
ABSTRACT 

MASSON, ROBERT, NORMAND. Heritability and Selective Genotyping QTL Analysis of 

Resistance to Mn Deficiency Derived from Soybean Breeding Line SC97-1821. (Under the 

direction of Dr. Thomas E. Carter, Jr.). 

 

        Manganese (Mn) deficiency stress is known to reduce yield and overall plant health in 

soybean [Glycine max (L.) Merr.]. A cost effective remedy to this problem is the 

development of cultivars with genetic resistance. The objectives of this paper were to (i) 

evaluate the genetic variation for resistance to Mn deficiency in a recombinant inbred line 

(RIL) population, developed from the hybridization of resistant SC97-1821 and susceptible 

soybean cultivar ‘Cook’, (ii) determine heritability and estimate the number of genes 

controlling resistance, (iii) map quantitative trait loci (QTL) controlling resistance to Mn 

deficiency, and (iv) determine the correlation between visual foliar symptoms of Mn 

deficiency and Mn concentration in fully expanded leaves and mature seed. 

A population of 273 F4 derived RILs was grown under pH induced Mn deficient 

conditions in hill plots at Kinston, North Carolina in replicated trials in 2008 and 2009. In 

2012, 60 RILs exhibiting extreme resistance and susceptibility to Mn deficiency were 

retested at the same field site. All plots were rated visually for foliar symptoms of Mn 

deficiency, on a one to five scale, employing parental genotypes as side by side checks in 

each plot. One hundred nine genotypes were assayed for single nucleotide polymorphism 

(SNP) markers and analyzed with R\qtl software.  

Parents and RILs varied significantly for foliar reaction (p<0.05), and narrow sense 

heritability of genotypic means based on two years of testing and three replications per year 

was approximately 0.51. Results of the follow-up field validation test of extreme genotypes 

indicated that no more than 41 and as few as 18 of the 273 RILs appeared to have the same 



level of phenotypic expression as the parental genotypes. Binomial sampling theory was 

employed to derive the expected frequency of extreme genotypes among the RILs based on a 

5 independent gene segregation model and all models with fewer independent loci and were 

compared to the observed values using chi-square analysis. All but a three or four gene 

segregation model were rejected (p<0.05).  

 An R/qtl analysis employing selective genotyping and 348 SNP markers indicated that 

QTL were associated with Mn deficiency resistance on chromosome seven (R
2
 = 0.13 or 

0.07, employing SNP data for 109, or 35 genotypes, respectively) and chromosome two (R
2
 

= 0.06, employing SNP data for 35 genotypes).  

Heritability of the Mn concentration of seed and leaves, expressing Mn concentration 

on a plot basis as a deviation from the mean of the adjacent control hills within the same plot 

was low (0.32 for seed over two years and 0.25 for leaves in one year, employing two 

replications per environment) and non significant (p > 0.05). Correlation of phenotypic 

means of genotypes for visual ratings vs. leaf and seed Mn concentration, again expressed as 

deviations from parental means, indicated that resistant genotypes with reduced foliar 

symptoms were generally higher in leaf and seed Mn concentration, but the correlations were 

low (-0.25 p > 0.05 and -0.54 p < 0.05). 

It appears that foliar resistance to Mn deficiency derived from SC97-1821 is 

moderately heritable, controlled by three or four segregating loci, and that alleles for 

resistance may reside on chromosomes two and seven. Although, leaf and seed Mn 

concentration of RILs in this population were correlated with foliar ratings, they did not 

appear sufficiently high to suggest the use of Mn concentration as a selection trait.  
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1 CHAPTER ONE 

LITERATURE REVIEW 

Soybean Production 

Soybean [Glycine max (L.) Merr.] is the most widely grown oil seed crop in the United 

States, accounting for 90% of domestic oil seed production and 30% of national cropland 

used in 2010 (American Soybean Association, 2011; USDA-Economic Research Service, 

2011). The majority of soybean grown in the United States is sent to processing mills, where 

meal and oil components are separated. Soybean meal accounts for 50-70% of the value of 

this crop, with 98% utilized for livestock feed and the remaining 2% for human consumption 

and other applications (USDA-Economic Research Service, 2011). Soybean oil is used for 

many industrial processes, such as biodiesel, lubricants, plastics, and resins. The oil is also 

consumed as food by humans, accounting for 55-68% of all vegetable oils and animal fats 

consumed in the United States in 2010 (American Soybean Association, 2011; USDA-

Economic Research Service, 2011). Soybean grown in the United States is also exported to 

other countries and sold in foreign markets. In 2010 the United States produced 44% of 

soybean sold on the global export market, earning the distinction of being the world’s largest 

exporter of soybean (American Soybean Association, 2011). Domestic demand for soybean 

products is expected to rise moderately over the next decade and export of soybean to foreign 

countries is forecasted to increase sharply to meet the needs of the growing global market 

(USDA-Economic Research Service, 2011). 
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 Soybean acreage, yield, total production, price per bushel in sales, and total crop value 

fluctuate from year to year, but in general they are increasing to meet growing demand 

(American Soybean Association, 2011; USDA-National Agricultural Statistics Service, 

2011). Even though global demand for this product is increasing, the total land used for 

agriculture in the United States is steadily on the decline. A survey conducted by the National 

Research Conservation Service on land use in the lower 48 states revealed that agricultural 

cropland was reduced from 420 million acres in 1982 to 357 million acres in 2007 and is 

expected to continue to drop as land development and urbanization rates increase (USDA-

National Resources Conservation Service, 2009).  

Manganese Stress in Soybean  

Because demand for this crop is expected to rise and land used for production is 

limited, it is important to analyze current production practices and develop methods of 

maximizing yield on existing acreage. One method of increasing soybean yield involves 

reducing loss caused by nutrient deficiencies. Manganese (Mn) is a nutrient needed for 

proper plant health. Manganese deficiency and toxicity are commonly occurring problems in 

soybean production that can directly result in growth, yield, and seed quality reduction 

(Heenan and Campbell, 1980; Ohki et al., 1980; Parker et al., 1981). To combat the effects of 

these disorders and improve soybean yield, it is important to analyze Mn and plant 

interactions, determine causes of Mn stress, analyze current cultural practices used to 

alleviate these problems, and develop cultivars with genetic resistances. 
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North Carolina, National, and International Occurrence of Manganese Deficiency in 

Soybean 

In North Carolina, low Mn levels are commonly found in the coarse textured, highly 

weathered soils of the coastal plain region, where sandy and high organic soils are naturally 

lower in Mn mineral deposits than the Mn rich, acidic, piedmont and mountainous soils of 

the state (Mascagni and Cox, 1985a; Tucker, 1999). There are other regions outside of North 

Carolina where Mn deficiency causes considerable problems to crop production as well. 

Domestically, Mn deficiency has been reported in many regions, including: Michigan, 

Kansas, Wisconsin, Northern Indiana, Illinois, Ohio, and the coastal plains of Florida, 

Georgia, South Carolina, and Virginia. Internationally, Mn deficiency stress in crop 

production occurs in many places, including: parts of Central America, Bolivia, Brazil, 

England, Denmark, Sweden, the Netherlands, Scotland, China, India, Southeast and Western 

Australia, Democratic Republic of the Congo, Ivory Coast, Nigeria, and other West African 

countries (Beuerlein and Dorrance, 2005; Fageria, 2008; Grooms, 2008; Heatherly and 

Hodges, 1998; Schulte and Kelling, 1999; Stanton and Warncke, 2009).  

Function of Manganese in Plant Systems 

The nutrient Mn is essential to the life of plants and is used in the following biological 

processes: chlorophyll formation, co-factor for respiratory enzymes, activation of several 

important metabolic reactions, germination and maturity,  uptake of phosphorus and calcium, 

evolution of O2 in photosynthesis, oxidation-reduction reactions and electron transport 

systems, structural development of certain metalloproteins, iron metabolism and nitrate 
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assimilation, solubility of carbohydrates, freeze injury resistance, disease resistance, seed oil 

concentration and composition, CO2 fixation in C4 plants, nitrogen fixation in legumes, 

synthesis of important secondary metabolites that lead to production of phenolics, 

cyanogenic glycosides, and lignin plant defense compounds (Burnell, 1988). 

Manganese Deficiency and Toxicity Symptoms in Soybean Plants 

Problems arise when there is an excess or deficiency of this element within plant tissue. 

In soybean, Mn deficiency has been shown to reduce growth, yield, and seed quality 

(Graham et al., 1995; Heenan and Campbell, 1980; Parker et al., 1981; Wilson et al., 1982). 

Foliar deficiency symptoms in soybean manifest as interveinal chlorosis and yellowing of 

leaves, which increases in severity as internal Mn levels are lowered, leading to necrosis and 

leaf shedding under severe deficiency (Heenan and Carter, 1976; Weiland et al., 1975). 

Conversely, excessive Mn in soybean plants causes toxicity, with foliar symptoms 

manifesting initially as brown spotting on leaves, followed by chlorotic spotting, leaf margin 

curling, and crinkling or puckering of interveinal leaf surfaces, as Mn concentrations increase 

(Heenan and Carter, 1976; Ohki, 1976; Wu, 1994). Visual rating of leaves for foliar 

deficiency symptoms has been a good indicator of internal Mn status, and is commonly 

combined with plant tissue chemical analysis, to diagnose Mn-induced stress (Anderson and 

Mortvedt, 1982; Carter et al., 1975; Ohki et al., 1980;). 

Critical Manganese Levels in Soybean 

Many studies have sought to determine critical Mn deficiency and toxicity levels in 

soybean, defined as those below which a significant reduction in growth and/or yield occurs 
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(Bansal and Nayyar, 1990; Cox, 1968; Heenan and Carter, 1976; Ohki, 1976; Ohki, 1981; 

Ohki et al., 1979; Ohki et al., 1980; Macnicol and Beckett, 1985; Mascagni and Cox, 1985b; 

Parker et al., 1981; Somers and Shive, 1942) (Table 1.1). These studies indicate a 

considerable range of critical Mn levels between cultivars, and suggests critical levels may be 

influenced by plant age and sampling location on the plant (Ohki, 1976; Ohki et al., 1979). 

Despite specific differences between cultivars, some general trends in critical Mn levels can 

be observed. Minimum critical Mn levels in soybean tend to fall between the concentrations 

of 9–25µg per g of dry plant material. Critical Mn toxicity levels in soybean exhibit a much 

wider variation in the literature, ranging between 100-420µg per g of dry plant material.   

Soil Manganese Levels and Manganese Index 

Manganese deficiency and toxicity in soybean are caused by complex interactions of 

environmental factors in the soil that alter the ability of plants to take up Mn through root 

tissue. Altered uptake is influenced by the amount of Mn present, soil redox potential, pH, 

oxidative state of Mn, soil structure, soil water content, and interaction of Mn with other 

nutrients. A standard soil test, such as the one conducted by the North Carolina Department 

of Agriculture Soil Testing Facility, may be used to determine Mn levels in the soil. The 

NCDA Soil Testing Facility currently utilizes Mehlich-3 laboratory extraction techniques to 

volumetrically analyze soil for Mn levels, and reports findings as Mn index (Mn-I) and Mn 

Availability index (Mn-AI) ratings (Hardy et al., 2008; Mehlich, 1984; Sims, 1989).  

Manganese index is a numerical rating scale used to describe expected growth response 

of plants to fertilizer application. Critically deficient Mn levels for susceptible plants such as 
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soybean occur at Mn-I scores at or less than 25. Susceptible plants are expected to have 

significant yield increases when Mn fertilizers are added to soils at or below 25 Mn-I. Low to 

moderate yield increases are expected between Mn-I values of 26 and 50, little or no increase 

is expected between values of 51 and 100, and values greater than 100 far exceed plant 

requirements. Mn-I may be easily used to calculate total Mn in the soil (kg of Mn/ha
-1

 or 

pounds of Mn/acre) by multiplying it by a conversion factor of 0.32 or 0.285 respectively 

(Hardy et al., 2008).  

The North Carolina Department of Agriculture and Consumer Services reported that of 

84,000 soil samples taken from the coastal region of North Carolina between July 1997 and 

June 1998, 31.5% of samples were near Mn deficient levels (Mn-I <30, <4.8ppm) and 20.8% 

of samples had critically low Mn levels (Mn-I <25, <4.0ppm). These data also indicate 

12.4% of these samples had pH levels >6.2, which is within the critical pH range where Mn 

becomes unavailable to plants (Edwards, 1999).  Although Mn-rich piedmont and mountain 

regions of North Carolina typically have adequate Mn-I levels, they are not necessarily free 

from Mn deficiency stress. Overuse of agricultural lime can raise soil pH to excessively high 

levels, thus altering the oxidative state of Mn to plant unavailable forms.   

Manganese Oxidative State and Manganese Availability Index 

Manganese index ratings are used to calculate total Mn in the soil, but they do not 

account for the oxidative state of Mn, which affects the ability of a plant to take up the 

nutrient from the soil (Bartlett and James, 1993; Jones and Leeper, 1951; Marschner, 2002). 

Low soil pH alters the molecular form of Mn to the reduced Mn
+2

 state, which is more water 
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soluble and readily absorbed by roots, thereby causing Mn toxicity in excessively low pH 

conditions. High pH soils oxidize Mn into various Mn
+2

, Mn
+3

, and Mn
+4

 cations, with Mn
+3

 

and Mn
+4

 forms being less mobile than Mn
+2

 and not able to be absorbed by plant tissues, 

thus causing Mn deficiency.  

To estimate which Mn cation form is most likely to be present in a given soil, a redox 

potential (E0) soil measurement may be coupled with a soil pH rating, and referenced to a 

Pourbaix Mn diagram (Figure 1.1) (Pourbaix, 1974). Redox potential ratings measure the 

tendency of a substance to accept or donate electrons, and are recorded in volts or millivolts. 

There is a positive correlation between the electron-donating O2 content of soil air and redox 

potential levels, with well-drained O2-rich soils exhibiting high E0 levels between 0.4 – 0.7 

volts and O2 deficient, waterlogged soils producing E0 levels as low as –0.3 volts (Brady and 

Weil, 2004). The Pourbaix diagram for Mn further illustrates the dominating presence of 

soluble Mn
+2

 at lower pH, as well as the multiple oxidative states of Mn at higher pH levels, 

with plant unavailable Mn
+4

 in MnO2 being produced in drier soils, plant unavailable Mn
+3

 in 

Mn2O3 in well drained soils, plant available and unavailable Mn
+2

 & Mn
+3

 combinations in 

Mn3O4 of damp soils, and soluble plant-available Mn
+2

 in Mn(OH)2 found in wet soils. It is 

therefore possible for a given soil to have high Mn-I levels, indicating an abundance of Mn 

present in the soil, but critically low plant available Mn, from high pH and excessively dry or 

damp soil moisture levels, resulting in Mn deficiency stress. 

A standard soil sample submitted to the North Carolina Department of Agriculture Soil 

Testing Facility may be used to determine the level of plant available Mn in a given soil 
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(Hardy et al., 2008). Samples are analyzed for Mn-I, pH, and crop susceptibility to Mn 

deficiency, and these factors are used to create a Mn availability index rating (Mn-AI), which 

indicates the ability of Mn to be used by plants. Mn availability index for susceptible crops, 

such as soybean, is determined by the following formula: Mn-AI = [101.2 + (0.6 Mn-I) – 

(15.2 pH)]. Resulting Mn-AI scores utilize a similar index rating scale as Mn-I testing and 

help to diagnose the extent of Mn deficiency or toxicity conditions, as well as the expected 

response of plants to Mn fertilization (Hardy et al., 2008).  

Soil Type Influence on Manganese Deficiency and Toxicity in Plants 

Soil classification is also critical in determining the extent of Mn stress. In general, pH 

induced Mn deficiency on silt loam, clay, high organic sand, muck, and peat soils seldomly 

occurs below 6.8, 6.8, 6.2, 5.8, and 5.8, respectively (Beuerlein and Dorrance, 2005; Brady 

and Weil, 2004). High organic matter soils (6.0% or greater) can also lead to Mn deficiency 

in plants by harboring certain organic molecules and microbes that chelate Mn
+2

 into 

molecular forms unavailable to the plant (Brady and Weil, 2004; Schulte and Kelling, 1999).   

Soil moisture also plays a critical role in contributing to Mn deficiency or toxicity, by 

means of altered redox potential scores and mobility of soluble Mn in the soil. Temporary 

waterlogged soil conditions create an anaerobic environment in which Mn cations bond to 

the oxygen or hydrogen molecules in water and create soluble Mn oxides, which can be 

mobilized and leached from the soil (Schulte and Kelling, 1999). These mobile Mn oxides 

can create immediate toxicity in plants, even at higher pH levels where deficiency is 

normally expected (Guest, 2001). In permanent or long- term waterlogged soils, Mn 
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deficiency may be caused by soluble Mn compounds leaching completely from the soil. 

Conversely, excessively dry soil conditions can create Mn deficiency as the Mn is converted 

to insoluble dehydrated Mn salts (Brady and Weil, 2004).  

Manganese Interaction with Other Elements  

Other nutrients can also interact with soil Mn, causing excess or deficiency stresses. 

Large amounts of iron, typically associated with high rates of iron fertilizer application, can 

lead to reduced uptake and translocation of Mn when Mn soil levels are marginal (Moosavi 

and Ronaghi, 2010; Reichman, 2002; Somers and Shive, 1942). Conversely, nutrient 

solutions containing high levels of Mn have been found to increase the amount of iron 

deposited on the outer root surfaces of certain plants and decrease the amount of iron 

translocated to the shoots (Sideris, 1950). Causes of this antagonistic relationship between 

iron and Mn uptake are still unknown, but it is theorized that they might compete for similar 

uptake pathways in the plant. Under certain conditions the application of zinc, silicon, 

calcium, or phosphorus can alleviate Mn toxicity in some plants (Foy et al., 1978). Elemental 

sulfur application has been shown to reduce soil pH (Havlin et al., 1999) and in turn increase 

soluble iron and Mn in the soil; however, under certain circumstances this may create iron 

and Mn uptake antagonism and limit the uptake of either nutrient (Kalbasi et al., 1988).  

Methods to Alleviate Manganese Deficiency and Toxicity 

There are many techniques commonly used to correct Mn deficiency and toxicity stress 

in agriculture. If organic matter, Mn-I, soil moisture, and other antagonistic nutrients are at 

normal levels and deficiency or toxicity symptoms are observed, then soil pH is most likely 
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causing oxidation or reduction of Mn to plant available or unavailable forms. Lowering soil 

pH should alleviate plant Mn deficiency conditions and raising pH should correct Mn 

toxicity conditions. Addition of organic matter, low in calcium and other non-acid cations, 

such as pine needles, pine sawdust, or peat moss can lower soil pH. As organic matter 

decomposes it releases organic and inorganic acids, which directly reduce pH (Brady and 

Weil, 2004). However, changing soil pH with the application of organic matter might not be 

the most economical method of alleviating Mn deficiency in all situations, as decomposition 

is slow, and changes pH gradually over a long period of time, and having access to enough 

organic matter to alter pH of an entire agricultural field might not be practical, or affordable. 

Commercially available organic and inorganic chemicals produce more immediate pH 

change than organic matter decomposition and are regularly applied to alleviate pH stress. 

Aluminum sulfate, ammonium sulfate, elemental sulfur, and sulfur-coated urea may be added 

to the soil to lower pH rapidly (Brady and Weil, 2004; Havlin et al., 1999). Each chemical 

reacts differently to produce an acid that lowers pH. Elemental sulfur reacts with water and 

oxygen to form sulfuric acid in the following formula: 2S + 3O2 + 2H2O = 2H2SO4. 

Aluminum sulfate reacts with the water to form sulfuric acid in the following chemical 

reaction: Al2(SO4)3 + 6H2O = 2Al(OH)3 + H2SO4. Ammonium sulfate reacts with water to 

create acid in the following reaction: (NH4)2SO4 + H2O = 2NH4OH(weak base) + H2SO4 

(strong acid). Elemental sulfur is broken down by soil bacteria to form sulfuric acid in the 

following reaction: 2S + 3O2 + 2H2O = 2H2SO4 (Brady and Weil, 2004). 
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 Soil pH levels can also be increased to combat Mn toxicity with high calcium organic 

matter, such as chicken manure. Calcium replaces acidifying H
+
 and Al

+3
 in soils by means 

of a process similar to the agricultural lime soil reaction explained below. Agricultural lime 

is a more powerful and consistent method of raising pH than high calcium organic matter and 

is available in many chemical forms, such as calcite limestone CaCO3, dolomitic limestone 

CaMg(CO3)2, burned lime CaO or MgO, and hydrated lime Ca(OH)2 or Mg(OH)2. Each 

liming product has different chemical structures and specific effects, but generally alters pH 

by means of a similar chemical process. Lime raises soil pH by reacting with carbon dioxide 

and water to create bicarbonate, which creates a chemical reaction that replaces acidifying H
+
 

and Al
+3

 ions in the soil with Ca
+2

 and/or Mg
+2

 ions from the liming material, thus lowering 

the percentage of acid saturation in the colloidal soil complex and in turn raising soil pH. For 

example the chemical reaction for dolomitic limestone interaction with soil is as follows: 

CaMg(CO3)2 + 2H2O +2CO2 = Ca + 2HCO3
-
  + Mg +2HCO3

-
 (Brady and Weil, 2004).  

Application Rate Considerations 

Several factors must be considered in determining application rates of organic matter or 

chemicals that alter pH. The buffer capacity of the soil must be identified, as different soil 

classifications have different cation exchange capacities (CEC) and require different amounts 

of chemicals to garner desired pH change. For example, the lime requirement for a clay loam 

soil is much higher than that of a sandy loam with the same starting pH value (Brady and 

Weil, 2004). Chemical composition of the product also must be considered, as certain 

products might be more appropriate for certain situations. Dolomitic limestone, for example, 
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contains magnesium and should be used to raise soil pH in magnesium deficient soils. 

Granule size of the product also affects concentration strength and release time, as finer 

particle sizes have more surface area and react faster with the soil than the same chemical 

with larger granule size (Brady and Weil, 2004). Soil testing and accurate interpretation of 

application instructions should always be performed when considering soil amendments that 

alter pH, so that all the above listed factors are accounted for (Hardy et al., 2008).  

Another solution to mitigate the effects of Mn deficiency in agriculture is the direct 

application of Mn to plants and soils. There are many products commercially available that 

use chelated Mn or MnSO4 to alleviate Mn deficiency symptoms of plants. Products come in 

granular or liquid forms and can be applied to the soil before planting by means of broadcast 

fertilization, knifing in the soil after planting, or most commonly, application to plant foliage 

with a sprayer. If low levels of Mn (low Mn-I) are causing Mn deficient symptoms it may be 

more practical to add Mn to the soil to correct this condition. If Mn is present in the soil, but 

unavailable due to high pH, foliar Mn application would be advised rather than soil applied 

Mn, as soil applied Mn would rapidly be oxidized to unusable forms by the high pH soil. 

Foliar application of Mn fertilizer is commonly used, but incurs a higher cost input for 

production due to increased time, fuel, and soil compaction from application equipment, as 

well as reduced efficacy of glyphosate when certain Mn products (MnSO4, Mn-LS, and Mn-

EAA) are ‘tank mixed’ with glyphosate in Roundup Ready soybean production (Bernards et 

al., 2005). However, in practice, most agricultural-grade chelated Mn products available to 
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the consumer may be tank mixed with glyphosate and applied without negative effects. (Jim 

Dunphy, personal communications, 2013).   

Resistance of Soybean Cultivars and Breeding Lines to Manganese Stress 

The most practical method to limit Mn stress in soybean is to select cultivars that 

exhibit genetic resistance to Mn deficiency or toxicity and to grow them where Mn stress is 

expected. Many soybean cultivars have been evaluated for resistance to Mn deficiency and 

toxicity stress and certain cultivars are classified as being more susceptible or tolerant than 

others (Table 1.2). Ohki et al. (1980) and Heenan and Carter (1976) identified higher levels 

of Mn deficiency resistance in soybean cultivars ‘Lee’ (Hartwig, 1958), ‘Bragg’ (Hinson and 

Hartwig 1964), ‘Forrest’ (Hartwig and Epp, 1973), and ‘Ransom’ (Brim and Elledge, 1973) 

than the Mn deficiency susceptible cultivars ‘Lee74’ (Caviness et al., 1975), ‘Hutton’ 

(Hinson 1973), ‘Davis’ (Caviness and Walters, 1966), ‘Dare’ (Brim, 1966a), and ‘Custer’ 

(Luedders et al., 1968). These studies also identified higher levels of resistance to Mn 

toxicity in cultivars Lee, ‘Essex’ (Smith and Camper, 1973), and Custer, than in cultivars 

Forrest, Bragg, and Davis. In another study, Graham et al. (1995) demonstrated that maturity 

group II soybean germplasm A14 (Jessen et al., 1988), released by Iowa State University for 

resistance to iron deficiency chlorosis, was also resistant to Mn deficiency in comparison to 

soybean cultivar Pride B216 otherwise known as PI 548689 (USDA-ARS NGRP, 2013a).  

No other soybean genotype resistant to iron deficiency chlorosis has been reported as 

resistant to Mn deficiency (Thomas Carter, personal communication, 2013). The process 

used to evaluate soybean genotypes for Mn stress varies greatly among the studies above, but 
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usually entails growing plants in soils or nutrient solutions with low Mn levels or sufficiently 

high pH conditions to induce Mn stress, and then comparing genotypes for growth 

characteristics such as foliar visual ratings, biomass, or chemical composition of roots, 

shoots, leaves and seeds.  

Physiological Resistance to Manganese Deficiency or Toxicity 

There are many hypotheses surrounding the cause of physiological expression of 

genetic traits in soybean that confer resistance under Mn deficient or toxic growing 

conditions. Most theories focus on root structure and function of soybean plants, as this is 

where interaction between plant tissue and Mn in the soil occurs. Some researchers believe 

the root system of resistant plants can alter the soil rhizosphere, causing changes in pH and 

redox potential, by means of release of low and high molecular weight exudates into the soil 

(Jauregui and Reisenauer, 1982; Marschener, 1998; Marschener, 2002). Nyatsanga and Pierre 

(1973) documented the ability of soybean plants with little NO3 uptake to balance cation 

uptake and lower soil pH. They observed a decrease of pH by one unit over the course of a 

three month period with plants grown in pots under greenhouse conditions. This rhizosphere 

alteration is thought to facilitate the uptake of certain nutrients in deficient conditions and 

restrict uptake in toxic conditions.    

Another physiological manifestation of genetic traits to overcome Mn deficiency and 

toxicity could be related to the antagonistic uptake of iron and Mn by plant tissue. Izaguirre-

Mayoral and Sinclair (2005) exposed six soybean cultivars to nutrient solutions with various 

Mn and nitrogen levels. Two groups of cultivars were observed in a nitrogen-free nutrient 
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solution that differed for iron and Mn uptake. One group maintained high levels of iron and 

low levels of Mn in leaf tissue, while the other, exposed to the same nutrient solution, 

maintained a higher level of both iron and Mn in leaf material. The absorption and regulation 

of adequate levels of iron and Mn under stressed conditions could be one method of genetic 

resistance that would help to overcome the antagonistic nature of these two nutrients and aid 

in plant health.  

Other hypotheses involving genetic resistance to Mn stress relate specific differences of 

internal root structures of soybean cultivars that grant an ability to overcome Mn stresses. 

Heenan and Carter (1976) indicated soybean roots contain higher levels of Mn than shoots 

when grown in toxic Mn environments, which hints at the possibility that root systems may 

act as regulators for absorption and release of Mn throughout the plant. However, this study 

also reveals that tolerant cultivars retain the same quantity of Mn in the root system as 

susceptible cultivars, suggesting limits to the ability of roots to reduce the spread of Mn to 

shoots. To further analyze this theory of root systems providing Mn toxicity resistance to 

plants an experiment was conducted whereby reciprocal grafting of scions from the Mn 

toxicity tolerant Lee cultivar was made with rootstocks of the Mn susceptible Bragg cultivar, 

and vice versa, then grown in nutrient solution with toxic levels of Mn (Heenan and Carter, 

1976). This grafting experiment resulted in severe Mn toxicity symptoms in plants with the 

Bragg scion and the Lee rootstock, while plants with the Lee scions and Bragg rootstock 

exhibited less severe symptoms, indicating that resistance to toxic Mn conditions may reside 

in the scion and not the roots. 
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Heritability and Inheritance of Resistance to Manganese Deficiency or Toxicity    

Although though physiological action that imparts resistance to Mn stress is not well 

understood, experiments have been conducted to identify genetic heritability of resistance to 

Mn stress in soybean. Graham et al. (1995) examined heritability of Mn of resistance to Mn 

deficiency using F2 plants and F2:3 families, in a population derived from the reciprocal 

hybridizations of Mn deficiency tolerant soybean genotype A14 and Mn deficiency 

susceptible soybean genotype Pride B216. The F2 plants and F2– derived families were 

exposed to Mn deficient conditions of a high pH field in Winimac, IN (Tawas Muck soil with 

pH = 6.9) and individual plants were visually rated for Mn stress in hill plots at the V3 stage 

(Fehr and Caviness, 1977). Segregation patterns indicated digenic inheritance for foliar Mn 

deficiency tolerance and individual F2 plants produced lower heritability scores (0.19) than 

F3 family means derived from five replications (0.70). This research was conducted in only 

one environment and thus no estimate of genotype x environment interaction was possible. 

Brown and Devine (1980) investigated the inheritance of resistance to Mn toxicity in F2 

plants derived in two soybean populations: T203 (tolerant) x Forrest (intolerant) and Bragg 

(intolerant) x Lee (tolerant). T203, also known as PI 54619 (USDA-ARS NGRP, 2013b)  

was initially identified as sensitive to iron deficiency chlorosis (Weis, 1943) and later 

identified as resistant to Mn toxicity (Carter et al., 1975). Inheritance of resistance to toxicity 

appeared multigenic, based on F2 plant segregation, and cytoplasmic effects were noted in 

reciprocal crosses.  
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Quantitative Trait Loci Analysis of Recombinant Inbred Lines 

Quantitative Trait Loci (QTL) analysis is a technique used to identify genetic loci that 

contribute to the expression of a trait of interest. This approach uses genetic markers to 

identify different allelic configurations of individuals or lines in a population (genotyping) 

and associates them statistically to observable values of trait expression (phenotyping). 

Conceptually, genetic similarities among members of a population which also produce 

phenotypic similarities can be used to identify genetic regions that contribute to trait 

expression. Assuming an appropriate sample size and marker density, QTL analysis can be 

helpful in determining whether a trait such as Mn deficiency resistance in soybean might 

originate from qualitative expression of a small number of genes with large effects, or 

quantitative expression of a large number of genes with small effects (Lynch and Walsh, 

1998), identifying the genomic regions that affect a trait, and determining the phenotypic 

effect of each region. 

One popular method of developing QTL mapping populations in many crops, including 

soybean, is via recombinant inbred lines (RILs), which are made from an original cross of 

parents exhibiting contrasting phenotypic responses for a desired trait, known as biparental 

mapping (Lynch and Walsh, 1998). In RIL population development, an initial hybridization 

is made, progeny are inbred for one or more generations using a method such as single seed 

descent (SSD) (Brim, 1966b), after which seed from individual plants are harvested and kept 

separate from others to form individual RILs, with each RIL tracing back to a unique F2 

plant. The RILs are phenotyped for the trait of interest and genotyped using an appropriate 
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number of markers. Specialized QTL analysis software is then used to identify allelic 

configuration patterns associated with certain phenotypic scores.  

The underlying assumption of biparental QTL mapping is that recombination, which 

occurred on the F1 plant and produces the highly variable F2 population, removes any 

gametic phase disequilibrium not due to physical linkage. Therefore, when using the QTL 

analysis software, any marker/trait associations observed are due to physical associations 

between the marker(s) and the trait of interest. These associations are then tested to 

determine if they are statistically significant. If markers are shown to be statistically 

associated with traits of interest, there is reasonable confidence (1-α) that the marker/trait 

association didn’t occur due to random chance. As a result, it is assumed that the marker is 

either inside the QTL affecting the trait, or in very close proximity. The utility of the marker 

for further use is then determined based on the genetic distance between the marker and the 

QTL. The closer the marker is to the QTL, the less likely the marker/QTL will be uncoupled. 

The likelihood of uncoupling is determined by the recombination rate between the marker 

and QTL. 

Soybean Molecular Marker History 

Stupar and Specht (2013) document the history of soybean genetic analysis and classify 

the earliest genetic markers from the early 1970’s as “classical markers” or “genes inferable 

from inheritance patterns of phenotypic contrasts”, which were typically qualitative traits, 

easily identified by eye. Enzymatic allozyme protein levels produced by plants were also 

used during this time as “pseudo molecular markers”, but it wasn’t until restriction fragment 
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length polymorphism (RFLP) markers were developed for soybean in the late 1980’s that the 

difficult to observe quantitative traits were able to be isolated. RFLP analysis breaks DNA 

into shorter segments at marker locations with restriction enzymes and uses gel 

electrophoresis to compare differences in the resulting fragment size among individuals.  

QTL analysis using genotyping information from RFLP markers is a proven technique 

that has been used in many experiments. Kassem et al. (2004) used RFLP genotyping with 

QTL analysis to locate three genomic regions on different linkage groups that contributed to 

resistance to Mn toxicity-induced root necrosis of soybean RILs. Taguchi-Shiobara et al. 

(1997) used RFLP genotyping and QTL analysis to detect five putative QTLs for the average 

number of regenerated shoots per callus and four putative QTLs for regeneration rate in rice 

tissue culture, in a BC1 F5 population. 

Because RFLP markers were “cumbersome to create and use” (Stupar and Specht, 

2013), in the early 1990’s simple sequence repeat (SSR) markers were developed, which 

used polymerase chain reaction (PCR) technology to copy sections of DNA through selective 

amplification, and targeted segments of DNA that contained the same small (1 – 5 base pair) 

repeating base pair arrangements along the chromosome. SSR marker locations were widely 

adopted for genotyping because they are “single locus, potentially multiallelic on a per locus 

basis, and randomly distributed in the genome.” (Stupar and Specht, 2013).  

As technology progressed, a new genotyping technique was developed in the late 

1990’s that used single nucleotide polymorphism (SNP) markers to isolate individual allelic 

variants at a single base pair locus. Today, one popular method of SNP analysis is the 
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GoldenGate assay (Illumina Inc., San Diego, CA), which relies on hybridizing PCR 

amplified DNA to the complementary sequence on an Array Matrix or BeadChip. This 

technique allows analysis of thousands of SNP marker locations at one time, drastically 

improving the speed and cost factors involved with the genotyping process. In soybean, one 

of the most recent SNP arrays is the 1536-SNP marker chip developed by Hyten et al. (2010).  

Regardless of the genotyping method used, in traditional biparental mapping studies, all 

RILs and both parents must be genotyped. Parental genotypes are contrasted to determine 

where genetic polymorphisms occur, and those polymorphic markers are then used to 

genotype the RILs. When using the GoldenGate assay one typically genotypes the parents 

and RILs all at once, while in older methods (SSR, RFLP, etc.) the parents are genotyped 

first and only markers which are polymorphic between the parents are assayed and used in 

linkage map development.  

Genetic Linkage Mapping and QTL Mapping 

Individual genetic markers are useful in identifying single loci, but greater information 

can be gained when the results of all the markers are viewed at once and the distances 

between them are estimated. Genetic linkage maps are visual representations of all the 

relative marker locations on their respective chromosomes. The distances between marker 

sites on the map are expressed as centimorgans (cM), with one cM describing a 

recombination frequency of 1%. The greater the recombination frequency between markers 

the greater the genetic distance is between them. Although a genetic linkage map does not 

give the exact physical distance between markers like a physical sequence map does, the 
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relative genetic distances obtained from a genetic linkage map are very useful. Genetic 

linkage maps are used in QTL mapping to better position the QTL between markers instead 

of simply providing marker/trait associations. 

Stupar and Specht (2013) cite Bernard and Weiss (1973) as producing one of the 

earliest genetic maps for soybean made from 18 “classical markers” and also credited Keim 

et al. (1990) as producing the first soybean linkage map using 150 RFLP markers. Many 

independent soybean linkage maps have been created since, and a comprehensive list of 

reported linkage maps can be found on the SoyBase website (http://soybase.org/, verified 

April 9
th

 2014).  

Cregan et al. (1999) developed the first soybean integrated (consensus) genetic linkage 

map using 606 SSR, 689 RFLP, 79 random amplified polymorphic DNA (RADP), 11 

amplified fragment length polymorphism (AFLP), 10 isozyme, and 26 classical loci from 

three different mapping populations. Consensus maps are extremely useful because they pool 

the results from individual linkage mapping experiments, providing greater certainty to 

genetic marker positions and give a better picture of the entire genome. Individual linkage 

mapping experiments have a certain degree of error associated with them since they are 

based on population sampling and statistical inference. By analyzing and combining 

individual linkage maps into a consensus map, the degree of certainty for marker positions is 

assumed to be higher than that of an individual map. The most recent soybean consensus 

molecular map, version 4.0, uses the 1536-SNP marker chip, as well as genetic information 
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from multiple genotyped and mapped populations, and is commonly used in current soybean 

QTL analysis (Ha, 2013; Hyten et al., 2010; Kim et al., 2010).  

Early QTL analysis used linear regression and analysis of variance (ANOVA) to 

identify individual markers associated with the phenotype of interest. In the early analyses, a 

genetic linkage map would have only helped place the significant markers on the resulting 

chromosome for viewing purposes, but would not have provided additional statistical utility. 

This method of individual marker analysis is commonly referred to as single marker 

ANOVA. While useful, single marker ANOVA it is not without its own flaws. Lander and 

Botstein (1989) stated that QTL analysis with multiple markers conducted on one marker at a 

time had the following limitations: it created an underestimation of phenotypic effects caused 

by QTL located outside the range of the marker locus, genetic locations of QTLs are not well 

resolved because distant linkage could not be distinguished from small phenotypic effects, 

and it required more RILs to find QTLs when compared to other techniques.  

As a result of the limitations outlined above, Lander and Botstein developed the method 

of interval QTL mapping, to not only analyze the phenotypic differences at the marker 

locations themselves, but also the areas between the markers. When creating this method 

they were concerned that the sheer number of marker comparisons associated with interval 

mapping would produce an increased rate of false positive QTLs. To alleviate this potential 

problem, they condensed the many phenotype and genotype values into a single linear 

regression model to reduce the overall alpha error rate. Maximum likelihood linear 

estimations can be calculated on each genotype and compared with other genotypes to form 
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logarithmic of the odds (LOD) scores, unique to each position on the genome for the 

population. A QTL is identified at a given locus when the LOD scores exceed a defined 

value, unique to the population. The LOD scores indicate how much more probable the 

phenotypic data would be, assuming the presence of a QTL at a given locus than assuming its 

absence.   

Several techniques have been developed to create more accurate LOD score threshold 

values and measures of significance: Churchill and Doerge (1994) created permutation 

testing that randomly assigns the phenotypic scores to different genotypes and determines if 

these different combinations are capable of creating different QTL results. A threshold LOD 

score is set where the rate of false QTL identification is below the acceptable p value. Sen 

and Churchill (2001) further refined this permutation technique by creating a multiple 

imputation analysis that improved accuracy in detecting multiple QTLs related to a single 

phenotypic trait, and Manichaikul et al. (2007) developed a stratified permutation test that 

improved accuracy of selective genotyping QTL analysis.  

Selective Genotyping QTL Analysis 

Comprehensive QTL analysis requires genotyping and phenotyping of all lines in the 

population, so that associations between the two measurements can be made. In the past, 

genotyping each line in the population was very expensive and time consuming, which were 

limiting factors to QTL analysis. Although the price per marker has dropped significantly 

with the advent of high-throughput SNP genotyping, the overall cost for an individual cross 

is still high. 
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 Selective genotyping focuses on collecting phenotypic data on all lines in the 

population, but only collecting genotypic information of selected lines that produce 

phenotypic values at opposite “extreme” ends of the phenotypic spectrum. The theory 

guiding this technique is that lines with the greatest differences for phenotypic expression 

should also have the greatest differences in genetic variation at the loci that control 

phenotypic expression, and these extreme differences are enough to identify QTLs, without 

the use of genetic information of the “mid-range” phenotypes. Selective genotyping was 

recommended by Lynch and Walsh (1998) to reduce the number of inbred lines needed for 

genetic sampling by up to seven times the standard rate. Sun et al. (2010) used mapping 

simulations to determine effectiveness of selective genotyping compared to genotyping the 

entire population. Results from this study indicated QTL mapping based on selective 

genotyping was more powerful than simple interval mapping, but less powerful than 

inclusive composite interval mapping. They recommended selective genotyping to be used 

when mapping QTLs with small, linked, and/or interacting effects, and at least 20-100 

individuals, or lines, be sampled from populations of  200-5000, depending on the type of 

genetic effects expected. Mansur et al. (1993) used selective genotyping and RFLP analysis 

to identify QTLs influencing maturity, plant height, lodging, and seed yield in a soybean RIL 

population. Abdel-Haleem et al. (2011) used selective genotyping analysis to find five QTLs 

that explained 51% of the phenotypic variation for the fibrous rooting trait in a soybean RIL 

population. Selective genotyping has also been recently used to identify QTLs in many other 

plant and animal species as well, such as root lodging resistance in maize (Farkhari et al., 
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2013), low temperature induced spikelet sterility in rice (Ye et al., 2010), growth of clams 

Meretrix meretrix (Lu et al., 2013), and back fat thickness in large Italian white pigs 

(Fontanesi et al., 2012).  

Conclusion   

Manganese deficiency and toxicity stress in soybean production are abiotic stresses that 

will continue to limit maximum yield potential into the future. The more we learn about the 

genome of a species, the easier it will be for us to identify, locate, modify, and replace 

genetic loci affecting trait expression. When the QTLs for Mn deficiency resistance are 

known in soybean, the areas within them can potentially be targeted and sequenced to find 

the exact genes that code for resistance. Once closely linked markers are identified, a 

relatively inexpensive, high throughput, genetic screening system could be created to select 

for breeding lines or cultivars expressing resistance loci, so that soybean lines with increased 

defense to this stress can be made.   

 



26 

 

 

 

REFERENCES 

Abdel-Haleem, H., G. Lee, and R.H. Boerma. 2011. Identification of QTL for increased 

fibrous roots in soybean. Theor. Appl. Genet. 122:935-946  

 

American Soybean Association. 2011. Soystats: A reference guide to important soybean facts 

and figures. ASA, St. Louis, Mo.  

 

Anderson, O.E., and J.J. Mortvedt. 1982. Soybeans: Diagnosis and correction of manganese 

and molybdenum problems. South. Coop. Ser. Bull. 281. University of Georgia, 

Athens, GA.  

 

Bansal, R.L., and V.K. Nayyar. 1990. Critical manganese deficiency level for soybean grown 

in ustochrepts. Fertil. Res. 25:153-157.  

 

Bansal, R.L., and V.K. Nayyar. 1994. Differential Tolerance of soybean (Glycine max) to 

manganese in Mn deficient soil. Indian J. Agric. Sci. 64:604-607.  

 

Bartlett, R.J., and B. R. James. 1993. Redox chemistry of soils. Adv. Agron. 50:151-209. 

 

Bernard, R.L., and M. G. Weiss. 1973. Qualitative genetics. In: Caldwell, B.E. (Ed.), 

Soybeans: Improvement, Production, and Uses, ASA-CSSA-SSSA, Madison, WI, pp. 

117–154. 

 

Bernards, M.L., K. D. Thelen, D. Penner, R.B. Muthukumaran, and J.L. McCracken. 2005. 

Glyphosate interaction with manganese in tank mixtures and its effect on glyphosate 

absorption and translocation. Weed Sci. 53:787-794.  

 

Beuerlein, J., and A. Dorrance. 2005. Chapter 5: Soybean production. In Ohio agronomy 

guide. 14th ed. Bulletin 472-05. Ohio State University Extension. 

 

Brady, N.C., and R.R. Weil. 2004. Elements of the nature and properties of soils. 2nd ed. 

Prentice Hall, Upper Saddle River, New Jersey. 

 

Brim, C.A., 1966a. Dare Soybeans. Crop Sci. 6(1):95.  

 

Brim, C.A., 1966b. A modified pedigree method of selection in soybeans. Crop Sci. 6:220.  



27 

 

 

 

Brim, C.A., and C. Elledge. 1973. Registration of Ransom Soybeans. Crop Sci. 13(1):130.  

 

Brown, J.C., and T.E. Devine. 1980. Inheritance of tolerance or resistance to manganese 

toxicity in soybeans. Agron. J. 72:898-904.  

 

Burnell, J.N. 1988. The biochemistry of manganese in plants. p. 125-137. In R.D. Graham, 

R.J. Hannam, and N.C. Uren (eds.) Manganese in soils and plants. The Kluwer 

Academic Publishers, Dordrecht, Netherlands. 

  

Carter, O.G., I.A. Rose, and P.F. Reading. 1975. Variation in susceptibility to manganese 

toxicity in 30 soybean genotypes. Crop Sci. 15:730-732.  

 

Caviness, C.E., R.D. Riggs, and H.J. Walters. 1975. Registration of 'Lee 74' Soybean. Crop 

Sci. 15(1):100.  

 

Caviness, C.E., and H.J. Walters. 1966. Registration of 'Davis' Soybean. Crop Sci. 6(5):502.  

 

Churchill, G. A., and R. W. Doerge. 1994. Empirical threshold values for quantitative trait 

mapping. Genetics 138: 963–971. 

 

Cox, F.R.1968. Development of a yield response prediction and manganese soil test 

interpretation for soybeans. Agron. J. 60:521-524.  

 

Cregan, P.B., T. Jarvik, A.L. Bush,  R.C. Shoemaker, K.G. Lark, A.L. Kahler, N. Kaya, T.T. 

vanToai, D.G. Lohnes, J. Chung, and J.E. Specht. 1999. An integrated linkage map of 

the soybean genome. Agronomy and Horticulture Faculty Publications. Paper 20. 

 

Edwards, B. 1999. Correcting manganese deficiencies in eastern North Carolina. In J.L. 

Allen (ed.). Proceedings of the 42nd Annual Meeting of the Soil Science Society of 

North Carolina. Raleigh, NC. 19-20 Jan. 1999. Soil Science Society of North 

Carolina. Raleigh, NC. p. 35–39.  

 

Fageria, N.K. 2008. Use of nutrients in crop plants. CRC Press, Boca Raton, FL.  

 

 

 



28 

 

 

 

Farkhari, M., A. Krivanek, Y.B. Xu, T.Z. Rong, M.R. Naghavi, B.Y. Samadi, and Y.L. Lu. 

2013. Root-lodging resistance in maize as an example for high-throughput genetic 

mapping via single nucleotide polymorphism-based selective genotyping. Plant 

Breeding 132(1):90-98. 

 

Fehr, W.R., and C.E. Caviness. 1977. Stages of soybean development. Iowa State University, 

Ames.  

 

Fontanesi, L., G. Schiavo, G. Galimberti, D.G. Calo, E. Scotti, P.L. Martelli, L. Buttazzoni, 

R. Casadio, and V. Russo. 2012. A genome wide association study for backfat 

thickness in Italian Large White pigs highlights new regions affecting fat deposition 

including neuronal genes. BMC Genomics. 13:583.  

 

Foy, C.D., R.L. Chaney, and M.C. White. 1978. The physiology of metal toxicity in plants. 

Annu. Rev. Plant Physiol. 29:511-566.   

 

Graham, M.J., C.D. Nickell, and R.G. Hoeft. 1994. Effect of manganese deficiency on seed 

yield of soybean cultivars. J. Plant Nutr. 17:1333-1340.  

 

Graham, M.J., C.D. Nickell, and R.G. Hoeft. 1995. Inheritance of tolerance to manganese 

deficiency in soybean. Crop Sci. 35:1007-1010.  

 

Grooms, L. 2008. Glyphosate: The micronutrient minimizer. Available at 

http://cornandsoybeandigest.com/glyphosate-micronutrient-minimizer (Verified 1 

Aug. 2011). Corn and Soybean Digest.  

 

Guest, C.A. 2001. Manganese transformations in soils during waterlogging and subsequent 

drying. Ph.D diss. Purdue Univ., West Lafayette, Indiana. 

 

Ha, B., T.D. Vuong, V. Velusamy, H.T. Nguyen, J.G. Shannon, and J. Lee. 2013. Genetic 

mapping of quantitative trait loci conditioning salt tolerance in wild soybean (Glycine 

soja) PI 483463. Euphytica. 193:79-88. 

 

Hardy, D.H., M.R. Tucker, and C.E. Stokes. 2008. Crop fertilization based on North Carolina 

soil tests. Circular No. 1. NCDA&CS: Agronomic Division, Raleigh, NC. 

 

Hartwig, E. 1958. Registration of 'Lee' soybean. Agron. J. 50(11):690. 



29 

 

 

 

Hartwig, E., and J.M. Epp. 1973. Registration of 'Forrest' soybean. Crop Sci. 13(2):287.  

 

Havlin, J. L., J.D. Beaton, S.L. Tisdale, and W.L. Nelson. (eds.). 1999. Soil fertility and 

fertilizers: an introduction to nutrient management. (6th Ed.). Upper Saddle River, 

NJ: Prentice Hall. 

 

Heatherly, L.G., and H.F. Hodges (eds.) 1998. Soybean production in the midsouth. CRC 

Press, Boca Raton, FL.  

 

Heenan, D.P., and L.C. Campbell. 1980. Growth, yield components and seed composition of 

two soybean cultivars as affected by manganese supply. Aust. J. Agric. Res. 31:471-

476.  

 

Heenan, D.P., and O.G. Carter. 1976. Tolerance of soybean cultivars to manganese toxicity. 

Crop Sci. 16:389-391.  

 

Hinson, K. 1973. Registration of 'Hutton' soybean. Crop Sci 13(5):582.  

 

Hinson, K., and E.E. Hartwig. 1964. Registration of 'Bragg' soybean. Crop Sci 4(6):664.  

 

Hyten, D.L., I.Y. Choi, Q.J. Song, J.E. Specht, T.E. Carter, R.C. Shoemaker, E.Y. Hwang, 

L.K. Matukumalli, and P.B. Cregan. 2010. A high density integrated genetic linkage 

map of soybean and the development of a 1536 universal soy linkage panel for 

quantitative trait locus mapping. Crop Sci. 50:960-968. 

 

Izaguirre-Mayoral, M.L., and T.R. Sinclair. 2005. Variation in manganese and iron 

accumulation among soybean genotypes growing on hydroponic solutions of 

differing manganese and nitrate concentrations. J. Plant Nutr. 28:521-535.  

 

Jauregui, M.A., and H.M. Reisenauer. 1982. Dissolution of oxides of manganese and iron by 

root exudate components. Soil Sci. Soc. Am. J. 46: 314-317. 

 

Jessen, H.J., W.R. Fehr, and S.R. de Cianzio. 1988. Registration of germplasm lines of 

soybean, A11, A12, A13, A14, A15. Crop Sci. 28: 204. 

 

Jones, L.H.P., and G.W. Leeper. 1951. The availability of various manganese oxides to 

plants. Plant Soil 3:141-153.  



30 

 

 

 

Kalbasi, M., F. Filsoof, and Y. Rezai-Nejad. 1988. Effect of sulfur treatments on yield and 

uptake of Fe, Zn, and Mn by corn, sorghum, and soybeans. J. Plant Nutr. 11:1353-

1360.  

 

Kassem, M.A., K. Meksem, C.H. Kang, V.N. Njiti, V. Kilo, A.J. Wood, and D.A. Lightfoot. 

2004. Loci underlying resistance to manganese toxicity mapped in a soybean 

recombinant inbred line population of 'Essex' x 'Forrest'. Plant Soil 260:197-204. 

 

Keim, P., B.W. Diers, T.C. Olson, and R.C. Shoemaker. 1990. RFLP mapping in soybean: 

association between marker loci and variation in quantitative traits. Genetics 126:735-

742. 

 

Kim, K., C.B. Hill, G.L. Hartman, D.L. Hyten, M.E. Hudson, and B.W. Diers. 2010. Fine 

mapping of the soybean aphid-resistance gene Rag2 in soybean PI 200538. 

Theoretical and Applied Genetics. 121(3):599-610. 

 

 Lander, E.S., and D. Botstein. 1989. Mapping mendelian factors underlying quantitative 

traits using RFLP linkage maps. Genetics. 121:185-199. 

 

Lavres, J. J., M.F. Moraes, C.P. Cabral, and E. Malavolta. 2008. Genotypic influence on the 

absorption and toxicity of manganese in soybean. Rev. Bras. Cienc. Solo 32:173-181.  

 

Lu, X., H. Wang, B. Liu, and J. Xiang. 2013. Three EST-SSR markers associated with QTL 

for the growth of the clam Meretrix meretrix revealed by selective genotyping. 

Marine Biotechnology15:16-25.  

 

Luedders, V.D., and L.F. Williams, A. Matson. 1968. Registration of 'Custer' soybean. Crop 

Sci. 8(3):402. 

 

Lynch, M., and B. Walsh. 1998. Genetics and analysis of quantitative traits. Sinauer 

Associates, MA. 405-406. 

 

Macnicol, R.D., and P.H.T. Beckett. 1985. Critical tissue concentrations of potentially toxic 

elements. Plant Soil 85:107-129. 

  

Manichaikul, A., A.A. Abraham, S. Sen, and K.W. Broman. 2007.  Significance thresholds 

for quantitative trait mapping under selective genotyping. Genetics 177: 1963-1966. 



31 

 

 

 

Mansur, L.M., J. Orf, and K.G. Lark. 1993. Determining the linkage of quantitative trait loci 

to RFLP markers using extreme phenotypes of recombinant inbreds of soybean 

(Glycine max L. Merr.). Theor Appl Genet. 86:914-918. 

 

Marschener, H. 1998. Role of root growth, arbuscular mycorrhiza, and root exudates for the 

efficiency in nutrient acquisition. Field Crops Res. 56:203-207.  

 

Marschener, H. 2002. Mineral nutrition of higher plants. 2nd ed. Academic Press, London.  

 

Mascagni, H.J. Jr, and F.R. Cox. 1985a. Calibration of a manganese availability index for 

soybean soil test data. Soil Sci. Soc. Am. J. 49:382-386.  

 

Mascagni, H.J. Jr., and F.R. Cox. 1985b. Critical levels of manganese in soybean leaves at 

various growth stages. Agron. J. 77:373-375.  

 

Mehlich, A. 1984. Mehlich-3 soil test extractant a modification of mehlich-2 extractant. 

Commun. Soil Sci. Plant Anal. 15:1409-1416.  

 

Moosavi, A.A., and A. Ronaghi. 2010. Growth and iron-manganese relationships in dry bean 

as affected by foliar and soil applications of iron and manganese in a calcareous soil. 

J. Plant Nutr. 33:1353-1365.  

 

Nyatsanga, T., and W.H. Pierre. 1973. Effect of nitrogen fixation by legumes on soil acidity. 

Agron. J. 65:936-940 

 

Ohki, K. 1976. Manganese deficiency and toxicity levels for ‘Bragg’ soybeans. Agron. J. 

68:861-864.  

 

Ohki, K. 1981. Manganese critical levels for soybean growth and physiological processes. J. 

Plant Nutr. 3:271-284.  

 

Ohki, K., F.C. Boswel, M.B. Parker, L.M. Shuman, and D.O. Wilson. 1979. Critical 

manganese deficiency level of soybean related to leaf position. Agron. J. 71:233-234.  

 

Ohki, K., D. O. Wilson, and O. E. Anderson. 1980. Manganese deficiency and toxicity 

sensitivities of soybean cultivars. Agron. J. 72:713-716.  

 



32 

 

 

 

Parker, M.B., F.C. Boswell, K. Ohki, L.M. Shuman, and D.O. Wilson. 1981. Manganese 

effects on yield and nutrient concentration in leaves and seed of soybean cultivars. 

Agron. J. 73:643-646.  

 

Pourbaix, M. 1974. Atlas of electrochemical equilibria in aqueous solutions. 2nd ed. National 

Association of Corrosion Engineers, Houston, TX.  

 

Reichman, S.M. 2002. The response of plants to metal toxicity: A review focusing on copper, 

manganese and zinc. Australian Minerals & Energy Environment Foundation, 

Melbourne, Australia.  

 

Schulte, E.E., and K.A. Kelling. 1999. Understanding plant nutrients: soil and applied 

manganese. Bulletin A2526. University of Wisconsin Extension.  

 

Sen, S., and G. A. Churchill. 2001. A statistical framework for quantitative trait mapping. 

Genetics 159: 371–387. 

 

Sideris, C.P. 1950. Manganese interference in the absorption and translocation of radioactive 

iron (fe-59) in Ananas comosus (L) merr. Plant Physiol. 25:307-321.  

 

Sims, J.T. 1989. Comparison of mehlich-1 and mehlich-3 extractants for P, K, Ca, Mg, Mn, 

Cu and Zn in Atlantic coastal-plain soils. Commun. Soil Sci. Plant Anal. 20:1707-

1726.  

 

Smith, T.J., and H.M. Camper. 1973. Registration of 'Essex' Soybean. Crop Sci. 13(4):495.  

 

Somers, I.I., and J.W. Shive. 1942. The iron-manganese relation in plant metabolism. Plant 

Physiol. 17:582-602.  

 

Stanton, M., and D. Warncke. 2009. Identifying and correction manganese deficiency in 

soybean. Available at http://www.ipmnews.msu.edu/fieldcrop/fieldcrop/tabid/56/ 

articleType/ArticleView/articleId/579/categoryId/2/Identifying-and-correcting-

manganese-deficiency-in-soybean.aspx (verified 20 Jul. 2011) Michigan State Univ. 

Integrated Pest Management Resources. 

 

Stupar, R.M., and J.E., Specht. 2013. Insights from the soybean (Glycine max and Glycine 

soja) genome: past, present, and future. Advances in Agronomy 118: 177-204. 



33 

 

 

 

Sun, Y.P., J.K. Wang, J.H. Crouch, and Y.B. Xu. 2010. Efficiency of selective genotyping 

for genetic analysis of complex traits and potential applications in crop improvement. 

Molecular Breeding 26(3): 493-511. 

 

Taguchi-Shiobara, F., S.Y. Lin, K. Tanno, T. Komatsuda, M. Yano, T. Sasaki, and S. Oka. 

1997. Mapping quantitative trait loci associated with regeneration ability of seed 

callus in rice, Oryza sativa L. Theor Appl Genet. 95:828-833. 

 

Tucker, M.R. 1999. Essential plant nutrients: Their presence in North Carolina soils and role 

in plant nutrition. Available at  http://www.ncagr.gov/agronomi/pdffiles/essnutr.pdf 

(verified 22 Jul.2011) NCDA&CS. 

 

 USDA, ARS, National Genetic Resources Program. 2013a. Glycine max (L.) merr. Pride 

B216. Germplasm Resources Information Network - (GRIN). [Online Database] 

National Germplasm Resources Laboratory, Beltsville, Maryland. Available: 

http://www.ars-grin.gov/cgi-bin/npgs/acc/display.pl?1443625 (27 August 2013). 

 

USDA, ARS, National Genetic Resources Program. 2013b. Glycine max (L.) merr. PI 54619. 

Germplasm Resources Information Network - (GRIN). [Online Database] National 

Germplasm Resources Laboratory, Beltsville, Maryland. Available: http://www.ars-

grin.gov/cgi-bin/npgs/acc/display.pl?1109234 (27 August 2013) 

 

USDA-Economic Research Service. 2011. Briefing rooms: Soybean and oil crops. Available 

at http://www.ers.usda.gov/Briefing/SoybeansOilcrops/background.htm (verified 20 

July 2011). USDA-ERS, Washington, DC. 

 

USDA-National Agricultural Statistics Service. 2011. National statistics for soybeans. 

Available at  http://www.nass.usda.gov/Statistics_by_Subject/result.php?1BC6497A-

83D9-3B15-B9EA945B0A39C90B&sector= CROPS&group= FIELD% 

20CROPS&comm.=SOYBEANS (verified 3 Aug. 2011) USDA-NASS, Washington, 

DC. 

 

USDA-National Resources Conservation Service. 2009. Summary Report: 2007 National 

Resources Inventory. http://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS 

//stelprdb1041379.pdf  (verified 3 Aug. 2011)  USDA-NRCS, Washington, DC, and 

Center for Survey Statistics and Methodology, Iowa State University, Ames, Iowa. 

 



34 

 

 

 

Weiland, R.T., R.D. Noble, and R.E. Crang. 1975. Photosynthetic and chloroplast 

ultrastructural consequences of manganese deficiency in soybean. Am. J. Bot. 

62:501-508.  

 

Weis, M.G. 1943. Inheritance and physiology of efficiency in iron utilization in soybeans. 

Genetics 28(3): 253-268. 

 

Wilson, D.O., F.C. Roswell, K. Ohki, M.B. Parker, L.M. Shuman, and M.D. Jellum. 1982. 

Changes in soybean seed oil and protein as influenced by manganese nutrition. Crop 

Sci. 22:948-952.  

 

Wu, S. 1994. Effect of manganese excess on the soybean plant cultivated under various 

growth conditions. J. Plant Nutr. 17: 991-1003. 

 

Ye, C., S. Fukai, I.D. Godwin, H. Koh, R. Reinke, Y. Zhou, C. Lambrides, W. Jiang, P. 

Snell, and E. Redona. 2010. A QTL controlling low temperature induced spikelet 

sterility at booting stage in rice. Euphytica. 176(3)291-301.  

 

http://link.springer.com/journal/10681


35 

 

 

 

TABLES 

Table 1.1 Studies identifying critical levels of manganese in soybean 

Reference Cultivars Culture 

Age of 

sampled 

material 

pH level 

Plant 

structure 

analyzed 

Critical manganese 

deficiency level 
 

Critical manganese 

toxicity level 

 ————————µg of Mn /g———————— 

 

Heenan and Carter (1976); Macnicol 

and Beckett (1985) 

 

Lee, 

Bragg, 

Dare, 

Custer 

 

 

solution 

 

28 days 

 

5.5 

 

shoot 
  

 

150-200 

 

Ohki et al. (1980); Macnicol and 

Beckett (1985) 

 

Davis, Lee 

74, Bragg, 

Pickett 71, 

Hutton, 

Ransom, 

Forrest 

 

 

solution 

 

36 days 

 

4.6-7.4 

 

leaf 

seed 

seed before experiment 22-47 

seed after experiment 4-8 

 

 
 

170-420 

 

Macnicol and Beckett  (1985); Ohki, 

(1981) 

 

Bragg 

 

soil & 

solution 

 

R2 
 

 

newest to 

oldest 

Leaf 1 

Leaf 3 

Leaf 5 

 

 

 

10 

10 

11 

 

 

 

100 

160 

250 
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Table 1.1 Continued 

Reference Cultivars Culture 

Age of 

sampled 

material 

pH level 

Plant 

structure 

analyzed 

Critical manganese 

deficiency level 
 

Critical manganese 

toxicity level 

 ————————µg of Mn /g———————— 

 

Macnicol and Beckett (1985); 

Somers and Shive (1942) 

 

 

Not Listed 

 

solution 

 

30 days 

 

4.7 

 

leaf 
  

 

200-300 

 

Ohki (1976) 

 

Bragg 

 

solution 

 

33 days 

 

4.6-7.9 

 

newest to  

oldest 

leaf1 

leaf 3 

leaf 5 

 

 

 

9 

10 

11 

 

 

 

100 

160 

250 

 

Bansal and Nayyar (1994) 

 

 

SL 96 

 

soil 

 

V6 
 

 

leaf 

 

22 
  

 

Ohki et al. (1979) 

 

Ransom 

 

soil 

 

R2 

 

6.2, 6.5, 

6.8 

 

newest to 

oldest 

Leaf 1 

Leaf 2 

Leaf 3 

Leaf 4 

Leaf 5 

 

 

 

 

18 

13 

11 

11 

10 

  

 

Mascagni and Cox (1985b) 

 

Forrest, 

Centennial, 

Pickett 71, 

Ransom, 

Bragg 

 

 

soil 

 

V4 

V10 

R2 

 

 

leaf 

leaf 

leaf 

 

16-17 

17 

17-22 
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Table 1.1 Continued 

Reference Cultivars Culture 

Age of 

sampled 

material 

pH level 

Plant 

structure 

analyzed 

Critical manganese 

deficiency level 
 

Critical manganese 

toxicity level 

 
————————µg of Mn /g———————— 

 

 

Cox (1968) 

 

Lee 

 

soil 

 

R1 

maturity 

 

5.2-7.1 

    leaf 

seed 

 

leaf: 14-25 

seed: 11.7-28.6 

 

  

 

Parker et al. (1981) 

 

Coker 136, 

Davis, 

Bragg, 

McNair 

800, 

Ransom, 

Coker 338, 

Hutton 

 

 

soil 

 

R2 

maturity 

 

6.3 

6.8 

7.0 

 

leaf 

seed 

 

leaf: 10-17 

seed min-max Mn levels: 

8-14 no added Mn 

fertilizer 

 seed min-max Mn levels: 

13-20 with added Mn 

fertilizer. 
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Table 1.2 Studies identifying genotypic differences in resistance and susceptibility to Mn deficiency and toxicity in soybean 

      

Manganese 

Deficiency 
Conditions 

   

Manganese 

Toxicity 
Conditions 

 

Experiment Culture 

Age of 

Sampled 
Material 

pH 

Plant 

Structure 
Analyzed 

Susceptible 

Genotype 

Intermediate 

Tolerant 
Genotype 

Tolerant 

Genotype 
 

Susceptible 

Genotype 

Intermediate  

Tolerant 
Genotype 

Tolerant 

Genotype 

 

Ohki et al. 

(1980) 

 Mild and 

severe 

manganese 
deficient and 

toxic nutrient 

solution 

 
32 days 

 
4.6 -7.4 

 

leaves and 

shoots dry 
weight 

compared 

to control 

 

Mild 

deficiency 
stress:  

Lee 74, 

Bragg, 
Hutton  

 

Severe 
deficiency 

stress:  

Davis, Lee 
74, Bragg, 

Pickett 71 

 

 

Mild 

deficiency 
stress: 

Davis, Pickett 

71 

Severe 

deficiency: 
Forrest, 

Ransom 

 

 
 

Under severe 

toxicity: 
Davis, Lee 

74, Pickett 

71, Bragg, 
Ransom 

 

Severe toxicity: 

Essex 

 

Severe 
toxicity: 

Hutton 

†There is some variation from the different studies in the classification of certain genotypes being more or less resistant or 

susceptible to Mn deficiency and toxicity stress. 

‡Categories listed in this table were not used in all studies and were interpreted to fit this table.  

  



39 

 

 

 

Table 1.2 Continued  

      

Manganese 

Deficiency 
Conditions 

   

Manganese 

Toxicity 
Conditions 

 

Experiment Culture 

Age of 

Sampled 

Material 

pH 

Plant 

Structure 

Analyzed 

Susceptible 
Genotype 

Intermediate 

Tolerant 

Genotype 

Tolerant 
Genotype 

 
Susceptible 
Genotype 

Intermediate  

Tolerant 

Genotype 

Tolerant 
Genotype 

 

Bansal and 

Nayyar (1994) 

 

Loamy sand 

agricultural 
field in India. 

Certain plots 

treated with 
foliar MnSO4 

spray 

 

 
maturity 

 
8.6 

 

seed and 

straw yield  

 

PK 416, PK 

504, SL 115 

 

SL 118, SL 
96, SL 144, 

SH 184-25 

 

SL 133, 

PK 472 

    

 

Lavres et al. 

(2008) 

 

Nutrient 

Solution 

 
maturity 

 
5.0 

 

seed and 

straw yield 

 
Santa Rosa 

 

IAC-Foscarin 

31 

 

IAC-15 

 

    

 
Heenan and 

Campbell 

(1980) 

 
Nutrient 

solution:  

(µM ) 
0Mn, 1Mn, 

90Mn,  and 

275Mn  

 

maturity 
 

 

seed and 
straw yield 

    
 

Bragg 
 

 

Lee 

†There is some variation from the different studies in the classification of certain genotypes being more or less resistant or 

susceptible to Mn deficiency and toxicity stress. 

‡Categories listed were not used in all studies and were interpreted to fit this table.  
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Table 1.2 Continued 

      

Manganese 

Deficiency 
Conditions 

   

Manganese 

Toxicity 
Conditions 

 

Experiment Culture 
Age of Sampled 

Material 
pH 

Plant 

Structure 

Analyzed 

Susceptible 
Genotype 

Intermediate 

Tolerant 

Genotype 

Tolerant 
Genotype 

 
Susceptible 
Genotype 

Intermediate  

Tolerant 

Genotype 

Tolerant 
Genotype 

 
Carter et al. 

(1975) 

 
Nutrient 

Solution: (ppm 
Mn) 0.1, 3.0, 

5.0, 7.0, 10.0, 

and 20.0  
 

 

4 weeks 

 

5.5 

 
visual 

rating 

    

 

Harosoy, 
Lincoln, SRF 

300, Dyer, 
Hood, Kent, 

Bragg, 

Delmar, 
Davis, Dare, 

Hill 

 
Gilbert, 

Aldelphia, 

Kanrich, 
Lindarin, 

Hampton, 
Wayne, 

Q11778, 

Jackson, 
Amsoy, Hark  

 
Amredo, 

Lee, 

Custer, 
Hawkeye, 

Acadian, 
Clark 63, 

Shelby, 

Bethel, 
Ruse 

 

Graham et al. 
(1995) 

 

Hill plots in 

agricultural 
field. Tawas 

muck soil 

 

V3 

 

6.9 

 

visual 
ratings 

 

B216 
 

 

A14 
    

 
Graham et al. 

(1994) 

 

Agricultural 

fields 5 
locations 

 

R1 

 
6.8 - 

6.9 

 
visual 

ratings 

 

Chapman, 
Archer, 

Pella 86, 

BSR 201, 
P9272, Elgin 

87, P9341, 
A3205  

 
Kenwood, 

Bell, A2543, 

Newton, 
Century 84, 

A2187, 

Burlison, 
NKS 20-20, 

Jack  

 

NKS 23-
03, NKS 

23-12, 

P9181 

  
  

†There is some variation from the different studies in the classification of certain genotypes being more or less resistant or 

susceptible to Mn deficiency and toxicity stress. 

‡Categories listed were not used in all studies and were interpreted to fit this table.  
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Table 1.2 Continued 

      

Manganese 

Deficiency 
Conditions 

   

Manganese 

Toxicity 
Conditions 

 

Experiment Culture 

Age of 

Sampled 

Material 

pH 

Plant 

Structure 

Analyzed 

Susceptible 
Genotype 

Intermediate 

Tolerant 

Genotype 

Tolerant 
Genotype 

 
Susceptible 
Genotype 

Intermediate  

Tolerant 

Genotype 

Tolerant 
Genotype 

 

Heenan and 
Carter (1976) 

 

Nutrient 

Solution (ppm 
Mn) 0, 0.1, 2, 

5, and 15 

 

28 days 

 

5.5 

 

straw yield, 

root, and 
shoot 

analysis 

 

Custer, Dare 

 

Bragg 
Lee  

 

Bragg,  

 

Custer, Dare 

 

Lee 

 

Kassem et al. 

(2004) 

 

Nutrient 

Solution 

 
28 days 

 
6.7 

 
visual rating 

    
 
Forrest 

 
 
Essex 

 

Brown and 

Devine (1980) 

 

Soil and 
nutrient 

solution 

 
18 days 

 

6.7 - 

4.2 

 

straw yield 
and chemical 

analysis 

    

 

Forrest, 

Bragg 

 
Lee 

 
T203 

†There is some variation from the different studies in the classification of certain genotypes being more or less resistant or 

susceptible to Mn deficiency and toxicity stress. 

‡Categories listed were not used in all studies and were interpreted to fit this table. 
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FIGURES 

 
Figure 1.1 Pourbaix diagram of manganese (Pourbaix, 1974); illustrating relationship 

between soil redox potential (E0) and pH in altering oxidative state of manganese. 

†E0 range for soils: [-0.3V (wet), 0.7V (well drained)]. 

‡Bold valence states of Mn were added to the chart by the author of this manuscript  
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2 CHAPTER TWO. 

 HERITABILITY AND SELECTIVE GENOTYPING QTL ANALYSIS OF 

RESISTANCE TO MANGANESE DEFICIENCY DERIVED FROM SOYBEAN 

BREEDING LINE SC97-1821 

INTRODUCTION 

Global demand for soybean (Glycine max L. Merr.) derived products is increasing 

sharply to satisfy the needs of the growing global market (USDA-Economic Research 

Service, 2011). While demand is increasing, the total land used for agriculture in the United 

States is steadily decreasing (USDA-National Resources Conservation Service, 2009). These 

factors suggest that future expansion of soybean production in the United States will likely be 

derived from sustainable and profitable increases in yield per unit area, rather than devoting 

new land to soybean cultivation.  

 Liebig's Law of the Minimum (1840) states that a single limiting factor can affect the 

maximum growth and yield potential attainable by an organism. A common factor limiting 

soybean production is an insufficient level of plant-available nutrients, such as manganese 

(Mn). Soybean growth, yield, and seed quality are negatively affected by Mn deficiency 

stress (Graham et al., 1994; Heenan and Campbell, 1980; Parker et al., 1981; Wilson et al., 

1982). Manganese deficiency has been reported as a common problem in soybean growing 

regions throughout the United States and the world (Beuerlein and Dorrance, 2005; Fageria, 

2008; Grooms, 2008; Heatherly and Hodges, 1998; Mascagni and Cox, 1985; Schulte and 
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Kelling, 1999; Stanton and Warncke, 2009; Tucker, 1999). Manganese deficiency can be 

caused by the lack of Mn in the soil, but is more commonly the result of oxidization of Mn 

by high pH soils to molecular forms unavailable to the plant (Hardy et al., 2008; Pourbaix, 

1974). One can alleviate this problem, to some degree, by treating plants with chelated Mn, 

or lowering soil pH with commercially available acid-producing products. Such methods 

reduce or eliminate Mn-deficiency stress, but incur an added time and input cost to 

production, and may not be available in less advanced and poorer regions of the world.  

Genetic resistance to Mn deficiency is an attractive, low-cost, and environmentally 

friendly alternative to soil and foliar amendments that ameliorate Mn deficiency in soybean 

production. Unlike genetic resistance to biotic pests such as weeds or pathogens, which may 

be ephemeral in nature and quickly overcome through the process of natural selection 

(Darwin, 1859), resistance to abiotic stresses such as Mn deficiency is generally more 

durable, because there are no biological mechanisms at work to change the abiotic stress 

factor, and, thus, overcome genetic resistance (Dennison, 2012). Many soybean cultivars and 

breeding lines have been evaluated for resistance to Mn deficiency and toxicity stress, and 

classified as susceptible or tolerant. Heenan and Carter (1976) and Ohki et al. (1980) 

identified resistance to Mn deficiency in soybean cultivars ‘Lee’, ‘Bragg’, ‘Forrest’, and 

‘Ransom’ and susceptibility to Mn deficiency in soybean cultivars ‘Lee74’, ‘Hutton’, 

‘Davis’, ‘Dare’, and ‘Custer’. These cultivars were released from 1958 through 1975 (Brim, 

1966a; Brim and Elledge, 1973; Caviness et al., 1975; Caviness and Walters, 1966; Hartwig, 
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1958; Hartwig and Epps, 1973; Hinson, 1973; Hinson and Hartwig, 1964; Luedders et al., 

1968). 

Graham et al., (1995) examined heritability of resistance to Mn deficiency using F2 

plants and F2:3 families in a population derived from resistant soybean germplasm A14 

(Jessen et al., 1988), a maturity group II germplasm released because of its resistance to iron 

deficiency chlorosis. Segregation patterns in one environment indicated digenic inheritance 

for foliar ratings of Mn deficiency, low heritability based on individual F2 plants (0.19), and a 

much higher heritability (0.70) based on F3 family means, averaged over five replications. No 

quantitative trait loci (QTL) have been reported for this trait. However, QTL have been 

reported for resistance to other abiotic and biotic stress factors in soybean (Abdel-Haleem et 

al., 2011, 2012; Carpentieri-Pipolo et al., 2012; Charlson et al., 2003, 2009; Kassem et al., 

2004; Lee et al., 2004; Peiffer et al., 2012; Perez-Sackett et al., 2011;).  

Soybean breeding line SC97-1821 has been observed to be resistant to Mn deficiency, 

and soybean cultivar ‘Cook’ (Boerma, et al., 1992) has been observed as susceptible, based 

on foliar symptoms (Carter personal comm. 2012). The objectives of this research were to (i) 

evaluate the genetic variation for Mn deficiency in a recombinant inbred line (RIL) 

population developed from the cross of Mn deficiency resistant SC97-1821 and susceptible 

cultivar Cook, (ii) determine heritability and estimate the number of genes controlling 

inheritance of resistance, (iii) map QTL controlling resistance to Mn deficiency, and (iv)  

determine the correlation between visual foliar symptoms of Mn deficiency and Mn 

concentration in fully expanded leaves and mature seed. 
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MATERIALS AND METHODS 

Characterization of Manganese Tolerant and Susceptible Parental Types   

Soybean breeding line SC97-1821 was developed by Emerson Shipe at Clemson 

University from the hybridization of ‘NK S83-30’ x (‘Hutcheson’ x D87-4429) (Buss et al., 

1988; USDA-ARS NGRP, 2013a). NK S83-30 is a maturity VIII cultivar derived from 

‘Braxton’ (PI 548659, USDA-ARS NGRP, 2013b) x ‘Coker 368’ (USDA-ARS NGRP, 

2013c). Coker 368 is a maturity VIII cultivar derived from breeding line Coker 71-211 x 

‘Centennial’ (Hartwig and Epps, 1977). Coker 71-211 is derived from ‘Hampton 266’ 

(USDA-ARS NGRP, 2013d) x Bragg. Braxton is derived from the cross of F59-1505 x 

[Bragg (3) x D60-7965]. F59-1505 is from ‘Jackson’ (Johnson, 1958) x D49-2491. D49-2491 

is a fill sib of the cultivar Lee. D60-7965 is derived from D55-4090 x D55-4159. D55-4159 

is from ‘Ogden’ (Weiss, 1953) x ‘Biloxi’ (USDA-ARS NGRP, 2013e). D55-4090 is from 

Ogden x ‘CNS’ (USDA-ARS NGRP, 2013f). D87-4429 is derived from ‘Sharkey’ (Hartwig 

et al., 1988) x ‘Leflore’ (Hartwig et al., 1985). Cook is a late maturity group VIII derived 

from hybridization of soybean cultivars Braxton x ‘Young’ (Burton, 1987). Young is derived 

from the cross of Davis x ‘Essex’ (Smith and Camper, 1973). 

In 2000 and 2010, SC97-1821 and Cook were evaluated for agronomic performance as 

part of the USDA Southern States Soybean Regional Trials Preliminary Maturity Group VIII 

(Gillen and Shelton, 2011; Paris and Shelton, 2001) (Table 2.1). In 2000, visual symptoms of 

Mn deficiency were noted in this trial at Horticultural Crops Research Station at Clinton, NC 

in mid-August. The entries in the trial were compared visually for foliar symptoms of Mn 
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deficiency on a one to five scale (one indicating no visual symptoms and five indicating plant 

death), and the two genotypes Cook and SC97-1821were deemed most extreme. For these 

genotypes, leaves were sampled to assay Mn concentration during the mid-pod fill growth 

stage, between R-3 and R-5 (Fehr and Caviness, 1977) at the Clinton site. This same trial was 

also grown at the nearby Sandhills Research Station at Jackson Springs, NC in 2000, and 

rated and sampled in the same manner as stated above. No symptoms of Mn deficiency were 

noted at the Jackson Springs location (Table 2.2). The USDA trials were conducted using a 

randomized complete block design with two replications per environment (Paris and Shelton, 

2001). For Mn concentration analysis, approximately six leaves were sampled per plot in 

each replication, at approximately 4 nodes below the uppermost node on the main stem. Leaf 

samples were dried at 32C, ground through a 1 mm sieve and then analyzed for Mn 

concentration by Larry Purcell (University of Arkansas) and the Soil Testing and Plant 

Analysis Laboratory at the University of Arkansas, using acid digestion of plant material 

followed by quantification using inductively coupled plasma emission spectroscopy 

(ARCOS-EOP ICP, Spectro Analytical, Mahway, NJ).  

In 2005, an additional trial identified as TCLP167 was grown at the Horticultural Crops 

Research Station in Clinton, NC to compare Mn reaction of the two genotypes. A three 

replication, randomized complete block design experiment was employed, in which the 

experimental unit was an individual row of approximately 2.5 m in length. Foliar ratings for 

Mn deficiency were taken in a manner similar to that employed in the 2000 USDA regional 

trials (Table 2.2., Appendix A) and leaf tissue was sampled during mid-August, between R3 
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and R5 growth stage, employing the same sampling procedure described previously. At 

maturity, seed were also sampled. All leaf and seed samples were assayed for Mn 

concentration in 2005 by the North Carolina Department of Agriculture and Consumer 

Services (NCDA&CS) soil testing lab. Data was analyzed using the ANOVA procedure of 

SAS software (SAS Institute, 2004) (data not shown). The soils employed in the trials at 

Clinton and Jackson Springs were fine-loamy, kaolinitic, thermic typic kandiudults 

(Orangeburg Sandy Loam) and sandy, kaolinitic, thermic grossarenic kandiudults (Candor 

Sand), respectively.  

Recombinant Inbred Line (RIL) Population Development 

In the summer of 2003, the soybean cultivar Cook was hybridized with SC97-1821 at 

the Central Crops Research Station (CCRS) near Clayton, NC. Subsequently, approximately 

20 F1 plants were grown at the USDA winter nursery in Puerto Rico during the winter of 

2003-2004, under extended day conditions, and harvested individually. In the spring of 2004, 

F2 seed were planted at CCRS and F2:3 seed were collected manually after maturity using the 

single seed descent (SSD) breeding method (Brim, 1966b). The F2:3 seed were planted at the 

USDA Puerto Rico Nursery during the winter of 2004-2005 and F3:4 seed were collected 

using the SSD procedure and shipped to North Carolina. In 2005, individual F3:4 plants were 

grown at the Sandhills Agricultural Research Station in Jackson Springs, NC and all the seed 

from each plant was harvested and kept separate from other plants to create F4:5 lines. In the 

winter of 2005-2006, F4-derived progeny rows (F4:6 lines) were produced at the Monsanto 

Winter Nursery near Isabela, Puerto Rico, to complete development of the RIL population.    
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Experiment I (Exp. I) – Evaluation of the RIL Population for Mn Deficiency Tolerance  

Assigning RILs to Sets for Evaluation  

The 273 F4:6 RILs were randomly assigned to three sets designated as TCLP283, 

TCLP284, and TCLP285, and hereafter referred to as Sets 1, 2, and 3, respectively. Each Set 

consisted of 91 unique RILs, the two parental types SC97-1821 and Cook, plus the maturity 

group VII controls ‘NC-Raleigh’ (Burton et al., 2006), and ‘N7003CN’ (Carter et al., 2011). 

Sets were evaluated in 2008 and 2009 using a randomized complete block design, with each 

test consisting of 3 blocks of 95 entries (285 total plots per test) in each year. Sets were 

randomly assigned to locations within the field in each year.  

Field Preparation and Planting  

In 2008 and 2009, Sets 1, 2, and 3 were evaluated in the Cox field at the Caswell 

Agricultural Farm in Kinston, North Carolina. The Cox field had a history of producing 

soybean plants with foliar symptoms of Mn deficiency. Soil types in the field were a fine-

loamy, siliceous, semiactive, thermic Typic Paleaquult (Rains Sandy Loam) and a fine-

loamy, kaolinitic, thermic Typic Kandiudult (Norfolk Loamy Sand). The Cox field was 

intentionally limed with dolomitic agricultural lime to maintain a high mean pH (targeted 

above 6.3). The Mn index (Mn-I), and Mn availability index ratings (Mn-AI) were monitored 

with soil samples taken in 2006, 2007, 2009, and 2010 (Appendix B). In 2009, the range in 

soil pH, Mn-I, Mn-AI was 5.7-7.4, 17-46, and 13-36, respectively. Mn-I and Mn-AI scores 

below a critical value of 25 indicate a significant yield increase from addition of Mn 

fertilizer. Planting dates for the trials were July 1, 2008 and July 3, 2009. Seed were planted 
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in hill plots at the seeding rate of ten per hill, using hand-pushed funnel droppers. Hills were 

spaced 0.97 m apart from left to right, and 1.4 m apart from front to back.  

Visual Rating System  

Although pH levels in the Cox field were relatively high prior to the initiation of the 

study, and thus likely sufficient to induce Mn deficiency, Mn deficiency symptoms are 

known to vary markedly over short distances in most fields in North Carolina. A gradient of 

expression is the norm rather than the exception (T. Carter, personal comm.). Thus, there was 

an expectation that foliar symptoms for Mn deficiency would be non-uniform in the present 

field study. To help reduce field position effects on visual ratings for Mn deficiency, a field 

screening procedure was adapted from that developed by Ross and Brim (1957) for 

determining soybean cyst nematode (Heterodera glycines) resistance. The researchers 

screened soybean germplasm accessions in highly variable fields using a ‘paired-row’ 

technique, in which each test genotype of unknown nematode reaction was compared ‘side-

by-side’ to a control genotype which had a known susceptible reaction. In the adaptation of 

this approach to the current study, parental types having known and contrasting reactions 

were planted in hills, adjacent (left and right) to each test genotype of unknown reaction. 

Thus, the experimental unit consisted of three hills within each plot. The breeding line SC97-

1821 was placed in the left-most hill, Cook in the right-most hill, and a RIL or check in the 

center hill.  

A five point visual foliar rating system was established to evaluate the Mn stress of 

each test entry, in comparison to the two parental lines in the same plot. Leaf color of the test 
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entry was recorded as: 1, as green as-or greener than- the resistant parent; 2, a lighter shade 

of green than the resistant parent; 3, intermediate shade of green and yellow between the 

range of expression of both parents; 4, interveinal chlorosis and/or yellow leaf color less 

severe than susceptible parent; or 5, as yellow as-or more yellow than- the susceptible parent. 

Ratings were omitted on plots when one or more of the hills were missing, or when plants in 

both parental hills exhibited similar foliar colorations. 

  In 2008, 2,565 total visual foliar ratings of Mn stress were taken over September 19
th

, 

23
rd

, and 30
th

 by one rater. 576 ratings were removed from further analysis due to plant death, 

or no difference in visual rating between the two parental types in the same plot. The 

September 19
th

 and 30
th

 rating dates were dropped in Set 3 in 2008, because of insufficient 

Mn deficiency stress on September 19
th

 and excessive Mn deficiency stress on September 

30
th

 (315 ratings). Therefore, of the original 2,565 ratings in 2008, 1,674 visual foliar ratings 

were used for further analysis.  

In 2009, 6,555 total visual foliar ratings of Mn stress were taken across August 2
nd

, 

August 25
th

, and September 19
th

 by 2, 3, and 4 raters, respectively. 881 ratings were removed 

from further analysis due to plant death, or no difference in visual rating between the two 

parental types in the same plot. Results of the raters were correlated within a day to assess 

agreement. Results from various raters were positively correlated (data not shown), no rater 

was deemed a ‘poor rater’ and, thus, no rater was dropped from the overall analysis. The first 

two rating dates in Set 1 and Set 3 were dropped in 2009, because deficiency was not 

sufficiently severe for effective discrimination among parents with a plot (1,043 ratings). 
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Therefore, of the original 6,555 total visual foliar ratings in 2009, 4,631visual foliar ratings 

were used for further analysis (data not shown). 

Seed and leaf tissue analysis  

Seed from each of the three hills in a plot were independently threshed and sampled 

after maturity from the following sets, replications, and years: 2008: Sets 1 and 2 in 

replications 1 and 2; 2009: Set 2 in replications 1 and 2, and Set 3 in replications 1 and 3. In 

2009, leaves were sampled for laboratory analysis at the R-1 growth stage from Set 3 reps 2 

and 3. For foliar Mn concentration analysis, approximately four fully expanded leaves were 

sampled from each of the three hills in the experimental unit. Leaf samples were dried at 

32C.  

A preliminary analysis of Mn concentration of soybean seed samples was conducted to 

determine the range of anticipated Mn concentration for seed samples collected from the RIL 

population. Twelve-seed samples were taken from the Mn-deficient Cox field at maturity for 

both SC97-1821 and Cook in 2009, as well as four-seed samples from the same parental 

genotypes at Jackson Springs, NC, a site where no visual symptoms of Mn deficiency have 

been observed. Samples were submitted to the Nuclear Services Department of the Nuclear 

Reactor Program at North Carolina State University for neutron activation analysis, to 

determine precise Mn concentration levels (Appendix C). Results from this preliminary 

analysis indicated that Mn concentration for seed grown in the Mn-deficient Cox field ranged 

from 4.15 to 17.55 µg/g, while the Mn concentration at Jackson Springs ranged from 21.87 to 

32.76 µg/g.  
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These results were used to calibrate a high throughput dry ash method used 

subsequently for ascertaining Mn levels as described below. A total of 2,835 tissue samples 

(2,265 seed, 570 leaf) were placed in individual 50ml centrifuge tubes, with a single 

zirconium grinding ball per tube, and ground with a Geno/Grinder SPEX SamplePrep 2010 

laboratory mill. The North Carolina State University Environmental and Agricultural Testing 

Service employed a dry ash method of laboratory analysis to process samples and determine 

Mn concentration. The Dry Ash Method employed a known quantity of sample that was 

burned in a muffle furnace at 500
°
C for 4 hours or greater. After the samples were cooled, 

water was added to the ash to make it less reactive to carbonates and then 4ml of 6N 

HCl. Afterwards samples were dried with a steam plate and more acid was added. The 

solution was heated slightly to re-dissolve the salts then transferred to volumetric flasks with 

distilled water. The volumetric flask was filled to volume with distilled water, mixed by 

inversion, and filtered into containers for the Ion Coupled Plasma Optical Emission 

Spectrometer (ICP-OES) Perkin Elmer Corporation Norwalk, CT. The sample was injected 

into the instrument in aerosol form through a plasma flame and elemental Mn levels were 

read spectrophometrically. If one of the three hill plots within a plot (SC97-1821, entry, or 

Cook) did not produce seed or leaves for Mn concentration analysis then all the other results 

for the plot were removed from further analysis (data not shown). 

Experiment II (Exp. II) Validation of Extreme RILs for Foliar Mn Deficiency 

Results from Sets 1, 2, 3 in 2008 and 2009 were used to select a subset of RILs for 

retest in Experiment II (Exp. II). The mean visual ratings of SC97-1821, Cook, and RILs 
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averaged over years and Sets in Exp. I were 1.8, 3.9, and 3.0, respectively (Table 2.3). All 

genotypes in Exp. I with a mean visual score of 3.5 and greater or 2.4 and lower were 

selected for retesting (Table 2.4). Using this rule, the 30 RILs with the highest and 30 RILs 

with the lowest visual ratings for Mn deficiency were selected for further evaluation, which 

corresponded to approximately 22% of the RIL population. The 30 RILs most similar to 

SC97-1821 exhibited a range in visual score from 1.7 to 2.4 and the RILs most similar to 

Cook ranged from 3.5 to 4.1 (Table 2.4). One-tailed LSDs (p>0.05) comparing a progeny to 

its most similar parent for sets averaged 0.7 rating units. 

These 60 lines were retested in 2012, in a randomized complete block design test 

consisting of 8 blocks and designated as TCLP 502, hereafter referred to as the Field 

Validation Test (Exp. II). The Field Validation Test consisted of the 60 RILs that exhibited 

extreme visual foliar reactions to Mn deficiency stress, the two parental types SC97-1821 and 

Cook, plus the maturity controls NC- Raleigh, N05-7432, and ‘N8001’ (Carter et al., 2008). 

N05-7432 is a slow-wilting maturity group VIII breeding line derived from the cross of 

‘N7002’ (Carter et al., 2007) x N98-7265. Breeding line N98-7265 is a slow wilting line 

derived from Hutcheson x PI 471938 (USDA-ARS NGRP, 2013g). N7002 traces 25% of its 

pedigree to PI 416937 (USDA-ARS NGRP, 2013h). The 592 plots in the Field Validation 

Test were planted July 1
st
 with each plot containing 3 hill plots in the Cox field, using the 

same experimental protocol employed in the experiments described previously.  

Visual foliar ratings were recorded August 8
th

 and August 30
th

, by 6 raters per date, 

using the 5 point scale described in Exp. I. Rating data for each plot were averaged for each 
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date and then over dates, and then analyzed using the same techniques described above. Of 

the 7,104 potential visual leaf ratings for Mn deficiency measurements, 594 were omitted due 

to plant death, or no observed differences between hill plots in same plot (data not shown). 

Two genotypes, one from both resistant groups, had poor emergence and could not be rated 

for foliar Mn reaction. A total of 6,510 visual foliar ratings from Exp. II were used for further 

analysis. 

Statistical Analysis of Phenotypic Data for Exp. I & Exp. II 

In a preliminary analysis of visual foliar ratings for Mn deficiency in Exp. I, Sets 1, 2, 

and 3 were analyzed individually for each rating day within each year. Entry means for each 

rating date within each season of Set 1, 2, 3 were then correlated using the CORR procedure 

of SAS. Correlations were positive (data not shown) and, thus, rating dates for an 

experimental unit within Sets 1, 2, and 3 were averaged for a season to obtain one final 

overall rating for each plot in each year. These seasonal plot averages were subjected to 

analysis of variance for each year and then combined over years (data not shown) and 

residuals were examined for each Set within each year. Residuals greater than three times the 

square root of the error mean square were considered outliers and data from associated plots 

were discarded prior to a final analysis over years; approximately two percent of the 

observations were deleted in this fashion (Appendix D, E, F, G, H, I, J). Residuals for foliar 

and seed Mn concentration were also examined in a similar fashion and less than one percent 

of the observations were discarded for Exp. I (Appendix D, E, F, G, H, I, J). Residual 

analysis of the visual ratings from the Field Validation Test (Exp. II) revealed 53 plots with 
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an absolute value greater than 1.5 rating units, on the five point rating scale, and data 

associated with these large residuals were arbitrarily removed prior to a final analysis (Table 

2.4). The average least significant difference (LSD) (p > 0.05) was 0.8 for detecting a RIL 

that was significantly less extreme than the parent in these trials over years.   

Analyses of variance and expected mean square values were obtained for all measured 

traits using the general linear models (GLM) procedure with SAS software (SAS Institute, 

2008) for both Exp. I and Exp. II (Table 2.5, 2.6, 2.7, Appendix K, L). Each trial was a 

randomized complete block experimental design, where years and replications were treated 

as random effects, and parents and checks were treated as fixed effects. The RILs were 

treated as random effects in Exp. I, and lines selected for retesting were treated as fixed 

effects in Exp. II.  

Narrow sense heritability estimates for foliar ratings were calculated on an entry means 

basis using data from Sets 1, 2, 3 and pooled values from Exp. I (two years and three 

replications per Set), using the following formula: h
2 

= (σ
2

g  / [σ
2

g + (σ
2

gy / y) + (σ
2

e /ry)]) 

outlined by Johnson et al. (1955) and confidence intervals for heritability were calculated as 

outlined by Knapp et al. (1985) (Table 2.8). Heritability estimates were also conducted on 

Mn concentration of leaves (one year and two replications of Set 3) and seed (two years and 

two replications per year of Set 2) (Table 2.6, Appendix L). Correlations among genotypic 

means for foliar ratings and seed and leaf Mn concentrations were calculated using the 

CORR procedure of SAS (Tables 2.9, 2.10, Appendix M, N, O, P, Q, R).  



57 

 

 

 

 

Estimating the Number of Segregating Genes for Mn Deficiency Resistance 

The RILs in this study were F4:6 -derived families, and as such would be expected to be 

homozygous at a given locus at a frequency of 0.875, based on a binomial distribution of 

alleles in the RIL progeny and the usual single seed descent inbreeding process (Brim, 

1966b). Assuming that the SC97-1821 carries all the resistance alleles and that Cook carries 

all the alleles for susceptibility (no transgressive segregation was observed), and that all 

alleles must be present in a homozygous state to recover a parental phenotype, then the total 

expected number of resistant plus susceptible RILs recovered among the 273 RILs in Exp. I 

can be calculated as 0.875 
(number of segregating loci)

 x 0.5 
(number of segregating loci-1) 

x 273. This 

calculation reflects the probability of first recovering all homozygous loci in F4-derived 

plants, the additional probability of recovering extreme phenotypes, and finally the actual 

size of the F4-derived RIL population. For example, if only one locus controls the trait, then 

the expected number of recovered extreme genotypes is 0.875 x 1 x 273. The expected 

number of parental extremes was calculated for the RIL population in this way for a 5 gene 

model and all models with fewer loci. Results from the Field Validation Test (Exp. II) were 

used to provide estimates of the number of RILs that were phenotypically similar to the 

parental types for foliar resistance. Significance tests were conducted to compare differences 

between observed vs. expected numbers of extreme genotypes using Chi-Square tests 

(Strickberger, 1968) (Table 2.11). 
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DNA Extraction and Allele Calling 

 Parent genotypes Cook and SC97-1821, as well as 70 lines from the RIL population 

exhibiting lowest and highest visual foliar ratings for Mn deficiency from Sets 1, 2, 3 in Exp. 

I were selected for DNA analysis. DNA was isolated for each breeding line by germinating 

seed and combining 20 root tips of each line to make one sample for each selected line. 

Qiagen Plant Easy DNA Extraction Kit (Qiagen, Hilden, Germany) was used to extract and 

purify DNA from root tip samples. A total of 1,536 single-nucleotide polymorphism (SNP) 

markers were assayed using the GoldenGate assay and analyzed on the Illumina BeadStation 

500G (Illumina, San Diego, CA) as outlined by (Cregan et al., 1999; Hyten et al., 2010). 

Allele calling was accomplished initially for each locus with GenomeStudio software 

(Illumina, San Diego, CA) and verified manually. Because the RILs were F4-derived, 12.5% 

of the loci for these lines would be expected to heterozygous. For certain SNP markers it was 

difficult to distinguish heterozygous vs. homozygous genotypes and make clean allele calls. 

To gain additional precision, selected genotypes were re-sampled and combined with 

samples from new additional RILs, for a total 96 samples in the second DNA extraction, 

using the same manner described above. Genotypes employed in the first and second DNA 

extractions were combined and duplicate RILs removed, resulting in a final data set of DNA 

markers for both parent genotypes and 109 unique RILs. A total of 422 SNP markers were 

polymorphic between the parents and used for subsequent analysis. 
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Selective Genotyping to Identify QTLs Associated with Foliar Manganese Ratings 

A series of analyses were conducted using R\qtl software (Broman, 2003) to identify 

Quantitative Trait Loci (QTL) in collaboration with Dr. Specht at the University of Nebraska. 

Initially, least squared means for foliar ratings of the RILs for the three Sets in Exp. I were 

combined into a single data set. Sets 1, 2, and 3 were virtually identical in mean performance 

(Table 2.3) and no adjustments to the data were necessary prior to combining genotypic 

means across Sets. The combined phenotypic data set was used for all subsequent R\qtl 

analyses and histogram development (Fig. 2.1). The initial selective genotyping analysis 

employed the phenotypic data from all RILs, parents, and checks and genotypic data for the 

109 RILS and 422 polymorphic SNP markers. Subsequently, reduced sets of genotypes were 

subjected to selective genotyping analysis, guided by the results from the Field Validation 

Test of extreme RILs in 2012 (Exp. II), but retaining all the phenotypic data from Exp. I. 

These reduced data sets consisted of the 60 genotypes employed in the Field Validation Test, 

and then arbitrarily-sized subsets of the 50 and 35 most extreme RILs identified in the Field 

Validation Test (Figures 2.2 through 2.13, Appendix S, T, U, V). The purpose of the multiple 

analyses was to determine the potential impact of phenotypic precision and population size in 

Exp. II on marker analysis results. Reducing the number of genotypes numerically increased 

the phenotypic distinction of the contrasting classes, but reduced the power for testing 

(Broman et al., 2003; Lander and Botstein, 1989). It was not clear apriori which affect might 

cause the greatest affect on overall results. The critical logarithm of the odds (LOD) scores 

were calculated using simple interval analysis in R\qtl software, permutation analysis was 
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employed to identify LOD values with less than 5% chance of occurring by random for the 

109 genotype data set and each truncated data set, and produced values of 2.85, 1.98, 1.77, 

and 3.2, for runs made with genotypic data from 109, 60, 50, and 35 lines, respectively 

(Table 2.12, Figures 2.3, 2.8, Appendix S, T).  

RESULTS AND DISCUSSION 

Characterization of Manganese Tolerant and Susceptible Parental Types from Prior 

Research  

Although not a part of these thesis experiments per se, the identification and 

verification of Mn deficiency resistance in breeding line SC97-1821 is crucial to thesis 

experimentation and has not been published previously. Resistance to Mn deficiency in 

breeding line SC97-1821 was first discovered at the Horticultural Crops research station at 

Clinton, NC in 2000. This station has a history of producing soybean crops which manifest 

visual foliar symptoms of Mn deficiency, while plants at nearby Sandhills Research Station 

at Jackson Springs, NC almost never exhibit Mn deficiency (T. Carter, personal comm. 

2012). A comparison of parental types Cook and SC97-1821 at the Clinton sites indicated 

that SC97-1821 was not only more resistant than Cook in terms of visual foliar damage, but 

also exhibited numerically higher seed and foliar Mn concentration as well (Table 2.2). At 

the Sandhills site, where visible foliar damage from Mn deficiency was absent, the two 

parental types exhibited comparable leaf Mn concentration, suggesting that SC97-1821 does 

not constitutively accumulate excess Mn, but rather exhibits unique adaptation to stress 

conditions. SC97-1821 was numerically superior to Cook in seed yield in the USDA Uniform 



61 

 

 

 

 

Soybean Tests in 2000 and 2010 (Table 2.1) indicating that SC97-1821 is an agronomically 

desirable source of resistance to Mn deficiency for applied breeding efforts.   

Genetic Variation Among RILs for Visual Ratings in Exp. I  

A total of 273 F4-derived RILs were developed from the cross of Cook x SC97-1821, 

divided into three sets, and tested along with parental types under Mn-deficient high-pH soil 

conditions over two years in replicated trials at Kinston NC. Substantial Mn deficiency stress 

was noted in soybean leaves in both years, with parental type SC97-1821 showing much 

greater foliar resistance than Cook in all sets (p<0.05) (Table 2.3, 2.5). The RILs also varied 

substantially in resistance to Mn deficiency in all Sets. At least one RIL exhibited a 

phenotypic extreme for Mn reaction comparable to that of a parent in all sets (Table 2.3). 

Analysis of variance showed that genetic variance among RILs for visual ratings was 

significant (p<0.05) for each set in each year as well as in the overall combined analysis over 

years (Table 2.5). To highlight this genetic variation, the phenotypic means of RILs were 

combined over sets into a histogram and visual ratings followed a mound-shaped or near-

normal distribution, with some of the extreme RIL phenotypes comparable to the parental 

extremes (Fig. 2.1). The mound-shaped distribution was predicted based on the Central Limit 

theorem which suggests that although distribution of the initial data may be qualitative in 

nature (individual visual rating scores), the means of rating scores for genotypes should tend 

toward normality (Snedecor and Cochran, 1976). Genotypic x environment (GxE) interaction 

was non-significant (p<0.05) in Exp. I and not an important factor in the two-year study 

(Table 2.5).  
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Heritability of Foliar Ratings 

Narrow sense heritability of foliar ratings at the field site was similar for each Set and 

averaged 0.51, based on the mean of two years and three replications employed in the present 

study (Table 2.8). However, heritability was estimated at only 0.15, if one practiced selection 

based on only a single replication in one year. Increasing the amount of testing to three years 

and five replications per year was predicted to raise the heritability of foliar ratings to 0.72. 

Assuming that GxE for foliar ratings remains low, then employing five replications in one 

year would give almost the same degree of precision as testing in two years using three 

replications (0.46 vs. 0.51), suggesting that added replication within a year may be an 

appropriate way to reduce the breeding time required to identify a resistant genotype. These 

heritability ratings are somewhat lower that those observed by Graham et al. (1995) who 

detected a heritability of 0.70, based on five replications of family means in one year.  

Follow-up Evaluation of RILs for Visual Ratings in Exp. II  

In a follow-up Field Validation Test (Exp. II) of extremes from the RIL population in 

Exp. I, two RILs did not germinate sufficiently for evaluation, so that only the 29 highest and 

29 lowest rated RILs for visual foliar Mn resistance in Exp. I were re-evaluated (Table 2.4). 

A significant (p<0.05) difference was observed between the two groups of extreme 

genotypes that corresponded roughly to the previous results from Exp. I (Tables 2.5, 2.6). 

However, discrepancies in rankings were also apparent in the Exp. II as compared to Exp. I 

(Table 2.4). For example, 17 of the 58 RILs in the retest changed ratings sufficiently to 

suggest that they were mis-classified earlier into the wrong ‘reaction group’, with three 
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putative tolerant RILs exhibiting a visual rating score of 3.0 (near the mean of the test), seven 

putative susceptible RILs scoring below 3.0, and seven putative tolerant RILs scoring above 

3.0. Another 23 RILs, although numerically in the same groups as previously determined in 

Exp. I, were significantly (p<0.05, one tailed test) better or worse than the parent they most 

resembled in Exp. II. Thus, only 18 of the 58 RILs in the retest were substantially the same in 

foliar ratings as a parent (Table 2.4). It was assumed that the results from Exp. II were more 

reliable than Exp. I and, thus, a valid retest of extremes, because the block size was smaller, 

the replication was greater, and the raters more experienced than for ratings conducted in 

Exp. I. The parental types maintained similar levels of expression in Exp. I and Exp.II. The 

GxE interaction was small in the first two years of the study (Exp. I) and, thus, not likely the 

basis for discrepancies noted in the Field Validation Test (Table 2.5). However, these results 

are very consistent with the moderate narrow sense heritability (0.51) detected in Exp. I 

(Table 2.8). The correlation of genotypic means of RILs between the two studies (Exp. I and 

Exp. II), was 0.53 (p<0.05), which is very similar to the heritability values noted for Exp. I 

(Appendix R). This correlation can be thought of as a parent offspring regression, which is 

also an estimate of heritability (Falconer, 1989). It is assumed that heritability values for 

foliar ratings were moderate rather than high, because of the high field variability for Mn 

stress. Field variability for rating scores was only partially reduced by the paired-hill 

approach employed for field design and rating. 
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Number of Loci Controlling Foliar Resistance to Mn Deficiency 

Graham et al. (1995) reported the existence of digenic inheritance of resistance to Mn 

deficiency in Midwestern material derived from iron deficiency resistant soybean genotype 

A14. This report is the first to attempt to assess the number of controlling loci in southern 

soybean breeding materials. The histogram of visual foliar ratings of RIL phenotypes from 

Exp. I suggests multigenic inheritance for foliar resistance to Mn deficiency (Fig.2.1). 

  The follow-up Field Validation Test of extreme RILs from the full population (Exp. II) 

was employed to add insight into the actual number of loci controlling resistance. Assuming 

that the most extreme types were included in the Field Validation Test, and also that 58, 41, 

or 18 genotypes were not different from the parental extremes in the Field Validation Test 

(based on contrasting cut-off levels above for defining agreement between Exp. I and Exp. 

II), then one can use the binomial distribution and inbreeding generation to estimate the most 

likely number of segregating loci controlling resistance (Table 2.11). One, two, three, four, or 

five loci correspond to an expected number of 239, 105, 45, 20, or 9 ‘parental like’ genotypes 

from the RIL population of 273. However, two genotypes did not germinate in Exp. II and 

were dropped from further analysis such that, one, two, three, four, or five loci correspond to 

an expected number of 237, 104, 45, 20, or 9 ‘parental like’ genotypes from the reduced RIL 

population of 271. The 1, 2, and 5 gene scenarios were rejected using chi-square (p<0.05), 

whether the number of observed extreme genotypes was 58, 41, or 18, in both the 273 and 

reduced 271 RIL populations. All gene models were rejected when the 58 extreme genotypes 

were employed in the chi-square testing, suggesting that perhaps not all 58 genotypes were 
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scored correctly in Exp. I. The three gene model could not be rejected when 41 extreme 

genotypes were employed in the chi-square testing. The four gene model could not be 

rejected when employing 18 extreme genotypes as the observed number (Table 2.11). Thus, 

the likely number of genes controlling resistance to Mn deficiency is three or four. This 

number is greater than that detected by Graham et al. (1995), suggesting that different 

genetics are involved in the present study. 

Selective Genotyping to Identify QTL Associated with Foliar Resistance to Mn 

Deficiency 

Phenotypic data collected from mean values for foliar ratings for Mn deficiency were 

averaged together from 2008 and 2009 seasons (Appendix D, E, H). Genotypic data was 

collected on 109 of the RILs and combined with the phenotypic ratings of all RILs in the 

population (data not shown). R\qtl software was used to perform selective genotyping 

analysis, using all 109 RIL lines genotyped, and then reduced sets of 60, 50, and 35 RILs that 

sequentially exhibited the most extreme phenotypic responses (Figures 2.2 through 2.13, 

Appendix S through V). Frequency of alleles from Cook vs. SC97-1821 were very near 0.5 

(0.518 and 0.482, respectively), suggesting that hybridization and inbreeding techniques were 

effective in developing a RIL population with minimum segregation distortion (data not 

shown). Although a total of 422 polymorphic markers were observed in the initial SNP 

marker assay, R\qtl data cleaning steps removed 74 markers that had unusual distributions or 

missing genotypic values, leaving 348 available for analysis. These polymorphic markers 
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were distributed well over chromosomes, ranging from 9 to 34 per chromosome, with the 

exception of chromosome 5, which had only two polymorphic markers (Figures 2.6, 2.13).   

Although some RILs were genotyped at random in this study, the preponderance of 

RILs were selected because of their extreme phenotype with respect to visual rating scores in 

Exp. I, and are depicted graphically in Figures 2.2 and 2.7, where RILs are ordered on the Y 

axis, with most susceptible phenotypes at the top of the graph to most resistant at the bottom. 

Simple multiple interval analysis of the 109 RIL run indicated the presence of one genetic 

marker on chromosome seven that appeared to influence resistance to Mn deficiency (Table 

2.12, Figures 2.3, 2.4, 2.5, 2.6). Results from the reduced runs of 60 and 50 RILs produced 

similar results and are not discussed here. The last analysis using genotypic data from only 

the more extreme phenotypes, the truncated set of 35 RILs (validated in Exp. II), also 

identified the same putative QTL on chromosome seven (Table 2.12, Figures 2.8, 2.9, 2.11, 

2.13). Additionally, this last analysis identified a putative QTL on chromosome two (Table 

2.12 and figures 2.8, 2.10, 2.12, and 2.13).  

For the analysis of the 109 RILs, the marker with the peak LOD score on chromosome 

seven occurred at approximately 48 centimorgans (cM) (Table 2.12, Figure 2.4). In the 

analysis of the truncated set of 35 RILs, the peak LOD score on chromosome seven also 

occurred 48 cM (Table 2.12, Figure 2.9). Additive effects were estimated as -0.17 and -0.10 

in the two analyses (Table 2.12, Figures 2.5, 2.11, 2.12). Flanking markers which had a 95% 

probability of containing the QTL were estimated using Bayesian techniques in R\qtl 

(Broman et al., 2003, 2009) (Table 2.12). Both analyses pinpointed the putative QTL at the 
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same approximate cM position on chromosome seven. However, the confidence interval 

derived from the analysis of 35 genotypes was much greater than that derived from the larger 

data set. This difference reflects a loss of power in the reduced test.   

Only one putative QTL was identified in the analysis of 109 genotypes. However, the 

analysis of the extreme set of 35 genotypes detected an additional QTL on chromosome two 

at approximately 28 cM map position (Table 2.12). The second QTL on chromosome two 

was found with the reduced 35 RIL set, but not the full 109 RIL set, because only the most 

extreme highest and lowest phenotypic values were used in the reduced set, which allowed 

the software to target the most extreme phenotypic differences between the two groups. This 

technique of comparing a subset of most extreme lines increased the chance of detecting a 

second QTL, but reduced the precision in detecting the exact location, as evidenced by the 

widening of the cM range of the QTL on chromosome seven, from 45.1 - 56.0 on the initial 

109 RIL analysis to 25.4 - 67.7 on the 35 RIL analysis (Table 2.12).    

The QTL analysis of the reduced set of genotypes may have identified two of the three 

or four loci which are likely present in the RIL population, based on segregation patterns for 

the foliar phenotype. This results suggest that there is potential to combine marker assisted 

selection with phenotypic selection to improve resistance to Mn deficiency. However, these 

QTL should be validated prior to incorporation into practical breeding programs.  
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Heritability of Seed Manganese Concentration in Exp. I and Correlation with Visual 

Ratings  

Although parental genotype SC97-1821 was numerically higher in leaf and seed Mn 

concentration than Cook in all three Sets of Exp. I, analysis of variance (Table 2.6, Appendix 

K, L) revealed that heritability of these traits was low. Expressing leaf and seed Mn content 

as concentration values without making adjustments to account for field variation produced 

narrow sense heritability values of zero and 0.245, based on one and two years, in 2 reps, 

respectively (Appendix L). However, when the Mn concentration of was expressed Mn as a 

deviation from the mean of the parental types in adjacent hills of the same plot, some of the 

negative effects of field variability were mitigated and produced heritability values of 0.248 

and 0.318 for leaf and seed Mn content for the same combination of years and replications 

(Table 2.6). 

The correlation of RIL means between seed Mn concentration and foliar ratings was 

low ( -0.21, in Set 2, 2008-2009), but was improved when Mn concentration was expressed 

as the deviation of the RIL from the mean of the parents in adjacent hills in the 3-hill plot -

0.54 (p<0.05) in the same Set and year combination (Table 2.9). The correlation of RIL 

means for leaf Mn concentration and foliar ratings was similarly low (-0.15), for Set 3 in 

2009 and was not improved appreciably by expressing Mn content as a deviation from the 

mean of the parents (-0.25) (Table 2.10). The correlation between RIL leaf and seed Mn 

concentration was 0.49 (p<0.05), in Set 3 of 2009, suggesting a common underlying 

mechanism may be affecting both traits. In our hands and using our methods, the heritability 
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of leaf and seed Mn concentrations was relatively low and the expense involved in generating 

the Mn content data too great to justify the use of Mn concentration as a selection tool, 

especially in the early stages of selection. We suggest that leaf and seed composition data 

may be more useful in validation studies after resistant genotypes have been identified by 

means of visual foliar ratings for Mn deficiency. 

Conclusions and Implications to Breeding 

Manganese deficiency in soybean fields is highly variable, with visual symptoms often 

changing markedly over the course of only three or four meters. Thus, field precision is 

typically low in studies investigating resistance to Mn deficiency. Nevertheless, a moderate 

level of precision was achieved in the present study by employing three important concepts: 

use of very small plot size (hill plots), growing well defined ‘control genotypes’ adjacent to 

each test genotype, and taking foliar scores of the lines from the population only when both 

parents showed extreme/very distinct phenotypes. Using this approach, one can use the 

contrasting controls (i.e. parents) in a 3-hill plot to determine when stress is sufficient for 

rating. If parental types did not express differences or were only modestly different, then no 

data were collected or retained for that plot on that day. If differences were present, then the 

genotype in the center hill was rated as to how much it resembled the contrasting parents on a 

scale. This extra level of experimental control contributed to the overall precision of the 

experiment by increasing accuracy of ratings where deficiency was present, and even more 

importantly by allowing detection and discard of plots in those field positions where too little 
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or too much Mn deficiency occurred for rating. We discarded approximately 30 percent of 

the potential visual ratings in this study prior to data analysis.  

This approach is an adaptation of a ‘paired row’ experimental protocol devised by Ross 

and Brim (1957) for identifying resistance to soybean cyst nematode, a highly variable 

pathogen in the field. In that study, every exotic genotype of unknown reaction was paired 

with a known susceptible type. We suggest that this approach is very useful for identifying 

genetic resistance to Mn deficiency in field studies and for other traits where field variability 

is expected to be high. 

Using our hill-plot approach, we determined that narrow sense heritability was 

moderate (0.51) when employing 3 replications in each of two years, or when 5 replications 

are employed in one year. However, basing selection on one replication yielded a heritability 

of only 0.15, which is probably too low for efficient selection for resistance. We infer from 

these results that selection on individual F2 or F4 plants would also be largely ineffective, 

because individual plants would likely suffer the same low heritability as an unreplicated hill 

plot in this study.   

Our assessment of the phenotypic data for foliar ratings suggested that three to four 

alleles derived from the resistant parent, SC97-1821, are responsible for resistance to Mn 

deficiency. Two QTL alleles for resistance were identified on chromosomes seven and two 

from SC97-1821. These two results, taken together, suggest we did not identify all QTL 

involved in the genetic control of resistance, and that an effective selection approach for 

resistance to Mn deficiency might involve a combination of marker assisted and field 
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selection, where the most efficient combination of the two will be governed by availability 

and cost of the respective screening approaches.  

Visual foliar resistance to Mn deficiency was correlated to both seed and leaf Mn 

concentration. However, Mn concentration was expensive to measure, took a considerably 

longer time to obtain results relative to visual ratings and marker data, and produced a very 

low heritability. These results, taken together, suggest that Mn concentration of seed and 

leaves, while associated with resistance to deficiency, are not good traits for identifying 

genetic resistance.  

Validation is needed for SNP alleles associated with resistance to deficiency, and the 

physiological basis for resistance identified here awaits investigation. Also, additional QTL 

conditioning resistance to Mn deficiency await discovery. We suggest that these are fruitful 

areas for future research. 

  A surprising and serendipitous finding was the discovery that breeding line N05-7432 

is resistant to Mn deficiency. This breeding line was used as a control (Exp. II), because it is 

a high-yielding maturity group VIII check in the USDA Uniform VIII, (Gillen and Shelton, 

2013). This breeding line is slow wilting and has sustained N fixation during drought stress, 

compared to typical cultivars, and traces its pedigree to slow wilting PIs 416937 9 (12.5%) 

and 471938 (25%) suggesting that its resistance may not be identical to that obtained from 

SC97-1821. SC97-1821 is not known to be slow wilting or have sustained N fixation during 

drought stress.    
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TABLES 

Table 2.1 Agronomic performance for breeding line SC97-1821, Cook cultivar, and control cultivars in the USDA Southern Uniform 

Regional Preliminary VIII Test, in 2000 and 2010. 

Genotype 

 

Agronomic performance of four locations of USDA 

Uniform Preliminary VIII in 2000 

 
Agronomic performance of four locations of USDA 

Uniform Preliminary VIII in 2010 

Seed 

Yield 
Maturity† 

Plant 

Height 
Lodging‡ 

Seed 

Weight 

Seed 

Protein 
Seed Oil 

 
Seed Yield Maturity† 

Plant 

Height 
Lodging‡ 

100 Seed 

Weight 

Seed 

Protein 

Seed 

Oil 

 kg/ha-1 Date cm Ratings g /100 % % 

 

kg/ha-1 Date cm Ratings g/100 % % 

SC97-1821 2747 0 94.0 2.0 18.5 41.4 19.6 
 

2627 -2 102 1.6 15.9 41.0 19.6 

Cook 2639 0 91.4 2.8 15.6 42.3 18.9 
 

2593 -3 104 2.6 14.1 41.1 19.6 

Pritchard 2916 6 96.5 2.3 13.5 41.9 18.5 
 

       

SC01-803 RR        

 

2822 0 117 1.6 13.8 41.1 19.3 

Mean of all 

entries 
2720 1.5 87.0 2.0 14.7 41.1 19.6 

 

2587 2 109 1.9 13.8 40.3 19.6 

No. entries in 

test 
26         26     26          26 26 26 26 

 
19 19 19 19 19 19 19 

LSD (0.05) 390 3.5 8.8 0.84 1.1 2.0 0.6 
 

316 4 7.6 0.5 1.1 1.2 0.7 

†Maturity rating: First day of which 95% of pods reach mature color (Fehr and Caviness, 1977), expressed as days earlier or later than check. 

‡Lodging rating: 1 = almost all plants erect; 2 = either all plants leaning slightly, or a few plants down; 3 = either all plants leaning 

moderately, 25 to 50% of the plants down; 4 = either all plants leaning considerably, or 50 to 80% of the plants down. 
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Table 2.2 Visual foliar ratings for Mn deficiency and Mn concentration of leaf and seed tissue, for breeding line SC97-1821 and control 

cultivars in the USDA Southern Uniform Regional Test Preliminary VIII, at the Horticultural Crops Research Station at Clinton, NC (high Mn 

deficiency stress), and the Sandhills Research Station at Jackson Springs, NC (low Mn deficiency stress) in 2000, and TCLP167 at Clinton, 

NC in 2005 (high Mn deficiency stress).   

Genotype 

 

Foliar visual observations   Foliar tissue Mn concentrations  Seed Mn concentrations 

Clinton 

2005 

Clinton 

2000 

Jackson 

Springs 

2000† 

 
Clinton 

2005 

Clinton  

2000 

Jackson 

Springs 

2000† 

 
Clinton  

2005 

 —————— Rating‡ ————  —————  mg/kg-1 ————  ——— mg/kg-1 —— 

SC97-1821 1.0 1.0 1.0  21.0     28 63  20.4 

Cook 3.6 3.8 1.0  8.9   8 59  14.5 

Pritchard 2.3 2.0 1.0   10 44   

Mean of all entries 2.8 2.8 1.0   15 55   

No. of entries rated/sampled 32 26 26     3 3 3  3 

LSD (0.05) 2.3 3.0   2.4 15 69   2.8 

†
No visual symptoms of Mn deficiency observed at Jackson Springs location, in 2000. 

‡Visual foliar rating for Mn deficiency: 1 to 5 scale with 1= no chlorosis, 2 = slight chlorosis of the upper leaves, 3 = distinct interveinal 

chlorosis of the upper leaves but no stunting or necrosis, 4 = distinct interveinal chlorosis of the upper leaves with stunted growth or some leaf 

necrosis, 5 = necrotic growing point and upper leaves or death of entire plant. 
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Table 2.3 Mean visual foliar ratings, and seed and leaf Mn concentrations, of Mn deficiency susceptible parent Cook, resistant parent SC97-

1821, non parent checks, and RIL progeny, for Sets 1, 2, and 3 of Exp. I, grown under Mn deficient conditions, at the Cox field in Kinston NC, 

in 2008 and 2009. 

Set 

 

2008  2009  2008 and 2009 mean 

Cook 
SC97-

1821 

Non 

Parent
Checks 

RIL 

Progeny 

RIL 

Progeny 
Range 

 Cook 
SC97-

1821 

Non 

Parent 
Checks 

RIL 

Progeny 

RIL 

Progeny 
Range 

 Cook 
SC97-

1821 

Non 

Parent 
Checks 

RIL 

Progeny 

RIL 

Progeny 
Range 

 
    ——————————————————————————————  Visual Foliar Ratings†   —————————————————————————————— 

 

Set 1 3.3 2.0 3.7 3.0 2.0 – 4.1  4.6 1.8 3.2 3.1 1.2 – 4.6  4.2 1.9 3.4 3.1   1.7 – 4.0 

Set 2 3.5 2.1 3.7 3.0 2.1 – 4.3   3.8 1.9 3.0 3.0 1.3 – 4.9  3.7 2.0 3.3 3.0 1.7 – 4.3 

Set 3 3.3 2.0 3.4 3.1 2.0 - 4.0  4.0 1.3 2.8 2.8 1.5 - 4.6  3.7 1.6 3.1 3.0 1.8 – 4.1 

 
    ————————————————————————————————Seed mg/kg-1 § ————————————————————————————————  

Set 1 9.1 14.0 10.1 11.8 7.5 - 17.8             

Set 2 12.2 16.4 13.0 14.9 10.1 -  21.2  12.0 15.9 11.9 14.1 7.1 - 22.1  12.2 16.2 11.9 14.4 10.7 - 18.0 

Set 3       8.9 13.8 9.5 10.7 6.8 - 18.4       

             ———————————————————————————————Leaf mg/kg-1§ ————————————————————————————————— 

Set 1                  

Set 2                  

Set 3       9.2 13.9 9.6 11.0 7.7 –19.3       

†Visual foliar ratings for Mn deficiency compares the center genotypic entry hill in a plot against the resistant and susceptible parental lines in 

hills on either side of the same plot. Ratings are whole numbers 1 through 5: 1 indicates the genotypic entry was as green as- or greener than- 

the resistant parent, 5 indicates that the genotypic entry was as yellow as- or more yellow than- the susceptible parent. Visual foliar ratings of 

each set in sets 1 through 3 was based on 3 reps of 91 RILs, over 2 years. 

§Seed and leaf concentration values for plots were omitted from mean Mn concentration values when samples from one or more of the three 

hills in a plot was not present. Number of RILs used for mean seed Mn concentration values : 65 RILs in Set 1 and 65 RILs in Set 2 in 2008, 

68 RILS and 57 RILs in Set 2 and Set 3 in 2009, and means of Set 2 in 2008 and 2009 was based on 44 RILs. Mean leaf Mn concentration 

value based on 2 reps of 55 RILS in Set 3, in 2009  
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Table 2.4 Comparison of visual foliar ratings for Mn deficiency† of lines grown in Exp. I and 

Exp. II, in 2008-2009 and 2012, respectively. RILs were identified as those most similar to 

parental types, based on visual foliar ratings taken in Sets 1, 2, 3 in Exp. I and Exp. II.  

 
Exp. I  Exp. II‡ 

Genotype 
Mn deficiency 

resistance group 

2008-2009 

mean values 
 8 Aug. 2012 30 Aug. 2012 

Aug. 2012 

mean values 

  
——————————  Ratings†  ————————— 

TCWN05/06-5124 Susceptible 3.9  2.4 3.8 3.3# 

TCWN05/06-5032 Susceptible 4.0  . . . 

TCWN05/06-5140 Susceptible 3.7  3.5 3.5 3.5# 

TCWN05/06-5085 Susceptible 3.5  3.8 2.7 2.9§ 

TCWN05/06-5282 Susceptible 3.7  3.4 3.9 3.6 

TCWN05/06-5216 Susceptible 3.8  3.2 3.5 3.4# 

TCWN05/06-5129 Susceptible 4.0  2.0 2.4 2.4§ 

TCWN05/06-5100 Susceptible 4.0  3.0 3.4 3.2# 

TCWN05/06-5081 Susceptible 3.6  3.0 3.6 3.2# 

TCWN05/06-5067 Susceptible 3.6  3.0 3.3 3.2# 

TCWN05/06-5099 Susceptible 4.0  3.5 3.5 3.5# 

TCWN05/06-5109 Susceptible 3.7  3.1 3.0 3.0§ 

TCWN05/06-5290 Susceptible 3.9  3.7 3.7 3.7 

TCWN05/06-5221 Susceptible 3.6  3.8 4.2 3.9 

TCWN05/06-5012 Susceptible 4.0  2.7 3.8 2.4§ 

TCWN05/06-5298 Susceptible 3.9  3.5 3.7 3.7 

TCWN05/06-5257 Susceptible 3.6  3.0 3.3 3.2# 

TCWN05/06-5072 Susceptible 3.8  3.0 3.2 3.1# 

TCWN05/06-5156 Susceptible 3.6  3.3 4.0 3.7 

†Visual foliar ratings for Mn deficiency compares the center genotypic entry in a plot against 

the resistant and susceptible parental lines on either side in the same plot. Ratings are whole 

numbers 1 through 5: 1 indicates the genotypic entry was as green as- or greener than- the 

resistant parent, 5 indicates that the genotypic entry was as yellow as- or more yellow than- 

the susceptible parent. 

‡Exp. II ratings based on two dates, eight replications, and six visual ratings per date.  

§Genotype changed from defined susceptible category (greater than 3.0) to resistant category 

(3.0 or less) or vice versa when comparing the results of Exp. I with Exp. II. 

# Although the genotype remained in the same overall resistant of susceptible category in 

both Exp. I and Exp. II, the genotype was significantly different (p<0.05) in its phenotypic 

rating as compared to the parent with the most similar visual rating.  
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Table 2.4 Continued 

 
Exp. I  Exp. II‡ 

Genotype 
Mn deficiency 

resistance group 

2008-

2009 

mean 

values 

 8 Aug. 2012 
30 Aug. 

2012 

Aug.2012 

mean values 

  
———————————  Ratings†  ——————————— 

TCWN05/06-5233 Susceptible 4.1  3.0 3.8 3.3# 

TCWN05/06-5126 Susceptible 3.7  3.1 3.6 3.3# 

TCWN05/06-5007 Susceptible 3.5  2.1 3.3 2.7§ 

TCWN05/06-5077 Susceptible 3.6  3.8 4.4 3.9 

TCWN05/06-5097 Susceptible 3.8  3.3 4.1 3.8 

TCWN05/06-5133 Susceptible 3.8  3.0 4.0 3.4# 

TCWN05/06-5167 Susceptible 3.7  3.4 3.5 3.5# 

TCWN05/06-5044 Susceptible 3.6  3.3 2.6 2.9§ 

TCWN05/06-5049 Susceptible 3.9  3.7 3.6 3.6 

TCWN05/06-5051 Susceptible 3.6  2.7 3.3 2.7§ 

TCWN05/06-5098 Susceptible 3.6  1.9 2.6 2.0§ 

TCWN05/06-5184 Tolerant 2.3  . . . 

TCWN05/06-5114 Tolerant 1.7  2.4 2.6 2.6# 

TCWN05/06-5234 Tolerant 2.2  2.1 2.8 2.5 

TCWN05/06-5003 Tolerant 2.4  3.4 3.6 3.5§ 

TCWN05/06-5165 Tolerant 2.0  2.3 2.9 2.7# 

TCWN05/06-5237 Tolerant 1.8  2.1 2.5 2.3 

TCWN05/06-5110 Tolerant 2.3  2.3 2.7 2.6# 

TCWN05/06-5068 Tolerant 2.1  2.5 2.4 2.5 

TCWN05/06-5169 Tolerant 2.1  2.9 2.6 2.7# 

TCWN05/06-5247 Tolerant 2.1  2.8 2.5 2.7# 

†Visual foliar ratings for Mn deficiency compare the center genotypic entry in a plot against 

the resistant and susceptible parental lines on either side in the same plot. Ratings are whole 

numbers 1 through 5: 1 indicates the genotypic entry was as green as- or greener than- the 

resistant parent, 5 indicates that the genotypic entry was as yellow as- or more yellow than- 

the susceptible parent. 

‡Exp. II ratings based on two dates, eight replications, and six visual ratings per date.  

§Genotype changed from defined susceptible category (greater than 3.0) to resistant category 

(3.0 or less) or vice versa when comparing the results of Exp. I with Exp. II. 

# Although the genotype remained in the same overall resistant of susceptible category in 

both Exp. I and Exp. II, the genotype was significantly different (p<0.05) in its phenotypic 

rating as compared to the parent with the most similar visual rating.  
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Table 2.4 Continued 
 

 
Exp. I  Exp. II‡ 

Genotype 
Mn deficiency 

resistance group 

2008-

2009 

mean 

values 

 8 Aug. 2012 
30 Aug. 

2012 

Aug.2012 

mean values 

  
———————————  Ratings†  ——————————— 

TCWN05/06-5106 Tolerant 2.1  3.1 3.1 3.1§ 

TCWN05/06-5136 Tolerant 2.4  3.2 3.2 3.2§ 

TCWN05/06-5095 Tolerant 1.9  1.9 1.9 2.1 

TCWN05/06-5050 Tolerant 2.4  2.2 2.0 2.0 

TCWN05/06-5116 Tolerant 2.3  2.5 2.7 2.7# 

TCWN05/06-5231 Tolerant 2.3  2.2 2.4 2.3 

TCWN05/06-5212 Tolerant 2.2  3.1 3.3 3.3§ 

TCWN05/06-5111 Tolerant 2.3  2.4 2.0 2.0 

TCWN05/06-5045 Tolerant 2.3  2.2 2.2 2.2 

TCWN05/06-5274 Tolerant 2.1  2.3 2.3 2.3 

TCWN05/06-5168 Tolerant 2.0  2.8 3.3 3.0§ 

TCWN05/06-5024 Tolerant 2.2  2.8 3.7 3.1§ 

TCWN05/06-5238 Tolerant 2.4  2.5 2.8 2.8# 

TCWN05/06-5009 Tolerant 2.3  2.4 2.7 2.6# 

TCWN05/06-5191 Tolerant 2.4  2.9 2.0 2.6# 

TCWN05/06-5080 Tolerant 2.1  3.1 3.7 3.4§ 

TCWN05/06-5204 Tolerant 2.3  3.0 3.4 3.2§ 

TCWN05/06-5254 Tolerant 2.4  2.8 3.0 2.9# 

TCWN05/06-5018 Tolerant 2.4  3.2 2.9 3.0§ 

TCWN05/06-5016 Tolerant 2.2  2.5 2.4 2.4 

†Visual foliar ratings for Mn deficiency compares the center genotypic entry in a plot against 

the resistant and susceptible parental lines on either side in the same plot. Ratings are whole 

numbers 1 through 5: 1 indicates the genotypic entry was as green as- or greener than- the 

resistant parent, 5 indicates that the genotypic entry was as yellow as- or more yellow than- 

the susceptible parent. 

‡Exp. II ratings based on two dates, eight replications, and six visual ratings per date.  

§Genotype changed from defined susceptible category (greater than 3.0) to resistant category 

(3.0 or less) or vice versa when comparing the results of Exp. I with Exp. II. 

# Although the genotype remained in the same overall resistant of susceptible category in 

both Exp. I and Exp. II, the genotype was significantly different (p<0.05) in its phenotypic 

rating as compared to the parent with the most similar visual rating.  
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Table 2.4 Continued 
 

 
Exp. I  Exp. II‡ 

Genotype 
Mn deficiency 

resistance group 

2008-

2009 

mean 

values 

 8 Aug. 2012 
30 Aug. 

2012 

Aug.2012 

mean values 

  
———————————  Ratings†  ——————————— 

SC97-1821 Tolerant Parent 1.8  2.1 1.8 1.9 

Cook Susceptible Parent 3.8  4.2 4.2 4.2 

N05-7432 Check   2.6 1.9 2.4 

Raleigh Check 3.4  3.8 3.9 3.8 

N8001 Check   3.6 3.6 3.5 

LSD (0.05)  (one tailed)                                       
 

  0.96 1.16 0.98 

LSD (0.10) (one-tailed) 
 

  0.61 0.64 0.57 

Susceptible RIL Range 
 

3.5 – 4.1  
   

Tolerant RIL Range 
 

1.7 – 2.4  
   

Total RIL range 
 

1.7 – 4.1  1.9 – 3.8 1.9 – 4.4 2.0 – 3.9 

†Visual foliar ratings for Mn deficiency compares the center genotypic entry in a plot against 

the resistant and susceptible parental lines on either side in the same plot. Ratings are whole 

numbers 1 through 5: 1 indicates the genotypic entry was as green as- or greener than- the 

resistant parent, 5 indicates that the genotypic entry was as yellow as- or more yellow than- 

the susceptible parent. 

‡Exp. II ratings based on two dates, eight replications, and six visual ratings per date. 

§Genotype changed from defined susceptible category (greater than 3.0) to resistant category 

(3.0 or less) or vice versa when comparing the results of Exp. I with Exp. II. 

# Although the genotype remained in the same overall resistant of susceptible category in 

both Exp. I and Exp. II, the genotype was significantly different (p<0.05) in its phenotypic 

rating as compared to the parent with the most similar visual rating. 
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Table 2.5 Analysis of variance and expected mean squares of visual foliar ratings of Mn deficiency† for susceptible parent Cook, 

resistant parent SC97-1821, RIL progeny, and check varieties NC-Raleigh and N7003CN, for Sets 1, 2, and 3 of Exp. I at Cox 

field in Kinston NC, in 2008 and 2009. 

Source† 

Set 1  Set 2  Set 3   

df 
Sum of 

Squares 

Mean 

Squares 
 df 

Sum of 

Squares 

Mean 

Squares 
 df 

Sum of 

Squares 

Mean 

Squares 
 Expected Mean Squares 

Year 1 3.14 3.14  1 0.07 0.07  1 11.09 11.09   

Rep(Year) 4 8.67 2.17  4 1.19 0.30  4 17.51 4.38   

Among genotypes 94 140.32 1.49**  94 130.79 1.39**  94 122.29 1.30**  σ2
e
 + rσ2

gy + ryσ2
g 

    Among RILs 90 125.38 1.39**  90 120.52 1.33**  90 108.94 1.21**  σ2
e
 + rσ2

ly + ryσ2
l 

    Between Parents‡ 1 10.80 10.80  1 8.17 8.17*  1 9.17 9.17  σ2
e
 + rσ2

py + ryϴ2
p 

    Between non-parent 

    Checks 
1 1.47 1.47  1 0.72 0.72  1 0.98 0.98  σ2

e
 + rσ2

cy + ryϴ2
c
  

Genotype*Year 94 56.42 0.60  93 60.50 0.65  94 65.40 0.70  σ2
e
 + rσ2

gy  

    RIL*Year 90 51.86 0.58  89 59.42 0.67  90 61.59 0.68  σ2
e
 + rσ2

ly 

    Parents*Year 1 1.20 1.20  1 0.10 0.10  1 1.87 1.87  σ2
e
 + rσ2

py 

    Check*Year 1 1.47 1.47  1 0.20 0.20  1 0.98 0.98  σ2
e
 + rσ2

cy 

Rep*Genotype(Year) § 343 205.22 0.60  313 189.36 0.60  321 197.92 0.62  σ2
e
  

*,** Significant at the 0.05α and 0.01α levels of probability, respectively.  

†Visual foliar ratings for Mn deficiency compares the center genotypic entry in a plot against the resistant and susceptible parental 

lines on either side in the same plot. Ratings are whole numbers 1 through 5: 1 indicates the genotypic entry was as green as- or 

greener than- the resistant parent, 5 indicates that the genotypic entry was as yellow as- or more yellow than- the susceptible 

parent. 

‡Initial analysis did not find a significant difference between contrasting parents. However apriori observation from means 

comparisons (Table 2.3) indicated that SC97-1821 was more resistant to Mn deficiency stress than Cook. This statistical result was 

thought to originate from an artifact of low degrees of freedom (1/1) in the F test. Carmer’s rule for pooling variance (Carmer, 

1969) was used to pool df over Sets and years. The parental genotypes were significantly different (p<0.05) in a pooled 

comparison over the three Sets and two years, (F value 8.88, df numerator of 3, df denominator of 3).  

§Rep*check(year), Rep*parents(year), Rep*RIL(year) were similar and pooled for an overall estimate of Rep*Genotype(Year), 

which was used for significance testing of all genotype*year interactions.  

#Estimated variance components for Sets 1, 2, 3 and pooled over Sets (σ
2

l, σ
2

ly, and σ
2

e) were as follows: Set 1 0.135, -0.00667, 

0.6; Set 2 0.11, 0.023333, 0.6; Set 3 0.088333, 0.02, 0.62; pooled 0.1119, 0.0109, 0.61, respectively
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Table 2.6 Analysis of variance and expected mean squares (EMS) for adjusted leaf and seed Mn concentration† of Mn deficiency 

susceptible parent Cook, resistant parent SC97-1821, non parent checks, and RIL progeny, for Sets 1, 2, and 3 of Exp. I under Mn 

deficient conditions, at the Cox field in Kinston NC, in 2008 and 2009. Heritability estimates calculated on an entry means basis 

for adjusted seed and leaf concentrations† over two years and two replications per year of Set 2 and one year and two replications 

of Set 3, respectively.  
 Seed  Leaf 

EMS for Seed in 2 years§ 
EMS for Leaf in 1 

year# 

 2008 and 2009  2009 

 Set 2  Set 3 

 df Sum of Squares Mean Squares  df Sum of Squares Mean Squares 

Year 1 12.78 12.78       

Rep(Year) 2 9.79 4.90  1 1.91 1.91   

Among genotypes 48 330.25 6.88  71 849.12 11.96 σ2
e
 + rσ2

gy + ryσ2
g σ2

e
 + rσ2

g 

    Among RILs 44 271.71 6.18   67 828.10 12.36 σ2
e
 + rσ2

ly + ryσ2
l σ2

e
 + rσ2

l 

    Among parents 1 32.40 32.40**  1 0.90 0.90 σ2
e
 + rσ2

py + ryϴ2
p σ2

e
 + rσ2

p 

    Among non-parent checks 1 2.10 2.10  1 6.00 6.00 σ2
e
 + rσ2

cy + ryϴ2
c
  σ2

e
 + rσ2

c 

Genotype*Year 48 193.33 4.03     σ2
e
 + rσ2

gy   

    RIL*Year 44 185.19 4.21     σ2
e
 + rσ2

ly  

    Parents*Year 1 0.06 0.06     σ2
e
 + rσ2

py  

    Check*Year 1 1.20 1.20     σ2
e
 + rσ2

cy  

Rep*Genotype(Year) 94 438.01 4.66  71 660.14 9.30 σ2
e
  σ2

e 

*,** Significant at the 0.05α and 0.01α levels of probability, respectively. 

†Adjusted leaf and seed Mn concentration were used to reduce effects of field variation. Concentration levels for test entry (center hill) 

were expressed as the difference from the mean concentration values of the tolerant and susceptible parents (left and right hills) in the same 

plot.  
‡Narrow sense heritability (h

2
) estimation formula: (σ

2
l  / [σ

2
l + (σ

2
ly / y) + (σ

2
e /ry)]) outlined by Johnson et al. (1955). 

§Variance components for adjusted seed Mn concentration in 2008 and 2009: σ
2

e
 
= 4.66, σ

2
ly = ((4.21-4.66)/2), σ

2
l = ((6.18-

4.21)/4). Seed h
2
 based on two years and 2 reps = 0.318 

#Variance components for adjusted leaf Mn concentration in 2009:  σ
2

e
 
= 9.30, σ

2
l = (12.36-9.30)/2=1.53. Heritability based on one 

year and 2 reps = 0.248 

¶ Confidence intervals for heritability of adjusted seed and leaf Mn concentrations are 0.0-0.62 and 0.0-0.29, respectively (Knapp 

et al., 1985)  
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Table 2.7 Analysis of variance of visual foliar ratings† of selected RILs, parental lines, and 

control genotypes in Exp. II in 2012 at Cox field in Kinston NC. The RILs were identified as 

extremes in sets 1, 2, 3 in 2008 and 2009 for foliar reaction to Mn deficiency. Each plot was 

rated on two dates and scores averaged prior to analysis. 

Source df 
Sum of 

Squares  
Mean squares  

Block 7 62.74 8.96 

Entries 62 141.07 2.28** 

     Among RILs 57 112.09 1.97** 

             Tolerant group vs. sensitive group  1 33.19 33.19** 

                       Within tolerant group 28 39.98 1.43** 

                       Within sensitive group 28 38.31 1.37** 

     Between parents 1 18.92 18.92** 

     Among controls 2 8.92 4.46** 

Block X Entries 406 192.25 0.47 

*,** Significant at the 0.05α and 0.01α levels of probability, respectively. 

†Visual foliar ratings for Mn deficiency compares the center genotypic entry in a plot against 

the resistant and susceptible parental lines on either side in the same plot. Ratings are whole 

numbers 1 through 5: 1 indicates the genotypic entry was as green as- or greener than- the 

resistant parent, 5 indicates that the genotypic entry was as yellow as- or more yellow than- 

the susceptible parent. 
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Table 2.8 Narrow sense heritability estimates for visual foliar ratings of soybean to Mn 

deficiency†, calculated for all reported values in Exp. I (two years and three replications per 

year), on an entry means basis, and estimated for various other combinations of testing. 

  
heritability 

 
values‡ 

Number of 

years 

Replications 

per year 
Set 1 Set 2 Set 3 Pooled‡ 

————————————————— Observed ——————————————————— 

2 3 0.58 0.50 0.44 0.51 

————————————————— Estimated ——————————————————— 

1 1 0.19 0.15 0.12 0.15 

1 2 0.32 0.25 0.21 0.26 

1 3 0.41 0.33 0.28 0.34 

1 4 0.49 0.39 0.34 0.41 

1 5 0.54 0.43 0.38 0.46 

2 1 0.31 0.26 0.22 0.26 

2 2 0.48 0.40 0.35 0.41 

2 4 0.65 0.56 0.50 0.58 

2 5 0.70 0.61 0.55 0.63 

3 1 0.41 0.35 0.29 0.35 

3 2 0.58 0.51 0.45 0.52 

3 3 0.68 0.60 0.54 0.61 

3 4 0.74 0.66 0.60 0.67 

3 5 0.78 0.70 0.65 0.72 

†Visual foliar ratings for Mn deficiency compares the center genotypic entry in a plot against 

the resistant and susceptible parental lines on either side in the same plot. Ratings are whole 

numbers 1 through 5: 1 indicates the genotypic entry was as green as- or greener than- the 

resistant parent, 5 indicates that the genotypic entry was as yellow as- or more yellow than- 

the susceptible parent. 

‡h
2 

estimation formula: (σ
2

g  / [σ
2

g + (σ
2

gy / y) + (σ
2

e /ry)]) outlined by Johnson et al. (1955). 

Values derived from mean square and expected mean square values in Table 2.5 

¶Pooled values from Set 1, 2, 3: MSRIL=1.314222222, MSRIL*Year = 0.642639405, MS error = 

0.61, σ
2

RIL = 0.11193, σ
2 

RIL*Year = 0.0109, σ
2

error = 0.61 

# Confidence intervals for heritability of visual foliar resistance to Mn deficiency for Sets 1 

through 3, and pooled heritability over sets, in 2 years and 3 replications, are 0.37-0.725, 

0.24-0.67, 0.15-0.63, and 0.26-0.68 respectively (Knapp et al., 1985)  
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Table 2.9 Correlation of genotypic means for seed Mn concentration and foliar visual ratings† for Set 2 in 2008-2009. 

Seed were sampled at maturity from a field exhibiting pronounced foliar Mn deficiency symptoms. Each plot consisted of three 

adjacent hills: a center hill containing the RIL, control, or parental test entry, and outside hills containing the two parental types, 

SC97-1821 in the left hill, and Cook, in the right. All three hills in a plot were assayed for Mn concentration in the seed.  
 

Seed Mn concentration 

 
  

 
 

RIL values standardized based on border plot 

Mn concentration to reduce field variability ‡ 

 

Cook 
SC97-

1821 

Mean of 

parents 

SC97-

1821 

minus 

Cook 

RIL 

 
RIL minus 

mean of 

parents 

RIL minus 

Cook 

RIL minus 

SC97-1821 

Visual Foliar Rating of RILs 0.39* 0.07 0.27 -0.35* -0.21  -0.54** -0.59** -0.34* 

Seed Mn concentration           

             Cook  0.53** 0.89** -0.57** 0.52**  -0.13 -0.36* 0.15 

             SC97-1821    0.86 0.39 0.61  0.01 0.17 -0.18 

             Mean of parents    -0.13 0.64**  -0.08 -0.13 -0.01 

             SC97-1821 minus Cook     0.03  0.16 0.56** -0.33* 

             RIL       0.71** 0.61** 0.67** 

      RIL values standardized based on  

      border plot Mn concentration to 

      reduce field variability ‡ 

     

 

   

            RIL minus mean of parents        0.91** 0.88** 

            RIL minus Cook      
 

  0.60** 

*,** Significant at the 0.05α and 0.01α levels of probability, respectively. 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present.
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Table 2.10 Correlation of genotypic means for seed Mn concentration, leaf Mn concentration, and foliar visual ratings† for Set 3 in 

2009. Seed were sampled at maturity from a field exhibiting pronounced foliar Mn deficiency symptoms. Leaves were sampled 

after flowering in a field exhibiting pronounced foliar Mn deficiency symptoms. Each plot consisted of three adjacent hills: a 

center hill containing the RIL, control, or parental test entry, and outside hills containing the two parental types, SC97-1821 in the 

left hill, and Cook, in the right. All three hills in a plot were assayed for Mn concentration in seeds and leaves. 
 Seed Mn concentrations  Leaf Mn concentrations 

      

RIL values standardized based 

on border plot Mn 

concentration to reduce field 

variability ‡ 

     

RIL values standardized 

based on border plot Mn 

concentration to reduce field 

variability ‡ 

 Cook 
SC97-

1821 

Mean 

of 

parents 

SC97-

1821 

minus 

Cook 

RIL 

RIL 

minus 

mean of 

parents 

RIL 

minus 

Cook 

RIL 

minus 

SC97-

1821 

Cook 
SC97-

1821 

Mean 

of 

parents 

SC97-

1821 

minus 

Cook 

RIL 

RIL 

minus 

mean 

of 

parents 

RIL 

minus 

Cook 

RIL 

minus 

SC97-

1821 

Foliar Visual Rating of 

RILs† 
0.01 -0.04 -0.02 -0.06 -0.27* -0.34* -0.35** -0.26 0.16 0.09 0.14 -0.02 -0.15 -0.25 -0.27* -0.19 

Seed Mn concentration                  

         Cook  0.55 0.88 -0.48** 0.63 -0.06 -0.29* 0.17 0.49** 0.44** 0.54 0.11 0.39** -0.07 -0.01 -0.10 

         SC97-1821    0.88 0.47** 0.51 -0.21 0.04 -0.38** 0.25 0.60 0.54 0.45** 0.08 -0.36** -0.11 -0.48** 

         Mean of parents    -0.01 0.65 -0.15 -0.14 -0.11 0.42** 0.59 0.62 0.31* 0.27* -0.24 -0.07 -0.32* 

       SC97-1821 - Cook     -0.13 -0.16 0.36** -0.57 -0.25 0.16 -0.01 0.36** -0.33* -0.31* -0.11 -0.40** 

        RIL      0.65 0.56 0.60 0.38** 0.34* 0.42** 0.08 0.49** 0.13 0.17 0.08 

*,** Significant at the 0.05α and 0.01α levels of probability, respectively. 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present.  



92 

 

 

 

 

Table 2.10 Continued 
 Seed Mn concentrations  Leaf Mn concentrations 

      

RIL values standardized based 

on border plot Mn 

concentration to reduce field 

variability ‡ 

     

RIL values standardized 

based on border plot Mn 

concentration to reduce field 

variability ‡ 

 Cook 
SC97-

1821 

Mean 

of 

parents 

SC97-

1821 

minus 

Cook 

RIL 

RIL 

minus 

mean of 

parents 

RIL 

minus 

Cook 

RIL 

minus 

SC97-

1821 

Cook 
SC97-

1821 

Mean 

of 

parents 

SC97-

1821 

minus 

Cook 

RIL 

RIL 

minus 

mean 

of 

parents 

RIL 

minus 

Cook 

RIL 

minus 

SC97-

1821 

RIL values standardized 

based on border plot Mn 

concentration to reduce 

field variability ‡ 

                

 
 RIL minus mean of 

parents 
      0.87 0.90 0.07 -0.15 -0.07 -0.21 0.37** 0.42** 0.30* 0.42** 

         RIL minus Cook        0.56 -0.06 -0.05 -0.07 -0.02 0.19 0.24 0.22 0.20 

 RIL minus SC97-1821         0.17 -0.19 -0.05 -0.33* 0.45** 0.48** 0.30* 0.53 

Leaf Mn concentration                  

        Cook          0.41** 0.78 -0.30* 0.34* -0.30* -0.45** -0.11 

       SC97-1821            0.90 0.74 0.29* -0.44** -0.04 -0.67 

       Mean of parents            0.37** 0.37** -0.45** -0.25 -0.53 

 
SC97-1821 minus 

Cook 
            0.06 -0.25 0.29* -0.62 

 RIL              0.66 0.69 0.51 

*,** Significant at the 0.05α and 0.01α levels of probability, respectively. 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present



93 

 

 

 

 

Table 2.10 Continued 
 Seed Mn concentrations  Leaf Mn concentrations 

      

RIL values standardized based 

on border plot Mn 

concentration to reduce field 

variability ‡ 

     

RIL values standardized 

based on border plot Mn 

concentration to reduce field 

variability ‡ 

 Cook 
SC97-

1821 

Mean 

of 

parents 

SC97-

1821 

minus 

Cook 

RIL 

RIL 

minus 

mean of 

parents 

RIL 

minus 

Cook 

RIL 

minus 

SC97-

1821 

Cook 
SC97-

1821 

Mean 

of 

parents 

SC97-

1821 

minus 

Cook 

RIL 

RIL 

minus 

mean 

of 

parents 

RIL 

minus 

Cook 

RIL 

minus 

SC97-

1821 

                 

RIL values standardized 

based on border plot 

Mn concentration to 

reduce field variability ‡ 

                

     RIL minus mean of   

     parents 
              0.86 0.91 

    RIL minus Cook                0.57 

*,** Significant at the 0.05α and 0.01α levels of probability, respectively. 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present
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Table 2.11 Binomial sampling theory and Chi square analysis used to estimate number of 

genes segregating for resistance to Mn deficiency in 271‡ F4 derived RILs from Cook x 

SC97-1821. Frequency of extreme genotypes considered for a 5 gene model and all models 

with fewer independent loci. Observed number of extremes estimated as 58, 41, and 18 based 

on contrasting interpretations of the Field Validation Test. 

      Number of RILs expressing parental phenotype  

 

Expected values to occur in RIL 

population  
58 RIL model  41 RIL model 

 
18 RIL model 

Number of 

segregating 

loci 

Frequency of 

parental 

phenotype  

Number of 

RILs with 

parental 

phenotype 

  
chi square 

value 
Result†  

chi square 

value  
Result†   

chi 

square 

value  

Result† 

1 0.8750 237 
 

1082.5 Reject  1297.7 Reject 
 

1619.9 Reject 

2 0.3828 104 
 

32.7 Reject  61.5 Reject 
 

114.8 Reject 

3 0.1675 45 
 

4.2 Reject  0.5 Fail to Reject 
 

19.9 Reject 

4 0.0733 20 
 

79.1 Reject  24.3 Reject 
 

0.2 Fail to Reject 

5 0.0321 9 
 

289.2 Reject  124.2 Reject 
 

10.3 Reject 

†Chi square results evaluated at 0.05 level; critical value with 1 df = 3.84. 

‡ 271 RILs used in analysis instead of 273 because two lines were dropped from further 

analysis due to poor germination in Exp. II.  
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Table 2.12 SNP markers associated with visual foliar resistance to Mn deficiency†. The 273 F4-derived RIL progeny were 

phenotyped in 2008 and 2009 for visual foliar resistance to Mn deficiency stress, and genotyped with SNP markers. R\qtl software 

was used to perform QTL analysis correlating phenotypic and genotypic results. In an initial R\qtl analysis, SNP markers for 109 

genotypes were included in the analysis to find one QTL. In a subsequent analysis, SNP markers were included only for 35 of the 

60 genotypes which were independently verified as extreme phenotypes in Field Validation Test to find two QTLs. 

QTL marker  Flanking markers likely to bracket the QTL marker§ 

BARC 

local ID 
SNP 

Chromosome 

number 

Map 

position 

LOD 

score‡ 

Additive 

effect 

Parent 

SC97-1821 

Parent 

Cook 
R2  

BARC local 

ID 
SNP 

Map 

position 

BARC local 

ID 
SNP 

Map 

position 

   cM   —Allelic means —     cM   cM 

 ——————————————————————————————— R\qtl analysis with 109 RILs —————————————————————————————— 

BARC-

032703-

09019 

S19057 7 48.7 6.8 -0.17 2.82 3.18 13.1  

BARC-

044841-

08824 

S12687 45.1 
BARC-

057955-15024 
S26222 56.0 

————————————————————————————————R\qtl analysis with 35 RILs————————————————————————————— 

BARC-

032703-

09019 

S19057 7 48.7 4.11 -0.10 2.89 3.13 6.79  

BARC-

041667-

08063 

S20011 25.4 
BARC-

016743-03360 
S15510 67.7 

                

BARC-

016573-

02145 

S15454 2 28.0 3.64 -0.09 2.91 3.11 6.02  

BARC-

029969-

06762 

S18691 18.8 
BARC-

042403-08252 
S20166 81.5 

†Visual foliar ratings for Mn deficiency compares the center genotypic entry in a plot against the resistant and susceptible parental 

lines on either side in the same plot. Ratings are whole numbers 1 through 5: 1 indicates the genotypic entry was as green as- or 

greener than- the resistant parent, 5 indicates that the genotypic entry was as yellow as- or more yellow than- the susceptible 

parent. 

‡LOD scores significant at the 5% level based on permutations tests conducted as part of the R\qtl analysis. 

§Flanking markers indicate a 95% probability of bracketing the QTL, based on Bayesian tests conducted as part of the R\qtl 

analysis.
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FIGURES 

 
Figure 2.1 2008 and 2009 average visual foliar ratings Mn deficiency of F4 derived RILs 

made from hybridization of SC97-1821 x Cook in Sets 1,2,3 of Exp. I . Average visual 

ratings in Exp. I for SC97-1821 and Cook were 1.8 and 3.8, respectively. 
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Figure 2.2 Visual representation of SNP marker distribution for 109 of 273 RILs evaluated 

for foliar resistance to Mn deficiency in 2008 and 2009 at Kinston NC. Parental cultivar cook 

is AA and denoted in red. Parental breeding line SC97-1821 is BB and denoted in blue. 
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Figure 2.3 Simple interval analysis of SNP markers for 109 of 273 RILs, evaluated for foliar 

resistance to Mn deficiency in 2008 and 2009 at Kinston NC. 
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Figure 2.4 Putative location of QTL for resistance to Mn deficiency on chromosome 7 based 

on simple interval analysis of SNP markers for 109 of 273 RILs in 2008 and 2009 at Kinston 

NC. 
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Figure 2.5 Estimated additive effect of QTL on chromosome 7 based on simple interval 

analysis of SNP markers for 109 of 273 RILs in 2008 and 2009 at Kinston NC. 
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Figure 2.6 Hyten Linkage map for 348 polymorphic markers for Cook x SC97-1821 

population, showing likely map position of QTL on chromosome 7 based on simple interval 

analysis of SNP markers for 109 of 273 RILs in 2008 and 2009 at Kinston NC. 
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Figure 2.7 Visual representation of SNP marker distribution for 35 of 273 RILs evaluated for 

foliar resistance to Mn deficiency in 2008 and 2009 at Kinston NC. Parental cultivar cook is 

AA and denoted in red. Parental breeding line SC97-1821 is BB and denoted in blue. 
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Figure 2.8 Simple interval analysis of SNP markers for 35 of 273 RILs, evaluated for foliar 

resistance to Mn deficiency in 2008 and 2009 at Kinston NC. 
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Figure 2.9 Putative location of QTL for resistance to Mn deficiency on chromosome 7 based 

on simple interval analysis of SNP markers for 35 of 273 RILs in 2008 and 2009 at Kinston 

NC. 
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Figure 2.10 Putative location of QTL for resistance to Mn deficiency on chromosome 2 

based on simple interval analysis of SNP markers for 35 of 273 RILs in 2008 and 2009 at 

Kinston NC. 
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Figure 2.11 Estimated additive effect of QTL on chromosome 7 based on simple interval 

analysis of SNP markers for 35 of 273 RILs in 2008 and 2009 at Kinston NC. 
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Figure 2.12 Estimated additive effect of QTL on chromosome 2 based on simple interval 

analysis of SNP markers for 35 of 273 RILs in 2008 and 2009 at Kinston NC. 
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Figure 2.13 Hyten Linkage map for 348 polymorphic markers for Cook x SC97-1821 

population, showing likely map position of QTL on chromosomes 2 and 7 based on simple 

interval analysis of SNP markers for 35 of 273 RILs in 2008 and 2009 at Kinston NC. 
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Appendix A. visual foliar ratings† from TCLP167 in 2005 

Genotype Mean visual foliar rating † 
Number of plots used in 

calculation 

SC97-1821 1.0 3 

Cook 3.6 7 

Pritchard 2.3 1 

Biloxi 1.7 2 

Bragg 4.3 3 

G97-1419 2.0 1 

Haskell 3.3 2 

Jackson 1.0 1 

N00-370 1.7 1 

N7001 4.0 1 

N7102 4.7 3 

N7103 4.3 3 

N94-537 2.0 1 

N96-6752 3.0 3 

N96-6767 3.0 1 

N96-6809 4.0 3 

N97-10074 3.7 3 

N97-9599 2.0 2 

N97-9612 2.3 2 

N97-9636 2.3 2 

N97-9658 3.2 5 

N97-9677 2.7 2 

N97-9693 2.7 2 

N97-9812 2.3 2 

N97-9944 4.0 2 

N98-7961 3.0 2 

N99-8137 3.3 2 

NC Raleigh  3.3 2 

Ransom 2.7 2 

SC97-1750 2.7 3 

SC97-1764 1.0 3 

Tokyo 2.7 3 

Number of entries 32  

Mean of all entries 2.8  

†Visual foliar ratings for Mn deficiency is a whole numbers measurement 1 through 5: 1 

indicates that the entry was green, 5 indicates that the entry was highly stressed .  
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Appendix B. Soil samples taken in 2006, 2007, and 2009 from Cox field located on Caswell 

Research Farm, Kinston NC and processed by the North Carolina Department of Agriculture 

Soil Testing Department to validate Mn deficient soil conditions.  

Soil Sample 

Number 
Year pH Mn-I† Mn-AI‡ 

1 2006 6.3 40.0 29.0 

2 2006 6.2 32.0 26.0 

3 2006 6.5 37.0 25.0 

4 2006 6.5 43.0 28.0 

5 2007 6.3 40.0 29.0 

6 2007 6.2 32.0 26.0 

7 2007 6.5 37.0 25.0 

8 2007 6.5 43.0 28.0 

9 2009 6.1 32.0 28.0 

10 2009 6.3 32.0 25.0 

11 2009 6.1 35.0 29.0 

12 2009 6.4 36.0 26.0 

13 2009 6.5 41.0 27.0 

14 2009 6.5 32.0 22.0 

15 2009 6.3 38.0 28.0 

16 2009 6.2 30.0 25.0 

17 2009 6.2 36.0 29.0 

18 2009 5.9 29.0 29.0 

19 2009 6.1 46.0 36.0 

20 2009 5.7 37.0 32.0 

21 2009 6.1 24.0 23.0 

22 2009 6.2 25.0 22.0 

23 2009 6.0 19.0 21.0 

24 2009 5.9 17.0 22.0 

†Manganese index rating system (Mn-I), recording quantity of Mn in soil, with critical levels 

of Mn deficiency affecting growth occurring at the 25 level.  

‡Manganese availability index rating system (Mn-AI), pH dependant figure estimating 

ability of root to uptake Mn, with critical levels of Mn deficiency affecting growth occurring 

at the 25 level. 

 

  



112 

 

 

 

 

Appendix B. continued  

Soil Sample 

Number 
Year pH Mn-I† Mn-AI‡ 

25 2009 5.9 21.0 24.0 

26 2009 5.8 22.0 23.0 

27 2009 6.2 25.0 22.0 

28 2009 6.7 32.0 19.0 

29 2009 7.2 39.0 15.0 

30 2009 7.4 46.0 16.0 

31 2009 7.2 36.0 13.0 

32 2009 6.3 26.0 21.0 

33 2010 6.6 36.0 22.0 

34 2010 6.6 89.0 54.0 

35 2010 5.8 56.0 44.0 

Mean 
 

6.3 35.5 26.1 

†Manganese index rating system (Mn-I), recording quantity of Mn in soil, with critical levels 

of Mn deficiency affecting growth occurring at the 25 level.  

‡ Manganese availability index rating system (Mn-AI), pH dependant figure estimating 

ability of root to uptake Mn, with critical levels of Mn deficiency affecting growth occurring 

at the 25 level.  
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Appendix C. Soybean seed samples analyzed for Mn concentration conducted by the Nuclear 

Services Department of the Nuclear Reactor Program at North Carolina State University. 

Seed harvested at maturity from parent genotypes Cook and SC97-1821 grown under severe 

Mn deficiency stress of the Cox field in 2009 and normal, nonstressed conditions at the 

Sandhills Agricultural Research Station in Jackson Springs, North Carolina, 2009. 

Sample ID Genotype Location 
Manganese  

concentration 

Mean visual foliar 

ratings† 

   
———µg/g—— 

 RM-MN-101 SC97-1821 COX 8.35 3.0 

RM-MN-102 Cook COX 6.93 7.0 

RM-MN-103 SC97-1821 COX 10.48 5.5 

RM-MN-104 Cook COX 4.50 8.0 

RM-MN-104 Duplicate Cook COX 6.73 8.0 

RM-MN-105 SC97-1821 COX 7.36 4.5 

RM-MN-106 Cook COX 5.89 9.0 

RM-MN-107 Cook COX 4.15 8.0 

RM-MN-108 SC97-1821 COX 11.28 4.0 

RM-MN-108 Duplicate SC97-1821 COX 13.67 4.0 

RM-MN-109 Cook COX 9.06 6.5 

RM-MN-110 SC97-1821 COX 15.29 4.0 

RM-MN-111 Cook COX 8.05 5.5 

RM-MN-112 SC97-1821 COX 17.55 1.5 

RM-MN-112 Duplicate SC97-1821 COX 14.25 1.5 

RM-MN-113 SC97-1821 Sandhills 21.87 1.0 

RM-MN-114 SC97-1821 Sandhills 23.46 1.0 

RM-MN-115 Cook Sandhills 32.76 1.0 

RM-MN-116 Cook Sandhills 27.73 1.0 

RM-MN-116 Duplicate Cook Sandhills 26.54 1.0 

†Visual foliar rating for Mn deficiency scale is 1-10 measurement, where 1 is green 

coloration (no Mn stress) and 10 is leaf drop and plant death (highest level of Mn stress).
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Appendix D. Set 1 visual foliar ratings from 2008, 2009, 2008-2009 and Mn concentration of seed in 2008 grown in Mn 

deficiency conditions. Seed were sampled at maturity from a field exhibiting pronounced foliar Mn deficiency symptoms.  Each 

plot consisted of three adjacent hills: a center hill containing the RIL, control, or parental test entry, and outside hills containing 

the two parental types, SC97-1821 in the left hill, and Cook, in the right. All three hills in a plot were assayed for Mn 

concentration in seeds. 

  
Visual foliar ratings† 

 

2008 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - mean of 

both parents  

Parent 
mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 
——— ratings† ——— 

 
    ————————————  ppm ————————————— 

 

TCWN05/06-5001 1 2.9 2.3 2.6  6.7 12.1 11.9 5.4 2.5 9.4 -0.2 5.2 

TCWN05/06-5002 2 3.4 3.5 3.5  7.0 14.1 9.2 7.1 -1.3 10.6 -4.9 2.2 

TCWN05/06-5003 3 2.6 2.2 2.4  11.1 14.9 13.3 3.9 0.3 13.0 -1.6 2.3 

TCWN05/06-5004 4 3.2 2.8 3.0  12.1 17.5 13.4 5.4 -1.4 14.8 -4.1 1.3 

TCWN05/06-5005 5 3.7 3.0 3.3  8.0 12.8 10.0 4.8 -0.3 10.4 -2.7 2.1 

TCWN05/06-5006 6 2.2 3.5 2.9  9.6 17.9 10.3 8.3 -3.5 13.7 -7.6 0.7 

TCWN05/06-5007 7 3.3 3.7 3.5  . . . . . . . . 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present. 

  



115 

 

 

 

 

Appendix D. continued 

  
Visual foliar ratings† 

 

2008 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 
——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5008 8 2.8 3.2 3.0  . . . . . . . . 

TCWN05/06-5009 9 2.7 2.0 2.3  8.4 15.8 14.9 7.5 2.8 12.1 -0.9 6.6 

TCWN05/06-5010 10 2.3 4.2 3.2  . . . . . . . . 

TCWN05/06-5011 11 3.0 3.4 3.2  . . . . . . . . 

TCWN05/06-5012 12 3.9 4.1 4.0  7.0 12.6 10.5 5.6 0.7 9.8 -2.1 3.5 

TCWN05/06-5013 13 3.1 3.5 3.3  12.4 15.6 13.2 3.2 -0.8 14.0 -2.4 0.8 

TCWN05/06-5014 14 2.0 3.2 2.6  7.6 14.5 11.4 6.9 0.4 11.1 -3.1 3.8 

TCWN05/06-5016 15 2.6 1.9 2.2  7.2 16.0 10.2 8.8 -1.4 11.6 -5.8 3.0 

TCWN05/06-5017 16 3.1 3.7 3.4  7.1 11.5 9.1 4.4 -0.2 9.3 -2.4 2.0 

TCWN05/06-5018 17 2.2 2.6 2.4  8.3 11.2 9.2 2.9 -0.5 9.7 -1.9 1.0 

TCWN05/06-5019 18 3.0 2.8 2.9  8.4 13.9 12.3 5.4 1.1 11.2 -1.6 3.8 

TCWN05/06-5020 19 2.5 4.3 3.4  . . . . . . . . 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present.  
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Appendix D. continued 

  
Visual foliar ratings† 

 

2008 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 -  

Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 
 

———   ratings† ——      ————————————  ppm ————————————— 

TCWN05/06-5021 20 3.2 1.4 2.3  . . . . . . . . 

TCWN05/06-5022 21 2.8 3.2 3.0  8.1 11.7 10.4 3.6 0.5 9.9 -1.3 2.3 

TCWN05/06-5023 22 2.8 3.0 2.9  9.2 16.7 17.8 7.5 4.8 13.0 1.1 8.6 

TCWN05/06-5024 23 2.5 2.0 2.3  . . . . . . . . 

TCWN05/06-5025 24 2.7 2.7 2.7  8.0 14.9 12.6 6.9 1.1 11.5 -2.4 4.6 

TCWN05/06-5026 25 3.1 3.8 3.4  12.8 21.2 14.6 8.4 -2.4 17.0 -6.6 1.8 

TCWN05/06-5027 26 2.7 3.0 2.8  7.8 12.4 11.6 4.6 1.5 10.1 -0.8 3.8 

TCWN05/06-5028 27 3.0 2.9 2.9  7.6 13.6 11.0 6.0 0.4 10.6 -2.6 3.4 

TCWN05/06-5029 28 2.9 3.0 2.9  8.1 14.3 11.1 6.2 -0.1 11.2 -3.2 3.0 

TCWN05/06-5031 29 2.9 3.5 3.2  . . . . . . . . 

TCWN05/06-5032 30 4.1 4.0 4.0  . . . . . . . . 

TCWN05/06-5033 31 3.4 3.2 3.3  7.3 10.7 7.5 3.4 -1.5 9.0 -3.2 0.2 

TCWN05/06-5034 32 3.3 3.2 3.3  8.6 14.2 9.4 5.6 -2.0 11.4 -4.8 0.8 

TCWN05/06-5035 33 2.9 3.3 3.1  . . . . . . . . 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present.  
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Appendix D. continued 

  
Visual foliar ratings† 

 

2008 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-

1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5036 34 2.7 3.1 2.9  . . . . . . . . 

TCWN05/06-5037 35 2.7 1.7 2.2  12.6 14.3 12.8 1.7 -0.6 13.4 -1.5 0.2 

TCWN05/06-5038 36 2.9 3.4 3.1  8.2 12.9 13.4 4.7 2.8 10.6 0.5 5.2 

TCWN05/06-5039 37 3.0 3.9 3.5  7.2 12.1 7.5 4.9 -2.2 9.6 -4.6 0.3 

TCWN05/06-5040 38 3.2 2.8 3.0  . . . . . . . . 

TCWN05/06-5041 39 3.3 3.1 3.2  . . . . . . . . 

TCWN05/06-5042 40 3.1 3.1 3.1  8.8 12.9 13.1 4.1 2.3 10.8 0.2 4.3 

TCWN05/06-5043 41 2.8 1.7 2.2  14.4 18.4 14.0 4.0 -2.4 16.4 -4.4 -0.4 

TCWN05/06-5044 42 3.3 3.8 3.6  . . . . . . . . 

TCWN05/06-5045 43 2.6 2.0 2.3  7.0 12.9 11.5 6.0 1.6 10.0 -1.4 4.6 

TCWN05/06-5046 44 3.0 3.5 3.2  8.9 12.8 11.2 4.0 0.3 10.9 -1.7 2.3 

TCWN05/06-5047 45 2.4 2.9 2.7  13.9 17.0 17.5 3.1 2.1 15.5 0.6 3.6 

TCWN05/06-5048 46 2.7 3.3 3.0  10.2 16.3 14.8 6.1 1.6 13.2 -1.5 4.6 

TCWN05/06-5049 47 3.9 4.0 3.9  8.5 11.6 9.8 3.1 -0.2 10.0 -1.8 1.3 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present.   
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Appendix D. continued 

  
Visual foliar ratings† 

 

2008 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5050 48 2.5 2.4 2.4  . . . . . . . . 

TCWN05/06-5051 49 3.6 3.6 3.6  9.9 13.1 8.9 3.2 -2.6 11.5 -4.2 -1.0 

TCWN05/06-5054 50 2.4 3.2 2.8  7.6 13.9 13.9 6.3 3.1 10.7 0.0 6.3 

TCWN05/06-5056 51 2.8 2.6 2.7  . . . . . . . . 

TCWN05/06-5057 52 3.1 4.3 3.7  8.1 12.3 11.4 4.2 1.2 10.2 -0.9 3.3 

TCWN05/06-5058 53 3.6 3.5 3.5  8.3 11.8 8.5 3.5 -1.5 10.0 -3.3 0.3 

TCWN05/06-5059 54 3.8 2.9 3.4  . . . . . . . . 

TCWN05/06-5061 55 2.2 3.0 2.6  10.5 15.5 13.8 5.0 0.8 13.0 -1.7 3.3 

TCWN05/06-5062 56 2.8 3.5 3.1  . . . . . . . . 

TCWN05/06-5063 57 3.2 3.5 3.3  . . . . . . . . 

TCWN05/06-5064 58 2.8 3.6 3.2  11.0 11.8 12.1 0.8 0.7 11.4 0.3 1.1 

TCWN05/06-5065 59 2.7 4.2 3.4  10.1 12.8 11.4 2.7 -0.1 11.5 -1.4 1.2 

TCWN05/06-5066 60 2.5 3.3 2.9  . . . . . . . . 

TCWN05/06-5067 61 3.4 3.8 3.6  8.9 12.9 11.8 4.0 0.9 10.9 -1.1 2.9 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present.  
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Appendix D. continued 

  
Visual foliar ratings† 

 

2008 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5068 62 2.4 1.8 2.1  9.3 14.2 15.8 4.9 4.0 11.8 1.6 6.5 

TCWN05/06-5069 63 3.1 1.9 2.5  11.6 13.3 14.2 1.7 1.8 12.4 0.9 2.6 

TCWN05/06-5070 64 3.3 2.6 3.0  9.2 12.7 7.5 3.4 -3.4 10.9 -5.1 -1.7 

TCWN05/06-5071 65 2.6 2.9 2.7  7.6 12.5 10.6 4.9 0.5 10.1 -1.9 3.0 

TCWN05/06-5072 66 3.8 3.7 3.8  7.7 10.9 8.6 3.2 -0.7 9.3 -2.3 0.9 

TCWN05/06-5073 67 2.6 3.0 2.8  . . . . . . . . 

TCWN05/06-5074 68 2.7 3.6 3.1  5.3 12.2 9.9 7.0 1.1 8.8 -2.4 4.6 

TCWN05/06-5075 69 3.1 3.2 3.2  13.6 14.2 12.2 0.6 -1.7 13.9 -2.0 -1.4 

TCWN05/06-5077 70 3.4 3.8 3.6  . . . . . . . . 

TCWN05/06-5078 71 2.3 2.9 2.6  9.0 19.6 16.4 10.6 2.1 14.3 -3.2 7.4 

TCWN05/06-5079 72 2.8 3.0 2.9  7.5 12.0 9.7 4.5 -0.1 9.8 -2.4 2.1 

TCWN05/06-5080 73 2.1 2.0 2.1  12.5 16.3 17.0 3.8 2.6 14.4 0.7 4.5 

TCWN05/06-5081 74 3.7 3.6 3.6  8.8 12.8 10.2 4.0 -0.6 10.8 -2.6 1.4 

TCWN05/06-5082 75 2.9 3.6 3.3  7.6 10.8 11.5 3.1 2.3 9.2 0.7 3.9 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present.  
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Appendix D. continued 

  
Visual foliar ratings† 

 

2008 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5083 76 2.6 3.5 3.0  9.0 14.6 11.2 5.5 -0.6 11.8 -3.4 2.1 

TCWN05/06-5084 77 3.1 2.1 2.6  . . . . . . . . 

TCWN05/06-5085 78 3.5 3.6 3.5  9.9 18.1 13.8 8.2 -0.2 14.0 -4.3 3.9 

TCWN05/06-5086 79 3.1 3.0 3.1  6.9 12.7 10.8 5.7 1.0 9.8 -1.9 3.9 

TCWN05/06-5087 80 2.8 2.9 2.8  7.7 11.5 10.3 3.7 0.7 9.6 -1.1 2.6 

TCWN05/06-5088 81 2.8 3.2 3.0  6.1 13.2 11.2 7.1 1.5 9.7 -2.0 5.1 

TCWN05/06-5089 82 3.3 4.6 4.0  8.7 10.5 9.1 1.8 -0.5 9.6 -1.4 0.4 

TCWN05/06-5091 83 3.4 3.1 3.3  . . . . . . . . 

TCWN05/06-5092 84 3.2 3.0 3.1  7.4 13.7 12.1 6.4 1.6 10.5 -1.6 4.7 

TCWN05/06-5093 85 3.0 3.0 3.0  8.3 12.6 10.2 4.3 -0.3 10.5 -2.4 1.8 

TCWN05/06-5094 86 2.7 2.5 2.6  8.9 15.6 12.7 6.7 0.5 12.3 -2.9 3.8 

TCWN05/06-5095 87 2.3 1.2 1.7  9.7 16.1 15.7 6.5 2.8 12.9 -0.5 6.0 

TCWN05/06-5096 88 3.0 2.9 3.0  . . . . . . . . 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent. 

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present.  
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Appendix D. continued 

  
Visual foliar ratings† 

 

2008 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5097 89 3.4 4.2 3.8  . . . . . . . . 

TCWN05/06-5098 90 3.4 3.8 3.6  9.2 17.4 13.4 8.2 0.1 13.3 -4.0 4.2 

TCWN05/06-5099 91 3.9 4.1 4.0  14.4 15.8 13.2 1.4 -1.9 15.1 -2.6 -1.2 

SC97-1821 92 2.0 1.8 1.9  13.3 13.8 13.0 0.4 -0.5 13.5 . . 

Cook 93 3.3 4.6 4.2  10.4 13.8 12.6 3.4 0.5 12.1 . . 

Raleigh 94 3.7 3.9 3.8  9.0 14.9 10.6 5.9 -1.3 11.9 . . 

N02-7084 95 3.7 2.5 3.1  7.3 12.4 9.7 5.1 -0.2 . . . 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present 
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Appendix E. Set 2 visual foliar ratings from 2008, 2009, 2008-2009 and Mn concentration of seed in 2008 grown in Mn deficiency 

conditions. Seed were sampled at maturity from a field exhibiting pronounced foliar Mn deficiency symptoms.  Each plot 

consisted of three adjacent hills: a center hill containing the RIL, control, or parental test entry, and outside hills containing the two 

parental types, SC97-1821 in the left hill, and Cook, in the right. All three hills in a plot were assayed for Mn concentration in 

seeds. 

  
Visual foliar ratings† 

 
2008 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  

 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5100 1 3.7 4.4 4.0  13.8 14.6 14.5 0.9 0.3 14.2 -0.1 0.8 

TCWN05/06-5101 2 2.7 2.8 2.7 11.6 13.8 20.3 2.2 7.6 12.7 6.5 8.7 

TCWN05/06-5102 3 3.2 2.8 3.0  17.0 17.1 16.2 0.1 -0.9 17.1 -0.9 -0.8 

TCWN05/06-5103 4 2.9 2.6 2.8  10.3 14.9 14.7 4.5 2.1 12.6 -0.2 4.3 

TCWN05/06-5104 5 3.5 2.9 3.2  11.5 17.5 13.4 6.0 -1.1 14.5 -4.1 1.9 

TCWN05/06-5105 6 2.4 2.8 2.6  12.2 17.0 17.0 4.8 2.4 14.6 0.0 4.8 

TCWN05/06-5106 7 2.2 1.9 2.1  10.0 14.3 13.5 4.3 1.4 12.2 -0.8 3.5 

TCWN05/06-5107 8 3.7 2.4 3.0  13.4 14.4 15.6 1.0 1.6 13.9 1.1 2.1 

TCWN05/06-5108 9 3.1 3.9 3.5  13.5 15.9 15.3 2.4 0.6 14.7 -0.6 1.8 

TCWN05/06-5109 10 3.5 3.8 3.7  . . . . . . . . 

TCWN05/06-5110 11 2.6 2.0 2.3  . . . . . . . . 

TCWN05/06-5111 12 2.2 2.4 2.3  . . . . . . . . 

TCWN05/06-5112 13 2.5 3.6 3.1  11.4 17.2 16.1 5.8 1.9 14.3 -1.0 4.7 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present  
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Appendix E. continued 

  
Visual foliar ratings† 

 
2008 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

 -  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5113 14 2.4 2.9 2.6  13.0 17.5 17.4 4.5 2.2 15.2 0.0 4.5 

TCWN05/06-5114 15 2.2 1.3 1.7  . . . . . . . . 

TCWN05/06-5115 16 2.7 2.9 2.8  9.6 15.0 14.7 5.3 2.4 12.3 -0.3 5.0 

TCWN05/06-5116 17 2.2 2.3 2.2  11.6 16.4 15.8 4.8 1.8 14.0 -0.6 4.2 

TCWN05/06-5117 18 3.0 3.2 3.1  9.8 15.8 11.6 6.0 -1.2 12.8 -4.1 1.8 

TCWN05/06-5118 19 3.0 2.2 2.6  . . . . . . . . 

TCWN05/06-5119 20 3.2 3.7 3.4  . . . . . . . . 

TCWN05/06-5121 21 2.8 3.6 3.2  10.9 15.4 12.0 4.5 -1.2 13.2 -3.4 1.1 

TCWN05/06-5122 22 2.7 2.5 2.6  . . . . . . . . 

TCWN05/06-5123 23 2.6 3.9 3.2  . . . . . . . . 

TCWN05/06-5124 24 4.2 3.8 4.0  . . . . . . . . 

TCWN05/06-5125 25 3.0 2.0 2.5  16.1 17.6 18.7 1.5 1.8 16.9 1.1 2.6 

TCWN05/06-5126 26 3.7 3.6 3.6  12.2 15.7 13.1 3.5 -0.8 13.9 -2.5 0.9 

TCWN05/06-5127 27 2.3 2.8 2.6  11.6 16.1 13.5 4.5 -0.4 13.9 -2.6 1.9 

TCWN05/06-5128 28 3.8 3.5 3.7  . . . . . . . . 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present  
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Appendix E. continued 

  
Visual foliar ratings† 

 
2008 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5129 29 3.8 4.1 4.0  11.6 17.7 12.4 6.1 -2.3 14.7 -5.3 0.8 

TCWN05/06-5130 30 2.7 3.2 2.9  . . . . . . . . 

TCWN05/06-5131 31 4.3 2.9 3.6  . . . . . . . . 

TCWN05/06-5132 32 2.8 3.0 2.9  14.1 18.1 16.5 4.0 0.4 16.1 -1.6 2.4 

TCWN05/06-5133 33 3.6 4.0 3.8  11.4 15.5 12.8 4.0 -0.7 13.5 -2.7 1.4 

TCWN05/06-5134 34 2.5 3.0 2.8  16.6 18.5 21.2 1.9 3.7 17.6 2.7 4.6 

TCWN05/06-5135 35 2.7 1.6 2.2  11.5 17.5 15.4 6.0 0.9 14.5 -2.1 3.9 

TCWN05/06-5136 36 2.2 2.5 2.3  13.0 19.5 19.0 6.5 2.8 16.3 -0.5 6.0 

TCWN05/06-5137 37 3.3 3.4 3.3  12.4 15.0 13.4 2.6 -0.3 13.7 -1.6 1.0 

TCWN05/06-5138 38 2.5 3.0 2.8  17.5 20.2 18.5 2.7 -0.4 18.9 -1.7 0.9 

TCWN05/06-5139 39 2.8 2.9 2.8  9.3 14.1 13.5 4.7 1.8 11.7 -0.6 4.2 

TCWN05/06-5140 40 3.7 3.8 3.7  . . . . . . . . 

TCWN05/06-5141 41 2.7 2.2 2.4  9.8 14.6 15.9 4.8 3.8 12.2 1.4 6.2 

TCWN05/06-5142 42 2.9 3.4 3.1  10.3 15.7 13.5 5.4 0.6 13.0 -2.2 3.3 

TCWN05/06-5143 43 3.3 2.8 3.0  10.5 14.7 12.1 4.2 -0.5 12.6 -2.6 1.6 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present  
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Appendix E. continued 

  
Visual foliar ratings† 

 
2008 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 

& 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 -  

Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-

1821  

RIL - Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5144 44 3.6 3.1 3.3  11.1 18.3 17.2 7.2 2.5 14.7 -1.1 6.1 

TCWN05/06-5145 45 3.0 3.0 3.0  . . . . . . . . 

TCWN05/06-5146 46 2.5 2.7 2.6  10.7 16.6 13.6 5.9 0.0 13.6 -2.9 2.9 

TCWN05/06-5147 47 3.3 3.1 3.2  16.2 15.6 13.1 -0.6 -2.8 15.9 -2.5 -3.1 

TCWN05/06-5148 48 2.8 3.1 3.0  14.5 15.2 15.4 0.7 0.6 14.8 0.2 1.0 

TCWN05/06-5149 49 2.9 2.1 2.5  12.0 15.7 14.0 3.7 0.2 13.8 -1.6 2.0 

TCWN05/06-5151 50 3.1 4.1 3.6  10.4 17.0 15.2 6.5 1.6 13.7 -1.7 4.8 

TCWN05/06-5152 51 3.1 3.9 3.5  11.1 16.3 14.0 5.2 0.3 13.7 -2.3 2.9 

TCWN05/06-5153 52 2.4 3.6 3.0  11.9 15.2 15.1 3.3 1.6 13.5 0.0 3.3 

TCWN05/06-5155 53 3.1 3.3 3.2  9.7 15.2 11.0 5.5 -1.4 12.4 -4.1 1.3 

TCWN05/06-5156 54 3.6 3.6 3.6  12.2 17.7 14.0 5.5 -0.9 15.0 -3.7 1.8 

TCWN05/06-5157 55 3.6 2.2 2.9  12.9 15.3 16.3 2.5 2.2 14.1 1.0 3.5 

TCWN05/06-5159 56 2.8 2.8 2.8  . . . . . . . . 

TCWN05/06-5160 57 3.2 2.8 3.0  13.6 15.9 13.4 2.3 -1.4 14.8 -2.5 -0.2 

TCWN05/06-5161 58 2.9 4.8 3.8  10.5 14.9 16.7 4.4 4.1 12.7 1.8 6.3 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present  
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Appendix E. continued 

  
Visual foliar ratings† 

 
2008 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 

& 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL –  

SC97-1821  
RIL - Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5162 59 3.5 3.1 3.3  13.9 16.5 14.2 2.6 -1.0 15.2 -2.3 0.3 

TCWN05/06-5163 60 2.8 2.7 2.8  11.7 17.2 13.5 5.5 -0.9 14.4 -3.7 1.8 

TCWN05/06-5164 61 3.2 2.0 2.6  . . . . . . . . 

TCWN05/06-5165 62 2.2 1.7 2.0  11.2 16.9 16.7 5.8 2.7 14.0 -0.2 5.6 

TCWN05/06-5166 63 2.8 3.4 3.1  15.3 21.4 19.2 6.1 0.9 18.4 -2.2 3.9 

TCWN05/06-5167 64 3.5 4.0 3.8  11.3 14.5 13.6 3.3 0.7 12.9 -0.9 2.3 

TCWN05/06-5168 65 2.1 2.0 2.0  11.2 15.8 14.6 4.6 1.1 13.5 -1.2 3.4 

TCWN05/06-5169 66 2.6 1.6 2.1  12.0 17.0 14.7 5.0 0.2 14.5 -2.3 2.7 

TCWN05/06-5170 67 3.0 2.5 2.8  12.2 15.4 13.9 3.1 0.1 13.8 -1.4 1.7 

TCWN05/06-5171 68 3.7 2.6 3.1  11.9 16.2 12.6 4.2 -1.4 14.0 -3.5 0.7 

TCWN05/06-5172 69 3.5 2.7 3.1  . . . . . . . . 

TCWN05/06-5173 70 2.8 2.8 2.8  10.1 14.2 13.3 4.1 1.1 12.1 -0.9 3.2 

TCWN05/06-5174 71 3.0 2.7 2.9  11.6 17.7 15.3 6.1 0.6 14.7 -2.4 3.7 

TCWN05/06-5175 72 3.3 2.9 3.1  14.8 18.7 15.8 3.9 -0.9 16.7 -2.9 1.0 

TCWN05/06-5176 73 3.2 3.4 3.3  14.1 18.1 15.5 4.1 -0.6 16.1 -2.6 1.5 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present  
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Appendix E. continued 

  
Visual foliar ratings† 

 
2008 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 

& 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean 

of both 

parents  

Parent 

mean  

 

RIL –  

SC97-1821  
RIL - Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5177 74 3.7 2.9 3.3  11.1 17.1 15.2 6.0 1.1 14.1 -1.8 4.1 

TCWN05/06-5178 75 2.3 3.5 2.9  . . . . . . . . 

TCWN05/06-5179 76 2.5 3.4 3.0  12.2 15.0 13.3 2.8 -0.3 13.6 -1.7 1.1 

TCWN05/06-5181 77 2.6 . .  10.3 16.7 15.2 6.5 1.7 13.5 -1.5 4.9 

TCWN05/06-5184 78 2.5 2.2 2.4  . . . . . . . . 

TCWN05/06-5185 79 3.7 4.9 4.3  10.6 16.1 10.1 5.6 -3.3 13.4 -6.1 -0.5 

TCWN05/06-5186 80 2.5 2.8 2.6  8.0 14.1 12.3 6.1 1.3 11.1 -1.8 4.3 

TCWN05/06-5187 81 2.7 3.6 3.1  12.9 17.0 16.2 4.1 1.2 15.0 -0.8 3.3 

TCWN05/06-5188 82 3.6 3.5 3.6  . . . . . . . . 

TCWN05/06-5189 83 3.0 3.9 3.4  . . . . . . . . 

TCWN05/06-5190 84 2.3 3.0 2.6  13.3 17.0 17.2 3.6 2.0 15.2 0.2 3.9 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present  
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Appendix E. continued 

  
Visual foliar ratings† 

 
2008 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 

& 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean 

of both 

parents  

Parent 

mean  

 

RIL –  

SC97-1821  
RIL - Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5191 85 2.5 2.3 2.4  . . . . . . . . 

TCWN05/06-5192 86 3.3 2.9 3.1  . . . . . . . . 

TCWN05/06-5193 87 3.2 2.6 2.9  . . . . . . . . 

TCWN05/06-5194 88 3.5 2.4 2.9  . . . . . . . . 

TCWN05/06-5195 89 3.3 2.7 3.0  13.0 15.8 14.5 2.8 0.1 14.4 -1.3 1.5 

TCWN05/06-5196 90 3.3 1.4 2.4  . . . . . . . . 

TCWN05/06-5198 91 2.7 3.0 2.8  11.6 15.9 13.0 4.3 -0.8 13.8 -2.9 1.4 

SC97-1821 92 2.1 1.9 2.0  16.2 21.3 19.6 5.1 0.8 . . . 

Cook 93 3.6 3.8 3.7  13.3 16.0 11.3 2.7 -3.4 . . . 

Raleigh 94 3.2 2.8 3.0  11.0 16.5 12.4 5.5 -1.4 . . . 

N02-7084 95 4.0 3.1 3.6  13.0 16.5 13.6 3.5 -1.1 . . . 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present  
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Appendix F. Set 2 visual foliar ratings from 2008, 2009, 2008-2009 and Mn concentration of seed in 2009 grown in Mn deficiency 

conditions. Seed were sampled at maturity from a field exhibiting pronounced foliar Mn deficiency symptoms.  Each plot 

consisted of three adjacent hills: a center hill containing the RIL, control, or parental test entry, and outside hills containing the two 

parental types, SC97-1821 in the left hill, and Cook, in the right. All three hills in a plot were assayed for Mn concentration in 

seeds. 

  
Visual foliar ratings† 

 
2009 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 

& 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL –  

SC97-1821  
RIL - Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5100 1 3.7 4.4 4.0  11.9 17.3 14.9 5.4 0.3 14.6 -2.5 3.0 

TCWN05/06-5101 2 2.7 2.8 2.7  . . . . . . . . 

TCWN05/06-5102 3 3.2 2.8 3.0  . . . . . . . . 

TCWN05/06-5103 4 2.9 2.6 2.8  . . . . . . . . 

TCWN05/06-5104 5 3.5 2.9 3.2  13.0 15.8 12.0 2.9 -2.4 14.4 -3.9 -1.0 

TCWN05/06-5105 6 2.4 2.8 2.6  8.6 14.1 13.6 5.5 2.3 11.3 -0.5 5.0 

TCWN05/06-5106 7 2.2 1.9 2.1  9.8 11.8 11.2 2.0 0.4 10.8 -0.6 1.4 

TCWN05/06-5107 8 3.7 2.4 3.0  12.6 14.7 11.9 2.1 -1.7 13.6 -2.8 -0.7 

TCWN05/06-5108 9 3.1 3.9 3.5  . . . . . . . . 

TCWN05/06-5109 10 3.5 3.8 3.7  9.9 14.3 12.2 4.4 0.1 12.1 -2.2 2.3 

TCWN05/06-5110 11 2.6 2.0 2.3  14.2 17.3 17.2 3.1 1.4 15.8 -0.1 3.0 

TCWN05/06-5111 12 2.2 2.4 2.3  11.4 13.5 16.4 2.1 3.9 12.4 2.8 5.0 

TCWN05/06-5112 13 2.5 3.6 3.1  14.6 17.1 13.7 2.5 -2.2 15.9 -3.4 -0.9 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present  
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Appendix F. continued 

  
Visual foliar ratings† 

 
2009 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 

& 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL –  

SC97-1821  
RIL - Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5113 14 2.4 2.9 2.6  10.9 15.0 13.4 4.2 0.5 12.9 -1.6 2.6 

TCWN05/06-5114 15 2.2 1.3 1.7  11.7 15.6 17.3 3.9 3.6 13.7 1.6 5.5 

TCWN05/06-5115 16 2.7 2.9 2.8  8.7 14.9 11.7 6.2 -0.1 11.8 -3.2 3.0 

TCWN05/06-5116 17 2.2 2.3 2.2  13.6 15.5 15.3 1.9 0.8 14.5 -0.2 1.8 

TCWN05/06-5117 18 3.0 3.2 3.1  8.9 18.2 12.7 9.3 -0.9 13.6 -5.5 3.8 

TCWN05/06-5118 19 3.0 2.2 2.6  15.3 16.6 19.0 1.3 3.1 16.0 2.4 3.7 

TCWN05/06-5119 20 3.2 3.7 3.4  12.4 14.3 12.3 1.8 -1.0 13.4 -1.9 -0.1 

TCWN05/06-5121 21 2.8 3.6 3.2  11.3 19.4 14.6 8.1 -0.7 15.3 -4.7 3.4 

TCWN05/06-5122 22 2.7 2.5 2.6  12.9 14.1 14.0 1.2 0.5 13.5 -0.1 1.1 

TCWN05/06-5123 23 2.6 3.9 3.2  10.6 16.3 11.0 5.6 -2.5 13.4 -5.3 0.3 

TCWN05/06-5124 24 4.2 3.8 4.0  . . . . . . . . 

TCWN05/06-5125 25 3.0 2.0 2.5  12.5 15.0 14.5 2.5 0.8 13.7 -0.5 2.0 

TCWN05/06-5126 26 3.7 3.6 3.6  . . . . . . . . 

TCWN05/06-5127 27 2.3 2.8 2.6  11.2 18.5 14.7 7.2 -0.2 14.8 -3.8 3.5 

TCWN05/06-5128 28 3.8 3.5 3.7  15.2 16.2 12.2 0.9 -3.5 15.7 -4.0 -3.1 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present  
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Appendix F. continued 

  
Visual foliar ratings† 

 
2009 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 

& 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL –  

SC97-1821  
RIL - Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5129 29 3.8 4.1 4.0  . . . . . . . . 

TCWN05/06-5130 30 2.7 3.2 2.9  10.6 13.9 13.3 3.3 1.1 12.2 -0.5 2.7 

TCWN05/06-5131 31 4.3 2.9 3.6  . . . . . . . . 

TCWN05/06-5132 32 2.8 3.0 2.9  8.1 16.6 12.5 8.5 0.2 12.4 -4.1 4.4 

TCWN05/06-5133 33 3.6 4.0 3.8  14.5 17.4 15.0 2.9 -1.0 16.0 -2.4 0.5 

TCWN05/06-5134 34 2.5 3.0 2.8  . . . . . . . . 

TCWN05/06-5135 35 2.7 1.6 2.2  10.7 16.8 18.9 6.1 5.1 13.8 2.1 8.2 

TCWN05/06-5136 36 2.2 2.5 2.3  15.4 20.4 17.4 4.9 -0.5 17.9 -3.0 2.0 

TCWN05/06-5137 37 3.3 3.4 3.3  16.5 15.6 13.3 -0.9 -2.7 16.1 -2.3 -3.1 

TCWN05/06-5138 38 2.5 3.0 2.8  . . . . . . . . 

TCWN05/06-5139 39 2.8 2.9 2.8  12.8 16.2 12.8 3.4 -1.7 14.5 -3.4 0.0 

TCWN05/06-5140 40 3.7 3.8 3.7  10.1 16.7 11.3 6.6 -2.1 13.4 -5.4 1.2 

TCWN05/06-5141 41 2.7 2.2 2.4  . . . . . . . . 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present  
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Appendix F. continued 

  
Visual foliar ratings† 

 
2009 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 

& 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL –  

SC97-1821  
RIL - Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5142 42 2.9 3.4 3.1  10.2 14.8 14.2 4.6 1.7 12.5 -0.6 4.0 

TCWN05/06-5143 43 3.3 2.8 3.0  10.8 12.8 11.2 2.1 -0.6 11.8 -1.6 0.4 

TCWN05/06-5144 44 3.6 3.1 3.3  12.6 16.6 15.4 4.0 0.8 14.6 -1.2 2.8 

TCWN05/06-5145 45 3.0 3.0 3.0  14.4 14.8 14.2 0.4 -0.4 14.6 -0.6 -0.2 

TCWN05/06-5146 46 2.5 2.7 2.6  15.9 16.9 16.4 0.9 0.0 16.4 -0.4 0.5 

TCWN05/06-5147 47 3.3 3.1 3.2  . . . . . . . . 

TCWN05/06-5148 48 2.8 3.1 3.0  . . . . . . . . 

TCWN05/06-5149 49 2.9 2.1 2.5  10.9 11.7 13.4 0.9 2.1 11.3 1.7 2.6 

TCWN05/06-5151 50 3.1 4.1 3.6  . . . . . . . . 

TCWN05/06-5152 51 3.1 3.9 3.5  . . . . . . . . 

TCWN05/06-5153 52 2.4 3.6 3.0  18.4 20.5 22.1 2.1 2.6 19.4 1.6 3.7 

TCWN05/06-5155 53 3.1 3.3 3.2  13.7 17.6 12.5 3.9 -3.1 15.6 -5.1 -1.1 

TCWN05/06-5156 54 3.6 3.6 3.6  18.6 17.6 17.6 -1.0 -0.5 18.1 0.0 -1.0 

TCWN05/06-5157 55 3.6 2.2 2.9  10.3 13.8 12.9 3.5 0.9 12.0 -0.9 2.6 

TCWN05/06-5159 56 2.8 2.8 2.8  12.6 17.0 15.7 4.4 0.9 14.8 -1.3 3.1 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present  
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Appendix F. continued 

  
Visual foliar ratings† 

 
2009 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 

& 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL –  

SC97-1821  
RIL - Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5160 57 3.2 2.8 3.0  . . . . . . . . 

TCWN05/06-5161 58 2.9 4.8 3.8  14.3 13.8 11.8 -0.4 -2.3 14.1 -2.0 -2.5 

TCWN05/06-5162 59 3.5 3.1 3.3  11.1 16.5 12.6 5.4 -1.2 13.8 -3.9 1.5 

TCWN05/06-5163 60 2.8 2.7 2.8  . . . . . . . . 

TCWN05/06-5164 61 3.2 2.0 2.6  10.2 16.4 14.1 6.2 0.8 13.3 -2.3 3.9 

TCWN05/06-5165 62 2.2 1.7 2.0  . . . . . . . . 

TCWN05/06-5166 63 2.8 3.4 3.1  10.9 16.1 13.0 5.3 -0.5 13.5 -3.2 2.1 

TCWN05/06-5167 64 3.5 4.0 3.8  . . . . . . . . 

TCWN05/06-5168 65 2.1 2.0 2.0  11.2 16.2 18.5 4.9 4.8 13.7 2.4 7.3 

TCWN05/06-5169 66 2.6 1.6 2.1  14.3 19.0 17.8 4.7 1.1 16.7 -1.2 3.5 

TCWN05/06-5170 67 3.0 2.5 2.8  16.0 16.6 17.6 0.6 1.3 16.3 1.0 1.6 

TCWN05/06-5171 68 3.7 2.6 3.1  10.4 14.8 13.2 4.4 0.6 12.6 -1.6 2.8 

TCWN05/06-5172 69 3.5 2.7 3.1  19.9 21.7 19.8 1.8 -1.0 20.8 -1.9 -0.1 

TCWN05/06-5173 70 2.8 2.8 2.8  . . . . . . . . 

TCWN05/06-5174 71 3.0 2.7 2.9  13.5 14.6 13.0 1.1 -1.0 14.0 -1.6 -0.5 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present  
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Appendix F. continued 

  
Visual foliar ratings† 

 
2009 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 

& 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL –  

SC97-1821  
RIL - Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5160 57 3.2 2.8 3.0  . . . . . . . . 

TCWN05/06-5161 58 2.9 4.8 3.8  14.3 13.8 11.8 -0.4 -2.3 14.1 -2.0 -2.5 

TCWN05/06-5162 59 3.5 3.1 3.3  11.1 16.5 12.6 5.4 -1.2 13.8 -3.9 1.5 

TCWN05/06-5163 60 2.8 2.7 2.8  . . . . . . . . 

TCWN05/06-5164 61 3.2 2.0 2.6  10.2 16.4 14.1 6.2 0.8 13.3 -2.3 3.9 

TCWN05/06-5165 62 2.2 1.7 2.0  . . . . . . . . 

TCWN05/06-5166 63 2.8 3.4 3.1  10.9 16.1 13.0 5.3 -0.5 13.5 -3.2 2.1 

TCWN05/06-5167 64 3.5 4.0 3.8  . . . . . . . . 

TCWN05/06-5168 65 2.1 2.0 2.0  11.2 16.2 18.5 4.9 4.8 13.7 2.4 7.3 

TCWN05/06-5169 66 2.6 1.6 2.1  14.3 19.0 17.8 4.7 1.1 16.7 -1.2 3.5 

TCWN05/06-5170 67 3.0 2.5 2.8  16.0 16.6 17.6 0.6 1.3 16.3 1.0 1.6 

TCWN05/06-5171 68 3.7 2.6 3.1  10.4 14.8 13.2 4.4 0.6 12.6 -1.6 2.8 

TCWN05/06-5172 69 3.5 2.7 3.1  19.9 21.7 19.8 1.8 -1.0 20.8 -1.9 -0.1 

TCWN05/06-5173 70 2.8 2.8 2.8  . . . . . . . . 

TCWN05/06-5174 71 3.0 2.7 2.9  13.5 14.6 13.0 1.1 -1.0 14.0 -1.6 -0.5 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present  
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Appendix F. continued 

  
Visual foliar ratings† 

 
2009 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 

& 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL –  

SC97-1821  
RIL - Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5175 72 3.3 2.9 3.1  11.3 13.2 12.0 1.8 -0.2 12.3 -1.1 0.7 

TCWN05/06-5176 73 3.2 3.4 3.3  12.0 17.0 14.4 5.0 -0.1 14.5 -2.6 2.4 

TCWN05/06-5177 74 3.7 2.9 3.3  . . . . . . . . 

TCWN05/06-5178 75 2.3 3.5 2.9  8.9 16.2 13.4 7.3 0.8 12.6 -2.8 4.5 

TCWN05/06-5179 76 2.5 3.4 3.0  9.9 13.4 10.5 3.5 -1.1 11.6 -2.9 0.6 

TCWN05/06-5181 77 2.6 . .  . . . . . . . . 

TCWN05/06-5184 78 2.5 2.2 2.4  9.6 14.6 15.0 5.0 2.9 12.1 0.4 5.4 

TCWN05/06-5185 79 3.7 4.9 4.3  13.4 14.6 11.7 1.1 -2.3 14.0 -2.9 -1.8 

TCWN05/06-5186 80 2.5 2.8 2.6  13.5 16.5 14.2 3.1 -0.8 15.0 -2.3 0.7 

TCWN05/06-5187 81 2.7 3.6 3.1  13.7 15.7 15.0 2.0 0.3 14.7 -0.7 1.2 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present  
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Appendix F. continued 

  
Visual foliar ratings† 

 
2009 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 

& 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL –  

SC97-1821  
RIL - Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5188 82 3.6 3.5 3.6  10.3 16.7 11.5 6.4 -2.0 13.5 -5.2 1.2 

TCWN05/06-5189 83 3.0 3.9 3.4  10.8 15.7 12.2 4.9 -1.0 13.2 -3.4 1.5 

TCWN05/06-5190 84 2.3 3.0 2.6  10.6 15.1 11.0 4.4 -1.9 12.8 -4.1 0.3 

TCWN05/06-5191 85 2.5 2.3 2.4  8.2 15.6 15.6 7.4 3.8 11.9 0.1 7.5 

TCWN05/06-5192 86 3.3 2.9 3.1  11.2 15.6 13.1 4.4 -0.3 13.4 -2.5 1.9 

TCWN05/06-5193 87 3.2 2.6 2.9  8.0 12.4 7.1 4.5 -3.1 10.2 -5.3 -0.9 

TCWN05/06-5194 88 3.5 2.4 2.9  11.0 17.6 13.1 6.6 -1.2 14.3 -4.5 2.1 

TCWN05/06-5195 89 3.3 2.7 3.0  11.8 16.5 15.7 4.7 1.6 14.1 -0.7 3.9 

TCWN05/06-5196 90 3.3 1.4 2.4  . . . . . . . . 

TCWN05/06-5198 91 2.7 3.0 2.8  10.3 15.6 13.4 5.3 0.5 12.9 -2.1 3.1 

SC97-1821 92 2.1 1.9 2.0  11.1 15.0 14.9 3.9 1.8 . . . 

Cook 93 3.6 3.8 3.7  10.6 15.4 11.0 4.7 -2.0 . . . 

Raleigh 94 3.2 2.8 3.0  10.2 15.4 10.6 5.2 -2.2 . . . 

N02-7084 95 4.0 3.1 3.6  10.1 17.3 13.3 7.2 -0.4 . . . 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present  
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Appendix G. Set 2 visual foliar ratings from 2008, 2009, 2008-2009 and mean Mn concentration of seed in 2008-2009 grown in 

Mn deficiency conditions. Seed were sampled at maturity from a field exhibiting pronounced foliar Mn deficiency symptoms.  

Each plot consisted of three adjacent hills: a center hill containing the RIL, control, or parental test entry, and outside hills 

containing the two parental types, SC97-1821 in the left hill, and Cook, in the right. All three hills in a plot were assayed for Mn 

concentration in seeds 

  
Visual foliar ratings† 

 
Mean values of 2008-2009 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook SC97-1821  RIL  

 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———  ————————————————  ppm ———————————————— 

TCWN05/06-5100 1 3.7 4.4 4.0  12.8 16.0 14.7 3.2 0.3 14.4 -1.3 1.9 

TCWN05/06-5101 2 2.7 2.8 2.7  . . . . . . . . 

TCWN05/06-5102 3 3.2 2.8 3.0  . . . . . . . . 

TCWN05/06-5103 4 2.9 2.6 2.8  . . . . . . . . 

TCWN05/06-5104 5 3.5 2.9 3.2  12.2 16.7 12.7 4.4 -1.8 14.5 -4.0 0.4 

TCWN05/06-5105 6 2.4 2.8 2.6  10.4 15.5 15.3 5.1 2.3 13.0 -0.2 4.9 

TCWN05/06-5106 7 2.2 1.9 2.1  9.9 13.1 12.3 3.1 0.9 11.5 -0.7 2.4 

TCWN05/06-5107 8 3.7 2.4 3.0  13.0 14.6 13.7 1.5 0.0 13.8 -0.8 0.7 

TCWN05/06-5108 9 3.1 3.9 3.5  . . . . . . . . 

TCWN05/06-5109 10 3.5 3.8 3.7  . . . . . . . . 

TCWN05/06-5110 11 2.6 2.0 2.3  . . . . . . . . 

TCWN05/06-5111 12 2.2 2.4 2.3  . . . . . . . . 

TCWN05/06-5112 13 2.5 3.6 3.1  13.0 17.1 14.9 4.1 -0.2 15.1 -2.2 1.9 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present  
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Appendix G. continued 

  
Visual foliar ratings† 

 

Mean values of 2008-2009 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5113 14 2.4 2.9 2.6  . . . . . . . . 

TCWN05/06-5114 15 2.2 1.3 1.7  . . . . . . . . 

TCWN05/06-5115 16 2.7 2.9 2.8  10.9 15.9 14.2 5.0 0.8 13.4 -1.6 3.3 

TCWN05/06-5116 17 2.2 2.3 2.2  10.7 15.5 15.4 4.9 2.3 13.1 -0.2 4.7 

TCWN05/06-5117 18 3.0 3.2 3.1  10.9 17.3 13.2 6.4 -0.8 14.1 -4.0 2.4 

TCWN05/06-5118 19 3.0 2.2 2.6  . . . . . . . . 

TCWN05/06-5119 20 3.2 3.7 3.4  . . . . . . . . 

TCWN05/06-5121 21 2.8 3.6 3.2  9.9 16.9 12.2 7.0 -1.2 13.4 -4.7 2.3 

TCWN05/06-5122 22 2.7 2.5 2.6  . . . . . . . . 

TCWN05/06-5125 25 3.0 2.0 2.5  11.9 16.0 14.5 4.1 0.6 13.9 -1.4 2.6 

TCWN05/06-5126 26 3.7 3.6 3.6  . . . . . . . . 

TCWN05/06-5127 27 2.3 2.8 2.6  14.4 17.9 16.8 3.5 0.7 16.2 -1.1 2.4 

TCWN05/06-5128 28 3.8 3.5 3.7  . . . . . . . . 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present 
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Appendix G. continued 

  
Visual foliar ratings† 

 

Mean values of 2008-2009 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5129 29 3.8 4.1 4.0  . . . . . . . . 

TCWN05/06-5130 30 2.7 3.2 2.9  . . . . . . . . 

TCWN05/06-5131 31 4.3 2.9 3.6  . . . . . . . . 

TCWN05/06-5132 32 2.8 3.0 2.9  9.8 16.7 12.8 6.9 -0.5 13.3 -3.9 3.0 

TCWN05/06-5133 33 3.6 4.0 3.8  12.6 16.2 14.6 3.7 0.2 14.4 -1.6 2.1 

TCWN05/06-5134 34 2.5 3.0 2.8  . . . . . . . . 

TCWN05/06-5135 35 2.7 1.6 2.2  13.2 17.5 17.6 4.4 2.2 15.3 0.1 4.4 

TCWN05/06-5136 36 2.2 2.5 2.3  10.6 17.1 14.6 6.5 0.7 13.9 -2.5 3.9 

TCWN05/06-5137 37 3.3 3.4 3.3  15.4 19.6 18.0 4.3 0.5 17.5 -1.7 2.6 

TCWN05/06-5138 38 2.5 3.0 2.8  . . . . . . . . 

TCWN05/06-5139 39 2.8 2.9 2.8  12.4 14.3 11.8 1.9 -1.6 13.3 -2.5 -0.6 

TCWN05/06-5140 40 3.7 3.8 3.7  . . . . . . . . 

TCWN05/06-5141 41 2.7 2.2 2.4  . . . . . . . . 

TCWN05/06-5142 42 2.9 3.4 3.1  11.5 15.7 15.4 4.2 1.8 13.6 -0.4 3.9 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present 
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Appendix G. continued 

  
Visual foliar ratings† 

 

Mean values of 2008-2009 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5143 43 3.3 2.8 3.0  10.6 14.8 12.3 4.2 -0.4 12.7 -2.5 1.7 

TCWN05/06-5144 44 3.6 3.1 3.3  10.0 14.9 14.3 4.9 1.8 12.4 -0.6 4.3 

TCWN05/06-5145 45 3.0 3.0 3.0  . . . . . . . . 

TCWN05/06-5146 46 2.5 2.7 2.6  14.1 17.6 14.6 3.4 -1.3 15.9 -3.0 0.4 

TCWN05/06-5147 47 3.3 3.1 3.2  . . . . . . . . 

TCWN05/06-5148 48 2.8 3.1 3.0  . . . . . . . . 

TCWN05/06-5149 49 2.9 2.1 2.5  11.8 14.8 15.1 3.0 1.8 13.3 0.3 3.2 

TCWN05/06-5151 50 3.1 4.1 3.6  . . . . . . . . 

TCWN05/06-5152 51 3.1 3.9 3.5  . . . . . . . . 

TCWN05/06-5153 52 2.4 3.6 3.0  15.0 17.2 17.8 2.2 1.7 16.1 0.6 2.8 

TCWN05/06-5155 53 3.1 3.3 3.2  12.0 16.5 13.3 4.5 -1.0 14.3 -3.3 1.3 

TCWN05/06-5156 54 3.6 3.6 3.6  15.2 16.2 14.3 1.0 -1.4 15.7 -1.9 -0.9 

TCWN05/06-5157 55 3.6 2.2 2.9  12.2 16.0 16.2 3.9 2.1 14.1 0.2 4.1 

TCWN05/06-5159 56 2.8 2.8 2.8  . . . . . . . . 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present 
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Appendix G. continued 

  
Visual foliar ratings† 

 

Mean values of 2008-2009 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5160 57 3.2 2.8 3.0  . . . . . . . . 

TCWN05/06-5161 58 2.9 4.8 3.8  11.0 14.1 10.7 3.1 -1.9 12.5 -3.4 -0.3 

TCWN05/06-5162 59 3.5 3.1 3.3  12.6 16.3 16.3 3.7 1.8 14.4 0.0 3.7 

TCWN05/06-5163 60 2.8 2.7 2.8  . . . . . . . . 

TCWN05/06-5164 61 3.2 2.0 2.6  . . . . . . . . 

TCWN05/06-5165 62 2.2 1.7 2.0  . . . . . . . . 

TCWN05/06-5166 63 2.8 3.4 3.1  12.1 18.0 13.9 5.9 -1.1 15.0 -4.1 1.8 

TCWN05/06-5167 64 3.5 4.0 3.8  . . . . . . . . 

TCWN05/06-5168 65 2.1 2.0 2.0  13.5 17.6 17.1 4.1 1.6 15.6 -0.5 3.6 

TCWN05/06-5169 66 2.6 1.6 2.1  11.1 16.5 15.8 5.4 2.0 13.8 -0.7 4.7 

TCWN05/06-5170 67 3.0 2.5 2.8  13.9 17.2 16.8 3.4 1.2 15.5 -0.5 2.9 

TCWN05/06-5171 68 3.7 2.6 3.1  13.5 15.2 14.4 1.7 0.0 14.4 -0.8 0.9 

TCWN05/06-5172 69 3.5 2.7 3.1  . . . . . . . . 

TCWN05/06-5173 70 2.8 2.8 2.8  . . . . . . . . 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present 
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Appendix G. continued 

  
Visual foliar ratings† 

 

Mean values of 2008-2009 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5174 71 3.0 2.7 2.9  11.5 16.1 12.8 4.6 -1.0 13.8 -3.3 1.3 

TCWN05/06-5175 72 3.3 2.9 3.1  12.8 15.6 13.7 2.7 -0.5 14.2 -1.9 0.8 

TCWN05/06-5176 73 3.2 3.4 3.3  12.6 16.9 15.3 4.3 0.5 14.7 -1.6 2.7 

TCWN05/06-5177 74 3.7 2.9 3.3  . . . . . . . . 

TCWN05/06-5178 75 2.3 3.5 2.9  . . . . . . . . 

TCWN05/06-5179 76 2.5 3.4 3.0  11.0 14.4 12.3 3.3 -0.3 12.7 -2.0 1.3 

TCWN05/06-5181 77 2.6 . .  . . . . . . . . 

TCWN05/06-5184 78 2.5 2.2 2.4  . . . . . . . . 

TCWN05/06-5185 79 3.7 4.9 4.3  13.6 17.0 12.9 3.4 -2.4 15.3 -4.1 -0.7 

TCWN05/06-5186 80 2.5 2.8 2.6  11.3 15.0 11.6 3.8 -1.5 13.1 -3.4 0.4 

TCWN05/06-5187 81 2.7 3.6 3.1  11.1 15.0 13.7 3.9 0.6 13.1 -1.3 2.6 

TCWN05/06-5188 82 3.6 3.5 3.6  . . . . . . . . 

TCWN05/06-5189 83 3.0 3.9 3.4  . . . . . . . . 

TCWN05/06-5190 84 2.3 3.0 2.6  11.5 15.6 14.6 4.0 1.0 13.6 -1.0 3.1 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present 
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Appendix G. continued 

  
Visual foliar ratings† 

 

Mean values of 2008-2009 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5191 85 2.5 2.3 2.4  . . . . . . . . 

TCWN05/06-5192 86 3.3 2.9 3.1  . . . . . . . . 

TCWN05/06-5193 87 3.2 2.6 2.9  . . . . . . . . 

TCWN05/06-5194 88 3.5 2.4 2.9  . . . . . . . . 

TCWN05/06-5195 89 3.3 2.7 3.0  13.6 17.5 15.5 4.0 -0.1 15.6 -2.1 1.9 

TCWN05/06-5196 90 3.3 1.4 2.4  . . . . . . . . 

TCWN05/06-5198 91 2.7 3.0 2.8  11.9 15.6 14.4 3.7 0.7 13.7 -1.2 2.5 

SC97-1821 92 2.1 1.9 2.0  11.7 17.4 14.4 5.8 -0.1 14.6 -3.0 2.8 

Cook 93 3.6 3.8 3.7  13.1 16.4 14.5 3.3 -0.2 14.8 -1.9 1.4 

Raleigh 94 3.2 2.8 3.0  11.6 15.1 11.2 3.4 -2.1 13.3 -3.8 -0.4 

N02-7084 95 4.0 3.1 3.6  11.7 17.7 12.6 5.9 -2.1 14.7 -5.0 0.9 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present 
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Appendix H. Set 3 visual foliar ratings from 2008, 2009, 2008-2009 and Mn concentration of seed in 2009 grown in Mn 

deficiency conditions. Seed were sampled at maturity from a field exhibiting pronounced foliar Mn deficiency symptoms.  Each 

plot consisted of three adjacent hills: a center hill containing the RIL, control, or parental test entry, and outside hills containing 

the two parental types, SC97-1821 in the left hill, and Cook, in the right. All three hills in a plot were assayed for Mn 

concentration in seeds 

  
Visual foliar ratings† 

 
2009 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5199 1 3.3 3.0 3.2 9.9 12.2 7.2 2.3 -3.8 11.0 -5.0 -2.7 

TCWN05/06-5200 2 3.0 3.1 3.1 12.1 17.3 10.1 5.2 -4.6 14.7 -7.1 -2.0 

TCWN05/06-5201 3 4.0 3.2 3.6 . . . . . . . . 

TCWN05/06-5202 4 3.5 2.5 3.0 . . . . . . . . 

TCWN05/06-5203 5 3.0 3.0 3.0 . . . . . . . . 

TCWN05/06-5204 6 2.7 2.0 2.3 . . . . . . . . 

TCWN05/06-5206 7 3.7 2.8 3.2 . . . . . . . . 

TCWN05/06-5207 8 3.7 2.4 3.0 10.0 16.6 12.8 6.6 -0.5 13.3 -3.8 2.8 

TCWN05/06-5208 9 2.7 3.1 2.9 . . . . . . . . 

TCWN05/06-5209 10 4.0 2.8 3.4 . . . . . . . . 

TCWN05/06-5211 11 4.0 2.1 3.0 11.2 14.8 12.4 3.6 -0.6 13.0 -2.4 1.2 

TCWN05/06-5212 12 2.3 2.1 2.2 7.7 15.5 12.8 7.8 1.2 11.6 -2.7 5.1 

TCWN05/06-5213 13 3.0 2.8 2.9 . . . . . . . . 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present  
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Appendix H. continued 

  
Visual foliar ratings† 

 

2009 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5214 14 2.0 2.8 2.4 8.3 12.7 10.2 4.3 -0.3 10.5 -2.4 1.9 

TCWN05/06-5215 15 3.3 1.8 2.6 6.9 14.0 10.1 7.1 -0.3 10.4 -3.9 3.2 

TCWN05/06-5216 16 3.7 4.1 3.9 . . . . . . . . 

TCWN05/06-5217 17 3.3 3.3 3.3 12.8 16.5 13.3 3.7 -1.3 14.7 -3.2 0.5 

TCWN05/06-5218 18 2.0 3.3 2.7 . . . . . . . . 

TCWN05/06-5219 19 3.3 3.4 3.4 . . . . . . . . 

TCWN05/06-5220 20 3.0 1.8 2.4 7.2 12.0 10.3 4.8 0.7 9.6 -1.7 3.1 

TCWN05/06-5221 21 3.7 3.5 3.6 . . . . . . . . 

TCWN05/06-5222 22 3.7 2.6 3.1 . . . . . . . . 

TCWN05/06-5223 23 2.7 4.6 3.6 8.5 12.3 9.2 3.8 -1.2 10.4 -3.1 0.8 

TCWN05/06-5224 24 3.0 3.2 3.1 10.8 12.6 10.7 1.8 -1.0 11.7 -1.9 -0.1 

TCWN05/06-5225 25 3.0 2.3 2.7 13.4 13.7 15.8 0.3 2.2 13.6 2.1 2.4 

TCWN05/06-5226 26 4.0 3.2 3.6 . . . . . . . . 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present 
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Appendix H. continued 

  
Visual foliar ratings† 

 

2009 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5227 27 3.7 2.7 3.2 . . . . . . . . 

TCWN05/06-5228 28 2.5 3.7 3.1 . . . . . . . . 

TCWN05/06-5229 29 3.0 3.6 3.3 7.7 12.1 9.7 4.4 -0.3 9.9 -2.5 1.9 

TCWN05/06-5230 30 3.3 4.0 3.7 . . . . . . . . 

TCWN05/06-5231 31 2.7 1.9 2.3 7.3 12.4 8.9 5.0 -1.0 9.9 -3.5 1.5 

TCWN05/06-5232 32 3.5 2.4 2.9 6.1 15.5 7.7 9.4 -3.1 10.8 -7.8 1.6 

TCWN05/06-5233 33 3.7 4.4 4.1 . . . . . . . . 

TCWN05/06-5234 34 2.5 2.1 2.3 . . . . . . . . 

TCWN05/06-5235 35 3.3 2.7 3.0 7.5 11.6 8.1 4.2 -1.5 9.6 -3.6 0.6 

TCWN05/06-5237 36 2.0 1.5 1.8 9.9 15.1 15.1 5.2 2.6 12.5 0.0 5.2 

TCWN05/06-5238 37 2.5 2.4 2.5 7.3 12.2 6.8 4.9 -2.9 9.7 -5.4 -0.5 

TCWN05/06-5239 38 2.7 3.7 3.2 7.4 12.5 9.5 5.0 -0.5 10.0 -3.0 2.0 

TCWN05/06-5241 39 3.0 1.9 2.5 . . . . . . . . 

TCWN05/06-5242 40 4.0 2.7 3.3 12.0 15.3 11.0 3.3 -2.6 13.6 -4.3 -1.0 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present 
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Appendix H. continued 

  
Visual foliar ratings† 

 

2009 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5244 41 3.7 3.1 3.4 . . . . . . . . 

TCWN05/06-5245 42 3.0 3.1 3.1 . . . . . . . . 

TCWN05/06-5246 43 2.5 3.5 3.0 9.2 16.6 10.9 7.4 -2.0 12.9 -5.7 1.7 

TCWN05/06-5247 44 2.3 1.7 2.0 8.8 13.2 11.1 4.4 0.1 11.0 -2.1 2.3 

TCWN05/06-5248 45 3.0 2.6 2.8 9.0 15.4 12.9 6.4 0.7 12.2 -2.5 3.9 

TCWN05/06-5249 46 3.0 3.5 3.2 7.2 12.1 10.5 4.9 0.8 9.7 -1.6 3.3 

TCWN05/06-5250 47 3.0 3.4 3.2 8.5 16.2 9.0 7.7 -3.3 12.3 -7.2 0.5 

TCWN05/06-5251 48 3.3 2.6 3.0 10.2 13.9 12.5 3.7 0.4 12.1 -1.4 2.3 

TCWN05/06-5252 49 2.7 3.1 2.9 9.5 11.3 10.0 1.8 -0.4 10.4 -1.3 0.5 

TCWN05/06-5253 50 3.0 2.8 2.9 6.9 13.2 8.7 6.2 -1.3 10.1 -4.4 1.8 

TCWN05/06-5254 51 2.3 2.4 2.4 . . . . . . . . 

TCWN05/06-5255 52 3.3 3.9 3.6 9.0 11.2 8.9 2.2 -1.2 10.1 -2.3 -0.1 

TCWN05/06-5256 53 2.5 2.7 2.6 6.4 12.4 8.8 6.1 -0.6 9.4 -3.6 2.4 

TCWN05/06-5257 54 3.7 3.6 3.6 6.9 13.3 9.1 6.4 -1.0 10.1 -4.2 2.2 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present   
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Appendix H. continued 

  
Visual foliar ratings† 

 

2009 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 
——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5258 55 3.3 2.6 3.0 9.2 13.8 10.7 4.6 -0.8 11.5 -3.1 1.5 

TCWN05/06-5259 56 2.3 2.5 2.4 10.1 13.5 12.8 3.4 1.0 11.8 -0.7 2.7 

TCWN05/06-5260 57 3.0 2.5 2.8 6.9 12.2 9.8 5.2 0.2 9.6 -2.4 2.8 

TCWN05/06-5261 58 3.7 1.7 2.7 . . . . . . . . 

TCWN05/06-5262 59 4.0 2.2 3.1 . . . . . . . . 

TCWN05/06-5263 60 3.0 3.2 3.1 9.1 15.7 12.4 6.6 -0.1 12.4 -3.4 3.2 

TCWN05/06-5264 61 3.7 2.9 3.3 6.9 13.4 8.5 6.5 -1.6 10.2 -4.9 1.6 

TCWN05/06-5265 62 3.7 3.5 3.6 6.3 12.1 9.0 5.7 -0.2 9.2 -3.1 2.7 

TCWN05/06-5266 63 3.0 2.8 2.9 . . . . . . . . 

TCWN05/06-5267 64 2.7 1.6 2.1 . . . . . . . . 

TCWN05/06-5268 65 2.7 1.5 2.1 . . . . . . . . 

TCWN05/06-5269 66 3.3 3.1 3.2 6.8 9.8 10.7 3.0 2.4 8.3 0.9 3.9 

TCWN05/06-5272 67 3.0 3.2 3.1 7.8 11.9 10.9 4.1 1.0 9.9 -1.1 3.1 

TCWN05/06-5274 68 2.3 1.8 2.1 11.7 16.2 14.0 4.5 0.1 14.0 -2.2 2.3 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present   
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Appendix H. continued 

  
Visual foliar ratings† 

 

2009 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5275 69 3.3 2.8 3.1 . . . . . . . . 

TCWN05/06-5276 70 3.3 2.7 3.0 5.4 13.3 7.9 7.9 -1.4 9.4 -5.4 2.5 

TCWN05/06-5277 71 3.3 2.8 3.1 6.8 13.8 7.9 6.9 -2.4 10.3 -5.9 1.1 

TCWN05/06-5278 72 2.5 2.7 2.6 10.9 15.6 12.9 4.7 -0.3 13.2 -2.6 2.1 

TCWN05/06-5279 73 3.0 2.3 2.6 10.3 15.4 9.5 5.1 -3.4 12.8 -5.9 -0.8 

TCWN05/06-5280 74 3.5 2.1 2.8 7.8 12.2 10.7 4.4 0.8 10.0 -1.4 3.0 

TCWN05/06-5281 75 2.7 3.3 3.0 7.4 11.8 10.6 4.4 1.1 9.6 -1.1 3.3 

TCWN05/06-5282 76 3.7 3.7 3.7 9.7 11.7 10.3 2.0 -0.5 10.7 -1.5 0.6 

TCWN05/06-5283 77 3.3 2.2 2.8 9.7 13.9 11.1 4.2 -0.7 11.8 -2.7 1.4 

TCWN05/06-5284 78 3.3 3.5 3.4 11.3 15.2 12.3 3.9 -1.0 13.2 -2.9 1.0 

TCWN05/06-5286 79 3.7 3.0 3.4 . . . . . . . . 

TCWN05/06-5287 80 2.5 2.4 2.5 7.2 12.5 9.5 5.3 -0.3 9.8 -2.9 2.3 

TCWN05/06-5288 81 3.0 2.9 3.0 . . . . . . . . 

TCWN05/06-5290 82 4.0 3.9 3.9 9.3 15.5 9.7 6.2 -2.7 12.4 -5.8 0.5 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present   
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Appendix H. continued 

  
Visual foliar ratings† 

 

2009 Seed analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5291 83 3.7 3.6 3.6 . . . . . . . . 

TCWN05/06-5292 84 3.0 2.8 2.9 9.0 15.0 13.1 6.0 1.1 12.0 -1.8 4.1 

TCWN05/06-5293 85 2.7 2.6 2.6 10.8 18.6 18.4 7.9 3.7 14.7 -0.2 7.7 

TCWN05/06-5294 86 3.3 3.4 3.4 8.0 14.3 10.4 6.3 -0.8 11.2 -3.9 2.4 

TCWN05/06-5295 87 3.0 2.3 2.7 7.0 11.1 10.6 4.1 1.6 9.0 -0.4 3.6 

TCWN05/06-5296 88 4.0 2.9 3.5 . . . . . . . . 

TCWN05/06-5297 89 3.0 2.4 2.7 8.4 12.6 11.9 4.1 1.4 10.5 -0.7 3.5 

TCWN05/06-5298 90 3.7 4.3 4.0 . . . . . . . . 

TCWN05/06-5299 91 3.3 3.0 3.2 6.8 12.8 10.0 6.0 0.2 9.8 -2.8 3.2 

SC97-1821 92 2.0 1.3 1.6 11.5 14.9 14.5 3.5 1.3 13.2 . . 

Cook 93 3.3 4.0 3.7 13.2 15.0 10.5 1.8 -3.5 14.1 . . 

Raleigh 94 3.3 3.3 3.3 8.6 16.1 9.6 7.4 -2.7 12.4 . . 

N02-7084 95 3.5 2.0 2.8 10.7 14.1 9.4 3.4 -3.0 12.4 . . 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present   
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Appendix I. Set 3 visual foliar ratings from 2008, 2009, 2008-2009 and Mn concentration of leaf in 2009 grown in Mn deficiency 

conditions. Leaves were sampled at R-1 growth stage from a field exhibiting pronounced foliar Mn deficiency symptoms.  Each 

plot consisted of three adjacent hills: a center hill containing the RIL, control, or parental test entry, and outside hills containing 

the two parental types, SC97-1821 in the left hill, and Cook, in the right. All three hills in a plot were assayed for Mn 

concentration in leaves. 

  
Visual foliar ratings† 

 2009 Leaf analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5199 1 3.3 3.0 3.2 8.6 14.8 9.7 6.1 -2.0 11.7 -5.1 1.1 

TCWN05/06-5200 2 3.0 3.1 3.1 9.2 16.3 11.3 7.1 -1.5 12.7 -5.0 2.1 

TCWN05/06-5201 3 4.0 3.2 3.6 . . . . . . . . 

TCWN05/06-5202 4 3.5 2.5 3.0 8.2 14.0 8.8 5.8 -2.3 11.1 -5.2 0.6 

TCWN05/06-5203 5 3.0 3.0 3.0 . . . . . . . . 

TCWN05/06-5204 6 2.7 2.0 2.3 7.1 12.3 10.4 5.2 0.7 9.7 -1.9 3.3 

TCWN05/06-5206 7 3.7 2.8 3.2 . . . . . . . . 

TCWN05/06-5207 8 3.7 2.4 3.0 13.2 22.6 13.0 9.3 -4.9 17.9 -9.6 -0.2 

TCWN05/06-5208 9 2.7 3.1 2.9 8.3 14.6 9.3 6.2 -2.2 11.5 -5.3 1.0 

TCWN05/06-5209 10 4.0 2.8 3.4 . . . . . . . . 

TCWN05/06-5211 11 4.0 2.1 3.0 12.4 17.2 15.0 4.9 0.2 14.8 -2.2 2.7 

TCWN05/06-5212 12 2.3 2.1 2.2 8.2 17.5 12.8 9.3 -0.1 12.8 -4.7 4.6 

TCWN05/06-5213 13 3.0 2.8 2.9 . . . . . . . . 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed concentration from all three genotypes in the same plot were not present   
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Appendix I. continued 

  
Visual foliar ratings† 

 
2009 Leaf analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5214 14 2.0 2.8 2.4 9.1 11.3 10.0 2.2 -0.3 10.2 -1.4 0.8 

TCWN05/06-5215 15 3.3 1.8 2.6 7.3 9.3 10.5 2.0 2.2 8.3 1.2 3.2 

TCWN05/06-5216 16 3.7 4.1 3.9 . . . . . . . . 

TCWN05/06-5217 17 3.3 3.3 3.3 12.3 16.1 12.0 3.8 -2.2 14.2 -4.1 -0.3 

TCWN05/06-5218 18 2.0 3.3 2.7 11.8 14.2 13.1 2.4 0.1 13.0 -1.1 1.3 

TCWN05/06-5219 19 3.3 3.4 3.4 . . . . . . . . 

TCWN05/06-5220 20 3.0 1.8 2.4 9.0 13.8 13.3 4.8 1.9 11.4 -0.5 4.3 

TCWN05/06-5221 21 3.7 3.5 3.6 . . . . . . . . 

TCWN05/06-5222 22 3.7 2.6 3.1 6.1 11.1 8.3 5.0 -0.3 8.6 -2.8 2.2 

TCWN05/06-5223 23 2.7 4.6 3.6 11.4 16.1 13.5 4.7 -0.2 13.8 -2.6 2.1 

TCWN05/06-5224 24 3.0 3.2 3.1 9.0 13.7 9.6 4.6 -1.8 11.3 -4.1 0.5 

TCWN05/06-5225 25 3.0 2.3 2.7 12.9 16.2 15.8 3.2 1.3 14.5 -0.3 2.9 

TCWN05/06-5226 26 4.0 3.2 3.6 . . . . . . . . 

TCWN05/06-5227 27 3.7 2.7 3.2 . . . . . . . . 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when leaf concentration from all three genotypes in the same plot were not present   
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Appendix I. continued 

  
Visual foliar ratings† 

 
2009 Leaf analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5228 28 2.5 3.7 3.1 7.9 20.1 9.3 12.2 -4.6 14.0 -10.7 1.4 

TCWN05/06-5229 29 3.0 3.6 3.3 10.5 10.4 9.0 -0.2 -1.4 10.5 -1.3 -1.5 

TCWN05/06-5230 30 3.3 4.0 3.7 . . . . . . . . 

TCWN05/06-5231 31 2.7 1.9 2.3 7.2 11.7 9.2 4.5 -0.3 9.4 -2.5 2.0 

TCWN05/06-5232 32 3.5 2.4 2.9 6.9 12.3 8.3 5.4 -1.3 9.6 -4.0 1.4 

TCWN05/06-5233 33 3.7 4.4 4.1 12.2 17.0 8.7 4.8 -6.0 14.6 -8.4 -3.6 

TCWN05/06-5234 34 2.5 2.1 2.3 . . . . . . . . 

TCWN05/06-5235 35 3.3 2.7 3.0 8.8 11.5 9.0 2.7 -1.2 10.2 -2.5 0.2 

TCWN05/06-5237 36 2.0 1.5 1.8 9.0 13.8 13.9 4.7 2.5 11.4 0.2 4.9 

TCWN05/06-5238 37 2.5 2.4 2.5 . . . . . . . . 

TCWN05/06-5239 38 2.7 3.7 3.2 9.4 12.6 19.0 3.2 8.0 11.0 6.4 9.6 

TCWN05/06-5241 39 3.0 1.9 2.5 . . . . . . . . 

TCWN05/06-5242 40 4.0 2.7 3.3 9.4 12.9 11.5 3.5 0.3 11.2 -1.4 2.1 

TCWN05/06-5244 41 3.7 3.1 3.4 . . . . . . . . 

TCWN05/06-5245 42 3.0 3.1 3.1 . . . . . . . . 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when leaf concentration from all three genotypes in the same plot were not present   
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Appendix I. continued 

  
Visual foliar ratings† 

 
2009 Leaf analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    
SC97-

1821  
RIL  

 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5246 43 2.5 3.5 3.0 9.0 16.1 10.2 7.1 -2.3 12.5 -5.8 1.3 

TCWN05/06-5247 44 2.3 1.7 2.0 8.7 11.0 9.6 2.2 -0.2 9.8 -1.3 0.9 

TCWN05/06-5248 45 3.0 2.6 2.8 8.9 12.3 10.0 3.4 -0.6 10.6 -2.3 1.1 

TCWN05/06-5249 46 3.0 3.5 3.2 7.7 11.1 10.1 3.4 0.8 9.4 -0.9 2.5 

TCWN05/06-5250 47 3.0 3.4 3.2 8.9 17.4 8.9 8.5 -4.3 13.2 -8.5 0.0 

TCWN05/06-5251 48 3.3 2.6 3.0 10.1 12.8 13.8 2.7 2.4 11.4 1.0 3.7 

TCWN05/06-5252 49 2.7 3.1 2.9 9.2 10.7 10.3 1.5 0.3 10.0 -0.4 1.0 

TCWN05/06-5253 50 3.0 2.8 2.9 8.5 13.9 9.1 5.4 -2.1 11.2 -4.8 0.5 

TCWN05/06-5254 51 2.3 2.4 2.4 . . . . . . . . 

TCWN05/06-5255 52 3.3 3.9 3.6 9.6 12.1 11.1 2.5 0.2 10.8 -1.0 1.5 

TCWN05/06-5256 53 2.5 2.7 2.6 6.3 16.2 9.3 9.9 -1.9 11.3 -6.9 3.0 

TCWN05/06-5257 54 3.7 3.6 3.6 8.7 9.5 9.1 0.8 0.0 9.1 -0.4 0.4 

TCWN05/06-5258 55 3.3 2.6 3.0 10.8 15.6 12.7 4.8 -0.5 13.2 -2.9 1.8 

TCWN05/06-5259 56 2.3 2.5 2.4 8.4 12.9 15.3 4.4 4.7 10.7 2.5 6.9 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when leaf concentration from all three genotypes in the same plot were not present   
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Appendix I. continued 

  
Visual foliar ratings† 

 
2009 Leaf analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    
SC97-

1821  
RIL  

 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5260 57 3.0 2.5 2.8 11.0 12.6 8.4 1.5 -3.4 11.8 -4.2 -2.6 

TCWN05/06-5261 58 3.7 1.7 2.7 . . . . . . . . 

TCWN05/06-5262 59 4.0 2.2 3.1 7.6 9.8 7.7 2.2 -1.0 8.7 -2.1 0.2 

TCWN05/06-5263 60 3.0 3.2 3.1 10.6 16.7 11.4 6.1 -2.3 13.7 -5.3 0.8 

TCWN05/06-5264 61 3.7 2.9 3.3 8.0 13.4 10.3 5.3 -0.4 10.7 -3.1 2.2 

TCWN05/06-5265 62 3.7 3.5 3.6 8.8 13.3 10.6 4.6 -0.5 11.1 -2.8 1.8 

TCWN05/06-5266 63 3.0 2.8 2.9 8.1 14.7 10.1 6.6 -1.4 11.4 -4.6 1.9 

TCWN05/06-5267 64 2.7 1.6 2.1 . . . . . . . . 

TCWN05/06-5268 65 2.7 1.5 2.1 13.4 18.0 10.7 4.6 -5.1 15.7 -7.4 -2.7 

TCWN05/06-5269 66 3.3 3.1 3.2 5.8 11.5 11.3 5.7 2.6 8.7 -0.2 5.4 

TCWN05/06-5272 67 3.0 3.2 3.1 9.5 11.3 10.8 1.8 0.4 10.4 -0.5 1.3 

TCWN05/06-5274 68 2.3 1.8 2.1 9.2 13.6 12.9 4.5 1.5 11.4 -0.7 3.7 

TCWN05/06-5275 69 3.3 2.8 3.1 9.5 16.7 13.0 7.3 -0.1 13.1 -3.8 3.5 

TCWN05/06-5276 70 3.3 2.7 3.0 6.7 12.4 9.8 5.7 0.3 9.5 -2.5 3.2 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when leaf concentration from all three genotypes in the same plot were not present   
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Appendix I. continued 

  
Visual foliar ratings† 

 
2009 Leaf analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5277 71 3.3 2.8 3.1 7.3 13.9 8.6 6.6 -2.0 10.6 -5.3 1.3 

TCWN05/06-5278 72 2.5 2.7 2.6 7.3 13.7 11.0 6.3 0.5 10.5 -2.7 3.6 

TCWN05/06-5279 73 3.0 2.3 2.6 11.4 12.9 9.7 1.6 -2.5 12.2 -3.3 -1.7 

TCWN05/06-5280 74 3.5 2.1 2.8 9.1 13.5 12.7 4.4 1.3 11.3 -0.8 3.5 

TCWN05/06-5281 75 2.7 3.3 3.0 10.8 12.1 10.0 1.3 -1.5 11.5 -2.2 -0.8 

TCWN05/06-5282 76 3.7 3.7 3.7 . . . . . . . . 

TCWN05/06-5283 77 3.3 2.2 2.8 9.4 15.6 11.5 6.2 -1.0 12.5 -4.1 2.1 

TCWN05/06-5284 78 3.3 3.5 3.4 8.9 15.9 10.8 7.0 -1.6 12.4 -5.1 1.9 

TCWN05/06-5286 79 3.7 3.0 3.4 9.6 14.7 19.3 5.1 7.2 12.2 4.6 9.7 

TCWN05/06-5287 80 2.5 2.4 2.5 6.9 11.1 9.7 4.2 0.7 9.0 -1.4 2.8 

TCWN05/06-5288 81 3.0 2.9 3.0 . . . . . . . . 

TCWN05/06-5290 82 4.0 3.9 3.9 8.2 15.5 8.7 7.3 -3.1 11.8 -6.8 0.5 

TCWN05/06-5291 83 3.7 3.6 3.6 . . . . . . . . 

TCWN05/06-5292 84 3.0 2.8 2.9 10.1 15.3 11.4 5.2 -1.3 12.7 -4.0 1.3 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when leaf concentration from all three genotypes in the same plot were not present   
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Appendix I. continued 

  
Visual foliar ratings† 

 
2009 Leaf analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

 

Cook    SC97-1821  RIL  
 SC97-1821 

-  Cook  

 

RIL - 

mean of 

both 

parents  

Parent 

mean  

 

RIL - 

SC97-1821  

RIL - 

Cook  

 ——— ratings† ———      ————————————  ppm ————————————— 

TCWN05/06-5293 85 2.7 2.6 2.6 10.1 16.2 11.1 6.0 -2.0 13.2 -5.0 1.0 

TCWN05/06-5294 86 3.3 3.4 3.4 9.0 14.5 11.8 5.5 0.0 11.7 -2.7 2.8 

TCWN05/06-5295 87 3.0 2.3 2.7 6.4 11.0 11.7 4.5 3.0 8.7 0.8 5.3 

TCWN05/06-5296 88 4.0 2.9 3.5 11.3 15.8 8.8 4.5 -4.8 13.5 -7.1 -2.5 

TCWN05/06-5297 89 3.0 2.4 2.7 9.4 11.3 11.3 2.0 0.9 10.3 -0.1 1.9 

TCWN05/06-5298 90 3.7 4.3 4.0 . . . . . . . . 

TCWN05/06-5299 91 3.3 3.0 3.2 13.3 12.3 9.8 -1.0 -2.9 12.8 -2.5 -3.4 

SC97-1821 92 2.0 1.3 1.6 12.5 19.4 16.1 7.0 0.2 . . . 

Cook 93 3.3 4.0 3.7 15.2 17.1 15.5 1.9 -0.7 . . . 

Raleigh 94 3.3 3.3 3.3 8.7 15.9 8.6 7.2 -3.7 . . . 

N02-7084 95 3.5 2.0 2.8 10.0 13.7 10.6 3.7 -1.2 . . . 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when leaf concentration from all three genotypes in the same plot were not present   
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Appendix J. Set 3 visual foliar ratings from 2008, 2009, 2008-2009 and Mn concentration of seed and leaf in 2009 grown in Mn 

deficiency conditions. Seed was sampled at maturity, leaves at R-1 growth stage, from a field exhibiting pronounced foliar Mn 

deficiency symptoms.  Each plot consisted of three adjacent hills: a center hill containing the RIL, control, or parental test entry, 

and outside hills containing the two parental types, SC97-1821 in the left hill, and Cook, in the right. All three hills in a plot were 

assayed for Mn concentration in seed and leaves. 

  
Visual foliar ratings† 2009 Seed analyzed for Mn concentration ‡ 2009 Leaf analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

Cook  SC97-1821  RIL  

 SC97-1821 -  

Cook  

 

RIL - mean of 

both parents  

Parent 

mean  

 

RIL –  

SC97-1821  

RIL - 

Cook  
Cook    SC97-1821  RIL  

 SC97-1821 -  

Cook  

 

RIL - mean of both 

parents  

Parent 

mean  

 

RIL – 

 SC97-1821  

RIL - 

Cook  

 

 
———— ratings† ————     —————————————————————  ppm   ——————————————————————— ——————————————————————  ppm ————————————————————— 

TCWN05/06-5199 1 3.3 3.0 3.2 9.9 12.2 7.2 2.3 -3.8 11.0 -5.0 -2.7 8.6 14.8 9.7 6.1 -2.0 11.7 -5.1 1.1 

TCWN05/06-5200 2 3.0 3.1 3.1 12.1 17.3 10.1 5.2 -4.6 14.7 -7.1 -2.0 9.2 16.3 11.3 7.1 -1.5 12.7 -5.0 2.1 

TCWN05/06-5201 3 4.0 3.2 3.6 . . . . . . . . . . . . . . . . 

TCWN05/06-5202 4 3.5 2.5 3.0 . . . . . . . . . . . . . . . . 

TCWN05/06-5203 5 3.0 3.0 3.0 . . . . . . . . . . . . . . . . 

TCWN05/06-5204 6 2.7 2.0 2.3 . . . . . . . . . . . . . . . . 

TCWN05/06-5206 7 3.7 2.8 3.2 . . . . . . . . . . . . . . . . 

TCWN05/06-5207 8 3.7 2.4 3.0 10.0 16.6 12.8 6.6 -0.5 13.3 -3.8 2.8 13.2 22.6 13.0 9.3 -4.9 17.9 -9.6 -0.2 

TCWN05/06-5208 9 2.7 3.1 2.9 . . . . . . . . . . . . . . . . 

TCWN05/06-5209 10 4.0 2.8 3.4 . . . . . . . . . . . . . . . . 

TCWN05/06-5211 11 4.0 2.1 3.0 11.2 14.8 12.4 3.6 -0.6 13.0 -2.4 1.2 12.4 17.2 15.0 4.9 0.2 14.8 -2.2 2.7 

TCWN05/06-5212 12 2.3 2.1 2.2 7.7 15.5 12.8 7.8 1.2 11.6 -2.7 5.1 8.2 17.5 12.8 9.3 -0.1 12.8 -4.7 4.6 

TCWN05/06-5213 13 3.0 2.8 2.9 . . . . . . . . . . . . . . . . 

TCWN05/06-5214 14 2.0 2.8 2.4 8.3 12.7 10.2 4.3 -0.3 10.5 -2.4 1.9 9.1 11.3 10.0 2.2 -0.3 10.2 -1.4 0.8 

TCWN05/06-5215 15 3.3 1.8 2.6 6.9 14.0 10.1 7.1 -0.3 10.4 -3.9 3.2 7.3 9.3 10.5 2.0 2.2 8.3 1.2 3.2 

TCWN05/06-5216 16 3.7 4.1 3.9 . . . . . . . . . . . . . . . . 

TCWN05/06-5217 17 3.3 3.3 3.3 12.8 16.5 13.3 3.7 -1.3 14.7 -3.2 0.5 12.3 16.1 12.0 3.8 -2.2 14.2 -4.1 -0.3 

TCWN05/06-5218 18 2.0 3.3 2.7 . . . . . . . . . . . . . . . . 

TCWN05/06-5219 19 3.3 3.4 3.4 . . . . . . . . . . . . . . . . 

TCWN05/06-5220 20 3.0 1.8 2.4 7.2 12.0 10.3 4.8 0.7 9.6 -1.7 3.1 9.0 13.8 13.3 4.8 1.9 11.4 -0.5 4.3 

TCWN05/06-5221 21 3.7 3.5 3.6 . . . . . . . . . . . . . . . . 

TCWN05/06-5222 22 3.7 2.6 3.1 . . . . . . . . . . . . . . . . 

TCWN05/06-5223 23 2.7 4.6 3.6 8.5 12.3 9.2 3.8 -1.2 10.4 -3.1 0.8 11.4 16.1 13.5 4.7 -0.2 13.8 -2.6 2.1 

TCWN05/06-5224 24 3.0 3.2 3.1 10.8 12.6 10.7 1.8 -1.0 11.7 -1.9 -0.1 9.0 13.7 9.6 4.6 -1.8 11.3 -4.1 0.5 

TCWN05/06-5225 25 3.0 2.3 2.7 13.4 13.7 15.8 0.3 2.2 13.6 2.1 2.4 12.9 16.2 15.8 3.2 1.3 14.5 -0.3 2.9 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed and leaf concentration from all three genotypes in the same plot were not present 
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Appendix J. continued 

  
Visual foliar ratings† 2009 Seed analyzed for Mn concentration ‡ 2009 Leaf analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

Cook  SC97-1821  RIL  

 SC97-1821 -  

Cook  

 

RIL - mean of 

both parents  

Parent 

mean  

 

RIL –  

SC97-1821  

RIL - 

Cook  
Cook    SC97-1821  RIL  

 SC97-1821 -  

Cook  

 

RIL - mean of both 

parents  

Parent 

mean  

 

RIL – 

 SC97-1821  

RIL - 

Cook  

 

 
———— ratings† ————     ———————————————————————————  ppm   —————————————————————————— —————————————————————————  ppm ———————————————————————— 

TCWN05/06-5226 26 4.0 3.2 3.6 . . . . . . . . . . . . . . . . 

TCWN05/06-5227 27 3.7 2.7 3.2 . . . . . . . . . . . . . . . . 

TCWN05/06-5228 28 2.5 3.7 3.1 . . . . . . . . . . . . . . . . 

TCWN05/06-5229 29 3.0 3.6 3.3 7.7 12.1 9.7 4.4 -0.3 9.9 -2.5 1.9 10.5 10.4 9.0 -0.2 -1.4 10.5 -1.3 -1.5 

TCWN05/06-5230 30 3.3 4.0 3.7 . . . . . . . . . . . . . . . . 

TCWN05/06-5231 31 2.7 1.9 2.3 7.3 12.4 8.9 5.0 -1.0 9.9 -3.5 1.5 7.2 11.7 9.2 4.5 -0.3 9.4 -2.5 2.0 

TCWN05/06-5232 32 3.5 2.4 2.9 6.1 15.5 7.7 9.4 -3.1 10.8 -7.8 1.6 6.9 12.3 8.3 5.4 -1.3 9.6 -4.0 1.4 

TCWN05/06-5233 33 3.7 4.4 4.1 . . . . . . . . . . . . . . . . 

TCWN05/06-5234 34 2.5 2.1 2.3 . . . . . . . . . . . . . . . . 

TCWN05/06-5235 35 3.3 2.7 3.0 7.5 11.6 8.1 4.2 -1.5 9.6 -3.6 0.6 8.8 11.5 9.0 2.7 -1.2 10.2 -2.5 0.2 

TCWN05/06-5237 36 2.0 1.5 1.8 9.9 15.1 15.1 5.2 2.6 12.5 0.0 5.2 9.0 13.8 13.9 4.7 2.5 11.4 0.2 4.9 

TCWN05/06-5238 37 2.5 2.4 2.5 . . . . . . . . . . . . . . . . 

TCWN05/06-5239 38 2.7 3.7 3.2 7.4 12.5 9.5 5.0 -0.5 10.0 -3.0 2.0 9.4 12.6 19.0 3.2 8.0 11.0 6.4 9.6 

TCWN05/06-5241 39 3.0 1.9 2.5 . . . . . . . . . . . . . . . . 

TCWN05/06-5242 40 4.0 2.7 3.3 12.0 15.3 11.0 3.3 -2.6 13.6 -4.3 -1.0 9.4 12.9 11.5 3.5 0.3 11.2 -1.4 2.1 

TCWN05/06-5244 41 3.7 3.1 3.4 . . . . . . . . . . . . . . . . 

TCWN05/06-5245 42 3.0 3.1 3.1 . . . . . . . . . . . . . . . . 

TCWN05/06-5246 43 2.5 3.5 3.0 9.2 16.6 10.9 7.4 -2.0 12.9 -5.7 1.7 9.0 16.1 10.2 7.1 -2.3 12.5 -5.8 1.3 

TCWN05/06-5247 44 2.3 1.7 2.0 8.8 13.2 11.1 4.4 0.1 11.0 -2.1 2.3 8.7 11.0 9.6 2.2 -0.2 9.8 -1.3 0.9 

TCWN05/06-5248 45 3.0 2.6 2.8 9.0 15.4 12.9 6.4 0.7 12.2 -2.5 3.9 8.9 12.3 10.0 3.4 -0.6 10.6 -2.3 1.1 

TCWN05/06-5249 46 3.0 3.5 3.2 7.2 12.1 10.5 4.9 0.8 9.7 -1.6 3.3 7.7 11.1 10.1 3.4 0.8 9.4 -0.9 2.5 

TCWN05/06-5250 47 3.0 3.4 3.2 8.5 16.2 9.0 7.7 -3.3 12.3 -7.2 0.5 8.9 17.4 8.9 8.5 -4.3 13.2 -8.5 0.0 

TCWN05/06-5251 48 3.3 2.6 3.0 10.2 13.9 12.5 3.7 0.4 12.1 -1.4 2.3 10.1 12.8 13.8 2.7 2.4 11.4 1.0 3.7 

TCWN05/06-5252 49 2.7 3.1 2.9 9.5 11.3 10.0 1.8 -0.4 10.4 -1.3 0.5 9.2 10.7 10.3 1.5 0.3 10.0 -0.4 1.0 

TCWN05/06-5253 50 3.0 2.8 2.9 6.9 13.2 8.7 6.2 -1.3 10.1 -4.4 1.8 8.5 13.9 9.1 5.4 -2.1 11.2 -4.8 0.5 

TCWN05/06-5254 51 2.3 2.4 2.4 . . . . . . . . . . . . . . . . 

TCWN05/06-5255 52 3.3 3.9 3.6 9.0 11.2 8.9 2.2 -1.2 10.1 -2.3 -0.1 9.6 12.1 11.1 2.5 0.2 10.8 -1.0 1.5 

TCWN05/06-5226 26 4.0 3.2 3.6 . . . . . . . . . . . . . . . . 

TCWN05/06-5227 27 3.7 2.7 3.2 . . . . . . . . . . . . . . . . 

TCWN05/06-5228 28 2.5 3.7 3.1 . . . . . . . . . . . . . . . . 

TCWN05/06-5229 29 3.0 3.6 3.3 7.7 12.1 9.7 4.4 -0.3 9.9 -2.5 1.9 10.5 10.4 9.0 -0.2 -1.4 10.5 -1.3 -1.5 

TCWN05/06-5230 30 3.3 4.0 3.7 . . . . . . . . . . . . . . . . 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed and leaf concentration from all three genotypes in the same plot were not present 
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Appendix J. continued 

  
Visual foliar ratings† 2009 Seed analyzed for Mn concentration ‡ 2009 Leaf analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

Cook  SC97-1821  RIL  

 SC97-1821 -  

Cook  

 

RIL - mean of 

both parents  

Parent 

mean  

 

RIL –  

SC97-1821  

RIL - 

Cook  
Cook    SC97-1821  RIL  

 SC97-1821 -  

Cook  

 

RIL - mean of both 

parents  

Parent 

mean  

 

RIL – 

 SC97-1821  

RIL - 

Cook  

 

 
———— ratings† ————     ———————————————————————————  ppm   —————————————————————————— —————————————————————————  ppm ———————————————————————— 

TCWN05/06-5231 31 2.7 1.9 2.3 7.3 12.4 8.9 5.0 -1.0 9.9 -3.5 1.5 7.2 11.7 9.2 4.5 -0.3 9.4 -2.5 2.0 

TCWN05/06-5232 32 3.5 2.4 2.9 6.1 15.5 7.7 9.4 -3.1 10.8 -7.8 1.6 6.9 12.3 8.3 5.4 -1.3 9.6 -4.0 1.4 

TCWN05/06-5233 33 3.7 4.4 4.1 . . . . . . . . . . . . . . . . 

TCWN05/06-5234 34 2.5 2.1 2.3 . . . . . . . . . . . . . . . . 

TCWN05/06-5235 35 3.3 2.7 3.0 7.5 11.6 8.1 4.2 -1.5 9.6 -3.6 0.6 8.8 11.5 9.0 2.7 -1.2 10.2 -2.5 0.2 

TCWN05/06-5237 36 2.0 1.5 1.8 9.9 15.1 15.1 5.2 2.6 12.5 0.0 5.2 9.0 13.8 13.9 4.7 2.5 11.4 0.2 4.9 

TCWN05/06-5238 37 2.5 2.4 2.5 . . . . . . . . . . . . . . . . 

TCWN05/06-5239 38 2.7 3.7 3.2 7.4 12.5 9.5 5.0 -0.5 10.0 -3.0 2.0 9.4 12.6 19.0 3.2 8.0 11.0 6.4 9.6 

TCWN05/06-5241 39 3.0 1.9 2.5 . . . . . . . . . . . . . . . . 

TCWN05/06-5242 40 4.0 2.7 3.3 12.0 15.3 11.0 3.3 -2.6 13.6 -4.3 -1.0 9.4 12.9 11.5 3.5 0.3 11.2 -1.4 2.1 

TCWN05/06-5244 41 3.7 3.1 3.4 . . . . . . . . . . . . . . . . 

TCWN05/06-5245 42 3.0 3.1 3.1 . . . . . . . . . . . . . . . . 

TCWN05/06-5246 43 2.5 3.5 3.0 9.2 16.6 10.9 7.4 -2.0 12.9 -5.7 1.7 9.0 16.1 10.2 7.1 -2.3 12.5 -5.8 1.3 

TCWN05/06-5247 44 2.3 1.7 2.0 8.8 13.2 11.1 4.4 0.1 11.0 -2.1 2.3 8.7 11.0 9.6 2.2 -0.2 9.8 -1.3 0.9 

TCWN05/06-5248 45 3.0 2.6 2.8 9.0 15.4 12.9 6.4 0.7 12.2 -2.5 3.9 8.9 12.3 10.0 3.4 -0.6 10.6 -2.3 1.1 

TCWN05/06-5249 46 3.0 3.5 3.2 7.2 12.1 10.5 4.9 0.8 9.7 -1.6 3.3 7.7 11.1 10.1 3.4 0.8 9.4 -0.9 2.5 

TCWN05/06-5250 47 3.0 3.4 3.2 8.5 16.2 9.0 7.7 -3.3 12.3 -7.2 0.5 8.9 17.4 8.9 8.5 -4.3 13.2 -8.5 0.0 

TCWN05/06-5251 48 3.3 2.6 3.0 10.2 13.9 12.5 3.7 0.4 12.1 -1.4 2.3 10.1 12.8 13.8 2.7 2.4 11.4 1.0 3.7 

TCWN05/06-5252 49 2.7 3.1 2.9 9.5 11.3 10.0 1.8 -0.4 10.4 -1.3 0.5 9.2 10.7 10.3 1.5 0.3 10.0 -0.4 1.0 

TCWN05/06-5253 50 3.0 2.8 2.9 6.9 13.2 8.7 6.2 -1.3 10.1 -4.4 1.8 8.5 13.9 9.1 5.4 -2.1 11.2 -4.8 0.5 

TCWN05/06-5254 51 2.3 2.4 2.4 . . . . . . . . . . . . . . . . 

TCWN05/06-5255 52 3.3 3.9 3.6 9.0 11.2 8.9 2.2 -1.2 10.1 -2.3 -0.1 9.6 12.1 11.1 2.5 0.2 10.8 -1.0 1.5 

TCWN05/06-5256 53 2.5 2.7 2.6 6.4 12.4 8.8 6.1 -0.6 9.4 -3.6 2.4 6.3 16.2 9.3 9.9 -1.9 11.3 -6.9 3.0 

TCWN05/06-5257 54 3.7 3.6 3.6 6.9 13.3 9.1 6.4 -1.0 10.1 -4.2 2.2 8.7 9.5 9.1 0.8 0.0 9.1 -0.4 0.4 

TCWN05/06-5258 55 3.3 2.6 3.0 9.2 13.8 10.7 4.6 -0.8 11.5 -3.1 1.5 10.8 15.6 12.7 4.8 -0.5 13.2 -2.9 1.8 

TCWN05/06-5259 56 2.3 2.5 2.4 10.1 13.5 12.8 3.4 1.0 11.8 -0.7 2.7 8.4 12.9 15.3 4.4 4.7 10.7 2.5 6.9 

TCWN05/06-5260 57 3.0 2.5 2.8 6.9 12.2 9.8 5.2 0.2 9.6 -2.4 2.8 11.0 12.6 8.4 1.5 -3.4 11.8 -4.2 -2.6 

TCWN05/06-5261 58 3.7 1.7 2.7 . . . . . . . . . . . . . . . . 

TCWN05/06-5262 59 4.0 2.2 3.1 . . . . . . . . . . . . . . . . 

TCWN05/06-5263 60 3.0 3.2 3.1 9.1 15.7 12.4 6.6 -0.1 12.4 -3.4 3.2 10.6 16.7 11.4 6.1 -2.3 13.7 -5.3 0.8 

TCWN05/06-5264 61 3.7 2.9 3.3 6.9 13.4 8.5 6.5 -1.6 10.2 -4.9 1.6 8.0 13.4 10.3 5.3 -0.4 10.7 -3.1 2.2 

TCWN05/06-5265 62 3.7 3.5 3.6 6.3 12.1 9.0 5.7 -0.2 9.2 -3.1 2.7 8.8 13.3 10.6 4.6 -0.5 11.1 -2.8 1.8 

TCWN05/06-5266 63 3.0 2.8 2.9 . . . . . . . . . . . . . . . . 

TCWN05/06-5267 64 2.7 1.6 2.1 . . . . . . . . . . . . . . . . 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed and leaf concentration from all three genotypes in the same plot were not present 
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Appendix J. continued 

  
Visual foliar ratings† 2009 Seed analyzed for Mn concentration ‡ 2009 Leaf analyzed for Mn concentration ‡ 

Genotype Code 2008 2009 

Mean 

2008 & 

2009   

Cook  SC97-1821  RIL  

 SC97-1821 -  

Cook  

 

RIL - mean of 

both parents  

Parent 

mean  

 

RIL –  

SC97-1821  

RIL - 

Cook  
Cook    SC97-1821  RIL  

 SC97-1821 -  

Cook  

 

RIL - mean of both 

parents  

Parent 

mean  

 

RIL – 

 SC97-1821  

RIL - 

Cook  

 

 
———— ratings† ————     ————————————————————————  ppm   —————————————————————————— ————————————————————————————  ppm ——————————————————————————— 

TCWN05/06-5268 65 2.7 1.5 2.1 . . . . . . . . . . . . . . . . 

TCWN05/06-5269 66 3.3 3.1 3.2 6.8 9.8 10.7 3.0 2.4 8.3 0.9 3.9 5.8 11.5 11.3 5.7 2.6 8.7 -0.2 5.4 

TCWN05/06-5272 67 3.0 3.2 3.1 7.8 11.9 10.9 4.1 1.0 9.9 -1.1 3.1 9.5 11.3 10.8 1.8 0.4 10.4 -0.5 1.3 

TCWN05/06-5274 68 2.3 1.8 2.1 11.7 16.2 14.0 4.5 0.1 14.0 -2.2 2.3 9.2 13.6 12.9 4.5 1.5 11.4 -0.7 3.7 

TCWN05/06-5275 69 3.3 2.8 3.1 . . . . . . . . . . . . . . . . 

TCWN05/06-5276 70 3.3 2.7 3.0 5.4 13.3 7.9 7.9 -1.4 9.4 -5.4 2.5 6.7 12.4 9.8 5.7 0.3 9.5 -2.5 3.2 

TCWN05/06-5277 71 3.3 2.8 3.1 6.8 13.8 7.9 6.9 -2.4 10.3 -5.9 1.1 7.3 13.9 8.6 6.6 -2.0 10.6 -5.3 1.3 

TCWN05/06-5278 72 2.5 2.7 2.6 10.9 15.6 12.9 4.7 -0.3 13.2 -2.6 2.1 7.3 13.7 11.0 6.3 0.5 10.5 -2.7 3.6 

TCWN05/06-5279 73 3.0 2.3 2.6 10.3 15.4 9.5 5.1 -3.4 12.8 -5.9 -0.8 11.4 12.9 9.7 1.6 -2.5 12.2 -3.3 -1.7 

TCWN05/06-5280 74 3.5 2.1 2.8 7.8 12.2 10.7 4.4 0.8 10.0 -1.4 3.0 9.1 13.5 12.7 4.4 1.3 11.3 -0.8 3.5 

TCWN05/06-5281 75 2.7 3.3 3.0 7.4 11.8 10.6 4.4 1.1 9.6 -1.1 3.3 10.8 12.1 10.0 1.3 -1.5 11.5 -2.2 -0.8 

TCWN05/06-5282 76 3.7 3.7 3.7 . . . . . . . . . . . . . . . . 

TCWN05/06-5283 77 3.3 2.2 2.8 9.7 13.9 11.1 4.2 -0.7 11.8 -2.7 1.4 9.4 15.6 11.5 6.2 -1.0 12.5 -4.1 2.1 

TCWN05/06-5284 78 3.3 3.5 3.4 11.3 15.2 12.3 3.9 -1.0 13.2 -2.9 1.0 8.9 15.9 10.8 7.0 -1.6 12.4 -5.1 1.9 

TCWN05/06-5286 79 3.7 3.0 3.4 . . . . . . . . . . . . . . . . 

TCWN05/06-5287 80 2.5 2.4 2.5 7.2 12.5 9.5 5.3 -0.3 9.8 -2.9 2.3 6.9 11.1 9.7 4.2 0.7 9.0 -1.4 2.8 

TCWN05/06-5288 81 3.0 2.9 3.0 . . . . . . . . . . . . . . . . 

TCWN05/06-5290 82 4.0 3.9 3.9 9.3 15.5 9.7 6.2 -2.7 12.4 -5.8 0.5 8.2 15.5 8.7 7.3 -3.1 11.8 -6.8 0.5 

TCWN05/06-5291 83 3.7 3.6 3.6 . . . . . . . . . . . . . . . . 

TCWN05/06-5292 84 3.0 2.8 2.9 9.0 15.0 13.1 6.0 1.1 12.0 -1.8 4.1 10.1 15.3 11.4 5.2 -1.3 12.7 -4.0 1.3 

TCWN05/06-5293 85 2.7 2.6 2.6 10.8 18.6 18.4 7.9 3.7 14.7 -0.2 7.7 10.1 16.2 11.1 6.0 -2.0 13.2 -5.0 1.0 

TCWN05/06-5294 86 3.3 3.4 3.4 8.0 14.3 10.4 6.3 -0.8 11.2 -3.9 2.4 9.0 14.5 11.8 5.5 0.0 11.7 -2.7 2.8 

TCWN05/06-5295 87 3.0 2.3 2.7 7.0 11.1 10.6 4.1 1.6 9.0 -0.4 3.6 6.4 11.0 11.7 4.5 3.0 8.7 0.8 5.3 

TCWN05/06-5296 88 4.0 2.9 3.5 . . . . . . . . . . . . . . . . 

TCWN05/06-5297 89 3.0 2.4 2.7 8.4 12.6 11.9 4.1 1.4 10.5 -0.7 3.5 9.4 11.3 11.3 2.0 0.9 10.3 -0.1 1.9 

TCWN05/06-5298 90 3.7 4.3 4.0 . . . . . . . . . . . . . . . . 

TCWN05/06-5299 91 3.3 3.0 3.2 6.8 12.8 10.0 6.0 0.2 9.8 -2.8 3.2 13.3 12.3 9.8 -1.0 -2.9 12.8 -2.5 -3.4 

SC97-1821 92 2.0 1.3 1.6 11.5 14.9 14.5 3.5 1.3 13.2 -0.4 3.0 12.5 19.4 16.1 7.0 0.2 . . . 

Cook 93 3.3 4.0 3.7 13.2 15.0 10.5 1.8 -3.5 14.1 -4.5 -2.6 15.2 17.1 15.5 1.9 -0.7 . . . 

Raleigh 94 3.3 3.3 3.3 8.6 16.1 9.6 7.4 -2.7 12.4 -6.4 1.0 8.7 15.9 8.6 7.2 -3.7 . . . 

N02-7084 95 3.5 2.0 2.8 10.7 14.1 9.4 3.4 -3.0 12.4 -4.7 -1.3 10.0 13.7 10.6 3.7 -1.2 . . . 

† Visual foliar ratings for Mn deficiency compares the center test entry in a plot against the resistant and susceptible parental lines 

on either side, in the same plot. Ratings are whole numbers 1 through 5: 1 indicates that the RIL was green as, or greener than, the 

resistant parent, 5 indicates that the RIL was yellow as, or more yellow than the susceptible parent.  

‡Values were dropped from table when seed and leaf concentration from all three genotypes in the same plot were not present 
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Appendix K. Analysis of variance of seed Mn concentration for susceptible parent Cook, 

resistant parent SC97-1821, RIL progeny, and check varieties Raleigh and N7003CN, for 

sets 1, 2, and 3 at Cox field in Kinston NC, in 2008 and 2009. 

 ——————————————————————————————2008 Seed—————————————————————————— 

Source 

 

Set 1  Set 2 

df Sum of Squares 
Mean 

Squares 
 df 

Sum of 

Squares 

Mean 

Squares 

        
Rep(Year) 1 0.03 0.03  1 12.28 12.28 
Among genotypes 68 757.04 11.13  68 686.28 10.09 
     Among RILs 64 740.31 11.57  64 600.48 9.38 

     Between Parents 1 0.20 0.20  1 68.89 68.89** 

     Among non-parent checks 1 0.90 0.90  1 1.69 1.69 

Rep*Genotype 68 580.77 8.54  68 555.95 8.18 
  

 ——————————————————————————————2009 Seed—————————————————————————— 

 Set 2  Set 3 

        

Rep 1 34.03 34.03  1 281.72 281.72 
Among genotypes 71 911.96 12.84  60 562.87 9.38 
     Among RILs 67 867.99 12.96  56 528.27 9.43 

     Between Parents 1 14.82 14.82  1 15.48 15.48 

     Among non-parent checks 1 7.29 7.29  1 0.07 0.07 

Rep*Genotype 71 653.90 9.21  60 490.36 8.17 

*,** Significant at the 0.05α and 0.01α levels of probability, respectively.
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Appendix L. Analysis of variance, expected mean squares, and narrow sense heritability 

estimates of seed and leaf Mn concentration, for susceptible parent Cook, resistant parent 

SC97-1821, RIL progeny, and check varieties Raleigh and N7003CN, for Sets 2 and 3 at Cox 

field in Kinston NC, in 2008 and 2009. 

 ——2008-2009 Mean Seed—  ————2009 Leaf—— 

EMS for Seed 
 in 2 years§ 

EMS for Leaf in 1 
year# 

 Set 2  Set 3 

 df 
Sum of 

Squares 

Mean 

Squares 
 df 

Sum of 

Squares 

Mean 

Squares 

Year 1 22.34 22.34       

Rep(Year) 2 18.10 9.05  1 347.85 347.85   

Among genotypes 48 617.58 12.87  71 815.43 11.48 σ2
e
 + rσ2

gy + ryσ2
g σ2

e
 + rσ2

g 

     Among RILs 44 507.50 11.53  67 713.85 10.65 σ2
e
 + rσ2

ly + ryσ2
l σ2

e
 + rσ2

l 

     Between Parents 1 73.81 73.81**  1 0.42 0.42 σ2
e
 + rσ2

py + ryϴ2
p σ2

e
 + rσ2

p 

     Among non 

     parent checks 
1 8.00 8.00  1 4.04 4.04 σ2

e
 + rσ2

cy + ryϴ2
c
  σ2

e
 + rσ2

c 

Genotype*Year 48 402.62 8.39     σ2
e
 + rσ2

gy   

     RIL*Year 44 383.24 8.71     σ2
e
 + rσ2

ly  

     Parents*Year 1 9.90 9.90     σ2
e
 + rσ2

py  

    Check*Year 1 0.98 0.98     σ2
e
 + rσ2

cy  

Rep*Genotype(Year) 94 937.01 9.97  71 945.64 13.32 σ2
e
  σ2

e 

*,** Significant at the 0.05α and 0.01α levels of probability, respectively. 

‡Narrow sense heritability (h
2
) estimation formula for RILs: (σ

2
l  / [σ

2
l + (σ

2
ly / y) + (σ

2
e /ry)]) 

outlined by Johnson et al. (1955). 

§Variance components for seed Mn concentration in 2008 and 2009: σ
2

e
 
= 9.97, σ

2
ly = ((8.71-

9.97)/2), σ
2

l = ((11.53-8.71)/4). Seed h
2
 based on two years and 2 reps = 0.245 

#Variance components for leaf Mn concentration in 2009:  σ
2

e
 
= 13.32, σ

2
l = (10.65-13.32)/2. 

Heritability based on one year and 2 reps was zero. 

¶ Confidence interval for heritability of seed Mn concentrations are 0.0-0.59 (Knapp et al., 

1985) 
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Appendix M. Correlation of genotypic means for foliar visual ratings and seed Mn concentration for Set 1 in 2008. Seed were 

sampled at maturity from a field exhibiting pronounced foliar Mn deficiency symptoms. Each plot consisted of three adjacent hills: 

a center hill containing the RIL, control, or parental test entry, and outside hills containing the two parental types, SC97-1821 in 

the left hill, and Cook, in the right. All three hills in a plot were assayed for Mn concentration in the seed. 
 

Seed Mn concentration 

 
   

    RIL values standardized based on border plot Mn 

concentration to reduce field variability 

 

Cook  
SC97-

1821 

Mean of 

parents 

SC97-1821 
minus 

Cook 

RIL 
RIL minus mean of 

parents 

RIL minus 

Cook  

RIL minus SC97-

1821  

Foliar Visual Rating of RILs† -0.15 -0.36** -0.29* -0.25* -0.48* -0.35* -0.40* -0.19 

Seed Mn concentrations          

         Cook  0.56** 0.87** -0.37** 0.54** -0.22 -0.35** -0.35 

         SC97-1821    0.90** 0.56** 0.69** -0.04 0.23 -0.34** 

         Mean of parents    0.13 0.70** -0.14 -0.05 -0.20 

         SC97-1821 minus Cook     0.23 0.18 0.61** -0.39** 

        RIL      0.61** 0.60** 0.45** 

RIL values standardized based on border 

plot Mn concentration to reduce field 

variability ‡ 

        

        RIL minus mean of parents       0.88** 0.84** 

        RIL minus Cook        0.49** 

*,** Significant at the 0.05α and 0.01α levels of probability, respectively. 

†Visual foliar ratings for Mn deficiency compares the center genotypic entry in a plot against the resistant and susceptible parental 

lines on either side in the same plot. Ratings are whole numbers 1 through 5: 1 indicates the genotypic entry was as green as- or 

greener than- the resistant parent, 5 indicates that the genotypic entry was as yellow as- or more yellow than- the susceptible 

parent. 
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Appendix N. Correlation of genotypic means for seed Mn concentration and foliar visual ratings for set 2 in 2008. Seed were 

sampled at maturity from a field exhibiting pronounced foliar Mn deficiency symptoms. Each plot consisted of three adjacent hills: 

a center hill containing the RIL, control, or parental test entry, and outside hills containing the two parental types, SC97-1821 in 

the left hill, and Cook, in the right. All three hills in a plot were assayed for Mn concentration in the seed. 
 

Seed Mn concentration 

 
   

    RIL values standardized based on border plot Mn 

concentration to reduce field variability 

 

Cook  
SC97-

1821 

Mean of 

parents 

SC97-1821 
minus 

Cook 

RIL 
RIL minus mean of 

parents 

RIL minus 

Cook  

RIL minus SC97-

1821  

Foliar Visual Rating of RILs† 0.07 -0.07 0.01 -0.14 -0.39** -0.48** -0.49** -0.38** 

Seed Mn concentration          

        Cook  0.53** 0.90** -0.66** 0.53** -0.14 -0.40** 0.17 

        SC97-1821    0.84** 0.29* 0.50** -0.11 0.02 -0.23 

        Mean of parents    -0.28* 0.59** -0.14 -0.24 -0.01 

        SC97-1821 minus Cook     -0.15 0.06 0.47** -0.39** 

       RIL      0.72** 0.57** 0.73** 

RIL values standardized based on border 

plot Mn concentration to reduce field 

variability ‡ 

        

       RIL minus mean of parents       0.91** 0.89** 

       RIL minus Cook        0.62** 

*,** Significant at the 0.05α and 0.01α levels of probability, respectively. 

†Visual foliar ratings for Mn deficiency compares the center genotypic entry in a plot against the resistant and susceptible parental 

lines on either side in the same plot. Ratings are whole numbers 1 through 5: 1 indicates the genotypic entry was as green as- or 

greener than- the resistant parent, 5 indicates that the genotypic entry was as yellow as- or more yellow than- the susceptible 

parent.  
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Appendix O. Correlation of genotypic means for seed Mn concentration and foliar visual ratings for set 2 in 2009. Seed were 

sampled at maturity from a field exhibiting pronounced foliar Mn deficiency symptoms. Each plot consisted of three adjacent hills: 

a center hill containing the RIL, control, or parental test entry, and outside hills containing the two parental types, SC97-1821 in 

the left hill, and Cook, in the right. All three hills in a plot were assayed for Mn concentration in the seed. 
 

Seed Mn concentration 

 
   

    RIL values standardized based on border plot Mn 

concentration to reduce field variability 

 

Cook  
SC97-

1821 

Mean of 

parents 

SC97-1821 
minus 

Cook 

RIL 
RIL minus mean of 

parents 

RIL minus 

Cook  

RIL minus SC97-

1821  

Foliar Visual Rating of RILs† 0.16 0.10 0.15 -0.09 -0.34** -0.61** -0.54** -0.51** 

Seed Mn concentration          

       Cook  0.50** 0.90** -0.69** 0.57** -0.15 -0.46** 0.24* 

       SC97-1821    0.82** 0.28* 0.60** -0.04 0.11 -0.19 

       Mean of parents    -0.31* 0.68** -0.12 -0.24* 0.06 

       SC97-1821 minus Cook     -0.13 0.14 0.60** -0.43** 

        RIL      0.65** 0.47** 0.67** 

RIL values standardized based on border 

plot Mn concentration to reduce field 

variability ‡ 

        

       RIL minus mean of parents       0.87** 0.84** 

       RIL minus Cook        0.47** 

*,** Significant at the 0.05α and 0.01α levels of probability, respectively. 

†Visual foliar ratings for Mn deficiency compares the center genotypic entry in a plot against the resistant and susceptible parental 

lines on either side in the same plot. Ratings are whole numbers 1 through 5: 1 indicates the genotypic entry was as green as- or 

greener than- the resistant parent, 5 indicates that the genotypic entry was as yellow as- or more yellow than- the susceptible 

parent.  
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Appendix P. Correlation of genotypic means for seed Mn concentration and foliar visual ratings for set 3 in 2009. Seed were 

sampled at maturity from a field exhibiting pronounced foliar Mn deficiency symptoms. Each plot consisted of three adjacent hills: 

a center hill containing the RIL, control, or parental test entry, and outside hills containing the two parental types, SC97-1821 in 

the left hill, and Cook, in the right. All three hills in a plot were assayed for Mn concentration in the seed.  
 

Seed Mn concentration 

 
   

    RIL values standardized based on border plot Mn 

concentration to reduce field variability 

 

Cook  
SC97-

1821 

Mean of 

parents 

SC97-1821 
minus 

Cook 

RIL 
RIL minus mean of 

parents 

RIL minus 

Cook  

RIL minus SC97-

1821  

Foliar Visual Rating of RILs† 0.04 -0.08 -0.02 -0.12 -0.24 -0.31* -0.34** -0.20 

Seed Mn concentration          

        Cook  0.54** 0.88** -0.48** 0.63** -0.03 -0.27* 0.19 

        SC97-1821    0.88** 0.48** 0.52** -0.18 0.08 -0.36** 

       Mean of parents    0.00 0.66** -0.12 -0.11 -0.09 

        SC97-1821 minus Cook     -0.11 -0.15 0.36** -0.57** 

       RIL      0.67** 0.58** 0.61** 

RIL values standardized based on border 

plot Mn concentration to reduce field 

variability ‡ 

        

       RIL minus mean of parents       0.87** 0.90** 

        RIL minus Cook        0.56** 

*,** Significant at the 0.05α and 0.01α levels of probability, respectively. 

†Visual foliar ratings for Mn deficiency compares the center genotypic entry in a plot against the resistant and susceptible parental 

lines on either side in the same plot. Ratings are whole numbers 1 through 5: 1 indicates the genotypic entry was as green as- or 

greener than- the resistant parent, 5 indicates that the genotypic entry was as yellow as- or more yellow than- the susceptible 

parent.  
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Appendix Q. Correlation of genotypic means for leaf Mn concentration and foliar visual ratings for set 3 in 2009. Leaves were 

sampled after flowering in a field exhibiting pronounced foliar Mn deficiency symptoms. Each plot consisted of three adjacent 

hills: a center hill containing the RIL, control, or parental test entry, and outside hills containing the two parental types, SC97-1821 

in the left hill, and Cook, in the right. All three hills in a plot were assayed for Mn concentration in the leaves. 
 

Seed Mn concentration 

 
   

    RIL values standardized based on border plot Mn 

concentration to reduce field variability 

 

Cook  
SC97-

1821 

Mean of 

parents 

SC97-1821 
minus 

Cook 

RIL 
RIL minus mean of 

parents 

RIL minus 

Cook  

RIL minus SC97-

1821  

Foliar Visual Rating of RILs† 0.14 0.14 0.17 0.05 -0.20 -0.30* -0.28* -0.27* 

Leaf Mn concentration          

       Cook  0.44** 0.79** -0.29* 0.30* -0.31* -0.45** -0.14 

       SC97-1821    0.90** 0.73** 0.23 -0.46** -0.11 -0.67** 

       Mean of parents    0.36** 0.30* -0.46** -0.29* -0.53** 

       SC97-1821 minus Cook     0.01 -0.26* 0.22 -0.60** 

       RIL      0.70** 0.72** 0.57** 

RIL values standardized based on border 

plot Mn concentration to reduce field 

variability ‡ 

        

       RIL minus mean of parents       0.88** 0.93** 

       RIL minus Cook        0.64** 

*,** Significant at the 0.05α and 0.01α levels of probability, respectively. 

†Visual foliar ratings for Mn deficiency compares the center genotypic entry in a plot against the resistant and susceptible parental 

lines on either side in the same plot. Ratings are whole numbers 1 through 5: 1 indicates the genotypic entry was as green as- or 

greener than- the resistant parent, 5 indicates that the genotypic entry was as yellow as- or more yellow than- the susceptible 

parent.
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Appendix R. Visual foliar ratings of selected extreme RILs from sets 1 through 3 in 2008–

2009, compared with visual foliar rating scores of the same lines in 2012 retest.  

 
†Visual foliar ratings for Mn deficiency compares the center genotypic entry in a plot against 

the resistant and susceptible parental lines on either side in the same plot. Ratings are whole 

numbers 1 through 5: 1 indicates the genotypic entry was as green as- or greener than- the 

resistant parent, 5 indicates that the genotypic entry was as yellow as- or more yellow than- 

the susceptible parent.  

‡Correlation coefficient of visual foliar ratings of RILs grown in Exp. I and Exp. II is 0.53 
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Appendix S. R\qtl analysis of 60 RILs exhibiting extreme differences in phenotypic 

expression of Mn resistance trait. Multiple Imputations and LOD score of 1.98. 
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Appendix T. R\qtl analysis of 50 RILs exhibiting extreme differences in phenotypic 

expression of Mn resistance trait. Multiple Imputations and LOD score of 1.77 

Run3_Reduced_20-50_GenoPerSNP
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Appendix U. R\qtl analysis of 109 RILs exhibiting extreme differences in phenotypic 

expression of Mn resistance trait. Multiple Imputations and LOD score of 2.48. Preliminary 

analysis before final data cleaning.  
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Appendix V. R\qtl analysis of 35 RILs exhibiting extreme differences in phenotypic 

expression of Mn resistance trait. Multiple Imputations and LOD score of 1.57. Preliminary 

analysis before final data cleaning. 
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0.0

0.5

1.0

1.5

Cook X SC97-1821 - Pheno4 - Chrs01-20

Chromosome

L
O

D
 S

c
o

re

1 3 5 7 9 11 13 15 17 19
2 4 6 8 10 12 14 16 18 20

Simple Interval Analysis (Multiple Imputation Method)
(Method Imputes a Genotype (for a Missing One) Based on Observed Flanking Genotypes)

1.57

 


