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ABSTRACT 
 

MAPPING AND IDENTIFYING CANDIDATE GENES OF THE MODIFIER OF 
AMYLOSE EXTENDER 1 (MAE1) MUTATION IN MAIZE (ZEA MAYS L.) 

 
Anna Urszula Krzywdzinski       Advisor: 
University of Guelph 2016      Dr. Elizabeth Lee 
 
In maize (Zea mays L.), amylose extender 1 (ae1) mutants are associated with an 
increase in amylose content from 25 to 70%. A novel maize phenotype of completely 
shrunken, collapsed kernels was observed when backcrossing ae1 alleles into the 
food-grade inbred line cgx333. This novel mutation is recessive, epistatic to ae1 and 
appears to be due to the segregation of a single gene, modifier of amylose extender 1 
(mae1). We hypothesize that the mae1 gene represents a yet unknown step in starch 
synthesis. In an ae1 background, mae1 results in smaller starch granules and a larger 
proportion of long amylopectin chains whereas in the presence of functional SBEIIb, 
mae1 does not have an effect on starch properties. Using a RIL population, the mae1 
mutation was mapped by genotype-by-sequencing (GBS). The 81,018 polymorphic 
SNPs were narrowed down to 389 SNPs putatively associated with mae1, however a 
chromosomal location was not discerned.  
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Chapter One – Literature Review 
1.1 Maize biology 
Maize (Zea mays L.), a member of the grass family Poaceae (Johnson, 2008), is a 

diploid plant with 10 chromosomes (n = 10, 2n = 20)(Lee, 2004). This monoecious 

plant has separate male and female flowers, located on the tassel and ear, respectively 

(Lee, 2004).  The kernel develops when one of the roughly 25 million pollen grains 

produced by a tassel sheds and pollinates one of the roughly 1000 silks produced by 

the ear. When pollinated, each silk will develop into a single kernel (Lee, 2004).  In 

most modern maize lines, when the uppermost ear initial is pollinated and begins to 

grow, the growth of the lower ears is suppressed (Paulter et al., 2013).  

The maize kernel is a seed, which contains the endosperm, embryo and 

pericarp (Scanlon and Takacs, 2009). The pericarp, a maternal tissue, is the mature 

ovary wall. The embryo and endosperm, zygotic tissues, result from the double 

fertilization of the egg cell and polar nuclei, respectively (Scanlon and Takacs, 2009). 

The male microspore or pollen grain from the tassel undergoes two mitotic divisions 

to form a haploid (n) three-celled microgametophyte within a vegetative cell (Candela 

and Hake, 2008). The first of the three cells, the vegetative nucleus, will form a 

pollen tube to deliver two sperm cells to the female. The female megaspore from the 

ear undergoes three mitotic divisions and results in seven haploid cells. The egg cell 

is fertilized by one sperm cell, resulting in the diploid (2n) embryo. The central polar 

nuclei are fertilized by the second sperm cell, resulting in the triploid (3n) endosperm 

(Candela and Hake, 2008). Therefore, the endosperm results from the union of two 

female gametophytic nuclei and one male gametophyte (Lindstrom, 1923).  
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Energy is stored in the endosperm for the ultimate germination of the seed and 

growth of the seedling. It is composed of four types of tissues; the starchy endosperm, 

the basal endosperm transfer layer (BETL), the embryo-surrounding region (ESR) 

and the aleurone outer layer (Scanlon and Takacs, 2009). About four to six days after 

pollination (DAP), a cell division phase begins and continues until maturity at 35 

DAP (Tetlow, 2011). Storage energy accumulation begins 10 DAP and continues 

until maturity, at which point starch makes up approximately 70 % of the dry weight 

of the seed (Dale and Housely, 1986) and is profitable as both a staple food and for 

industrial biomaterials (Tetlow, 2011). 

1.2 Starch biosynthesis 

1.2.1 Starch composition overview 
Storage starch is synthesized in specialized plastids, called amyloplasts, within the 

endosperm, whereas transient starches are located in the chloroplasts of leaves 

(Tetlow, 2011). Starch is a polysaccharide that is composed of two polymers, 

amylose and amylopectin (Denyer et al., 2001). These polymers are both made up of 

glucose subunits. Cross-linking experiments have indicated that in maize starch, 

amylose molecules are interspersed among amylopectin molecules (Jane et al., 1992). 

The amylose polymer can contain linear and branched molecules depending 

on the origin (Takeda et al., 1987). In cereal starches, amylose is predominately a 

linear molecule with a low number of branches and amylose from maize specifically 

has only 5.3 branches on average (Denyer et al., 2001). These branches occur 

approximately every 200 glucose residues in the amylose molecules (Lee, 2004), 

which can range from 100 to 10,000 glucose subunits (Keeling and Myers, 2010; 

Tetlow, 2011) with an average of 1000 residues in length (Kim et al., 1998).  
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Amylopectin, the branched polymer, contributes to the majority of the starch 

in the endosperm (James and Myers, 2009). Branch points are found more often than 

in amylose, occurring at 4-5 % of the glucose subunits (Lee, 2004) or approximately 

every 20 residues (Tetlow, 2011). This amylopectin molecule can incorporate up to 

200,000 glucose residues (Lee, 2004) but commonly exists in the range of 10,000-

100,000 subunits (Keeling and Myers, 2010). 

Starch synthesis is a complex process by which these unique polymers are 

formed simultaneously. Amylose is not required for the formation of amylopectin, 

and it has no effect on starch granule crystallinity (Cooke and Gidley, 1992). It is 

initiated by the conversion of soluble glucose-1-phosphate to ADP-glucose 

(adenosine 5’-diphosphate glucose) by ADP-glucose pyrophosphorylase (AGPase, 

EC 2.7.7.27; Keeling and Myers, 2010). In monocots, this conversion occurs 

primarily in the cytosol and the product enters the endosperm of maize by an ADP-

glucose transporter called brittle1 (Bt1)(Kirchberger et al., 2007).  Three classes of 

enzymes; starch synthases (SS), starch branching enzymes (SBE) and debranching 

enzymes (DE), are involved in starch synthesis in the endosperm and these exist as 

multiple isoforms with elaborate interactions (Cao et al., 2000).  

1.2.2 Starch synthases 
The first class consists of starch synthases which catalyze the formation of α-1,4 

glycosidic linkages between ADP-glucose subunits, building the linear α-1,4-glucan 

chain at the non-reducing end (James and Myers, 2009). There are five classes of SSs 

named SSI, SSII, SSIII, SSIV and granule-bound SSI (GBSSI) and each of these are 

required for the synthesis of both amylose and amylopectin (Denyer et al., 2001). The 

C-terminal regions of SSs from all plants are highly conserved, containing an 
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approximately 450 amino acid region that is responsible for catalysis, while the N-

terminal regions vary greatly (James and Myers, 2009).  

GBSSI is distinguishable from the remaining three classes because it is 

associated with the surface of the starch granule as well as found throughout the 

granule itself (Denyer et al., 2001). Studies of null mutants lacking functional GBSSI 

indicated that this SS is required for the synthesis of amylose and that the other SSs 

are not able to compensate for its activity (Denyer et al., 2001). GBSSII is not 

involved in storage starch synthesis but instead acts to synthesize starch in leaves and 

tissues (Nakamura, 2002).  

Three of the classes (SSI, SSII and SSIII) are referred to as soluble SSs 

because they are located in plastid stroma, in addition to being associated with starch 

granules. SSs are primarily involved in amylopectin synthesis by elongating the linear 

chains and it is believed that each class is suited to synthesizing different amylopectin 

chain lengths (Keeling and Myers, 2010). By the study of mutants lacking functional 

enzymes, researchers identified which chain lengths were lacking in amylopectin 

molecules. SSI was found to be responsible for the synthesis of short chains of 8-12 

glucose units (Fujita et al., 2006). SSIIa, the endosperm specific form of SSII in 

maize, synthesized the intermediate chains most suitable for the formation of double 

helices, approximately 12-25 glucose units in length (Zhang et al., 2004). SSIII 

promotes amylopectin with long chain lengths of more than 30 glucose units, which 

extend between helical clusters (James and Myers, 2009). Little is known about SSIV 

in maize (James and Myers, 2009).  
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1.2.3 Starch branching enzymes 
The second class of enzymes is the starch branching enzymes (α-1,4-glucan:α-1,4-

glycan-6-glycosyl transferase; EC 2.4.1.18) which are responsible for the hydrolysis 

of internal α-1,4 bonds and the formation of α-1,6 bonds between the released α-1,4-

glucan chain’s reducing end and the primary hydroxyl group of another α-1,4-glucan 

chain (Hedman and Boyer, 1983). By this transfer of chain fragments, amylose is 

converted to more highly branched amylopectin, but this does not result in a net 

increase of D-glucan synthesis (Boyer and Preiss, 1978a). Maize has three branching 

enzymes, named SBEI, SBEIIa and SBEIIb. 

Boyer and Preiss (1978a) were the first to isolate multiple forms of starch 

branching enzymes with various activities. They found a ratio of activity (units of 

phosphorylase stimulation/units of decrease in absorbance of the amylose-iodine 

complex) of 30-60 for SBEI and 300-500 for SBEII fractions from 

diethylaminoethyl-cellulose (DEAE-C) chromatography (Boyer and Preiss, 1978a). 

The SBEII containing fraction was further purified and showed two peaks, named 

SBEIIa and SBEIIb, which could not be distinguished by the assays.  Fraction SBEIIb 

however was found to branch amylopectin more rapidly (Boyer and Preiss, 1978a).  

Immunological studies completed to determine relatedness of the enzymes 

showed that SBEIIa and SBEIIb are similar, with SBEIIa containing a structural 

component not present in SBEIIb, while SBEI was found to be distinct from the other 

two enzymes (Fisher and Boyer, 1983). SBEIIa and SBEIIb share a 2.1kb region with 

78% identity, but differ in their promotor sequences, leading to differing expression 

patterns (Blauth et al., 2001). SBEIIb is 84.772 kilodaltons (kD) in size (Fisher et al., 

1993) while SBEIIa is 89 kD (Fisher et al., 1996). Additionally, Kim et al. (1998) 
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determined the entire genomic sequence of the ae1 locus, the structural gene for 

SBEIIb (Vineyard and Bear, 1952), and proved independent genetic control for the 

two SBEII isoforms in maize endosperm. SBEIIb is expressed exclusively in the 

developing kernel and tassels, and leads to storage starch accumulation, whereas 

SBEIIa is expressed moderately in the kernel at early to mid-development and highly 

in photosynthetic tissues to produce transitory starch (Blauth et al., 2001). SBEIIa is 

more highly expressed in the embryo than endosperm (Kim et al., 1998). Endosperm 

starch from maize mutants lacking SBEIIa is indistinguishable from wild-type starch 

(Blauth et al., 2001).  

The SBEII class of enzymes transfers shorter chain lengths than SBEI in vitro, 

resulting in shorter branches (Takeda and Preiss, 1993). A study of SBEI and SBEII 

mutants, su1 and ae1 respectively, showed that the two enzymes act independently. 

The su1 mutant showed increased SBEI activity with no effect on SBEII and 

alternately, ae1 mutants showed decreased SBEII activity without effect on SBEI 

(Boyer and Preiss, 1978a).  

Branching enzymes act on relatively long amylose chains that are in a double 

helix formation. Helical formation is affected by temperature. Higher temperatures 

promote dissociation of the helices and longer chains are needed to maintain the 

formation. At 30 °C, SBEs require a minimum of 40 residues while at lower 

temperatures of 14 °C, just 15-20 residues will allow for the enzyme to introduce 

branch points (Robyt, 1984). In the amylopectin structure, branch points work to hold 

the two chains of the double helix together, and shorter chains can still allow for 
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SBEs to further branch the molecule (Robyt, 1984). A minimum of six chain lengths 

are transferred by these enzymes.  

1.2.4 Debranching enzymes 
Lastly is the class of debranching enzymes, which hydrolyze α-1,6 linkages and 

selectively remove branches in the precursor to the final amylopectin product (James 

and Myers, 2009). This precursor has short branches on the surface that are not found 

in amylopectin (Nielsen et al., 2002), as well as chains poorly positioned for double 

helix formation (Myers et al., 2000). Debranching enzymes belong to two classes, 

isoamylases (EC 3.2.1.68) and pullulanases (EC 3.2.1.41), which differ in their 

substrates. Isoamylases are necessary for the formation of semi-crystalline ordered 

amylopectin (James and Myers, 2009). Pullulanase-type enzymes likely participate in 

starch degradation by cleaving only very short branches at random positions, 

irrespective of spatial distribution of the α-1,6 linkages (Wu et al., 2002).  

1.3 Molecular organization and composition of starch granules 
Starch can be reserved in the form of water insoluble granules for long-term energy 

storage in the seed (Liu et al., 2009a), mainly in the endosperm although some starch 

is stored in the embryo and pericarp before being degraded during the seed 

maturation process (Keeling and Myers, 2010). Starch granules contain a combination 

of amylose and amylopectin and can be characterized by the ratio of these two D-

glucose polymers. In wild-type maize, the endosperm contains approximately 25 % 

linear amylose and 75 % highly branched amylopectin (French, 1984). Normal 

granule formation is dependent on the presence of amylopectin, whereas vast changes 

in amylose content do not affect the granule morphology (Keeling and Myers, 2010).  
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Starch granule characteristics, like size, shape and morphology are unique to 

the plant source. They can include nearly sphere and disc shapes as well as polyhedral 

or irregular shapes (Chen et al., 2006). Maize granules decrease in size and molecular 

weight with increasing amylopectin content (Chen et al., 2006). Maize starch rich in 

amylopectin is more regular with regard to morphology, containing four and five 

sided angular granules while wild-type and amylose-rich maize starches additionally 

contain irregular granules, which are smoother (Chen et al., 2006). Optical (light) 

microscopy and confocal laser scanning microscopy (CLSM) can be used 

complementarily to examine starch granule characteristics. Light microscopy can be 

used to visualize the surface and internal distribution of starches, while CLSM allows 

the visualization of the internal structure and molecular distribution. 

The glucose building blocks of amylose are connected by α-1,4 linkages 

which cause a slight twist in the structure, resulting in six residues repeating every 21 

Ångströms (Zobel, 1988). This hydrophobic helix can incorporate the iodine used in 

the traditional iodine-binding assay developed by Williams et al. (1970), as well as 

free fatty acids and some alcohols (Bertolini, 2010). The iodometry assay determines 

the apparent amylose content of the endosperm. After the incorporation of iodine with 

amylose, a blue solution develops and the absorbance is measured 

spectrophotometrically at 620 nm, where maximum absorption is observed for cereal 

starches (Knutson, 1986). Iodine is not able to integrate as easily into the more highly 

branched starch molecules like amylopectin. Due to the lower binding capacity, a red-

brown stain is produced which coincides with a decrease in absorbance (Denyer et al., 

2001).  
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Amylopectin contains short α-1,4 branches attached by α-1,6 branch points to 

the α-1,4 backbone of amylose (Zobel, 1988). Low frequency of neighboring 

branches allows for close packing of glucose chains and double helices result from 

intermolecular hydrogen bonding, leading to glucan crystallinity (Liu et al., 2012).  

The location of branches relative to each other in amylopectin is highly systematic 

(Keeling and Myers, 2010). Short branches of amylopectin have stronger and more 

frequent hydrogen bonds which result in parallel left-handed helices and allow for 

regions of water-insoluble crystallinity, while regions of weaker hydrogen bonds, 

often due to steric influences from α-1,6 branch points, will give rise to amorphous 

areas of the granule (Liu et al., 2009b). The double helices that form between single 

chains allow for a lower energy conformation, and these double helices of crystalline 

regions exist as pairs packed in parallel arrays, giving rise to a specific crystallinity 

based on chain length and water content (Imberty et al., 1991). These semi-crystalline 

regions alternate with the amorphous regions near branch points and result in growth 

rings that can reach a width of several hundred nanometers and have a conserved 

length of 9-10 nm (Tetlow, 2011). Surrounding these layers of growth rings is an 

amorphous background that consists of less ordered amylopectin as well as 

interspersed amylose in the form of a single helical random coil (Jenkins & Donald, 

1995).  

Crystallinity can occur as three allomorphs, termed A-, B-, and C-types, 

which differ in the degree of packing of double helices. A-type crystallinity is the 

most common allomorph in cereals including maize, characterized by tight packing 

and shorter chain lengths of up to 20 units (Hizukuri et al., 1983). B-type helices, 
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present in potato tubers, are less tightly packed and have a more open structure 

containing more water, where 36 molecules per unit cell are arranged in a central 

channel compared to four water molecules per unit cell for A-type starch (Imberty et 

al., 1991). Chain lengths longer than an average of 20 units were found to be of B-

type crystallinity (Hizukuri et al., 1983). C-type allomorphs are a combination of the 

two previous structural types. The tight A-type packing in maize starch granules 

allows for storage of large amounts of energy in the form of glucose chains and 

results in great water insolubility without negative osmotic effects (Liu et al., 2012). 

As the amylose content of maize increases beyond 49 %, the structure of the starch 

becomes predominantly B-type (Zobel, 1988). Additionally, amylopectin with longer 

branch chains of 15 residues yields B-type starch arrangement (Imberty et al., 1991).  

1.4 Amylopectin characterization 
The molecular structure of amylopectin can be characterized by glucan chain length 

(cl) determination. Starches from different botanical sources have characteristic cl 

distributions at degree of polymerization (DP) 6-10 (Koizumi et al., 1991). Corn 

amylopectin shows few DP 6-8 chains and a dull peak with chains of DP 9-12, with a 

maximum at 10 and 11 (Koizumi et al., 1991). For cl determination, the extracted 

starch is debranched by isoamylase, which hydrolyzes the α-1,6 branch linkages of 

the amylopectin molecules (Liu et al., 2009b). The length and distribution of the 

resulting linear chains is determined by high performance anion exchange 

chromatography with pulsed amperometric detection (HPAEC-PAD). This method is 

able to separate digested starch into individual homoglucan chain lengths reaching a 

DP up to 50 (Koizumi et al., 1991). The phosphorylated chains are separated from the 

non-phosphorylated chains by ion-exchange chromatography (Hanashiro et al., 1996).  
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The composition of starch influences the gelatinization process. Starch 

gelatinization involves the breakdown of intermolecular bonds and the swelling of 

granules to form a paste during heating in excess water (Lelievre, 1973). When 

starches are completely gelatinized, the granule disintegrates and the polysaccharides 

are released into the surrounding medium (Sandhu et al., 2004). The semi-crystalline 

structure is lost, corresponding with a loss of birefringence, or the Maltese cross, 

under a polarizing microscope (Lelievre, 1973). The gelatinization process is unique 

to the starch composition and source (Stevens and Elton, 1971) and thermal 

properties, including transition temperatures and enthalpy of gelatinization, can be 

quantified by differential scanning calorimetry (DSC)(Lelievre, 1973). These thermal 

properties are important for commercial food and non-food applications, as they can 

influence processing and the quality of end products (Genkina et al., 2014).  

DSC thermograms show two peaks for native cereal starches. The main peak 

is viewed at approximately 70 °C and corresponds to the melting of amylopectin 

crystalline lamellae and the untwisting of the double helices as hydrogen bonds break 

in the side chains (Genkina et al., 2014). A second smaller and broader peak at 

approximately 95 °C is attributed to the dissociation or melting of the amylose-lipid 

complexes (Genkina et al., 2014). This amylose-lipid dissociation can be reversed, 

while amylopectin melting is not a reversible process, thus when samples are 

rescanned with DSC, only the amylose-lipid complex peak will appear (Genkina et 

al., 2014). Amylopectin has a more important role than amylose in gelatinization 

because it determines the crystallinity of the starch (Stevens and Elton, 1971). 

Amylopectin can however undergo retrogradation with time. Retrogradation is the 
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transformation of starch from an amorphous (gelatinized) state to a more ordered 

(crystalline) state (Genkina et al., 2014). This retrograded state is in the form of 

shorter double helices and less dense packing and results in a significantly lower 

gelatinization temperature (Tp) than that of native starches (Genkina et al., 2014). The 

Tp of retrograded starches ranging from 20-53 % amylose was found to be 52 °C, 

significantly lower than the Tp of the native starches (Genkina et al., 2014). With 

increasing amylose content, the gelatinization temperature decreases. For starches 

with 20, 30 and 53 % amylose content, Tp was found to be 68.0, 66.5 and 64.5 °C, 

respectively (Genkina et al., 2014). High levels of lipids result in a less dense 

amylose conformation and less ordered crystalline structure, and also translate to a 

lower peak temperature and enthalpy (Genkina et al., 2014). 

1.5 Maize starch mutants 
The three classes of enzymes involved in starch synthesis are critical to the 

production of normal or wild-type starch. Mutations of these enzymes have 

pronounced effects on the polysaccharide that is produced. 
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Figure 1.1. Kernel phenotypes. (A) Wild-type, normal plump white food-grade maize 
(B) ae1 mae1, completely shrunken, collapsed (C) ae1 Mae1, hard vitreous (D) Ae1- 
5180::Mu, dominant RNAi allele. 
 

1.5.1 sh2 and bt2 mutations of AGPP 
There are two well-known mutations of cytosolic AGPase. This heterotetrameric 

enzyme is a highly conserved regulatory component of starch synthesis and 

interactions between the subunits are necessary for enzyme stability (Greene and 

Hannah, 1998).  The null mutants of the large and small subunits each result in starch 

deficient kernels (Greene and Hannah, 1998). The shrunken2 (sh2) gene on 

chromosome 3 (Sa et al., 2012) encodes the large, 60 kD subunit of AGPase (Preiss et 

al., 1990). A homozygous recessive mutation of the gene results in collapsed brittle 

mature endosperm when dried (Neuffer et al., 1997). These kernels have a high 

concentration of sucrose and lipids, which accumulate at the expense of water-soluble 
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polysaccharides and starch (Laughnan, 1953). The starch content has been quantified 

at 20 % (Nelson, 1982) and 34 % (Doehlert and Kuo, 1994) of the wild-type amount, 

however the starch that is present does not have noticeable structural changes from 

the normal starch (Keeling and Myers, 2010). The brittle2 (bt2) gene on chromosome 

4 (Sa et al., 2012) encodes the small 55 kD subunit of AGPase (Preiss et al., 1990). A 

mutation of this gene also results in lower starch contents of 15-20 % (Tsai and 

Nelson, 1966). Mutations causing a total loss of either of these two genes are not 

lethal, and residual AGPase activity remained in all mutants examined by Giroux and 

Hannah (1994). 

1.5.2 wx1 mutation of GBSSI 
The waxy1 (wx1) gene on chromosome 9 (Sa et al., 2012) encodes the major granule 

bound starch synthase, GBSSI, in the maize endosperm and catalyzes amylose 

synthesis (Klosgen et al., 1986). Homozygous recessive mutations of this granule-

bound UDP-glucose starch glycosyl transferase affect its activity and expression, 

resulting in a lower amount of α-1,4 glucan in the endosperm and thus kernels 

composed of almost exclusively amylopectin (Shannon and Garwood, 1984).  These 

appear hard, smooth and opaque when dry (Neuffer et al., 1997) and the starch from 

this mutant cooks to form a clear solution instead of the normal opaque gel (Keeling 

and Myers, 2010). Since the Wx1 allele is incompletely dominant to the wx1 allele, 

GBSSI activity is linearly proportional to the number of Wx1 alleles, however 

amylose content is not linearly proportional to GBSSI activity (Tsai, 1974). The wx1 

mutation is epistatic to all known starch mutants as it prevents amylose formation 

(Shannon & Garwood, 1984). This lack of amylose does not affect the amount of 
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starch in the kernel nor the granule morphology, but the linear polysaccharide may be 

important for the formation of semi-crystalline amylopectin (James and Myers, 2009).  

1.5.3 su1 mutation of ISAI 
A recessive mutation of the sugary (su1) gene is the basis of commercial sweet corn 

(Neuffer et al., 1997). This mutation, which maps to chromosome 4 (Sa et al., 2012), 

affects isoamylase 1 (Iso-1), altering amylose branching and resulting in the presence 

of phytoglycogen in the endosperm (James et al., 1995). Phytoglycogen is a water-

soluble polysaccharide similar in structure to amylopectin but with approximately 

double the branch points, which are uniformly distributed (Tetlow, 2011) and caused 

by minimized removal of branch linkages (James and Myers, 2009). As the kernel 

develops, the previously formed smaller granules at the central crown region break 

down and are replaced by phytoglycogen (Shannon and Garwood, 1984). 

Phytoglycogen is the major soluble polysaccharide in sweet corn and makes up 25 % 

or more of the kernel dry weight (Shannon and Garwood, 1984). The sugar content of 

these su1 kernels is increased while the starch content is reduced (Boyer and Preiss, 

1978b). The lower starch content contributes to the collapsed, angular or wrinkled 

mature kernel phenotype (Neuffer et al., 1997) with a lower granule diameter of 3.6 

µm (Shannon and Garwood, 1984).  

1.5.4 ae1 mutation of SBEIIb 
The focus of this research relates to the mutation of the main starch branching 

enzyme of maize endosperm, amylose extender 1 (ae1). Vineyard and Bear (1952) 

were the first to identify the amylose extender locus, naming it ae and noting that the 

recessive mutant doubled the amylose content of normal maize endosperm, resulting 

in a hard, vitreous kernel phenotype (Figure 1.1C). This allele, which is on 
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chromosome 5 (Kramer et al., 1956), is called the reference allele, ae1-ref or ae1.1, 

and is the null allele that was studied exclusively prior to 1983 (Hedman and Boyer, 

1983). 

Homozygous recessive ae1 mutants lack SBEIIb activity in the endosperm but 

each additional dose of the dominant Ae1 allele causes an almost linear increase in its 

enzymatic activity without influence on levels of SBEI and SBEIIa (Hedman and 

Boyer, 1982). Thus, SBEI and SBEIIa were not found to compensate for the loss of 

SBEIIb in the null mutant. This finding indicates that the ae1 locus is the structural 

gene for SBEIIb, the major SBE in maize (Hedman and Boyer, 1982), and was 

supported by a study of six different ae1 mutants which all lacked SBEIIb activity 

(Hedman and Boyer, 1983). A cloning study of the Mu1-tagged Ae1-5180 allele 

confirmed that ae1 is the structural gene for SBEII (Stinard et al., 1993).  

The study of ae1 wx1 double mutants in rice, lacking amylose due to absent 

GBSSI, indicated that the starch present is not truly amylose as early researchers 

concluded (Nishi et al., 2001). The recessive ae1 mutant produces starch with a 

higher proportion of linear amylose-like starch, which is indistinguishable by assays 

from normal amylose (Hedman and Boyer, 1982), as well as a form of amylopectin 

with fewer α-1,6 branch points than in the wild-type (Boyer and Preiss, 1978a). When 

maize inbred lines were crossed with the recessive ae1 genotype, the amylose content 

ranged from 35-65 %, indicating affects from a number of modifiers (Bear et al., 

1958).  

1.5.4.1 ae1 Alleles 
The ae1 locus is located on chromosome 5 between 168,451,664 and 168,468,750 

based on the GRMZM2G032628 gene model (Andorf et al., 2010). The locus has not 
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been physically mapped. A number of ae1 mutants have been discovered and two of 

these have been well studied. The ae1-ref allele is a null allele, also called ae1.1, 

which does not produce a SBEIIb protein product (Vineyard and Bear, 1952). The 

apparent amylose content of this null mutant was 65.6 ± 0.4 % (Liu et al., 2012). All 

ae1 mutants have a significantly higher apparent amylose content than the wild-type 

starch. A second allelic variant, ae1-Elmore, known as ae1.2, produces a catalytically 

inactive truncated protein product that is unable to bind glucan (Liu et al., 2012). This 

mutant lacks a 28 amino acid sequence (Val272-Pro299) in the N-terminal region of 

the protein near a putative glucan-binding domain and an α-amylase-like catalytic 

domain (Liu et al., 2012). The apparent amylose content of this mutant was 49.3 ± 2.2 

% (Liu et al., 2012). A dominant ae1 mutant, Ae1-5180 was discovered in the early 

1990s (Stinard et al., 1993). This RNAi allele is antimorphic and a single dose can 

suppress normal ae1 gene function, ensuring expression of the ae1 mutation (Figure 

1.1D). The resulting phenotype is identical to that of three doses of ae1-ref in the 

endosperm (Neuffer et al., 1997). 

1.5.5 mae1 mutation 
As part of the Guelph Starch Project with the Emes and Tetlow labs, two recessive 

ae1 mutants, ae1-ref and ae1-Elmore, were backcrossed independently into a series 

of ten maize inbred lines. One of the inbred lines used, cgx333, was a white food-

grade inbred line from a Recombinant Inbred Line (RIL) population involving two 

white food-grade inbred lines, SD79 and SD80 (Lee et al., 2009; 2012). Unlike the 

other nine inbred lines, a distinctly different kernel phenotype was observed in the 

presence of both recessive ae1 alleles. The kernels in the F1 generation of the crosses, 

heterozygous at ae1 for a normal and mutant allele, exhibited the expected normal, 
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plump phenotype.  When the F1 was self-pollinated, the expected 3:1 ratio of normal 

to ae1 mutant kernels was not observed. Instead, a third class of kernels was observed 

in addition to normal and ae1 mutant kernels. These kernels were completely 

shrunken and collapsed (Figure 1.1B), similar in phenotype to sh2, bt1 and bt2 mutant 

kernels. Initial examination of the phenotypic ratios indicated that the novel 

phenotype was due to a recessive mutation of a single gene (unpublished results). 

Studies with peptide-specific anti-maize antibodies to the major starch synthesis 

enzymes (SSI, SSIIa, SSIII, SSIV, SBEI, SBEIIa, SP, Iso-1 and Pullulanase) revealed 

that all these known components of starch synthesis were present and functional, thus 

the mutation is due to a yet unknown component of starch synthesis. This gene was 

named modifier of amylose extender 1 (mae1). 

The dominant epistatic relationship between ae1 and mae1, such that the 

novel mae1 phenotype is only observed in a homozygous recessive ae1 background 

which lacks functional SBEIIb, presented a challenge to using traditional mapping 

approaches. However, the patent for a dominant ae1 mutant, Ae1-5180::Mu allele 

discovered in the early 1990s (Stinard et al., 1993) recently expired. This dominant 

allele is a naturally occurring RNAi allele, meaning a single dose is sufficient to 

suppress normal Ae1 gene function and creates a background that allows for the 

visual phenotyping of mae1 presence. Initial crosses between the Ae1-5180::Mu 

allele and the parental lines revealed that SD79 contains the mae1 mutation, while 

SD80 does not. Two additional inbred lines, SD77 and SD75 were found to differ for 

the mae1 mutation, with SD77 carrying the recessive mae1. 
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1.6 Protein complex 
In wild-type maize, a protein complex forms between SSI, SSIIa and SBEIIb, which 

has been detected by co-immunoprecipitation experiments (Liu et al., 2009a). It has 

been suggested that SSI and SSIIa form an initial core which then recruits 

phosphorylated SBEIIb to form the complete protein complex (Liu et al., 2009a). 

This trimeric complex assembles short and intermediate length glucan chains of 

amylopectin and as the process continues, the protein complex becomes bound to the 

granule (Liu et al., 2009a). In the ae1.1 mutant, novel protein interactions occur due 

to the absence of SBEIIb. The dimeric core recruits SBEI, SBEIIa and SP, of which 

SBEI and starch phosphorylase (SP) are first phosphorylated (Liu et al., 2009a). The 

truncated ae1.2 SBEIIb protein remains capable of physical association with SSI and 

SSIIa as in the wild-type endosperm, but is additionally associated with SBEI (Liu et 

al., 2012). The lacking 28 amino acid peptide does not have a direct affect on 

conserved catalytic regions of the protein, but the interaction of the mutant SBEIIb 

with glucans is restricted and in turn catalytic activity is limited (Liu et al., 2012). In 

the ae1 mutants, the recruited enzymes may play a critical role. A mutation in one of 

these compensating enzymes may have a significant effect on kernel phenotype. For 

example, if mae1 encodes SBI, the ae1/ae1/ae1 mae1/mae1/mae1 double mutant may 

cause the severe shrunken and collapsed kernel phenotype. When SBEIIb is 

functional, the effect of mae1 mutation is not pronounced. 

1.7 Catalytic Activity 
In the ae1.1 mutant, SBEIIb was not detected in the endosperm by Western blot 

analysis but the levels of other proteins (SSI, SSIIa, Iso-1, Iso-2, plastidial SP and 

other SBE) were unaltered (Liu et al., 2009a). The catalytic activity, however, of 
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some of these proteins was affected. The soluble activity of SS increased, likely due 

to activation of one or more isoforms, while the activity of SBEI decreased (Liu et al., 

2009a). The same major wild-type starch synthesis proteins were detected in similar 

levels in ae1.2 endosperm compared to ae1.1, with the addition of SBEIIb (Liu et al., 

2012).  

1.8 SNP mapping 
Single nucleotide polymorphism (SNP) based marker systems are considered the new 

generation of molecular markers. Their delay in popularity by almost a decade when 

compared to other marker systems such as restriction fragment length polymorphisms 

(RFLPs) and amplified fragment length polymorphisms (AFLPs), is due to the need 

for sequence information (Jones et al., 2009). As this information has become more 

readily available for an increasing number of plant species via online databases, SNPs 

have become an effective tool for mapping studies since they are the most common 

form of sequence variation between individuals of a species (Edward et al., 2008). 

This tool is especially useful for studying maize, a genome with high nucleotide 

diversity due to substitutions and transposon-mediated rearrangement (Elshire et al., 

2011). This diversity renders techniques that rely on primer binding, like microarrays, 

unprofitable (Elshire et al., 2011).  

SNPs differ in a single base pair (bp) of genomic DNA (deoxyribonucleic 

acid) in the form of a substitution, rather than an insertion or deletion, arising from 

DNA replication errors or mutagenesis and becoming stable over evolutionary time 

after escaping repair (Jones et al., 2009). These differences are the basis of alleles 

(Brookes, 1999). SNPs can exist as bi-, tri- or tetra-allelic polymorphisms, however 

nearly all SNPs are bi-allelic with two alternative allelic forms at the specific locus 
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(Brookes, 1999). The SNP frequency is reported in terms of the minor allele 

frequency (Bush and Moore, 2012). 

These polymorphisms can be located in the coding and non-coding regions, 

and in maize occur at a rate of 1 SNP per 124 bp and 1 per 31 bp, respectively (Ching 

et al., 2002). SNPs in the coding region can exist as same-sense, mis-sense or 

nonsense mutations and occasionally they may be the cause of a change or loss of 

function mutation (Jones et al., 2009), but the large majority of SNPs have a 

negligible effect on phenotype (Bush and Moore, 2012). In coding regions, 

synonymous SNPs are more common since they do not change the amino acid 

sequence of the resulting protein and are less likely to be edited during mismatch 

repair, whereas the non-synonymous SNPs are more likely to have an effect on 

protein function and thus, phenotype (Edward et al., 2008).  

SNPs are utilized in a number of ways to investigate questions related to the 

genomic sequence. Chip-based microarrays can simultaneously screen 10,000 

individuals from a single species for the presence of a specific SNP allele (Jones et 

al., 2009). This ‘SNP chip’ array contains immobilized short oligonucleotides that are 

allele-specific. When exposed to DNA fragments labeled with fluorescent dyes, only 

one of the allelic variants will hybridize strongly and the resulting signal is detected 

and analyzed (Bush and Moore, 2008). This method is utilized to identify specific 

variations in the sample sequence, whereas genotyping-by-sequencing (GBS) screens 

the whole genome for the presence of known SNPs. GBS mapping studies can discern 

the SNPs linked to specific traits. 
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1.8.1 SNP haplotype and linkage disequilibrium 
Useful SNPs associate with the trait of interest and allow for locating the presence of 

the gene for association mapping or marker-assisted selection (MAS)(Jones et al., 

2009). There may be numerous common SNPs associated with, or linked to, the trait 

of interest (Jones et al., 2009; Bush and Moore, 2012). Due to a high density, the 

chance of recombination between these closely linked SNPs is extremely low and 

they are inherited as a unit called a haplotype (Buntjer et al., 2005). The haplotype is 

the pattern of these SNP markers with the trait locus and is especially useful for 

qualitative traits (Jones et al., 2009). This haplotype phenomenon is also referred to as 

linkage disequilibrium (LD). The variation can be represented by specially selected 

individual SNPs, called tag SNPs, which surround the LD stretch (Bush and Moore, 

2012). Over numerous (1000s) generations of random mating, the low recombination 

between linked SNPs is amplified, resulting in a decay of LD that eventually reaches 

linkage equilibrium, however in a mapping population this circumstance is not met 

(Bush and Moore, 2012).  

Outcrossing species like maize have a heterozygous LD pattern due to non-

random crossing-over. It can extend over regions of 0.2-1.5 kb in maize (Rafalski and 

Morgante, 2004). In self-pollinators and highly homozygous inbred populations, 

recombination occurs between nearly identical haplotypes and LD is maintained 

across blocks of tens to hundreds of kb (Jones et al., 2009). In such cases of intense 

selection, the bottleneck results in fewer alleles and thus fewer SNPs (Edward et al., 

2008). SNP pairings occur at different frequencies. Cytosine (C) residues in the 

sequence may be deaminated and read as thyamine (T) and in maize, these C/T 
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transition SNPs are common, representing 45-55 % of observed SNPs (Edwards et 

al., 2008).  

1.8.2 Mapping high genomic diversity 
Successful mapping relies on genetic variation in the population for the trait of 

interest (Jones et al., 2009). SNPs can be detected by aligning sequences from 

multiple individuals of a mapping population, obtained by crossing contrasting 

parental lines (Jones et al., 2009) and examining the sequences for presence or 

absence of previously identified and validated SNPs in the genotypes (Edward et al., 

2008). For qualitative traits, it is often sufficient to track the gene of interest and may 

not be necessary or advantageous to isolate the gene itself (Jones et al., 2009). 

There are some challenges associated with sequencing and mapping genomes of 

species with high diversity. Genetic diversity is correlated with sequencing efficiency 

and traits of diverse species like maize can be mapped by coupling high-throughput, 

next-generation sequencing with restriction enzymes (Elshire et al., 2011). Diverse 

genomes require a reduction of complexity along with enrichment of target regions, 

which can be achieved with restriction enzymes (REs) that avoid repetitive regions 

and target low copy regions. This approach is less time-consuming, simpler and more 

cost efficient than approaches that use molecular probes and polymerase chain 

reaction (PCR) amplification (Elshire et al., 2011). Barcodes in the adapter sequence 

are located upstream of the RE cut sites and allow for inexpensive multiplexing 

(Baird et al., 2008).  

1.8.3 Statistics 
For quantitative traits, generalized linear model (GLM) is used for the analysis of 

variance (ANOVA) and the null hypothesis states there is no difference between the 
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trait means of the genotype group for a single SNP (Bush and Moore, 2012). The 

assumptions are that the trait is normally distributed, the variance within each group 

is the same and the groups are independent. For qualitative traits, the chi-square test is 

most commonly used to determine the deviation from independence that is expected 

under the null hypothesis. The null hypothesis states that there is no association 

between the phenotype and the genotype (Bush and Moore, 2012).  

Each SNP is individually analyzed for association to the phenotype and the 

cumulative likelihood of a false positive is much higher over the entire analysis. 

There are a number of tools to manage this effect, including the Bonferroni correction 

for alpha (α=0.05/k, where k is the number of statistical tests conducted). Permutation 

testing is used to distribute test statistics for a dataset when the null hypothesis is true. 

For example, if 100 permutations are used, the empirical p-value is given within 

1/1000th of a decimal point. The number of pair-wise analyses can be reduced by 

filtering the SNPs to remove redundant information (Bush and Moore, 2012).  

To validate SNP analyses, replication in an independent sample is required. The 

effect of the SNP allele should be tested in a sufficiently large sample. It should use 

an independent dataset from the same population to confirm the effect in the genome-

wide association study (GWAS) target population. Basically, repeating the design of 

the GWAS as closely as possible, examining only the effects or SNPs that were found 

to be significant (Bush and Moore, 2012).  

1.9 Hypotheses and research objectives  
The present research is a discovery-based project to gain novel insight into a yet 

unknown component of starch synthesis, the modifier of amylose extender 1 (mae1).  

Hypotheses: 
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1. The candidate gene for mae1 will exhibit a sequence polymorphism that is shared 

between SD77 and SD79, representing one haplotype and SD75 and SD80 will 

represent a second haplotype. 

2. The presence of mae1 will result in moderately higher levels of amylose-like 

starch in the presence of functional SBEIIb. 

3. The mae1 starch has a unique phenotype that could be utilized in industry once 

characteristics are discovered. 

4. mae1 is a mutation of SBI, causing the severe shrunken collapsed phenotype in 

the ae1 mae1 double mutant, but negligible effects when the major branching 

enzyme, SBEIIb, is functional.  

This research has five objectives: 

1. To map the mae1 mutation in a RIL population, using the dominant RNAi Ae1-

5180::Mu allele to phenotype the RIL and genotyping-by-sequencing to genotype 

the RILs. 

2. To analyze starch properties of the RILs to determine the effect of mae1 on 

phenotypes, both in the presence and absence of functional SBEIIb utilizing the 

Ae1-5180::Mu allele. 

3. To infer putative candidate genes from the B73 maize reference genome based on 

map position of mae1.  

4. To develop strategies to test putative candidate genes. 

5. To explore the possibility that mae1 is a mutation of SBEI. 
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Chapter Two – Materials and Methods 

2.1 Plant Material 
The RIL population, consisting of 50 SD80/SD79 RILs, was developed from a cross 

originally made near Guelph, Ontario in 1999 between two white food-grade inbred 

lines, SD79 which carries the mae1 mutation and SD80 which does not carry the 

mutation (Lee et al., 2009; 2012). SD79 was derived from a cross of two commercial 

white hybrids, Vineyard418 and Pioneer3336, and SD80 was derived through self-

pollination of the commercial white hybrid Vineyard425 (MBS Genetics, 2002). Two 

unrelated white food-grade lines were included; SD77, which carries the mae1 

mutation, and SD75, which does not carry the mutation. 

2.2 Experimental Design 
In 2013, 23 SD80/SD79 RILs and the parental lines SD79 and SD80, along with the 

two unrelated lines SD75 and SD77, were grown and self-pollinated in the corn 

breeding nursery near Guelph, Ontario. Ears were hand-harvested following 

physiological maturity and dried in low temperature air dryers at 30 °C to 15 % grain 

moisture. This seed was at the fifth generation of self-pollination (S5). An additional 

27 SD80/SD79 RILs were grown and harvested in the same fashion in 2003, resulting 

in S4 seed. In 2014, the 50 SD80/SD79 RILs were grown in the corn breeding 

nursery near Guelph, Ontario. These lines were grown in two groups: (1) test crosses 

pollinated with the dominant RNAi allele, Ae151-80::Mu and (2) self-pollinated 

plants. Visual analysis of the first group will identify the lines that carry the mae1 

mutation as those with completely shrunken, collapsed kernels. Additionally, starch 

was extracted from pooled kernels that exhibited the wild-type (Ae1/-/- Mae1/-/-), ae1 
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(ae1/ae1/ae1 Mae1/-/-) and mae1 (ae1/ae1/ae1 mae1/mae1/mae1) phenotypes. The 

self-pollinated ears were used for genotyping and starch analyses.  

2.3 Genotyping 
The full set of 50 RILs along with parental and unrelated lines were grown at 25 °C in 

the greenhouse at the University of Guelph under conditions previously described for 

wheat (Tetlow et al., 2008). A 16-hour light cycle was used. Leaf tissue was 

harvested from single plants at the three-leaf stage approximately 10 days after 

emergence (DAE). Tissue was placed in liquid nitrogen and ground by mortar and 

pestle immediately. DNA extraction was performed on flash frozen leaf tissue from 

individual plants from the greenhouse using a commercial kit (DNeasy 96 Plant Kit, 

Qiagen Inc., Valencia, CA, USA) to obtain high molecular weight, unsheared and 

RNA-free DNA for GBS (Romay et al., 2013).  DNA concentrations were quantified 

by fluorometry (Qubit® 2.0 Fluorometer, Life Technologies, Carlsbad, CA, USA) 

using fluorescent dyes highly selective for double-stranded DNA. Quality of sample 

DNA for library construction was evaluated by running a 100 ng sample of DNA on 1 

% agarose gels with λ HindIII mass standards. Samples were submitted to Cornell’s 

Institute for Genomic Diversity for GBS with ApeKI as the restriction enzyme 

following the methods of Elshire et al. (2011). Cornell’s bioinformatics support was 

used. SNP calling was performed against a library of alleles that have been compiled 

for more than 60,000 maize breeding lines and landraces, along with imputation of 

missing data. This method results in the identification of more alleles in the 

population than alignment to the B73 maize reference genome. TASSEL 5.2 

(Bradbury et al., 2007) was utilized to view aligned sequences and to filter the 

955,670 SNPs obtained by GBS. The RILs that exhibited the mae1 mutation were 
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compared to the parental lines. A shared sequence polymorphism between the mae1 

RILs and SD79 coupled with a different polymorphism for SD80, was identified as a 

SNP putatively associated with the mae1 mutation. A chromosome ideogram was 

created using PhenoGram (Wolfe et al., 2013) with chromosome sizes and 

centromere locations obtained from MaizeGDB (Andorf et al., 2010). 

2.4 Phenotyping and starch analysis 

2.4.1 Starch extraction 
Mature dry maize kernels from one ear of corn per self-pollinated RIL, weighing 15 

g, were ground to flour by a homogenizer (Retsch MM301, Verder Scientific Inc, 

Newtown, PA, USA) for 2 min and 45 sec at 1/29 f. Kernels expressing the wild-type, 

ae1 Mae1 and ae1 mae1 phenotypes from RILs pollinated with the dominant Ae1-

5180::Mu pollen were ground using the same method. Since these phenotypes were 

observed, the Ae1-5180::Mu line used as the pollen source was not completely 

homozygous for the dominant mutation. A 30 g bulk of each kernel class was made 

and ground. For the wild-type, this was achieved by taking three normal, plump 

kernels per RIL. For ae1 Mae1, four hard, vitreous kernels per RIL were used. For 

ae1 mae1, 5 g of completely shrunken, collapsed kernels from each of the six RILs 

carrying the mutation were used.  

Maize amyloplasts were isolated from the endosperm with a modified version 

of the methods described by Denyer et al. (1995) and Tetlow et al. (2008). Plasmids 

were osmotically lysed using a buffer at pH 7.8 containing 100 mM Tricine-KOH, 1 

mM disodium EDTA and 5 mM MgCl2. The mixture was passed through six layers of 

cheesecloth and the filtrate was centrifuged at 3,900 g for 15 min to remove starch 

granules. The starch was washed with a buffer of 50 mM TRIS-acetate and 1 mM 
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disodium EDTA at pH 7.5 and centrifuged at 3,000 g for 5 min, repeating for a total 

of four times. Finally the pellet was washed three times with acetone, centrifuging at 

3,000 g for 3 min. 

2.4.2 Amylose content 
The colorimetric method for apparent amylose content determination (Morrison and 

Laignelet, 1983) followed modifications described by Regina et al. (2004). The final 

reaction volumes were adjusted for microplate use with the BioTek Eon instrument. 

The final concentration of iodine, 4.0 x 10-5 mg/µL, was achieved by adding 5 µL of 

I2-KI reagent to a 12.5 µL aliquot of the starch solution, topped up to 250 µL with 

water. In this last step, the aliquot was plated in triplicate. The absorbance at 620 nm 

(Liu et al., 2012) was determined using a BioTek Eon instrument and version 2.01 of 

Gen5 software. Standard samples of amylose ranging from 0 to 100% were prepared 

with amylose type III from potato (Sigma, St Louis, USA) and waxy maize starch 

(Sigma, St Louis, USA) as a source of maize amylopectin, as it contains no detectable 

amylose. The regression equation from the standard curve (Supplementary Figure 

3.1) was used to determine the apparent amylose content of starches from the 

measured absorbance (Supplementary Table 3.3). 

2.4.3 Granule size 
Granule size of starch was measured using the wet dispensing unit of the laser particle 

sizer (NanoTec “analysette 22”, Fritsch, Germany). Samples were measured in 

duplicate according to the method of Maaran et al. (2014). The average granular size 

was expressed as the surface weighted mean [D(3,2)] (Dhital et al., 2010) and as the 

median particle size [d(0.5)]. The 10th [d(0.1)] and 90th percentiles [d(0.9)] were used 
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to give a more accurate depiction of the particle size distribution (Marabi and Saguy, 

2005).   

2.4.4 Light microscopy 
The morphology of starch granules was observed using a Zeiss binocular microscope 

AX10 Imager.A2 (Carl Zeiss Microscopy LLC, Thornwood, NY, USA) equipped 

with a AxioCam MRc5 camera (Carl Zeiss Microscopy LLC). Starch samples were 

dispersed in 1:1 (v/v) glycerol-water solution and the suspension was placed on a 

microscope slide for visualization. All images were recorded at 400x magnification 

with bright field light and cross polarized light. Images were adjusted using software 

(ZEN 2012 blue edition, Carl Zeiss Microscopy LLC, Thornwood, NY, USA). A 

subset of RILs with the Ae1/-/- Mae1/-/- genotype was chosen using a random 

number generator and RIL 25, 29, 43, 53, 54 and 57 were used to represent the group 

lacking the mae1 mutation. 

2.4.5 Confocal laser scanning microscopy 
The confocal laser scanning microscopy (CLSM) method followed that of Blennow et 

al. (2003). An upright Leica DM 6000B microscope was connected to a Leica TCS 

SP5 system for confocal imaging. Images were captured with a DFC350FX digital 

camera N2.1 green fluorescence filter and Leica LAS AF imaging software (version 

1.6.0). A subset of RILs with the Ae1/-/- Mae1/-/- genotype, RIL 25, 29, 43, 53, 54 

and 57, was used to represent the group lacking the mae1 mutation. 

2.4.6 Chain length distribution of amylopectin 
Extracted starch samples were prepared for HPAEC-PAD as described by Liu et al. 

(2007) with the following modifications. Samples were weighed at 10 mg and 

gelatinized in 250 µL of 90% dimethylsulfoxide (DMSO). The methanol addition and 
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centrifugation were omitted. The non-granular starch was dispersed by adding 1.75 

ml distilled water and 500 µL 50 mM sodium acetate (NaOAc) buffer (pH 3.5). After 

inactivation of the isoamylase enzyme, 500 µL of the digest were diluted with 1.5 ml 

150 mM NaOH solution and subsequently filtered with a 0.45 µm nylon syringe filter 

into Dionex sample vials before 50 µL were injected into the HPAEC-PAD system. A 

quantification standard containing six maltosaccharides, glucose, maltose, 

maltotetraose, maltopentaose, maltohexaose and maltoheptaose, at a concentration of 

1 to 2 g/ml each, was filtered using the same nylon syringe filter and injected to check 

retention times.  

The debranched whole starch samples were analyzed using a Dionex DX 600 

chromatography system equipped with an ED50 electrochemical detector, GP50 

gradient pump, LC30 chromatography oven and AS40 automated sampler (Dionex, 

Sunnyvale, CA, USA). The standard triple potential waveform was employed and the 

pulse potentials and durations were as follows: E1 = 0.05 (t1 = 0.00);  E2 = 0.75 (t2 = 

0.41); E3 = -0.15 V (t3 = 0.61 sec). The working and reference electrodes were gold 

and silver chloride, respectively. The samples were injected onto a Dionex CarboPac 

PA1 column installed as a guard column. Eluents were prepared in distilled deionized 

water with helium sparging; eluent A was 150 mM NaOH solution and eluent B was 

150 mM NaOH containing 750 mM sodium acetate (NaOAc). The gradient program 

was as follows: 73.3% eluent B at 0 min, 60.0% at 5 min, 46.7% at 25 min, 36.7% at 

30 min and 100% eluent A at 35 min. Each separation was carried out at 26°C with a 

flow-rate of 1 ml/min. Calculations were performed with Chromeleon Client version 

6.80 (Dionex, Sunnyvale, CA, USA). The chain length (CL) distribution was 
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represented as a percentage of the total peak area for DP 6-12, 13-24, 25-36 and 37-

50. Samples were analyzed in duplicate. As it was not feasible to analyze starch from 

all 50 RILs, RIL 25, 29, 43, 53, 54 and 57 were used to represent the Ae1/-/- Mae1/-/- 

genotype.  

2.4.7 Thermal properties 
Thermal properties of starches were analyzed using a differential scanning 

calorimeter (DSC Q20, TA Instruments) equipped with a refrigerated cooling system 

(RCS) for gelatinization and retrogradation of the starches. Extracted starch was 

equilibrated at 14% moisture content in a desiccator with saturated ammonium nitrate 

(NH4NO3) at room temperature for one week. The methods of Chung et al. (2008) 

were followed for starch preparation and the DSC program. Transition temperatures 

(onset, To; peak, Tp; and completion, Tc) of exotherms as well as the enthalpy of 

gelatinization (ΔHg) were discerned from DSC thermograms using software 

(Universal Analysis 2000, Version 4.5A, TA Instruments). Suspensions in the high-

volume pans were stored at 4 °C for two weeks before examining retrogradation by 

DSC using the same program. Values of the thermodynamic parameters were 

normalized per gram of dry sample analyzed. Reported values are the means of 

duplicate measurements, except a single retrogradation measurement was taken of 

self-pollinated lines. Randomly chosen RIL 25, 29, 43, 53, 54 and 57 were used as a 

subset to represent the RILs that do not carry the mae1 mutation.  

2.4.8 Protein analysis 
Proteins were extracted from mature starch granules according to the method of Liu 

et al. (2009a), with the following modifications. Starch was weighed at 20 mg and 

boiled for 10 min at 95 °C in 600 µL of 1x sodium dodecyl sulfate (SDS) buffer. The 
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sample was centrifuged at 14,000 g at 4 °C for 25 min to obtain supernatant. A subset 

of RILs was used for the Ae1/-/- Mae1/-/- genotype, which included RIL 25, 29, 43, 

53, 54 and 57. Proteins were also extracted from plants grown from seeds, which 

resulted from the test crosses, in the greenhouse at the University of Guelph under 

conditions previously described. The wild-type seed was a normal, plump kernel from 

RIL 39. The ae1 Mae1 seed was a hard, vitreous kernel from RIL 25. The ae1 mae1 

seed was a shrunken, collapsed kernel from RIL 39. CGR07w seed was used as an 

unrelated wild-type. Leaf tissue was harvested from these single plants approximately 

16 DAE. Tissue was flash frozen in liquid nitrogen and stored at -80 °C.  For SDS-

PAGE analysis, 0.5 g of frozen leaf tissue was prepared in 2xSDS buffer according to 

methods of Liu et al. (2009a) and subsequently probed with antibodies. For 

zymogram analysis, leaf tissue was prepared by methods adapted from Schulz et al. 

(2004). Approximately 1.5 g of frozen leaf tissue was ground in 15 ml grinding buffer 

at 4 °C by mortar and pestle and centrifuged at 1,000 g for 8 min. The supernatant 

was discarded and the pellet was resuspended in rupturing buffer containing 100 mM 

Tricine, 7.5 mM MgCl2, 1x Protease Arrest (G. Biosciences, St. Louis, MO, USA) 

and 1 mM DTT at pH 7.5. Protein concentrations of all extracts were measured using 

the Bradford (1976) method using the Bio-Rad Protein Assay (Bio-Rad Laboratories, 

Herts., UK). Amyloplast (1.2 mg/ml) was used as a control, obtained from 

commercially grown maize varieties. SDS gels were prepared as 5-10% (w/v) 

polyacrylamide gradient gels and run for 2 h at 100V at room temperature following 

methods of Liu et al. (2009a). Leaf samples were loaded at 50 µg per well while 40 

µg of mature starch protein samples were used, both run for 2 h at 100 V. SDS-PAGE 
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was either stained with silver or immunoblotted onto nitrocellulose membranes and 

probed with anti-maize antibodies according to Liu et al. (2009a). Zymograms were 

run to determine SBE activity following methods previously described (Tetlow et al., 

2004, Liu et al., 2009a) with some modifications. Maltodextrins were used as the 

glucan primer in the gel. The zymogram was incubated overnight for 18 hours at 30 

°C. 

2.5 Statistical analysis 
For apparent amylose, each sample was run in triplicate and each of these was plated 

in triplicate. Absorbance was measured and apparent amylose content was calculated 

and the average was used for statistical analysis.  Granule size, chain length and 

thermal properties were measured in duplicate for each starch sample and treated as 

replicates, except a single replicate was used for the retrogradation of self-pollinated 

RILs. Analysis of variance (ANOVA) was performed using the PROC MIXED 

procedure of SAS version 9.3 and p-value of 0.05. PROC GLM with Tukey’s 

adjustment t-test (p=0.05) was used to determine significantly differing means.  
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Chapter Three – Results and Discussion 
3.1 Screening RILs for the mae1 mutation and genotyping 
There is a dominant epistatic relationship between ae1 and mae1, such that the novel 

mae1 phenotype is only observed in a homozygous recessive ae1 background that is 

lacking functional SBEIIb. This presented a challenge, however, the patent for a 

dominant ae1 mutant, Ae1-5180::Mu allele discovered in the early 1990s (Stinard et 

al., 1993) expired, thus making it available to the public. This dominant allele is a 

naturally occurring RNAi allele, meaning a single dose is sufficient for suppressing 

normal Ae1 gene function and creates a nonfunctional SBEIIb background. The 50 

RILs were test crossed with Ae15180::Mu pollen, which allowed for visualization of 

the presence or absence of the mae1 mutation. Test crosses with Ae1-5180::Mu 

identified six RILs that exhibit the novel mae1 mutation; RILs 30, 39, 42, 45, 58, and 

63 (mae1/mae1/mae1)(Table 3.1), evident by the presence of completely shrunken, 

collapsed kernels. The remaining RILs do not carry the mae1 mutation (Mae1/-/-) 

(Table 3.1). The result of only six RILs that carry the mae1 mutation is low since it 

was expected that approximately half of the 50 RILs would be homozygous recessive 

for mae1. Additionally, the Ae1-5180::Mu pollen was not completely homozygous, as 

evident by the presence of wild-type kernels present in test crosses. A homozygous 

dominant Ae1 allele would result in only two classes of kernels, hard vitreous and 

completely shrunken collapsed phenotypes. In addition to the mae1 (ae1 mae1) kernel 

phenotype, plump wild-type kernels (Ae1 Mae1) and hard vitreous ae1 (ae1 Mae1) 

kernels were present. Variations were observed in kernel phenotypes, for example 
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degree of shrunkeness for ae1 mae1 kernels, which may be attributed to genotype by 

environment effects. 

Table 3.1. List of maize lines with their genotype for the mae1 mutation. 

Line Mutation Line Mutation 
RIL1 Mae1/-/- RIL43 Mae1/-/- 
RIL4 Mae1/-/- RIL44 Mae1/-/- 
RIL7 Mae1/-/- RIL45 mae1/mae1/mae1 
RIL8 Mae1/-/- RIL46 Mae1/-/- 
RIL9 Mae1/-/- RIL47 Mae1/-/- 
RIL15 Mae1/-/- RIL48 Mae1/-/- 
RIL17 Mae1/-/- RIL49 Mae1/-/- 
RIL21 Mae1/-/- RIL50 Mae1/-/- 
RIL22 Mae1/-/- RIL51 Mae1/-/- 
RIL23 Mae1/-/- RIL52 Mae1/-/- 
RIL24 Mae1/-/- RIL53 Mae1/-/- 
RIL25 Mae1/-/- RIL54 Mae1/-/- 
RIL26 Mae1/-/- RIL55 Mae1/-/- 
RIL27 Mae1/-/- RIL56 Mae1/-/- 
RIL28 Mae1/-/- RIL57 Mae1/-/- 
RIL29 Mae1/-/- RIL58 mae1/mae1/mae1 
RIL30 mae1/mae1/mae1 RIL59 Mae1/-/- 
RIL31 Mae1/-/- RIL60 Mae1/-/- 
RIL32 Mae1/-/- RIL61 Mae1/-/- 
RIL33 Mae1/-/- RIL62 Mae1/-/- 
RIL35 Mae1/-/- RIL63 mae1/mae1/mae1 
RIL36 Mae1/-/- RIL64 Mae1/-/- 
RIL37 Mae1/-/- SD75 Mae1/-/- 
RIL38 Mae1/-/- SD77 mae1/mae1/mae1 
RIL39 mae1/mae1/mae1 SD79 mae1/mae1/mae1 
RIL40 Mae1/-/- SD80 Mae1/-/- 
RIL41 Mae1/-/- CGX333 mae1/mae1/mae1 
RIL42 mae1/mae1/mae1 CGR07W Mae1/-/- 

 

Analysis of sequence polymorphisms identified 389 putative SNPs associated with 

the mae1 mutation (Figure 3.1). GBS revealed 81,018 SNPs within the mapping 

population that are polymorphic between parental lines SD79 and SD80. Using 

TASSEL 5.2 (Bradbury et al., 2007), sequences of the six RILs that carry the mae1 

mutation along with parent SD79 were compared to the sequence of SD80. The SNPs 

were filtered to exclude any that do not explain the mae1 mutation, such that only 



	   37	  

alleles present in the six RILs and SD79 but absent from SD80 were included as 

putative SNPs. The GBS results lacked some information, exhibited as missing SNPs 

in the sequence.  None of the 389 putative SNPs had sequence information for all of 

the lines that were compared. If complete SNP information was available, the putative 

SNPs could be narrowed down further to better identify the region of the mae1 gene. 

The missing sequence information is further demonstrated by the failure of attempted 

genome wide association study (GWAS). GLM analysis in TASSEL did not return 

any significant SNPs associated with the mutation.  
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Figure 3.1. Chromosome ideogram indicating the 389 putative SNPs associated with 
the mae1 mutation. Putative SNPs are shown as green lines.  
 

3.2 Analysis of wild-type, ae1 Mae1 and ae1 mae1 starches 
Starch was extracted from kernels exhibiting the wild-type (Ae1/-/- Mae1/-/-), ae1 

(ae1/ae1/ae1 Mae1/-/-) and mae1 (ae1/ae1/ae1 mae1/mae1/mae1) phenotypes. These 

were obtained by controlled pollination of RILs with Ae1-5180::Mu pollen and will 
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be referred to as ae1 Mae1 and ae1 mae1 for kernels exhibiting the ae1 and mae1 

phenotypes, respectively. 

3.2.1 Apparent amylose content 
The mae1 mutation in a non-functional SBEIIb background (ae1 mae1) does not 

result in a lower apparent amylose content than that of ae1 Mae1 kernels (Table 3.2). 

However, the apparent amylose contents of these two genotypes are significantly 

higher than the wild-type (Ae1 Mae1).  

Table 3.2. Apparent amylose content determined by iodometry for starch extracted  
from wild-type, ae1 Mae1 and ae1 mae1 kernels. 

Genotype N Mean Apparent amylose content (%) 
wild-type 3 25.6 ± 1.57a 

ae1 Mae1 3 50.5 ± 1.57b 

ae1 mae1  3 42.6 ± 1.57b 

a-bMeans with the same letter within a column are not significantly different 
according to Tukey’s adjusted t-test (p=0.05). 
 
Analysis of the wild-type, ae1 Mae1 and ae1 mae1 starches found that these starches 

contain 25.6 ± 1.57, 50.5 ± 1.57 and 42.6 ± 1.57 % apparent amylose, respectively. 

The ae1 Mae1 and ae1 mae1 starches differ significantly from the wild-type but are 

not significantly different from each other. An iodometry study by Liu et al. (2012) 

indicated that ae1.1 starch contains 65.6 ± 0.4 % apparent amylose and ae1.2 starch 

contains 49.3 ± 2.2 %. Wild-type starch was found to contain 24.9 ± 2.2 % amylose 

(Liu et al., 2012). The current study used the same method for apparent amylose 

determination as the Liu et al. study (2012) and values for wild-type and ae1 Mae1 

starches fall in line with the reported values. The ae1 mae1 starch contains an 

intermediate amount of apparent amylose when compared to these two. Based on the 

observed apparent amylose values, it is hypothesized that the ae1 mae1 starch will 

have predominantly A-type crystallinity (Zobel, 1988). 
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3.2.2 Granule size 
Granule size was highly variable within each starch phenotype, however, the ae1 

mae1 starch granules are significantly smaller in size than wild-type and ae1 Mae1 

granules (Table 3.3). Granule size is commonly described as the surface weighted 

mean, which is the diameter of a sphere that has the same volume to surface area ratio 

(Maaran et al., 2014). 

Table 3.3. Granule size characteristics for maize starch from kernels exhibiting the  
wild-type, ae1 Mae1 and ae1 mae1 phenotypes. 

Genotype N Physical Characteristics (µm) 
  Surface 

weighted mean 
D(3,2) 

10th percentile 
d(0.1) 

Median particle 
size d(0.5) 

90th percentile 
d(0.9) 

wild-type 2 9.6 ± 0.21a 4.9 ± 0.17a 19.1 ± 0.37a 77.0 ± 4.67a 

ae1 Mae1 2 9.0 ± 0.21a 5.2± 0.17a 19.9 ± 0.37a 74.1 ± 4.67ab 

ae1 mae1 2 6.2 ± 0.21b 2.6± 0.17b 10.7 ± 0.37b 49.9 ± 4.67b 

a-bMeans with the same letter within a column are not significantly different 
according to Tukey’s adjusted t-test (p=0.05). 
 
The SWM of ae1 mae1 granules (6.2 ± 0.21 µm) was significantly lower than that of 

wild-type and ae1 Mae1 kernels (9.6 ± 0.21 and 9.0± 0.21 µm, respectively). The 

granule size distribution of the ae1 mae1 genotype was significantly different from 

the wild-type and ae1 Mae1 distributions as indicated by the median and 10th 

percentile of granule size (Table 3.10). The 90th percentile was significantly lower 

than that of wild-type, but not significantly different than that of ae1 Mae1 granules.  

3.2.3 Light microscopy 
Variation in the optical properties and morphology exists between starch granules 

from the three genotypes.  
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Figure 3.2. Granule morphology at 400x under bright light (left) and polarized light 
(right) for starch expressing the (A) wild-type (B) ae1 Mae1 and (C) ae1 mae1 
phenotypes. 

 
Light microscopy provides a general characterization of granular morphology. Wild-

type starch granules appear round, smooth and uniform, with some variation in size 

(Figure 3.2). ae1 Mae1 starch granules appear long and irregular and have weaker 

birefringence under polarized light. Since the amylose content of this line was 

increased and thus the amylopectin content decreased, the starch structure would be 

less uniformly ordered, explaining the weaker birefringence. A potato line with 

(A) 
	  

(B) 
	  

(C) 
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suppressed SBE showed fissures and cracks in the surface, which affected the 

birefringence of the starch granules under polarized light (Blennow et al., 2003). ae1 

mae1 starch granules appear smaller than those of wild-type and ae1 Mae1 lines. 

These observations are consistent with the granule size data (Table 3.3). Chen et al. 

(2006) suggest that smaller starch granules are consistent with increasing amylopectin 

content, however these ae1 mae1 granules did not significantly differ in amylose 

content from the larger ae1 Mae1 granules, and thus did not differ in amylopectin 

content. Some ae1 mae1 granules appear to be elongated or less spherical than the 

wild-type granules, reminiscent of ae1 Mae1 starch grains. 

3.2.4 Confocal laser scanning microscopy 
Confocal laser scanning microscopy (CLSM) of APTS-labelled starch granules 

detected differences in granule morphology between the ae1 mae1 starch granules 

and the wild-type and ae1 Mae1 granules (Figure 3.3).  
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Figure 3.3. Confocal laser scanning microscopy images of (A) wild-type (B) ae1 
Mae1 and (C,D) ae1 mae1 starch granules. 
 
CLSM of APTS-labelled starch granules allows for the visualization of the internal 

granule structure. APTS specifically labels the reducing ends of starch fragments and 

reveals the internal deposition of starch molecules (O’Shea & Morell, 1997). The 

technique reveals a single focal plane of the sample without the need for destructive 

sectioning (Dürrenberger et al., 2001). The highest fluorescence is detected for low 

molecular weight amylopectin and high amylose content, due to a higher proportion 
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of labeled reducing ends (Blennow et al., 2003). Amylose has more reducing ends per 

glucose residue than amylopectin and thus fluoresces more brightly.  

Wild-type starch granules exhibited the sharpest visible growth ring 

structures. Reducing ends were concentrated at one point in the centre of the granules. 

Blennow et al. (2003) found that the growth ring structures appeared most clearly for 

normal or high amylose content starches. For normal maize starch, amylose is present 

in relatively small amounts and is not able to interfere with the crystallinity of 

amylopectin. These molecules are more likely to interact when they are more similar 

in structure, such as amylose with more branch points or amylopectin with longer 

chains. The interaction can disrupt the normal formation of crystalline regions and 

lead to distortion and cracking of the starch granule (Blennow et al., 2003). Blennow 

et al. suggest this is possible with amylopectin of DP >100 and that even independent 

of amylose interference, packing of the granule may be suboptimal in this case 

(2003). The HPAEC-PAD instrument used for our study was not able to discern chain 

lengths beyond DP 50 with any certainty, however a high proportion of chains were 

shorter than 35 DP.  

Starch granules lacking functional SBEIIb (ae1 Mae1) showed irregular, long 

granules (Figure 3.3). These appeared to have higher fluorescence at the surface of 

the granule than in wild-type granules, suggesting more reducing ends on the surface. 

The reducing ends were also located toward the centre of the granule, however they 

were visualized in multiple areas as evident by the strongest fluorescence at multiple 

points.  In potato, a lack of SBE and thus an increase in amylose content resulted in 

severe internal cracks and rough surfaces (Blennow et al., 2003). This was not 
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observed in the ae1 Mae1 maize starch. A number of the starch granules in this 

sample were found to be wild-type in appearance, which is a common observation 

due to the genetic background. 

 Starch granules of ae1 mae1 were smaller than those of wild-type and ae1 

Mae1 starches (Figure 3.3). This is consistent with the granule size data obtained by 

particle size analysis and the optical microscopy images. The granules were 

irregularly shaped and ellipsoidal, similar to ae1 Mae1 granules, with constrictions 

reminiscent of dividing cells in telophase. 

3.2.5 Chain length determination 
The mae1 mutation affects chain length (CL). The average CL of ae1 mae1 

amylopectin significantly differed from that of wild-type and ae1 Mae1 (Table 3.4). 

The CL distribution of ae1 mae1 starch followed a similar pattern to that of ae1 

Mae1, with a higher proportion of long chains and fewer short chains than wild-type 

amylopectin (Figure 3.5). 

Table 3.4. Chain length distribution (DP 6-50) along with average DP for  
amylopectin from wild-type, ae1 Mae1 and ae1 mae1 kernels.  

Genotype DP 6-12 DP 13-24 DP 25-36 DP 37-50 Average DP 
wild-type 22.9 ± 0.38a 52.0 ± 0.47a 15.0 ± 0.07c 10.1 ± 0.19c 20.2 ± 0.04c 

ae1 Mae1 12.2 ± 0.38c 46.0 ± 0.47b 22.7 ± 0.07a 19.1 ± 0.19a 24.7 ± 0.04a 

ae1 mae1 14.3 ± 0.38b 46.6 ± 0.47b 21.9 ± 0.07b 17.2 ± 0.19b 23.8 ± 0.04b 

a-cMeans with the same letter within a column are not significantly different according 
to Tukey’s adjusted t-test (p=0.05). 
Values are the mean of two replicates ± SE. 
 
The PA1 column used for HPAEC-PAD is optimized for analysis of monosaccharides 

as well as oligosaccharide and polysaccharide resolution and separation (Dionex, 

2004). It determined the average degree of polymerization (DP) was 20.2 ± 0.05, 24.7 

± 0.04 and 23.8 ± 0.02 for starch from kernels expressing the wild-type, ae1 Mae1 
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and ae1 mae1 phenotypes, respectively (Table 3.4). The three genotypes differ 

significantly for average DP as well as each DP range, except ae1 Mae1 and ae1 

mae1 do not differ significantly for the DP 13-24 range. Chain lengths longer than DP 

20 may be of B-type crystallinity (Hizukuri et al., 1983). The distribution of wild-type 

differs from ae1 mae1 and ae1 Mae1, with more short chains in the DP 6-12 and 13-

24 ranges. The CL distributions of mae1 and ae1 are similar, both with fewer short 

chains than the wild-type, and a higher proportion of long chains in the DP 25-36 and 

DP 37-50 ranges. 

3.2.6 Thermal properties 
The gelatinization peak temperature did not differ between wild-type, ae1 Mae1 and 

ae1 mae1 starches (Table 3.5).  

Table 3.5. Thermal characteristics for gelatinization measured by DSC for starch  
from kernels exhibiting the wild-type, ae1 Mae1 and ae1 mae1 genotypes. 

Genotype N Onset 
Temperature 

To (°C) 

Peak 
Temperature 

Tp (°C) 

Completion 
Temperature 

Tc (°C) 

Enthalpy of 
Gelatinization 
ΔHg (J/g) 

wild-type 2 54.4 ± 0.41ab 71.4 ± 8.55a 78.6 ± 2.51a 9.7 ± 0.47a 

ae1 Mae1 2 58.1 ± 0.41a 86.9 ± 8.55a 88.4 ± 2.51a 9.4 ± 0.47a 

ae1 mae1 2 51.5 ± 0.41b 66.9 ± 8.55a 83.1 ± 2.51a 13.6 ± 0.47a 

a-bMeans with the same letter within a column are not significantly different 
according to Tukey’s adjusted t-test (p=0.05). 
 
Table 3.6. Thermal characteristics for retrogradation measured by DSC for starch  
from kernels exhibiting the wild-type, ae1 Mae1 and ae1 mae1 genotypes. 

Genotype N Onset 
Temperature 

To (°C) 

Peak 
Temperature 

Tp (°C) 

Completion 
Temperature 

Tc (°C) 

Enthalpy of 
Gelatinization 
ΔHg (J/g) 

wild-type 2 44.6 ± 1.31a 56.3 ± 0.47b 61.0 ± 0.34a 5.3 ± 0.41a 

ae1 Mae1 2 49.8 ± 1.31a 58.9 ± 0.47a 61.7 ± 0.34a 0.20 ± 0.41b 

ae1 mae1 2 48.0 ± 1.31a 59.1 ± 0.47a 63.9 ± 0.34a 1.1 ± 0.41b 

a-bMeans with the same letter within a column are not significantly different 
according to Tukey’s adjusted t-test (p=0.05). 
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The gelatinization thermal data of starches from kernels expressing the ae1 Mae1 and 

ae1 mae1 phenotypes shows significant difference for To (Table 3.5). For this 

parameter there is no difference between each of these and the wild-type To. There 

was no significant difference between the remaining thermal parameters for these 

starches. The starch retrogradation data indicates that there is no significant difference 

between the starches for To however there is a difference for Tp such that the ae1 

Mae1 and ae1 mae1 starches significantly differ from the wild-type, but not from 

each other.  

3.2.7 Protein analysis 
The presence of SBEI was detected in the leaf and mature starch extracts of ae1 mae1 

maize lines and supports the findings of previous work with peptide-specific anti-

maize antibodies, however a zymogram study of leaf starch SBEI activity was 

inconclusive. 
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Figure 3.4. Immunological characterization of proteins from leaf tissue harvested 16 
DAE. Approximately 40 µg of soluble proteins were loaded onto each gel lane and 
separated on 10 % acrylamide gels, electroblotted onto nitrocellulose membranes and 
developed with peptide-specific anti-maize antibodies (A) SBEI (B) SBEIIa and (C) 
SBEIIb. Bands indicate cross-reactions of each of the antibodies with its 
corresponding target protein; SBEI (approximately 80 kD), SBEIIA (approximately 
90 kD) and SBEIIb (approximately 85 kD). MW, molecular mass markers.  
 
The SBEs range in size from 80-90 kD and would appear between the 75 and 100 kD 

molecular marker bands. SBEI, which has a size of 80 kD, was faintly detected in the 

wild-type, ae1 Mae1 and ae1 mae1 extracts, but was strongly present in CGR07w and 

amyloplast (Figure 3.4A). This enzyme is present at moderate levels in 

photosynthetic tissues (Blauth et al., 2002). In previous studies, SBEI was not 

detected in leaf tissue by Western hybridization (Blauth et al., 2001; 2002). The 90 

kD band of SBEIIa was not detected in any of these leaf extracts (Figure 3.4B) 

although it is highly expressed in photosynthetic tissues (Blauth et al., 2001). SBEIIb, 

which is 85 kD in size, was strongly detected in the amyloplast extract, faintly present 

in CGR07w leaf extract and not detected in wild-type, ae1 Mae1 and ae1 mae1 leaf 

extracts (Figure 3.4C). Since this enzyme is most strongly expressed in the 

amyloplast and tassels, these results are sensible. 

(A) (B) (C) 
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Figure 3.5. Immunological characterization of proteins from mature starch extracts. 
Approximately 50 µg of soluble proteins were loaded onto each gel lane and 
separated on 10 % acrylamide gels. The first was silver stained (A) while the next two 
were electroblotted onto nitrocellulose membranes and developed with peptide-
specific anti-maize antibodies SBEI (B) and SBEIIb (C). Bands indicate cross-
reactions of each of the antibodies with its corresponding target protein; SBEI 
(approximately 80 kD) and SBEIIb (approximately 85 kD). MW, molecular mass 
markers.  
 
When stained with silver the SBEs were not detected, as evident by the lack of bands 

in the 80-90 kD range (Figure 3.5A). SBEI was detected in the starch extract of all 

samples (Figure 3.5B). This suggests that mae1 is not a SBEI null mutation. To 

examine the activity or function of SBEI in mae1 mutants, a zymogram analysis was 

completed (Figure 3.6). SBEIIb was detected in the wt extract, but was lacking in 

both the ae1 and mae1 mutants (Figure 3.5C). This confirms that ae1 is a null 

mutation of this enzyme, and that the lines that expressed the mae1 phenotype also 

lack SBEIIb.  

(A) (B) (C) 
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Figure 3.6. Immunological characterization of proteins from leaf tissue harvested 16 
DAE. Approximately 50 µg of protein was loaded onto each gel lane of the 
zymogram and separated on 5 % acrylamide gels. (A) The zymogram was incubated 
in buffer at 30 °C for 18 hours and stained with Lugol’s solution. (B) A second 
zymogram was electroblotted onto nitrocellulose membranes and developed with 
peptide-specific anti-SBEI maize antibody.  
 
In the zymogram (Figure 3.6A), a bright band was detected for samples ae1 Mae1 

and ae1 mae1 as well as in the amyloplast (marked with the upper arrow). Lower in 

the gel, a darkly stained band is evident for ae1 Mae1, ae1 mae1 and CGR07w, as 

well as in the amyloplast (lower arrow). In the blot probed with anti-SBEI (Figure 

3.6B), there were no bands detected except a single band for the amyloplast. This 

band appears to have travelled a similar distance to the bright band in the zymogram. 

This study was not conclusive for the activity of SBEI.  

3.3 Analysis of starch of mae1 and Mae1 RILs with functional SBEIIb 
Here, kernels from self-pollinated RILs were used to obtain starch. These self-

pollinated lines had functional SBEIIb and the kernels appeared normal or wild-type 

in phenotype. We are interested to learn the effect of the mae1 mutation in the 

(A) (B) 
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presence of functional SBEIIb (Ae1/-/- mae1/mae1/mae1) in comparison to the wild-

type mae1 allele (Ae1/-/- Mae1/-/-).  

3.3.1 Apparent amylose content 
For RILs with functional SBEIIb, the presence (Ae1 mae1) or absence (Ae1 Mae1) of 

the mae1 mutation did not have an effect on the apparent amylose content (Table 3.7).  

Table 3.7. Calculated apparent amylose content for maize starch of RILs carrying the  
mae1 mutation and RILs lacking this mutation, in the presence of functional SBEIIb. 

Genotype N Mean Apparent amylose content (%) 
Ae1 Mae1 129 25.3 ± 0.29a  
Ae1 mae1 18 26.2 ± 0.78a 

aMeans with the same letter within a column are not significantly different according 
to Tukey’s adjusted t-test (p=0.05). 
 
The apparent amylose content of self-pollinated RILs was measured by iodometry. It 

was found that in the presence of functional SBEIIb, the apparent amylose content of 

RILs that carry mae1 is 26.2 ± 0.78 % and for RILs that do not carry the mutation it is 

25.3 ± 0.29 %. There is no significant difference between the genotypes.  

The iodometry apparent amylose procedure has been modified numerous 

times to deal with issues of inconsistency, inaccuracy and lack of reproducibility.  

Challenges with regards to high lipid levels, gelatinization, and formation of triiodine 

ions have been addressed to improve the results. Any lipids that bind to the amylose 

helix can affect the absorbance reading and thus the calculation of apparent amylose 

(Batey and Curtin, 1996). Non-waxy cereal starches and high-amylose starches 

contain substantial amounts of internal lipids, which can form a complex with 

amylose and interfere with its iodine-binding capability (Morrison and Laignelet, 

1983). Amylomaize was found to contain 9.3 % lipid compared to normal amounts 

found for LG-11 hybrid maize and waxy maize at 4.9 % and 5.1 %, respectively (Tan 
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and Morrison, 1979). The use of lipid-free starch is required for accurate 

determination of apparent amylose content, which is sometimes referred to as total 

amylose content, and was achieved by defatting with 85% (v/v) methanol (Morrison 

and Laignelet, 1983). The starch must be gelatinized preceding the addition of iodine. 

This was achieved by the use of dimethylsulfoxide (DMSO) (Morrision and 

Laignelet, 1983). Iodine can be readily incorporated into the long chains and helical 

structure of amylose, but requires initiation by the presence of triiodide ions (I3
-) 

(Knutson, 1986). The formation of these ions may be accomplished using neutral to 

slightly basic buffers, however the DMSO used is not only a good starch solvent but 

also produces the required ions (Knutson, 1986). The amylopectin-iodine complex 

can also affect the measured wavelength, varying for different botanical sources 

(Batey and Curtin, 1996). The effect of this complex increases at higher iodine 

concentrations and thus was minimized by controlling its addition to 4 mg I2/100 ml 

(Morrison and Laignelet, 1983).  

It is important to note that this assay is well suited to normal amylose and 

amylopectin structures, and the presence of short-chain amylose or anomalous 

amylopectin can give unusual results (Morrison and Laignelet, 1983). In such cases, 

more meaningful results may be obtained from debranching assays, for example. 

Granule size and chain length determination experiments support the presence of 

normal amylopectin and it is not presumed to have affected measurements. 

3.3.2 Granule size 
There were no significant differences in granule size attributed to the presence or 

absence of the mae1 mutation, in the presence of functional SBEIIb (Table 3.8). 

Differences were observed for granule size at the 10th and 90th percentiles. 



	   53	  

Table 3.8. Granule size characteristics for maize starch of RILs carrying the mae1  
mutation and RILs lacking this mutation, in the presence of functional SBEIIb. 

Genotype N Physical Characteristics (µm) 
  Surface 

weighted 
mean D(3,2) 

10th percentile 
d(0.1) 

Median 
particle size 

d(0.5) 

90th percentile 
d(0.9) 

Ae1 Mae1   88 9.8 ± 0.09a 5.4 ± 0.08a 17.6 ± 0.17a 51.0 ± 2.07a 

Ae1 mae1 12 9.3 ± 0.23a 4.7 ± 0.23b 16.9 ± 0.45a 38.4 ± 5.61b 

a-bMeans with the same letter within a column are not significantly different 
according to Tukey’s adjusted t-test (p=0.05). 
 
The surface weighted mean of granules with functional SBEIIb was found to be 9.3 ± 

0.23 µm for RILs carrying mae1 and 9.8 ± 0.09 µm for RILs without the mae1 

mutation. There is no difference between the surface weighted mean for the RILs that 

carry mae1 and those that do not carry the mutation, in the presence of functional 

SBEIIb. A study by Liu et al. identified the diameter of wild-type starch granules as 

8.37±1.33 µm (2012). Marabi and Saguy (2005) report the average diameter of native 

corn starch to be 11.3 µm, as determined by confocal scanning laser microscopy. A 

regular maize starch, with 27.1 % apparent amylose as determined by the iodine 

colorimetic method, was found to have granules of 13.61 µm [D(3,2)] (Dhital et al., 

2010). The values obtained in this experiment are within the range of those found in 

the literature for wild-type starch.  

The median particle size of granules with functional SBEIIb was found to be 

16.9 ± 0.45 µm for RILs carrying mae1 and 17.6± 0.17 µm for RILs without the mae1 

mutation. There is no significant difference between median particle size of the RILs 

that carry mae1 and those that do not carry the mutation, in the presence of functional 

SBEIIb. A regular maize starch with 27.1% apparent amylose was found to have a 

median particle size of 14.4 µm [D(0.5)] (Dhital et al., 2010). The median particle 

size of starch granules in the current study is larger (17.51 ± 0.16 µm overall), 
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however, it is more important to note that the median particle size varies greatly from 

the surface weighted mean, which was not the case in the Dhital et al. (2010) study. 

The median particle size values are significantly higher than the surface weighted 

mean found for the RILs. It is possible that the assumptions of homogeneity and 

sphericity of granules were not met. The instrument output included an average 

elongation value of 1.42 ± 0.01 µm for Ae1 Mae1 RILs and 1.47 ± 0.02 µm for Ae1 

mae1. These values suggest a nearly spherical shape. A value of 0.2 is a drug shape 

(i.e., a less elongated oval), 1 is a sphere and 5 is cigar shaped (i.e., a more elongated 

oval) (Fritsch, 2013). The range of particle size (5.32 ± 0.08 µm d(0.1), 17.51 ± 0.16 

µm d(0.5) and 49.48 ± 1.98 µm d(0.9) overall) indicate a wider distribution than in 

the Dhital et al. study (2010).  

3.3.3 Light microscopy 
The size and morphology of starch granules is highly variable within the classes of 

Ae1 mae1 (Figure 3.8) and Ae1 Mae1 (Figure 3.9) starch as well as between the two 

classes.  
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Figure 3.7. Granule morphology at 400x under bright light for starch from RILs that 
carry the mae1 mutation (Ae1/-/- mae1/mae1/mae1) (A) RIL 30 (B) RIL 39 (C) 
RIL42 (D) RIL 45 (E) RIL58 and (F) RIL 63. 
 

(A) (B) 

(C) (D) 

(E) (F) 
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Figure 3.8. Granule morphology at 400x under bright light for starch from RILs that 
do not carry the mae1 mutation (Ae1/-/- Mae1/-/-) (A) RIL 25 (B) RIL 29 (C) RIL43 
(D) RIL 53 (E) RIL 54 and (F) RIL 57. 
 
All bright light microscopy images were obtained at 400x magnification. The starch 

granules of the RILs that carry the mae1 mutation (Figure 3.7) and the RILs that do 

not carry the mutation (Figure 3.8) are similar. The granules are smooth and round, 

with some more angular morphologies. There is variation in granule size both within 

(A) (B) 

(C) (D) 

(E) (F) 
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and between genotypic classes. All the RILs examined showed strong birefringence 

under polarized light (data not shown).   

3.3.4 Confocal microscopy 
RILs examined by CLSM showed wild-type granules with visible growth rings as 

well as granules that appeared damaged (Figure 3.9). No clear differences were 

observed between the two genotypic classes.  

 

 
 
Figure 3.9. Confocal laser scanning microscopy images of (A,B) RIL30 Ae1 mae1 
and (C,D) RIL54 Ae1 Mae1 starch granules. 
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Starch from self-pollinated RILs, which have functional SBEIIb, was also examined 

by CLSM. RIL 30, which carries the mae1 mutation, had granules that were normal, 

as well as granules that appeared to be damaged. A similar observation of normal and 

damaged granules was noted for the RIL that did not carry the mae1 mutation, RIL 

54. No conclusions could be made from these images.  

3.3.5 Chain Length Determination 
In the presence of functional SBEIIb, the mae1 mutation did not have an effect on the 

degree of polymerization of amylopectin (Table 3.9).  

Table 3.9. Chain length distribution (DP 6-50) and average DP of amylopectin of  
mae1 and Mae1 RILs, both in the presence of functional SBEIIb.  

Genotype DP 6-12 DP 13-24 DP 25-36 DP 37-50 Average DP 
Ae1 Mae1   23.4 ± 0.92a 51.7 ± 0.77a 15.1 ± 0.22a 9.8 ± 0.17a 20.1 ± 0.11a 

Ae1 mae1  23.6 ± 0.92a 51.3 ± 0.77a 15.1 ± 0.22a 9.9 ± 0.17a 20.1 ± 0.11a 

aMeans with the same letter within a column are not significantly different according 
to Tukey’s adjusted t-test (p=0.05). 
Values are the mean of six RILs in duplicate ± SE. 
 
The relative area of each peak was compared to characterize the peak distribution of 

RILs that carry mae1 and those that do not, in the presence of functional SBEIIb. The 

highest peaks for both groups were at DP 12 and 13 and there was a slight shoulder at 

DP 19 (Supplementary Figure 3.5). This is also true of the wild-type distribution, and 

is supported in the literature for normal maize (Hanashiro et al., 1996). Above 50 DP, 

the sensitivity is lower and the peaks are more difficult to interpret.  

The proportion of the peak area that each DP range represents is shown in 

Table 3.9. The ANOVA results indicate that there is no difference in the distribution 

of chain lengths between RILs that carry the mae1 mutation and those that do not for 

each range of DP as well as for the average chain length (Supplementary Tables 3.22-

3.26). The average DP for the two classes was DP 20.1 ± 0.11.  
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3.3.6 Thermal properties 
In the presence of functional SBEIIb, the melting temperature was reduced 1.6 °C and 

the completion temperature was reduced 1.3 °C by the mae1 mutation presence. The 

presence of the mutation did not have an effect on the thermal characteristics of starch 

retrogradation. 

Table 3.10. Thermal characteristics of gelatinization measured by DSC for RILs that 
carry mae1 and RILs that do not carry the mutation, in the presence of functional  
SBEIIb. 

Genotype Onset 
Temperature To 

(°C) 

Peak 
Temperature Tp 

(°C) 

Completion 
Temperature Tc 

(°C) 

Enthalpy of 
Gelatinization 
ΔHg (J/g) 

Ae1 Mae1   55.2 ± 0.71a 71.9 ± 0.25a 75.2 ± 0.29a 7.4 ± 0.41a 

Ae1 mae1  53.9 ± 0.71a 70.3 ± 0.25b 73.9 ± 0.29b 8.1 ± 0.41a 

a-bMeans with the same letter within a column are not significantly different 
according to Tukey’s adjusted t-test (p=0.05). 
 
Table 3.11. Thermal characteristics of retrogradation measured by DSC for RILs that 
carry mae1 and RILs that do not carry the mutation, in the presence of functional  
SBEIIb. 

Genotype Onset 
Temperature To 

(°C) 

Peak 
Temperature Tp 

(°C) 

Completion 
Temperature Tc 

(°C) 

Enthalpy of 
Gelatinization 
ΔHg (J/g) 

Ae1 Mae1   44.2 ± 0.32a 56.2 ± 0.23a 60.0 ± 0.77a 4.2 ± 0.38a 

Ae1 mae1  44.2 ± 0.32a 56.3 ± 0.23a 60.7 ± 0.77a 4.1 ± 0.38a 

aMeans with the same letter within a column are not significantly different according 
to Tukey’s adjusted t-test (p=0.05). 
 
Thermal characteristics of starch gelatinization were determined by DSC. For RILs 

with functional SBEIIb carrying the mae1 mutation, Tp and Tc were significantly 

lower from those of RILs without the mae1 mutation by 1.6 and 1.3 °C, respectively. 

These lower temperatures suggest a less ordered crystalline state in the presence of 

the mae1 mutation. There was no significant difference for To and ΔHg for these lines. 

In a study by Sandhu et al. (2004), the thermal properties of dent corn were 69.3, 73.1 

and 77.7 °C for the onset, melting and completion temperatures, respectively, and the 
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enthalpy of gelatinization was 10.9 J/g. The peaks of starch thermograms are broad 

and thus the enthalpy of gelatinization is significantly lower than reported in 

literature. Krueger et al. (1987) found that laboratory extracted starches exhibit wide 

gelatinization temperature ranges and lower peak temperatures than those of 

commercially available starches, due to the heterogeneity of the starch molecules. 

Impurities in the starch can have an effect on the thermal properties, since the dry 

weight of starch is used to calculate the thermal characteristics. The presence of 

impurities means that the dry starch weight was actually less than reported, however 

the same extraction method was used for each and this effect should be uniform 

across all samples. In order to decrease the broadness of the peak and thus the 

gelatinization range, starches can be annealed by heating at subgelatinization 

temperatures, commonly 50 °C for 72 hours, with excess water. In a study of B73 

dent corn, this narrowed the range by half, from 11-15 °C to 5-7 °C, however there 

was also an effect on Tp, which increased from 67.3 to 71.3 °C (Krueger et al., 1987). 

The same phenomenon was observed in wheat and is likely due to a shift toward a 

more crystalline formation (Gough and Pybus, 1971).  

3.3.7 Protein analysis 

Proteins SBEI and SBEIIb were detected in mature starch of RILs that carry the mae1 

mutation (Ae1 mae1) and those RILs that carry the wild-type Mae1 allele (Ae1 

Mae1)(Figure 3.12). No obvious differences between the two genotypic classes were 

found. Zymogram analysis detected branching enzyme activity in leaf extracts 

however the results were inconclusive and were not identified as SBEI (Figure 3.13). 
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Figure 3.10. Immunological characterization of proteins from RIL mature starch 
extracts. Approximately 50 µg of soluble proteins were loaded onto each gel lane and 
separated on 10 % acrylamide gels. The first was silver stained (A) while the next two 
were electroblotted onto nitrocellulose membranes and developed with peptide-
specific anti-maize antibodies SBEI (B) and SBEIIb (C). Bands indicate cross-
reactions of each of the antibodies with its corresponding target protein; SBEI 
(approximately 80 kD) and SBEIIb (approximately 85 kD). MW, molecular mass  
markers.  

(A) 

(B) 

(C) 
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The silver stain did not reveal bands in the range expected for the SBEs, 80-90 kD 

(Figure3.10A). The Western blot probed with antibody against SBEI showed faint 

bands that coincide with the bright band of the amyloplast extract (Figure 3.10B). The 

Western blot probed with anti-SBEIIb antibody showed a band for each RIL that was 

examined (Figure 3.10C). This band coincides with the band of the amyloplast extract 

and is reasonably located at 85 kD. No differences were observed between the two 

genotypic groups regarding the presence of SBEI and SBEIIb proteins associated 

with starch granules.  

       
 
Figure 3.11. Immunological characterization of proteins from leaf tissue harvested 16 
DAE. Approximately 50 µg of protein was loaded onto each gel lane of the 
zymogram and separated on 5 % acrylamide gels. (A) The zymogram was incubated 
in buffer at 30 °C for 18 hours and stained with Lugol’s solution. (B) A second 
zymogram was electroblotted onto nitrocellulose membranes and developed with  
peptide-specific anti-SBEI maize antibody.  

In the zymogram (Figure 3.11A), two bands are visible. A bright band is observed for 

all four RILs and the amyloplast (marked by the upper arrow). This coincides with 

amylases or debranching enzymes. A faint darkly stained band is present for each RIL 

and an intense dark band for the amyloplast (lower arrow). This band is visualized 

(A) (B) 
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when iodine integrates in the chains created by branching enzymes and indicates 

activity of these proteins. The blot probed with anti-SBEI (Figure 3.11B) did not 

detect a band for any of the RILs, but did detect a band for the amyloplast. This band 

is at a similar position to the upper bright band observed in the zymogram. The results 

are inconclusive, however the band is not likely to indicate SBEI activity. 
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Chapter Four – Conclusion 
4.1 Summary and Research Contributions 
This study examined a novel starch mutant that was observed as the result of a cross 

between each of two different ae1 alleles, ae1-ref and ae1-Elmore, with a white food-

grade inbred line, cgx333. Previous studies determined that all known components of 

starch synthesis are present and functional in this mutant and that the mutation is due 

to a single gene, named mae1 (unpublished results). The study is discovery-based to 

gain knowledge of this mutant gene as well as the resulting starch properties.  

Of the 50 SD80/SD79 RILs used, only six carried the mae1 mutation. This 

was surprising, as the expectation would be 50 % of the RILs should carry the mae1 

mutant allele. One possible explanation for this discrepancy would be if the mae1 

mutant allele containing pollen grains was less competitive resulting in a preferential 

pollination with pollen grains containing the wild-type Mae1 allele. The mapping 

study identified 389 putative SNPs associated with the mae1 mutation. However, due 

to missing GBS information, it was not possible to resolve the location of the gene to 

even a single chromosome.  

Starches from kernels of the ae1 mae1, ae1 Mae1 and wild-type genotypes 

were analyzed to gain knowledge about the cause of the severely shrunken and 

collapsed ae1 mae1 kernel phenotype. These ae1 mae1 starch granules were 

significantly smaller than the other genotypes, measuring at 6.2 ± 0.21 µm. This 

finding was supported by light microscopy images and CLSM images. Although the 

starch granules were smaller, the microscopy images still show some irregular or 

elongated granules for ae1 mae1 starch, similar to those of ae1 Mae1 starch. Studies 
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of apparent amylose content, thermal properties and amylopectin chain length (CL) 

distribution did not explain the severe phenotype of the ae1 mae1 genotype.  The 

SBEI protein was detected faintly in ae1 mae1 and this result does not contradict 

previous enzyme studies. The experiments conducted provide some knowledge about 

the novel mutant but it is unclear if there are differences in other properties that may 

give more understanding in the future.  

The starch of Ae1 Mae1 was compared to Ae1 mae1 for various characteristics 

to gain insight into the role of the mutation in a background of functional SBEIIb. We 

hypothesized that the presence of the mae1 mutation alone would result in more 

amylose-like starch however this had no effect on amylose content. Thermal 

properties for melting and completion temperatures were significantly lower for RILs 

carrying the mae1 mutation by 1.6 and 1.3 °C, respectively. Studies of granule size, 

amylopectin chain length distribution and microscopy did not indicate significant 

differences between the two genotypic groups, and both groups were found to 

produce SBEI protein. This data is reasonable. Since this mutation has not become 

known during the many decades of maize starch synthesis research, it is likely to have 

a minor role in the presence of functional SBEIIb. More research is necessary to solve 

the mystery of the pronounced phenotypic changes observed in a homozygous 

recessive ae1 background.  

4.2 Future Directions and Limitations 
The genotyping study was limited by missing information in the GBS results, which 

did not allow for the chromosome location to be deciphered. A population of 50 RILs 

was used with the expectation that approximately half of the RILs would exhibit the 

mae1 mutation. Since this was not the case and only six of the RILs in fact carried 
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mae1, the power of the GBS study was limited. A possible reason for this low number 

of mae1 RILs may be due to a reduced fitness of the pollen, resulting in a higher 

proportion of non-mutant pollen grains able to complete fertilization. To improve this 

issue, more RILs should be studied. An additional 200 SD80/SD79 RILs are available 

at the S4 generation. These lines should be grown in the field and test crossed with 

Ae1-5180::Mu to identify RILs that carry mae1. It is the hope that the availability of 

these additional RILs would provide more information for GBS and SNP association 

to the mutation. Once the putative chromosomal sites are identified for the mae1 

gene, known information about starch genes that correspond with that location can be 

used to gain insight into the gene function.   

 For phenotyping experiments starch was extracted from kernels of a single ear 

of corn per self-pollinated RIL. In the future, it would be beneficial to replicate the 

samples, extracting starch from at least three ears per RIL. This may be more feasible 

if an even number of Mae1 and mae1 RILs are used. Replicating the experiment in 

multiple years or growing sites could identify variation related to these sources.  

4.3 Conclusion 
This experiment provided initial insight into the novel mae1 starch synthesis 

mutation. The chromosomal location of mae1 was not discerned. In an ae1 

background, mae1 results in smaller starch granules and a larger proportion of long 

amylopectin chains. There was no substantial evidence to suggest an effect on starch 

properties due to mae1 in the presence of functional SBEIIb.  
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Appendix 
 
Supplementary Table 3.1. Absorbance at 620 nm for standard amylose samples used 
for apparent amylose iodometry standard curves. 
  Absorbance at 620 nm 
Standard 
Curve 
Number 

Amylose 
content (%) Replicate 1 Replicate 2 Replicate 3 Average SE 

1 0.0 0.186 0.194 0.185 0.188 0.0028 
 20.9 0.588 0.536 0.587 0.570 0.0172 
 49.0 0.960 0.893 0.860 0.904 0.0294 
 64.1 1.280 1.273 1.288 1.280 0.0043 
 100.0 1.893 1.860 1.899 1.884 0.0121 
2 0.0 0.165 0.155 0.143 0.154 0.0064 
 19.3 0.404 0.416 0.480 0.433 0.0236 
 46.2 0.722 0.678 0.714 0.705 0.0135 
 59.3 1.162 1.082 1.166 1.137 0.0274 
 100.0 1.790 1.809 1.797 1.799 0.0055 
3 0.0 0.183 0.198 0.190 0.190 0.0043 
 25.2 0.715 0.752 0.728 0.732 0.0108 
 42.5 0.949 0.968 0.977 0.965 0.0083 
 64.5 1.159 1.252 1.209 1.207 0.0269 
 100.0 2.079 2.134 2.105 2.106 0.0159 
4 0.0 0.153 0.166 0.156 0.158 0.0039 
 24.7 0.554 0.559 0.574 0.562 0.0060 
 45.7 0.802 0.824 0.820 0.815 0.0068 
 52.9 1.113 1.140 1.137 1.130 0.0085 
 100.0 1.830 1.880 1.869 1.860 0.0152 
5 0.0 0.159 0.162 0.156 0.159 0.0017 
 20.7 0.476 0.468 0.472 0.472 0.0023 
 37.6 0.789 0.813 0.800 0.801 0.0069 
 61.7 1.150 1.162 1.180 1.164 0.0087 
 100.0 1.781 1.828 1.857 1.822 0.0221 
6 0.0 0.148 0.157 0.158 0.154 0.0032 
 24.2 0.553 0.568 0.571 0.564 0.0056 
 38.9 0.661 0.674 0.663 0.666 0.0040 
 59.0 1.059 1.082 1.092 1.078 0.0098 
 100.0 1.706 1.674 1.750 1.710 0.0220 
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Supplementary Figure 3.1. Standard curves for apparent amylose determination. The 
legend indicates the lines that were measured with each set of standards. 
 
 
Supplementary Table 3.2. Absorbance at 620 nm for apparent amylose content of 
maize starches in triplicate with three plate readings for each.  
Line Replicate Absorbance at 620 nm 
  Reading 1 Reading 2 Reading 3 
RIL1 1 0.590 0.645 0.661 
  2 0.550 0.562 0.562 
  3 0.539 0.554 0.584 
RIL4 1 0.521 0.534 0.587 
  2 0.549 0.560 0.587 
  3 0.600 0.602 0.601 
RIL7 1 0.487 0.493 0.511 
  2 0.546 0.576 0.560 
  3 0.547 0.595 0.580 
RIL8 1 0.618 0.596 0.599 
  2 0.601 0.505 0.567 
  3 0.491 0.484 0.496 
RIL9 1 0.540 0.545 0.470 
  2 0.544 0.566 0.532 
  3 0.640 0.561 0.645 
RIL15 1 0.559 0.565 0.562 
  2 0.503 0.496 0.521 
  3 0.550 0.548 0.562 
RIL17 1 0.551 0.553 0.537 
  2 0.555 0.555 0.527 
  3 0.529 0.543 0.569 
RIL21 1 0.568 0.572 0.528 
  2 0.539 0.499 0.508 
RIL22 1 0.617 0.667 0.644 

y	  =	  0.0168x	  +	  0.1791	  
R²	  =	  0.99272	  

y	  =	  0.0166x	  +	  0.1003	  
R²	  =	  0.97971	  

y	  =	  0.0183x	  +	  0.1907	  
R²	  =	  0.97958	  

y	  =	  0.0172x	  +	  0.1391	  
R²	  =	  0.98842	  

y	  =	  0.0167x	  +	  0.1499	  
R²	  =	  0.99911	  

y	  =	  0.0155x	  +	  0.1442	  
R²	  =	  0.99337	  

0	  

0.5	  

1	  

1.5	  

2	  

2.5	  

0	   20	   40	   60	   80	   100	   120	  

A
bs
or
ba

nc
e	  
at
	  6
20
nm

	  

Amylose	  content	  (%)	  

RILs	  1-‐21	  

RILs	  22-‐28,	  30	  

RIL	  29	  

RILs	  31-‐50	  

RILs	  51-‐64	  

wt,	  ae1,	  mae1	  



	   78	  

  2 0.566 0.585 0.573 
  3 0.620 0.606 0.628 
RIL23 1 0.489 0.524 0.487 
  2 0.517 0.525 0.507 
  3 0.514 0.514 0.511 
RIL24 1 0.541 0.551 0.567 
  2 0.459 0.502 0.498 
  3 0.551 0.572 0.588 
RIL25 1 0.516 0.524 0.510 
  2 0.613 0.609 0.611 
  3 0.653 0.611 0.616 
RIL26 1 0.634 0.655 0.632 
  2 0.561 0.585 0.568 
  3 0.646 0.635 0.679 
RIL27 1 0.548 0.547 0.592 
  2 0.587 0.608 0.635 
  3 0.528 0.508 0.504 
RIL28 1 0.573 0.554 0.567 
  2 0.575 0.566 0.571 
  3 0.586 0.528 0.580 
RIL29 1 0.737 0.746 0.700 
  2 0.716 0.727 0.747 
  3 0.621 0.665 0.650 
RIL30 1 0.578 0.641 0.606 
  2 0.590 0.666 0.637 
  3 0.592 0.657 0.615 
RIL31 1 0.570 0.586 0.602 
  2 0.518 0.488 0.527 
  3 0.576 0.582 0.584 
RIL32 1 0.601 0.663 0.627 
  2 0.472 0.470 0.478 
  3 0.581 0.638 0.601 
RIL33 1 0.582 0.584 0.574 
  2 0.616 0.628 0.653 
  3 0.653 0.655 0.643 
RIL35 1 0.705 0.610 0.616 
  2 0.586 0.617 0.611 
  3 0.653 0.619 0.636 
RIL36 1 0.490 0.495 0.464 
  2 0.539 0.536 0.525 
  3 0.626 0.567 0.539 
RIL37 1 0.574 0.580 0.566 
  2 0.570 0.522 0.521 
  3 0.518 0.526 0.502 
RIL38 1 0.660 0.635 0.664 
  2 0.613 0.616 0.618 
  3 0.721 0.700 0.697 
RIL39 1 0.515 0.517 0.540 
  2 0.547 0.543 0.537 
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  3 0.623 0.632 0.627 
RIL40 1 0.683 0.675 0.686 
  2 0.602 0.632 0.632 
  3 0.631 0.637 0.636 
RIL41 1 0.590 0.583 0.582 
  2 0.606 0.591 0.596 
  3 0.567 0.556 0.541 
RIL42 1 0.528 0.529 0.537 
  2 0.587 0.614 0.627 
  3 0.563 0.551 0.559 
RIL43 1 0.649 0.631 0.604 
  2 0.578 0.594 0.588 
  3 0.615 0.627 0.637 
RIL44 1 0.548 0.564 0.545 
  2 0.592 0.621 0.613 
RIL45 1 0.603 0.608 0.601 
  2 0.611 0.595 0.617 
  3 0.569 0.567 0.576 
RIL46 1 0.603 0.605 0.608 
  2 0.620 0.600 0.624 
  3 0.619 0.593 0.613 
RIL47 1 0.563 0.522 0.525 
  2 0.558 0.558 0.550 
  3 0.610 0.642 0.616 
RIL48 1 0.594 0.595 0.599 
  2 0.586 0.585 0.605 
  3 0.564 0.585 0.587 
RIL49 1 0.568 0.581 0.618 
  2 0.599 0.619 0.606 
  3 0.561 0.566 0.552 
RIL50 1 0.486 0.500 0.510 
  2 0.556 0.561 0.584 
  3 0.571 0.566 0.572 
RIL51 1 0.525 0.536 0.520 
  2 0.594 0.588 0.578 
  3 0.571 0.560 0.573 
RIL52 1 0.518 0.529 0.560 
  2 0.513 0.524 0.479 
  3 0.586 0.581 0.576 
RIL53 1 0.500 0.498 0.513 
  2 0.529 0.528 0.520 
  3 0.521 0.514 0.530 
RIL54 1 0.468 0.468 0.470 
  2 0.553 0.626 0.630 
  3 0.566 0.582 0.586 
RIL55 1 0.463 0.461 0.482 
  2 0.564 0.552 0.554 
  3 0.482 0.497 0.492 
RIL56 1 0.472 0.487 0.478 
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  2 0.510 0.511 0.514 
  3 0.546 0.514 0.518 
RIL57 1 0.608 0.488 0.517 
  2 0.522 0.554 0.527 
  3 0.620 0.485 0.480 
RIL58 1 0.660 0.557 0.551 
  2 0.465 0.489 0.499 
  3 0.532 0.541 0.530 
RIL59 1 0.571 0.564 0.578 
  2 0.588 0.582 0.573 
  3 0.555 0.558 0.573 
RIL60 1 0.552 0.574 0.568 
  2 0.583 0.583 0.599 
  3 0.507 0.534 0.526 
RIL61 1 0.596 0.602 0.584 
  2 0.520 0.542 0.538 
RIL62 1 0.619 0.640 0.633 
  2 0.636 0.618 0.613 
  3 0.644 0.641 0.640 
RIL63 1 0.560 0.565 0.569 
  2 0.603 0.608 0.620 
  3 0.613 0.606 0.603 
RIL64 1 0.553 0.549 0.574 
  2 0.593 0.615 0.605 
  3 0.626 0.648 0.648 
SD75 1 0.545 0.574 0.570 
  2 0.574 0.562 0.553 
  3 0.613 0.615 0.602 
SD77 1 0.578 0.570 0.637 
  2 0.574 0.559 0.567 
  3 0.583 0.581 0.608 
SD79 1 0.453 0.444 0.454 
  2 0.486 0.491 0.512 
  3  0.581 0.569 
SD80 1 0.615 0.647 0.628 
  2 0.525 0.531  
  3 0.525 0.614 0.541 
CGX333 1 0.638 0.652 0.608 
  2 0.635 0.647 0.660 
  3 0.592 0.618 0.571 
CGR07W 1 0.507 0.514 0.496 
  2 0.540 0.527 0.585 
  3 0.565 0.542 0.557 
wild-type 1 0.559 0.542 0.556 
 2 0.615 0.624 0.614 
 3 0.561 0.568 0.586 
ae1 Mae1 1 1.068 1.057 1.035 
 2 1.074 1.059 1.062 
 3 0.979 0.969 0.971 
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ae1 mae1 1 0.836 0.832 0.864 
 2 0.867 0.861 0.841 
 3 0.846 0.839 0.842 

 
 
 
Supplementary Table 3.3. Apparent amylose calculated from absorbance using the 
equation of the standard curve.  
Line Replicate Apparent Amylose (%) 
  Read 1 Read 2 Read 3 Mean SE Mean SE 
RIL1 1 24.5 27.7 28.7 27.0 1.28 24.0 0.85 
 2 22.1 22.8 22.8 22.6 0.24   
 3 21.4 22.3 24.1 22.6 0.79   
RIL4 1 20.4 21.1 24.3 21.9 1.20 23.3 0.62 
 2 22.0 22.7 24.3 23.0 0.67   
 3 25.1 25.2 25.1 25.1 0.03   
RIL7 1 18.3 18.7 19.8 18.9 0.43 21.7 0.77 
 2 21.8 23.6 22.7 22.7 0.52   
 3 21.9 24.8 23.9 23.5 0.84   
RIL8 1 26.1 24.8 25.0 25.3 0.41 22.1 1.10 
 2 25.1 19.4 23.1 22.5 1.67   
 3 18.6 18.1 18.9 18.5 0.21   
RIL9 1 21.5 21.8 17.3 20.2 1.44 22.7 1.07 
 2 21.7 23.0 21.0 21.9 0.59   
 3 27.4 22.7 27.7 26.0 1.62   
RIL15 1 22.6 23.0 22.8 22.8 0.10 21.5 0.53 
 2 19.3 18.9 20.4 19.5 0.44   
 3 22.1 22.0 22.8 22.3 0.26   
RIL17 1 22.1 22.3 21.3 21.9 0.30 21.9 0.27 
 2 22.4 22.4 20.7 21.8 0.56   
 3 20.8 21.7 23.2 21.9 0.70   
RIL21 1 23.1 23.4 20.8 22.4 0.84 21.2 0.73 
 2 21.4 19.0 19.6 20.0 0.72   
RIL22 1 31.1 34.1 32.8 32.7 0.87 30.8 0.67 
 2 28.1 29.2 28.5 28.6 0.33   
 3 31.3 30.5 31.8 31.2 0.39   
RIL23 1 23.4 25.5 23.3 24.1 0.72 24.7 0.27 
 2 25.1 25.6 24.5 25.1 0.31   
 3 24.9 24.9 24.7 24.9 0.06   
RIL24 1 26.5 27.2 28.1 27.3 0.46 26.3 0.84 
 2 21.6 24.2 24.0 23.3 0.83   
 3 27.2 28.4 29.4 28.3 0.65   
RIL25 1 25.0 25.5 24.7 25.1 0.24 29.2 1.06 
 2 30.9 30.6 30.8 30.8 0.07   
 3 33.3 30.8 31.1 31.7 0.80   
RIL26 1 32.2 33.4 32.0 32.5 0.44 31.4 0.82 
 2 27.8 29.2 28.2 28.4 0.43   
 3 32.9 32.2 34.9 33.3 0.80   
RIL27 1 27.0 26.9 29.6 27.8 0.89 27.8 0.92 
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 2 29.3 30.6 32.2 30.7 0.84   
 3 25.8 24.6 24.3 24.9 0.45   
RIL28 1 28.5 27.3 28.1 28.0 0.34 28.1 0.34 
 2 28.6 28.1 28.4 28.3 0.16   
 3 29.3 25.8 28.9 28.0 1.11   
RIL29 1 29.9 30.3 27.8 29.3 0.77 27.9 0.83 
 2 28.7 29.3 30.4 29.5 0.50   
 3 23.5 25.9 25.1 24.8 0.71   
RIL30 1 28.8 32.6 30.5 30.6 1.10 31.3 0.63 
 2 29.5 34.1 32.3 32.0 1.33   
 3 29.6 33.5 31.0 31.4 1.15   
RIL31 1 25.1 26.0 26.9 26.0 0.54 24.4 0.75 
 2 22.0 20.3 22.6 21.6 0.69   
 3 25.4 25.8 25.9 25.7 0.14   
RIL32 1 26.9 30.5 28.4 28.6 1.05 25.1 1.48 
 2 19.4 19.2 19.7 19.4 0.14   
 3 25.7 29.0 26.9 27.2 0.97   
RIL33 1 25.8 25.9 25.3 25.6 0.18 28.0 0.64 
 2 27.7 28.4 29.9 28.7 0.63   
 3 29.9 30.0 29.3 29.7 0.22   
RIL35 1 32.9 27.4 27.7 29.3 1.79 28.4 0.66 
 2 26.0 27.8 27.4 27.1 0.55   
 3 29.9 27.9 28.9 28.9 0.57   
RIL36 1 20.4 20.7 18.9 20.0 0.56 22.8 0.92 
 2 23.3 23.1 22.4 22.9 0.25   
 3 28.3 24.9 23.3 25.5 1.49   
RIL37 1 25.3 25.6 24.8 25.2 0.24 23.4 0.58 
 2 25.1 22.3 22.2 23.2 0.94   
 3 22.0 22.5 21.1 21.9 0.41   
RIL38 1 30.3 28.8 30.5 29.9 0.53 30.2 0.79 
 2 27.6 27.7 27.8 27.7 0.08   
 3 33.8 32.6 32.4 33.0 0.44   
RIL39 1 21.9 22.0 23.3 22.4 0.47 24.7 0.94 
 2 23.7 23.5 23.1 23.4 0.17   
 3 28.1 28.7 28.4 28.4 0.15   
RIL40 1 31.6 31.2 31.8 31.5 0.19 29.5 0.55 
 2 26.9 28.7 28.7 28.1 0.58   
 3 28.6 28.9 28.9 28.8 0.11   
RIL41 1 26.2 25.8 25.8 25.9 0.15 25.6 0.40 
 2 27.1 26.3 26.6 26.7 0.26   
 3 24.9 24.2 23.4 24.2 0.44   
RIL42 1 22.6 22.7 23.1 22.8 0.17 24.8 0.70 
 2 26.0 27.6 28.4 27.3 0.68   
 3 24.6 23.9 24.4 24.3 0.21   
RIL43 1 29.6 28.6 27.0 28.4 0.76 27.6 0.47 
 2 25.5 26.4 26.1 26.0 0.27   
 3 27.7 28.4 28.9 28.3 0.37   
RIL44 1 23.8 24.7 23.6 24.0 0.34 25.7 0.78 
 2 26.3 28.0 27.6 27.3 0.50   
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RIL45 1 27.0 27.3 26.9 27.0 0.12 26.5 0.36 
 2 27.4 26.5 27.8 27.2 0.38   
 3 25.0 24.9 25.4 25.1 0.16   
RIL46 1 27.0 27.1 27.3 27.1 0.08 27.3 0.20 
 2 28.0 26.8 28.2 27.6 0.43   
 3 27.9 26.4 27.6 27.3 0.46   
RIL47 1 24.6 22.3 22.4 23.1 0.77 25.1 0.81 
 2 24.4 24.4 23.9 24.2 0.16   
 3 27.4 29.2 27.7 28.1 0.57   
RIL48 1 26.4 26.5 26.7 26.6 0.09 26.2 0.23 
 2 26.0 25.9 27.1 26.3 0.38   
 3 24.7 25.9 26.0 25.6 0.43   
RIL49 1 24.9 25.7 27.8 26.2 0.87 26.0 0.49 
 2 26.7 27.9 27.1 27.3 0.34   
 3 24.5 24.8 24.0 24.5 0.24   
RIL50 1 20.2 21.0 21.6 20.9 0.40 23.6 0.70 
 2 24.2 24.5 25.9 24.9 0.50   
 3 25.1 24.8 25.2 25.0 0.11   
RIL51 1 22.5 23.1 22.2 22.6 0.28 24.6 0.54 
 2 26.6 26.2 25.6 26.2 0.28   
 3 25.2 24.6 25.3 25.0 0.24   
RIL52 1 22.0 22.7 24.6 23.1 0.75 23.4 0.73 
 2 21.7 22.4 19.7 21.3 0.81   
 3 26.1 25.8 25.5 25.8 0.17   
RIL53 1 21.0 20.8 21.7 21.2 0.28 22.0 0.24 
 2 22.7 22.6 22.2 22.5 0.17   
 3 22.2 21.8 22.8 22.3 0.28   
RIL54 1 19.0 19.0 19.2 19.1 0.04 24.0 1.31 
 2 24.1 28.5 28.7 27.1 1.50   
 3 24.9 25.9 26.1 25.6 0.37   
RIL55 1 18.7 18.6 19.9 19.1 0.40 21.3 0.81 
 2 24.8 24.1 24.2 24.4 0.22   
 3 19.9 20.8 20.5 20.4 0.26   
RIL56 1 19.3 20.2 19.6 19.7 0.26 21.3 0.46 
 2 21.6 21.6 21.8 21.7 0.07   
 3 23.7 21.8 22.0 22.5 0.60   
RIL57 1 27.4 20.2 22.0 23.2 2.16 23.0 1.03 
 2 22.3 24.2 22.6 23.0 0.60   
 3 28.1 20.1 19.8 22.7 2.75   
RIL58 1 30.5 24.4 24.0 26.3 2.12 23.1 1.11 
 2 18.9 20.3 20.9 20.0 0.60   
 3 22.9 23.4 22.8 23.0 0.20   
RIL59 1 25.2 24.8 25.6 25.2 0.24 25.2 0.22 
 2 26.2 25.9 25.3 25.8 0.26   
 3 24.3 24.4 25.3 24.7 0.33   
RIL60 1 24.1 25.4 25.0 24.8 0.39 24.5 0.61 
 2 25.9 25.9 26.9 26.3 0.32   
 3 21.4 23.0 22.5 22.3 0.48   
RIL61 1 26.7 27.1 26.0 26.6 0.32 24.8 0.84 
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 2 22.2 23.5 23.2 23.0 0.41   
RIL62 1 28.1 29.3 28.9 28.8 0.37 28.8 0.23 
 2 29.1 28.0 27.7 28.3 0.42   
 3 29.6 29.4 29.3 29.4 0.07   
RIL63 1 24.6 24.9 25.1 24.8 0.16 26.6 0.46 
 2 27.1 27.4 28.1 27.6 0.30   
 3 27.7 27.3 27.1 27.4 0.18   
RIL64 1 24.1 23.9 25.4 24.5 0.46 27.0 0.74 
 2 26.5 27.9 27.3 27.2 0.38   
 3 28.5 29.8 29.8 29.4 0.44   
SD75 1 23.7 25.4 25.2 24.7 0.54 25.7 0.51 
 2 25.4 24.7 24.1 24.7 0.36   
 3 27.7 27.9 27.1 27.6 0.24   
SD77 1 25.6 25.2 29.2 26.7 1.27 26.0 0.48 
 2 25.4 24.5 25.0 25.0 0.26   
 3 25.9 25.8 27.4 26.4 0.52   
SD79 1 18.1 17.6 18.2 18.0 0.19 20.9 1.11 
 2 20.1 20.4 21.7 20.7 0.48   
 3  25.8 25.1 25.5 0.29   
SD80 1 27.9 29.8 28.6 28.7 0.56 25.6 1.11 
 2 22.5 22.8  22.6 0.18   
 3 22.5 27.8 23.4 24.6 1.64   
CGX333 1 29.2 30.1 27.4 28.9 0.78 28.4 0.59 
 2 29.0 29.8 30.5 29.8 0.43   
 3 26.5 28.0 25.2 26.6 0.81   
CGR07W 1 21.4 21.8 20.7 21.3 0.31 23.2 0.58 
 2 23.4 22.6 26.1 24.0 1.05   
 3 24.9 23.5 24.4 24.2 0.40   
wild-type 1 24.1 23.5 24.2 23.9 0.20 24.5 0.44 
 2 25.9 26.6 25.8 26.1 0.24   
 3 22.6 24.8 23.4 23.6 0.64   
ae1 Mae1 1 51.1 52.1 51.7 51.7 0.28 50.5 0.96 
 2 51.9 50.8 55.3 52.7 1.34   
 3 46.8 47.6 46.8 47.0 0.28   
ae1 mae1 1 39.8 48.4 39.1 42.4 2.99 42.6 1.04 
 2 41.1 40.4 40.9 40.8 0.23   
 3 43.1 45.3 45.1 44.5 0.70   
 
Supplementary Table 3.4. ANOVA for average apparent amylose content in maize 
starch for wild-type, ae1 Mae1 and ae1 mae1 genotypes. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0 . . . 
Residual 7.4016 4.2733 1.73 0.0416 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 2 4 65.64 0.0009 
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Supplementary Table 3.5. ANOVA for average apparent amylose content in maize 
starch for RILs carrying the mae1 mutation and RILs lacking this mutation, in the 
presence of functional SBEIIb. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0 . . . 
Residual 11.0573 1.2986 8.51 <.0001 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 1 143 1.01 0.3169 
 
Supplementary Table 3.6. Granule size for starch granules from maize lines as surface 
weighted mean [D(3,2)], 10th percentile [d(0.1)], median [d(0.5)] and 90th percentile 
[d(0.9)]. 
Line Replicate Mutationa Particle size (µm) 

   D(3,2) d(0.1) d(0.5) d(0.9) 
RIL1 1 1 9.35 5.512 16.868 61.335 
 2 1 9.40 5.710 17.098 59.591 
RIL4 1 1 9.80 6.311 17.575 68.088 
 2 1 9.76 6.031 17.616 65.941 
RIL7 1 1 8.75 4.721 15.957 56.264 
 2 1 8.13 4.209 15.133 21.787 
RIL8 1 1 10.36 6.229 18.993 65.327 
 2 1 9.95 5.543 18.130 59.100 
RIL9 1 1 10.30 6.368 18.232 67.772 
 2 1 10.27 6.415 18.269 64.185 
RIL15 1 1 9.94 5.713 17.342 67.360 
 2 1 10.32 6.088 17.943 70.598 
RIL17 1 1 9.55 5.150 16.787 31.154 
 2 1 9.70 5.450 17.043 57.506 
RIL21 1 1 10.14 6.172 17.226 61.181 
 2 1 10.98 6.819 19.265 68.979 
RIL22 1 1 8.50 4.423 15.426 25.124 
 2 1 8.37 4.342 15.297 23.823 
RIL23 1 1 11.20 6.253 19.982 60.487 
 2 1 11.22 6.224 19.800 62.720 
RIL24 1 1 10.87 6.528 19.829 63.044 
 2 1 11.10 6.848 19.966 66.236 
RIL25 1 1 9.56 5.502 16.712 71.084 
 2 1 9.79 5.879 17.125 71.174 
RIL26 1 1 9.87 6.393 17.482 61.889 
 2 1 10.26 7.153 18.152 67.528 
RIL27 1 1 9.69 6.789 16.813 65.215 
 2 1 9.89 7.122 17.295 66.168 
RIL28 1 1 9.41 4.901 16.773 51.954 
 2 1 9.58 5.126 16.993 55.020 
RIL29 1 1 9.49 5.097 16.970 73.761 
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 2 1 9.93 5.619 17.620 78.236 
RIL30 1 2 9.76 5.357 17.733 64.868 
 2 2 9.88 5.519 17.802 66.327 
RIL31 1 1 10.08 5.454 19.036 74.798 
 2 1 10.06 5.420 18.504 69.661 
RIL32 1 1 9.84 5.232 18.394 70.034 
 2 1 10.13 5.510 19.035 73.301 
RIL33 1 1 9.76 5.001 16.637 31.943 
 2 1 9.74 4.980 16.573 42.085 
RIL35 1 1 10.45 5.292 18.288 67.718 
 2 1 10.17 5.115 17.500 32.903 
RIL36 1 1 9.40 4.954 16.305 70.588 
 2 1 8.37 4.125 14.630 25.562 
RIL37 1 1 11.15 6.930 20.824 79.620 
 2 1 10.02 5.847 19.396 67.820 
RIL38 1 1 7.96 3.724 15.909 21.017 
 2 1 8.20 4.211 16.180 21.392 
RIL39 1 2 9.07 4.385 16.457 27.659 
 2 2 9.13 4.485 16.645 26.773 
RIL40 1 1 8.86 4.626 16.762 28.264 
 2 1 9.03 4.703 17.549 27.374 
RIL41 1 1 10.11 5.411 19.207 57.150 
 2 1 9.87 5.067 18.735 32.508 
RIL42 1 2 9.18 4.635 16.238 28.148 
 2 2 9.95 5.122 18.007 32.118 
RIL43 1 1 8.85 4.976 17.964 23.626 
 2 1 8.60 5.031 17.666 23.590 
RIL44 1 1 9.21 4.710 17.020 27.932 
 2 1 9.22 4.601 16.955 27.964 
RIL45 1 2 8.87 4.434 16.609 24.665 
 2 2 8.83 4.458 16.468 23.890 
RIL46 1 1 10.88 5.946 19.227 65.168 
 2 1 10.86 5.976 10.009 63.030 
RIL47 1 1 8.77 4.078 16.907 26.735 
 2 1 8.70 4.017 16.712 26.959 
RIL48 1 1 10.45 5.515 18.382 31.063 
 2 1 10.44 5.585 18.284 31.581 
RIL49 1 1 11.24 6.235 19.470 40.330 
 2 1 10.44 5.616 18.042 35.490 
RIL50 1 1 9.00 4.517 16.346 32.556 
 2 1 11.12 6.939 18.799 85.914 
RIL51 1 1 9.81 5.543 19.030 33.399 
 2 1 8.40 3.826 17.255 23.749 
RIL52 1 1 9.99 5.218 18.614 68.000 
 2 1 9.64 5.055 18.586 47.757 
RIL53 1 1 9.26 5.008 15.492 33.139 
 2 1 8.86 4.719 14.816 25.703 
RIL54 1 1 9.30 4.837 16.327 36.023 
 2 1 9.76 5.301 17.166 63.396 
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RIL55 1 1 9.77 5.125 16.555 53.660 
 2 1 9.68 5.211 16.301 29.449 
RIL56 1 1 9.32 5.064 17.594 43.914 
 2 1 10.5 5.477 18.188 71.625 
RIL57 1 1 9.97 5.377 17.096 73.916 
 2 1 9.75 5.403 16.443 31.146 
RIL58 1 2 9.99 5.064 17.370 51.454 
 2 2 10.47 5.543 17.959 64.302 
RIL59 1 1 10.74 6.064 19.039 81.048 
 2 1 9.27 4.270 16.006 23.650 
RIL60 1 1 8.17 3.680 15.839 23.169 
 2 1 8.43 3.735 16.092 25.395 
RIL61 1 1 10.84 5.826 18.258 36.371 
 2 1 11.02 6.040 18.796 42.393 
RIL62 1 1 10.78 5.662 20.682 87.605 
 2 1 11.00 6.174 20.570 64.613 
RIL63 1 2 8.11 3.804 15.559 25.270 
 2 2 8.38 4.106 15.810 25.670 
RIL64 1 1 10.08 5.045 20.082 51.556 
 2 1 10.14 5.098 20.145 71.014 
SD75 1 1 12.27 8.196 23.191 86.389 
 2 1 11.79 7.494 22.396 81.889 
SD77 1 2 11.32 7.038 21.552 91.037 
 2 2 11.59 7.363 22.044 90.213 
SD79 1 2 10.82 7.154 20.34 85.219 
 2 2 11.04 7.128 20.743 89.918 
SD80 1 1 11.22 6.972 20.225 88.273 
 2 1 11.01 7.660 19.738 87.328 
cgx333 1 1 10.61 6.054 18.664 30.414 
 2 1 10.90 6.334 19.157 35.946 
CGR07w 1 1 13.49 10.283 28.366 84.282 
 2 1 13.81 9.341 27.631 86.389 
wild-type 1 3 9.66 5.041 19.305 81.842 
 2 3 9.57 4.727 18.966 72.210 
ae1 Mae1 1 4 8.74 5.158 19.355 74.710 
 2 4 9.30 5.298 20.196 73.515 
ae1 mae1 1 5 6.44 2.869 11.155 56.367 
 2 5 5.97 2.404 10.273 43.441 

aFor mutation, 1 indicates ae1 Mae1, 2 indicates ae1 mae1 and wild-type is Ae1 
Mae1. 
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Supplementary Table 3.7.  ANOVA for starch granule size as surface weighted mean 
for wild-type, ae1 Mae1 and ae1 mae1 genotypes. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0 . . . 
Residual 0.09043 0.07384 1.22 0.1103 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 2 2 73.37 0.0134 
 
Supplementary Table 3.8. ANOVA for median starch granule size for wild-type, ae1 
Mae1 and ae1 mae1 genotypes. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0 . . . 
Residual 0.2667 0.2177 1.22 0.1103 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 2 2 191.79 0.0052 
 
Supplementary Table 3.9.  ANOVA for 10th percentile starch granule size for wild-
type, ae1 Mae1 and ae1 mae1 genotypes. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0.006158 0.03609 0.17 0.4322 
Residual 0.04958 0.04958 1.00 0.1587 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 2 2 79.91 0.0124 
 
Supplementary Table 3.10. ANOVA for 90th percentile starch granule size for wild-
type, ae1 Mae1 and ae1 mae1 genotypes. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 25.2433 44.7461 0.56 0.2863 
Residual 18.3041 18.3041 1.00 0.1587 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 2 2 24.22 0.0396 
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Supplementary Table 3.11. ANOVA for starch granule elongation for wild-type, ae1 
Mae1 and ae1 mae1 genotypes. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0.001417 0.004010 0.35 0.3619 
Residual 0.003817 0.003817 1.00 0.1587 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 2 2 2.70 0.2700 
 
Supplementary Table 3.12.  ANOVA for starch granule size as surface weighted 
mean for RILs carrying the mae1 mutation and RILs lacking this mutation, in the 
presence of functional SBEIIb. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0 . . . 
Residual 0.6574 0.09391 7.00 <.0001 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 1 97 3.72 0.0567 
 
Supplementary Table 3.13.  ANOVA for 10th percentile starch granule size for RILs 
carrying the mae1 mutation and RILs lacking this mutation, in the presence of 
functional SBEIIb. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0 . . . 
Residual 0.6311 0.09015 7.00 <.0001 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 1 97 7.12 0.0090 
 
Supplementary Table 3.14. ANOVA for median starch granule size for RILs carrying 
the mae1 mutation and RILs lacking this mutation, in the presence of functional 
SBEIIb. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0 . . . 
Residual 2.4168 0.3453 7.00 <.0001 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 1 97 2.15 0.1455 
 
 
 



	   90	  

Supplementary Table 3.15. ANOVA for 90th percentile starch granule size for RILs 
carrying the mae1 mutation and RILs lacking this mutation, in the presence of 
functional SBEIIb. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0 . . . 
Residual 377.49 53.9268 7.00 <.0001 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 1 97 7.00 <.0001 
 
Supplementary Table 3.16. ANOVA for starch granule elongation for RILs carrying 
the mae1 mutation and RILs lacking this mutation, in the presence of functional 
SBEIIb. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0 . . . 
Residual 0.005170 0.000739 7.00 <.0001 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 1 97 5.37 0.0226 
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Supplementary Figure 3.2. Original chromatograms of HPAEC-PAD maize 
amylopectin chains. (A) RILs that carry the mae1 mutation, (B) RILs that do not 
carry the mutation (Mae1), both in the presence of functional SBEIIb, (C) wild-type 
kernels, (D) ae1 kernels and (E) mae1 kernels. Values for (A) and (B) are the mean of 
six samples in duplicate while (C), (D) and (E) are the mean of a single sample in 
duplicate.  
 
 

-‐30	  

-‐10	  

10	  

30	  

50	  

70	  

90	  

110	  

130	  

150	  

0	   3	   7	   10	   13	   17	   20	   23	   27	   30	   33	   37	   40	   43	  

PA
D
	  re

sp
on

se
	  

Reten9on	  9me	  (min)	  

-‐30	  

-‐10	  

10	  

30	  

50	  

70	  

90	  

110	  

130	  

150	  

0	   3	   7	   10	   13	   17	   20	   23	   27	   30	   33	   37	   40	   43	  

PA
D
	  re

sp
on

se
	  

Reten9on	  9me	  (min)	  

D	  

E	  



	   93	  

 
Supplementary Figure 3.3. Chain length distribution (DP 6-50) of amylopectin from 
RIL kernels exhibiting the wild-type, ae1 Mae1 and ae1 mae1 genotypes. Values are 
the mean of samples in duplicate. 
 
Supplementary Table 3.17. ANOVA for amylopectin chain length (DP 6-12) for 
wild-type, ae1 Mae1 and ae1 mae1 genotypes. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0.2835 0.4051 0.70 0.2420 
Residual 0.008913 0.008913 1.00 0.1587 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 2 2 7283.11 0.0001 
 

Supplementary Table 3.18. ANOVA for amylopectin chain length (DP 13-24) for 
wild-type, ae1 Mae1 and ae1 mae1 genotypes. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0.4280 0.6132 0.70 0.2426 
Residual 0.01666 0.01666 1.00 0.1587 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 2 2 1297.93 0.0008 
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Supplementary Table 3.19. ANOVA for amylopectin chain length (DP 25-36) for 
wild-type, ae1 Mae1 and ae1 mae1 genotypes. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0.000179 0.005953 0.03 0.4880 
Residual 0.009951 0.009951 1.00 0.1587 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 2 2 3590.38 0.0003 
 

Supplementary Table 3.20. ANOVA for amylopectin chain length (DP 37-50) for 
wild-type, ae1 Mae1 and ae1 mae1 genotypes. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0.01375 0.05093 0.27 0.3936 
Residual 0.05855 0.05855 1.00 0.15 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 2 2 775.11 0.0013 
 

Supplementary Table 3.21. ANOVA for average amylopectin chain length for wild-
type, ae1 Mae1 and ae1 mae1 genotypes. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0 . . . 
Residual 0.002954 0.002412 1.22 0.1103 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 2 2 3765.98 0.0003 
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Supplementary Figure 3.4. Chain length distribution (DP 6-50) of amylopectin from 
kernels carrying mae1, those not carrying the mutation (Mae1), both in the presence 
of functional SBEIIb. Values are the mean of six RILs in duplicate.  
 
Supplementary Table 3.22. ANOVA for amylopectin chain length (DP 6-12) for RILs 
carrying the mae1 mutation and RILs lacking this mutation, in the presence of 
functional SBEIIb. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 1.2200 2.0730 0.59 0.2781 
Residual 2.9375 0.9065 3.24 0.0006 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 1 21 0.08 0.7771 
 

Supplementary Table 3.23. ANOVA for amylopectin chain length (DP 13-24) for 
RILs carrying the mae1 mutation and RILs lacking this mutation, in the presence of 
functional SBEIIb. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0.8885 1.4678 0.61 0.2725 
Residual 1.7860 0.5512 3.24 0.0006 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 1 21 0.50 0.4878 
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Supplementary Table 3.24. ANOVA for amylopectin chain length (DP 25-36) for 
RILs carrying the mae1 mutation and RILs lacking this mutation, in the presence of 
functional SBEIIb. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0.02896 0.09195 0.32 0.3764 
Residual 0.4271 0.1318 3.24 0.0006 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 1 21 0.01 0.9386 
 

Supplementary Table 3.25. ANOVA for amylopectin chain length (DP 37-50) for 
RILs carrying the mae1 mutation and RILs lacking this mutation, in the presence of 
functional SBEIIb. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0 . . . 
Residual 0.3519 0.1061 3.32 0.0005 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 1 21 0.46 0.5061 
 

Supplementary Table 3.26. ANOVA for average amylopectin chain length for RILs 
carrying the mae1 mutation and RILs lacking this mutation, in the presence of 
functional SBEIIb. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0.006130 0.02252 0.27 0.3927 
Residual 0.1158 0.03574 3.24 0.0006 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 1 21 0.09 0.7700 
 
Supplementary Table 3.27. ANOVA for gelatinization onset temperature for wild-
type, ae1 Mae1 and ae1 mae1 starches. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0 . . . 
Residual 0.3409 0.2783 1.22 0.1103 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Mutation 2 2 65.10 0.0151 
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Supplementary Table 3.28. ANOVA for gelatinization melting temperature for wild-
type, ae1 Mae1 and ae1 mae1 starches. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 7.1469 173.24 0.04 0.4835 
Residual 142.80 142.80 1.00 0.1587 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 2 2 1.54 0.3937 
 
Supplementary Table 3.29. ANOVA for gelatinization completion temperature for 
wild-type, ae1 Mae1 and ae1 mae1 starches. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 1.0166 7.8871 0.13 0.4487 
Residual 11.5519 11.5519 1.00 0.1587 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 2 2 4.18 0.1929 
 
Supplementary Table 3.30. ANOVA for enthalpy of wild-type, ae1 Mae1 and ae1 
mae1 starch gelatinization. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0 . . . 
Residual 0.4465 0.3646 1.22 0.1103 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 2 2 24.67 0.0390 
 
Supplementary Table 3.31. ANOVA for retrogradation onset temperature for wild-
type, ae1 Mae1 and ae1 mae1 starches. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 2.1659 3.6897 0.59 0.2786 
Residual 1.2771 1.2771 1.00 0.1587 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Mutation 2 2 10.78 0.0849 
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Supplementary Table 3.32. ANOVA for retrogradation melting temperature for wild-
type, ae1 Mae1 and ae1 mae1 starches. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0.3298 0.5203 0.63 0.2631 
Residual 0.1115 0.1115 1.00 0.1587 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 2 2 44.91 0.0218 
 
Supplementary Table 3.33. ANOVA for retrogradation completion temperature for 
wild-type, ae1 Mae1 and ae1 mae1 starches. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0 . . . 
Residual 0.2284 0.1865 1.22 0.1103 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 2 2 19.64 0.0485 
 
Supplementary Table 3.34. ANOVA for enthalpy of wild-type, ae1 Mae1 and ae1 
mae1 starch retrogradation. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0.1291 0.2927 0.44 0.3296 
Residual 0.2148 0.2148 1.00 0.1587 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 2 2 68.14 0.0145 
 
Supplementary Table 3.35. ANOVA for gelatinization onset temperature for starches 
of RILs that carry the mae1 mutation and those that do not, in the presence of 
functional SBEIIb. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0 . . . 
Residual 6.1012 1.8396 3.32 0.0005 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 1 21 1.56 0.2258 
 
Supplementary Table 3.36. ANOVA for gelatinization melting temperature for 
starches of RILs that carry the mae1 mutation and those that do not, in the presence of 
functional SBEIIb. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
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Rep 0 . . . 
Residual 0.7531 0.2271 3.32 0.0005 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 1 21 20.74 0.0002 
 
Supplementary Table 3.37. ANOVA for gelatinization completion temperature for 
starches of RILs that carry the mae1 mutation and those that do not, in the presence of 
functional SBEIIb. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0 . . . 
Residual 1.0057 0.3032 3.32 0.0005 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 1 21 9.08 0.0066 
 
Supplementary Table 3.38. ANOVA for gelatinization enthalpy of starches of RILs 
that carry the mae1 mutation and those that do not, in the presence of functional 
SBEIIb. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Rep 0 . . . 
Residual 1.9849 0.5985 3.32 0.0005 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 1 21 1.55 0.2265 
 
Supplementary Table 3.39. ANOVA for retrogradation onset temperature for starches 
of RILs that carry the mae1 mutation and those that do not, in the presence of 
functional SBEIIb. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Residual 0.6032 0.2698 2.24 0.0127 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 1 10 0.01 0.9077 
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Supplementary Table 3.40. ANOVA for retrogradation melting temperature for 
starches of RILs that carry the mae1 mutation and those that do not, in the presence of 
functional SBEIIb. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Residual 0.3286 0.1469 2.24 0.0127 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 1 10 0.09 0.7687 
 
Supplementary Table 3.41. ANOVA for retrogradation completion temperature for 
starches of RILs that carry the mae1 mutation and those that do not, in the presence of 
functional SBEIIb. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Residual 3.5613 1.5927 2.24 0.0127 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 1 10 0.49 0.4995 
 
Supplementary Table 3.42. ANOVA for retrogradation enthalpy of starches of RILs 
that carry the mae1 mutation and those that do not, in the presence of functional 
SBEIIb. 
Random effects 
Parameter Estimate Standard error Z value Pr>Z 
Residual 0.8812 0.3941 2.24 0.0127 
Fixed effects 
Effect Numerator df Denominator df F value Pr>F 
Genotype 1 10 0.03 0.8592 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	   101	  

Supplementary Table 3.43. Protein concentration of extracts from leaf and mature 
starch samples, determined by the Bradford Assay. 
Sample Source Material Absorbance at 595 

nm 
Concentration (mg/ml) 

wild-type Leaf 0.6203 1.81 
ae1 Mae1 Leaf 0.6343 1.86 
ae1 mae1 Leaf 0.6545 1.92 
CGR07w Leaf 0.6887 2.02 
RIL30 Starch 0.5351 1.56 
RIL39 Starch 0.5379 1.56 
RIL42 Starch 0.5273 1.53 
RIL45 Starch 0.5152 1.49 
RIL58 Starch 0.5326 1.55 
RIL63 Starch 0.5266 1.53 
RIL25 Starch 0.5394 1.57 
RIL29 Starch 0.5285 1.54 
RIL43 Starch 0.5308 1.54 
RIL53 Starch 0.5682 1.66 
RIL54 Starch 0.5328 1.55 
RIL57 Starch 0.5639 1.64 
wild-type Starch 0.4983 1.44 
ae1 Mae1 Starch 0.5092 1.47 
ae1 mae1 Starch 0.5025 1.46 
Amyloplast std Starch 0.5109 1.48 
 
  


