T A/G A G/A

Haplotype 1

Haplotype 2

Haplotype 3

Haplotype 4

Other



141 
 

Figure 3. Sequence variation of Glyma.05g001700 in 106 resequenced 
genotypes 
Sequence variation in Glyma.05g001700 within 106 resequenced soybean 

genotypes as well as ‘Fiskeby III’ and ‘Mandarin (Ottawa)’ (indicated in bold 

lettering).  Blue rectangles represent the 5’ and 3’ UTRs.  Yellow rectangles 

indicate exons, and are numbered in order.  Gray rectangles indicate introns.  

The variant position and reference allele are given according to the Wm82.a2.v1 

soybean genome assembly.  Alternate allele and frequency indicate variation 

found within the 106 resequenced soybean genotypes and the frequency of that 

variant within the population.  SNPs accounted for all variation within 5’ and 3’ 

UTRs, exons, and introns.  Two synonymous SNPs found within the first and fifth 

exons. 
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Figure 4.4. Hairy root induced cotyledon stained with X-Gluc.   
A clear (not blue) hairy root, presumably not transformed with the GUS_MATE 

transgene, is labeled as “A”.  Many untransformed roots showed extensive 

branching and were clearly longer than transformed (blue stained) hairy roots. 

The X-Gluc stained root, presumably transformed with the GUS_MATE 

transgene overexpressing Glyma.05g001700, is labeled as “B”.  Transformed 

roots were often unbranched or had stunted lateral branches as shown here.  

These phenotypic differences could be caused by iron toxicity or improper iron 

allocation caused by overexpression of Glyma.05g001700.   
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