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Short-season maize hybrids may be improved by the introgression of novel germplasm 

containing useful alleles for enhancing grain yield. This thesis investigated the potential of the 

exotic germplasm BSLE(M-L)C30 [Long Ear (LE) genetics] to enhance the short-season 

germplasm pool. To assess the potential of this genetic background, 40 inbred lines were derived 

from BSLE(M-L)C30 and crossed to two short-season inbred lines to form 80 LE hybrids. In the 

first experiment, grain yield and yield related traits of the 80 LE hybrids were compared against 

five commercial hybrids. The top five LE hybrids within each tester background exhibited grain 

yield within 90% of the commercial hybrids. The results suggested that BSLE(M-L)C30 may 

contain useful alleles for grain yield. As the LE hybrids involving the Iodent tester were lower in 

grain moisture, it may be a trait that would be valuable in short-season hybrids. The second 

experiment examined the sink potential (floret number estimate), sink strength (kernel number 

and kernel weight) and grain yield in seven of the LE hybrids and a reference check under three 

plant densities. The seven LE hybrids exhibited greater sink potential and equivalent sink 

strength and grain yield to the check, suggesting that the LE germplasm can enhance sink 

potential without compromising sink strength under current commercial plant densities. The final 

experiment examined dry matter accumulation dynamics in two LE hybrids compared to two 



 

short-season check hybrids. One of the LE hybrids exhibited significantly greater dry matter at 

silking than the two checks, however, no differences were observed for dry matter at maturity. 

These results suggest that BSLE(M-L)C30 contains alleles which may enhance early season dry 

matter accumulation. In conclusion, there is strong evidence to suggest that BSLE(M-L)C30 is a 

useful source of novel alleles to improve the short-season maize hybrids. 
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Chapter 1: Introduction and Literature Review 

 

1.1. Introduction 

Future progress for any plant breeding program requires genetic variability (Hallauer and 

Sears, 1972). Selection reduces genetic variation as the frequency of favorable alleles increases 

and eventually is fixed, leading to a decrease in genetic variation and a reduction in future 

progress (Rasmusson and Phillips, 1997). While recombination in the stage of inbred line 

development results in de novo genetic variation as novel alleles and new allelic combinations 

emerge (Lee and Tracy, 2009), the new variation within a closed germplasm pool may not arise 

quickly enough to compensate for the reduced variation generated from the selection. Thus, it is 

necessary to incorporate diverse sources of breeding materials into current germplasm to 

maintain genetic diversity. 

The germplasm base of temperate maize has become increasingly narrow as a result of 

recycling of only the best available inbred lines (Smith, 1988). Much of today’s commercial 

germplasm traces back to seven progenitor inbred lines: B73, LH82, LH123, PH207, PH595, 

PHG39, and Mo17 (Mikel and Dudley, 2006). Adaptedness is likely the cause of the popularity 

and persistence of these founder inbred lines (Troyer, 1999, 2004). Commercial breeding 

programs are focused on further improvements within the elite germplasm (i.e., less genetic 

diversity) rather than adding genetic diversity to the elite germplasm pool. As a result, a concern 

has been expressed that the narrowing germplasm base of maize may affect breeding 

effectiveness and decelerate responses to new opportunities, pests, diseases, and agronomic 

management in the future (e.g., Goodman, 1999).  
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1.2. North American Maize Germplasm Pool 

 Maize in the USA, with the exception of popcorn and sweet corn, has been grouped into 

10 broad racial complexes, and among these, Corn Belt Dent is the most important race as it has 

provided germplasm for the seed industry in North America as well as other temperate regions of 

the world (Goodman and Brown, 1988). The ten racial complexes consist of: 1) Northern Flints 

and Flours, 2) Great Plains Flints and Flours, 3) Pima-Papago, 4) Southwestern Semidents, 5) 

Southwestern 12 Row, 6) Southeastern Flours, 7) Southern Dents, 8) Derived Southern Dents, 9) 

Southeastern Flints, and 10) Corn Belt Dents (Goodman and Brown, 1988). Many Corn Belt 

Dents originated in the 1800s from the recombination of Northern Flints and Southern Dents 

(Anderson and Brown, 1952). The two races are distinct in many characteristics. For example, 

Northern Flints had wide kernels, small kernel row number, short glumes, small tassel branch 

number, long ears, and small ear diameter, whereas Southern Dents had narrow kernel, high 

kernel row number, long glumes, high tassel branch number, short ears, and high ear diameter 

(Anderson and Brown, 1952). Northern Flints and Southern Dents arrived in the USA in two 

separate migrations, with flint corn arriving in the southwestern USA about 1000 BC and dent 

corn arriving in the southwestern USA about 2,500 years later (Troyer, 1999). This is most likely 

why flint corn became adapted to the northeastern regions long before dent corn allowing flint 

corn to have certain traits for adaptation to longer daylength, cooler temperature, more variable 

moisture, and a shorter-season environment (Troyer, 1999; Labate et al., 2003).  

 Several hundred open-pollinated varieties (OPVs) emerged within the Corn Belt Dents 

(Goodman and Brown, 1988). Most OPVs have disappeared, however, a few OPVs were more 

widely adapted and more popular and have persisted (Goodman and Brown, 1988). Examples of 

OPVs in the modern maize germplasm include Reid’s Yellow Dent, Lancaster Surecrop, 
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Leaming, and Boone County White (Goodman and Brown, 1988). Many strains (i.e., varieties) 

of those OPVs have eventually emerged, for example, strains within Reid’s Yellow Dent, include 

Iodent Reid, Troyer Reid, Osterland Reid, Stiff Stalk Synthetic, and Funk Yellow Dent Reid 

(Troyer, 1999).  

 Both human (farmers and breeders) and natural selection underlie the origin of many 

OPVs (Montgomery, 1913; Gardner, 1961). Montgomery (1913) stated that there were two 

methods practiced for modifying OPVs in the 1800s: 1) to cross two OPVs and select hybrids 

with favorable characteristics for several years until the particular characteristics were fixed, or 

2) to apply a standard selection method in particular OPV. Mass selection was the first and most 

common selection method used at the time and involved selecting favorable ears from favorable 

plants and mixing the seed for planting the following year. However, this method is not very 

effective for low-heritability traits such as grain yield (Lee and Tracy, 2009). Pedigree selection 

was the next method used (Montgomery, 1913). An observation that different ears with similar 

appearances produced grain yield in a 25 to 50% difference led to the recognition that testing 

each ear separately was necessary. With this method, an individual ear is planted in a separate 

row, and the performance of each row is recorded. Only ears in rows with good performance are 

saved and planted ear-to-row again the following year. Pedigree selection was far more effective 

than mass selection for grain yield (e.g., Montgomery, 1913). After the introduction of the 

inbred-hybrid concept by Shull (1909), population improvement was replaced by this method, 

and it remains the main procedure in maize breeding today. Inbred lines are developed and those 

from different backgrounds are crossed to produce hybrids. Consequently, a number of inbred 

lines have been developed by selfing the open-pollinated varieties. Among those original open-

pollinated varieties, Reid’s Yellow Dent became the most important variety as the variety has 
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provided germplasm that accounts for approximately 50% of present day commercial germplasm 

which is the highest proportion among those persisted varieties (Troyer, 1999).  

 Only a limited number of inbred lines appear in pedigrees of hybrid parents as evidenced 

by the seven foundation lines (Mikel and Dudley, 2006). Reid’s Yellow Dent dominates the 

seven founder lines as most of them can be traced back to this popular variety, for example, B73, 

PH207, and PHG39 while other OPVs account for a smaller proportion; for example, Mo17 

traces back to Lancaster Surecrop; LH82 traces back to Minnesota 13; and PH595 traces back to 

Leaming (Gerdes et al., 1993; Troyer, 1999; Mikel and Dudley, 2006). This indicates that a 

limited number of OPVs have been used as sources of commercial germplasm while many more 

have not. This restricted germplasm pool has led to a narrowing genetic base of the commercial 

germplasm although exotic germplasm from Argentina ‘Maiz Amargo’ has appeared in pedigree 

of PHG39 (Mikel and Dudley, 2006; Smith et al., 1997) allowing this line to be genetically more 

diverse than the six remaining founder lines.  

 

1.3. Concept of Heterotic Pattern 

 The two main activities in today’s maize breeding programs: inbred line development and 

hybrid commercialization (Duvick and Cassman, 1999) have relied on the concept of heterotic 

pattern (Tracy and Chandler, 2006). The two activities are practiced based on the goal of having 

higher-yielding hybrids, as a hybrid from two distinct parental inbred lines yields better than a 

hybrid from two closely related parents. Specifically, the two parental lines are from different 

heterotic patterns and an individual inbred is developed within a heterotic pattern (Lee and 

Tracy, 2009). However, it is not necessary that all inbreds within the same heterotic pattern are 

related (Casa et al., 2002; Duvick et al., 2004). While heterotic patterns are determined on the 
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basis of combining ability between inbreds from different origins (Troyer, 2001), there are 

inbreds that have equal combining ability with inbreds from two different patterns, and these 

inbreds are not related to either pattern (Tracy and Chandler, 2006). In this case, breeders have to 

choose what pattern the inbreds will be incorporated into (Tracy and Chandler, 2006). Given 

this, pedigree and combining ability are the tools to classify heterotic patterns (Smith et al., 

1990). In addition, molecular marker analysis has become a powerful tool to assist the two 

conventional methods with respect to heterotic pattern classification (Smith et al., 1990; Reif et 

al., 2003; Duvick et al., 2004; Casa et al., 2002).  

 U.S. maize breeders developed the concept of heterotic patterns in the late 1960s and 

early 1970s (Tracy and Chandler, 2006). Initially, the patterns were not clear as there were many 

OPVs available at that time. Breeders during the 1970s and 1980s, then, systematically made 

crosses between inbreds developed from the OPVs and thus heterotic patterns became apparent. 

The number of heterotic patterns is arbitrary, ranging from two to more than five. The two broad 

heterotic patterns are usually classified as: BSSS (Iowa Stiff Stalk Synthetic) and non-BSSS 

(e.g., Lu and Bernardo, 2001; Casa et al., 2002; Duvick et al., 2004). Three heterotic patterns are 

classified according to Gethi et al. (2002): Reid’s Yellow Dent (including BSSS), Lancaster, and 

miscellaneous patterns (comprising inbred lines that do not fit into the two major patterns). Lee 

and Tracy (2009) identified four heterotic patterns among the Corn Belt Dents: Stiff Stalk, 

Iodent, Lancaster, and a miscellaneous pattern. Troyer (1999) grouped Corn Belt Dents into five 

backgrounds: Reid’s Yellow Dent (Iodent Reid and BSSS), Minnesota 13, Northwestern Dent, 

Lancaster Sure Crop, and Leaming Corn (Oh07). Mikel and Dudley (2006) divided heterotic 

patterns into seven patterns based on pedigree information: Oh43, Lancaster, Oh07-Midland, 

Iodent, Stiff Stalk, Commercial hybrid derived, and Argentine Maiz Amargo. Specific groups 



6 

within each heterotic pattern based on inbreds or specific families of inbreds are usually created 

(Hallauer, 1999; Troyer, 2001). The subgroups will increase the efficiency of selection to 

enhance heterosis expression in the hybrids (Hallauer, 1999; Troyer, 2001).  

 Crossing inbred lines between Reid’s Yellow Dent germplasm and Lancaster germplasm 

was highly practiced before the concept of heterotic patterns was developed (Tracy and 

Chandler, 2006). The practice was popular because the crosses were yellow-grain which met the 

market needs, adapted to the central Corn Belt, and developed by public breeding programs. The 

most important hybrid in the 1970s and 1980s, B73/Mo17, was derived from crossing Reid’s 

Yellow Dent (B73) and Lancaster germplasm (Mo17, although Mo17 had 50% Lancaster by 

pedigree). Today, the importance of Reid’s Yellow Dent in terms of its contribution to heterotic 

patterning has remained, whereas the role of Lancaster is different from the past (Tracy and 

Chandler, 2006). The later generations of inbreds classified as the Lancaster heterotic pattern had 

50% or less Lancaster germplasm by pedigree. And the percentage of Lancaster by pedigree in 

today’s commercial germplasm has been less than 5% (Troyer, 1999; Duvick et al., 2004). The 

decline in use is likely because the Lancaster germplasm has root and stalk lodging (Tracy and 

Chandler, 2006). In contrast, Reid’s Yellow Dent remains in the commercial germplasm at a 

high percentage by pedigree, for example, approximately 20 to 30% in the germplasm pool of 

Pioneer Hi-Bred International (Duvick et al., 2004). Two heterotic patterns: Stiff Stalk and 

Iodent have been derived from Reid’s Yellow Dent. Stiff Stalk or BSSS was developed by 

intermating 16 inbred lines in the 1930s and most of them trace back to Reid’s Yellow Dent 

(Gerdes et al., 1993; Troyer, 2001). Thus, BSSS has been considered a subgroup of Reid 

germplasm (Troyer, 2001). Iodent is an abbreviation of Iowa Experiment Station Reid Yellow 

Dent (Troyer, 2004). As the name implies, Iodent belongs to the Reid’s Yellow Dent, and it was 
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derived by selecting Reid’s Yellow Dent for early maturing and better grain yield during the 

period from 1909 to 1922 (Troyer, 2001, 2004). Although both Iodents and Stiff Stalks trace 

back to Reid’s Yellow Dent, their inbreds have acceptable combining ability when crossed to 

each other (Mikel and Dudley, 2006).  

 

1.4. Exotic Germplasm and Incorporating It into a Breeding Program 

Types of exotic germplasm for the temperate region may be divided into three geographic 

sources as described by Goodman (1999). The first type of exotic germplasm is exotic 

germplasm from other temperate regions such as Argentina, Europe, and South Africa. The 

second type of exotic germplasm is the germplasm from the lowland tropics (races or varieties 

such as Cuban Flint, Suwan, Tusón, and Tuxpeño) and this type is mostly used as source of 

resistance to pests and diseases. The third type of exotic germplasm is the germplasm from the 

highland tropics (races such as Chalqueño, Cuzco, Sabanero, and San Geronimo). The first type 

of exotic germplasm is the most widely-used type as it is well adapted to temperate areas and has 

better standability. Whereas the second and third types of exotic germplasm are not as popular as 

the first type because their tropical origin limits adaptation to temperate regions and provides 

poor standability (Tallury and Goodman, 1999).  

Exotic germplasm has been incorporated into breeding programs using two distinct 

philosophies. The first philosophy assumes that all exotic germplasm contains useful alleles, 

which will contribute to the breeding program and incorporates the material into the existing 

germplasm pool followed by systematic improvement of the germplasm pool leading to the 

development of new inbred lines. The second philosophy screens the exotic sources looking for 

sources that contain useful alleles prior to incorporating the exotic germplasm into the existing 
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germplasm pool. A good example of the first philosophy is the Hierarchical Open-ended 

Population Enrichment (HOPE) program developed in Canada specifically for short-season 

maize hybrids (Kannenberg, 2001). The GEM project is a good example of the second 

methodology, and most maize breeding programs utilizing exotic germplasm tend to use this 

approach for incorporating exotic germplasm into the breeding program (e.g., Hallauer and 

Sears, 1972; Crossa and Gardner, 1987; Albrecht and Dudley, 1987; Uhr and Goodman, 1995a; 

Godshalk and Kauffmann, 1995; Bosch et al., 2003). 

Kannenberg developed the HOPE breeding system at the University of Guelph, Ontario, 

Canada in the 1980s (Cramer and Kannenberg, 1992) for the purposes of broadening the 

germplasm base of maize populations in the short-season growing region and providing HOPE 

inbred lines that have competitive performance with commercial inbreds both in per se 

performance and in hybrid combinations (Kannenberg, 2001). The open-ended population 

system allows the germplasm to be improved in a stepwise manner from the low level of 

performance to the elite level of performance and the introgression of maize from foreign origins 

into the system at the basis of heterotic pattern and agronomic performance level (Cramer and 

Kannenberg, 1992). A number of inbred lines developed by HOPE have been released and some 

of them have potential for use in commercial hybrids as a parental inbred line and/or as a source 

of novel germplasm in a breeding program (Kannenberg, 2001). Although the HOPE breeding 

system was developed initially for the short-season maturity rating of Guelph, Ontario, the 

system can be efficiently applied for maize breeding programs in other geographic areas.  

The Germplasm Enhancement of Maize (GEM) project was initiated in 1993 following 

the Latin American Maize Project (LAMP) as a private and public sector collaboration (Pollak 

and Salhuana, 2001). GEM was founded in order to improve and broaden the germplasm base of 
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U.S. maize by using useful exotic germplasm defined by LAMP. LAMP was created as the first 

coordinated international effort, and its objective was to evaluate germplasm bank accessions 

described as Latin American and U.S. germplasm for use in maize breeding programs. 

Accessions used in GEM were selected based on their yield performance as evaluated in LAMP. 

Therefore, LAMP was the first step of the process of sharing potential accessions with maize 

breeders both in public and private sectors. GEM is responsible for the final step as the breeders 

return improved materials to the germplasm bank and the improved materials are ready to be 

used in any breeding program. Results from GEM suggest the strong potential of the germplasm, 

which will provide enhanced inbred lines for grain yield and other characteristics.  

 

1.5. Long-Ear Germplasm 

The exotic germplasm used in this study is from the BSLE(M-L)C30 population (i.e., LE 

germplasm) that was developed from Iowa Long Ear Synthetic (i.e., BSLE) (Hallauer, 2005). 

BSLE was developed at Iowa State University by intercrossing 12 inbred lines selected for 

above-average ear length and combining ability, and good transmission of ear length to hybrid 

progenies (Russell et al., 1971) (Table 1.1). The 12 inbred lines were mated in a systematic 

manner, creating six single crosses from the 12 inbred lines, which were then used to create three 

double crosses. Three double-double crosses were then made from the three double crosses 

(Hallauer et al., 2004). A composite was made by mixing equal seed number of each double-

double cross followed by random mating for three generations. The 12 inbred lines were derived 

from diverse populations and heterotic patterns within the Corn Belt Dents (Hallauer et al., 

2004). By pedigree, BSLE is comprised of 34% Reid’s Yellow Dent (Reid, Funk, Osterland, and 

Iodent), 23% Lancaster Surecrop, 13% Krug Yellow Dent, 4% Midland Yellow Dent, 4% Alph, 



10 

11% other OPVs or breeding synthetics, and 11% undetermined germplasm (Ross, 2002) (see 

Appendix 1.1). The 12 inbred lines varied in inbreeding levels, and some lines had not been 

released (Hallauer et al., 2004). While three of the 12 inbred lines used to form BSLE are 

represented in the seven founder lines of the commercial germplasm pool, for example, C103 

was one of the parental inbreds of Mo17 and N22A appears in the pedigree of LH82, both of 

which are founder lines (Hallauer et al., 2004; Mikel and Dudley, 2006), most of the 12 lines are 

not represented among the founders. 
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Table 1.1.  Pedigree of the 12 parental inbred lines of the LE germplasm. 

 

Inbred line Derivation 

B50 [(M14/A206)/Oh04c]-26 

B55 (Oh45/W92)-1-1-2 

B56 (Alph4/38-11)-432 

B217 (waxy) (High Oil/B10)-1-1-2-1-1; B10 is BSSS-507-193-4-1 

C103 Lancaster Surecrop (from Noah Hershey) 

N22A Krug (N22 outcross) 

N25 Reid Yellow Dent 

Oh29 Oh28/Ia.159 L1 

W-17R-B KROsf (Osterland Yellow Dent-Os420) 

(B15/B18)-6 (WF9/D17)-561/M4-345 (from Midland) 

Lancaster Composite-34 P.I. 213697 

(L317/187-2)-1-1-9  L317 is Lancaster Surecrop (Richey strain); 187-2 is Krug 

 

Sources: Gerdes et al., 1993; Hallauer et al., 2004. 
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BSLE(M-L)C30 was derived from an attempt to determine effects of ear length selection 

on grain yield. A divergent mass selection program for ear length was initiated in 1963 in the 

BSLE population (Hallauer et al., 2004). The grid system of mass selection (modified mass 

selection) suggested by Gardner (1961) was utilized in selecting long-ear [BSLE(M-L)] and 

short-ear [BSLE(M-S)] subpopulations. Further selection details of the two subpopulations are 

provided by Hallauer et al. (2004). Thirty cycles of the selection have been completed (Hallauer, 

2005), and samples of BSLE(M-L)C30 and BSLE(M-S)C30 are maintained by GRIN, USDA-

ARS, Iowa State University, Ames, Iowa. Response to the selection was monitored at cycles 10 

(Cortez-Mendoza and Hallauer, 1979), 15 (Salazar and Hallauer, 1986), and 27 (Lopez-Reynoso 

and Hallauer, 1998). After cycle 27 of selection, BSLE(M-L)C27 had the mean ear length of 

27.3 cm compared to BSLE cycle 0 which had the mean ear length of 20 cm (Hallauer, 2005). 

The selection resulted in a significant increase in ear length of 0.27 cm cycle-1 in BSLE(M-L) 

(Lopez-Reynoso and Hallauer, 1998). However, the selection did not significantly change grain 

yield of BSLE(M-L)C30 (Lopez-Reynoso and Hallauer, 1998). In addition, the selection for 

increased ear length after 27 cycles resulted in a significant increase in plant height (1.54 cm 

cycle-1), ear height (0.99 cm cycle-1), grain moisture (0.13% cycle-1), days to anthesis (0.33 d 

cycle-1), days to silking (0.21 d cycle-1), and root lodging (0.25% cycle-1), but a significant 

reduction in kernel row number (0.06 row cycle-1) and ear diameter (0.02 cm cycle-1) (Lopez-

Reynoso and Hallauer, 1998). Plant height of BSLE(M-L)C27 was 32 cm higher than the 

original BSLE population that had a plant height of 248 cm (Lopez-Reynoso and Hallauer, 

1998). These results indicate that mass selection was effective for ear length and resulted in 

correlated changes in other ear and plant traits, while indirect selection based on ear length was 

not effective for increasing grain yield.  
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Several genetic studies involving the long-ear and short-ear subpopulations derived from 

this project have been conducted. A QTL study for grain yield and traits correlated with ear 

length was conducted in a population developed from S6 inbred lines derived from cycle 24 of 

BSLE(M-L) and BSLE(M-S) subpopulations (Ross et al., 2006). The study showed a significant 

positive genetic correlation (rg) between ear length and grain yield (rg = 0.22), grain yield and 

kernel row number (rg = 0.44), and grain yield and kernel depth (rg = 0.73) in the F2:3 generation. 

While a significant negative correlation was observed between ear length and kernel row number 

or kernel depth (rg approximately -0.30) in the F2:3, no relationship between kernel weight and 

ear length or grain yield was observed. This lack of relationship between ear length and grain 

yield appears to be due to repulsion linkage between two ear length QTLs and a grain yield QTL 

on chromosome 5 near the centromere. However, not all yield QTLs were in repulsion phase 

with ear length QTL, as Ross et al. (2006) found two ear length QTLs and a grain yield QTL in 

coupling phase on chromosome 6. Another study involving the long-ear and short-ear 

subpopulations was conducted by Bruce et al. (2007). They observed that selection for the long 

ears seems to have been effective in downregulating the expression of CLV3 (Bruce et al., 2007). 

CLV3 is involved in negative regulation of meristem maintenance genes meaning when CLV3 

loses its function, the meristem maintenance genes express resulting in enlarged shoot apical 

meristem (SAM) (Barton, 2010). SAM regulates initiation of axillary meristem (AM) in which 

inflorescence meristem (IM) that initiates ear is derived from (Vollbrecht and Schmidt, 2009). 

 

1.6. Ear Inflorescence Development 

 Ear inflorescence architecture directly correlates with grain yield as ear architecture 

determines grain yield components such as kernel row number and kernel number per row 
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(Upadyayula et al., 2006). Individual ear initials are borne in the leaf axils starting at node 5 to 9 

below tassel (Abendroth et al., 2011; Smith, 2012). Each ear initial consists of spikelets, the 

basic units of grass inflorescence architecture (Vollbrecht and Schmidt, 2009). Maize spikelets 

are borne in pairs as a consequence of inflorescence development unique to the tribe 

Andropogoneae of the grass family (Poaceae or Gramineae) (Mathews et al., 2002). Each 

spikelet consists of two florets, upper and lower florets, enclosed with two glumes (modified 

leaves), outer and lower glumes (Vollbrecht and Schmidt, 2009). The individual kernel is 

developed after fertilization of upper floret in each spikelet.  

 Ear development begins with the transition from vegetative to reproductive development 

(Vollbrecht and Schmidt, 2009). AM which is vegetative meristem in the leaf axil is converted to 

an IM (Vollbrecht and Schmidt, 2009; McSteen et al., 2000). The IM develops spikelet-pair 

meristems (SPMs) and each SPM forms a pair of spikelet meristems (SMs). Each SM then 

develops a spikelet which consists of the two glumes and the upper and lower florets that are 

developed from the upper and lower floral meristems (FMs), respectively. Initially, both the 

florets are bisexual as each floret consists of lemma and palea (bracts), lodicules (modified 

sepals), stamens, and a pistil (female reproductive organ) (Dellaporta and Calderon-Urrea, 1994). 

Eventually, stamens are aborted in the upper floret and stamens and pistil are aborted in the 

lower floret resulting in a pistillate ear spikelet (i.e., upper pistillate floret and lower sterile 

floret) (Dellaporta and Calderon-Urrea, 1994). Mature pistillate florets consist of lemma and 

palea, and a pistil, which includes an ovary and a long silk (i.e., style and stigma) (Vollbrecht 

and Schmidt, 2009). The ovary contains only one ovule where two important processes occur: 

megasporogenesis and megagametogenesis (Esau, 1977). One of four megaspores resulting from 

megasporogenesis undergoes megagametogenesis giving rise to female gametophyte or embryo 
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sac (Esau, 1977). At silking, the embryo sac consists of one egg, two synergids, two polar nuclei, 

and 40 or greater number of antipodal cells (Huang and Sheridan, 1994). Embryo sac 

development progresses from the base to the top of the ear and correlates to silk length indicating 

that capacity for successful fertilization may be determined by the silk length (Huang and 

Sheridan, 1994). 

 

1.7. Dry Matter Accumulation 

 Grain yield, from a crop physiological perspective, can be determined in terms of solar 

radiation relating components by the ‘yield equation’: 

𝑌𝑖𝑒𝑙𝑑 =  ∫ (𝑃𝐴𝑅 ∙ 𝐴𝐵𝑆𝐶 ∙ 𝑅𝑈𝐸)𝜕𝑡 ∙ 𝐻𝐼
𝑡=ℎ

𝑡=𝑝
  Equation 1 

where PAR is daily photosynthetically active radiation (MJ m-2 day-1, MJ PAR per square metre 

ground area per day), ABSC is the fraction of incident PAR intercepted by a canopy (i.e., canopy 

absorptance), RUE is the radiation use efficiency (g MJ-1, g of dry matter per MJ PAR absorbed), 

HI or the harvest index defined as the proportion of grain dry matter to total plant dry matter (g 

g-1), p is the planting time, and h is the harvest time (Earl et al., 2012). PAR is the component 

that is not crop-dependent whereas the three remaining components (i.e., ABSC, RUE, and HI) 

are crop dependent. Canopy absorptance (ABSC) can be estimated as: 

𝐴𝐵𝑆𝐶 =
𝑃𝐴𝑅𝑖−𝑃𝐴𝑅𝑡−𝑃𝐴𝑅𝑐+𝑃𝐴𝑅𝑠

𝑃𝐴𝑅𝑖
    Equation 2 

where PARi is incoming PAR, PARt is PAR transmitted through the canopy, PARc is PAR 

reflected upward from the top of the canopy, and PARs is PAR reflected upwards from the soil 

(Earl et al., 2012). PARc and PARs are not observed in many studies (e.g., Westgate et al., 1997; 

Tetio-Kagho and Gardner, 1988a; Cirilo and Andrade, 1994; Otegui et al., 1995) due to their 

small values together with measurement difficulties under field conditions. RUE is calculated as:  
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 𝑅𝑈𝐸 =
𝐷𝑀𝑦−𝐷𝑀𝑥

∑ (𝑃𝐴𝑅(𝑑)∙𝐴𝐵𝑆𝐶(𝑑))
𝑑=𝑦
𝑑=𝑥

    Equation 3 

where DM is aboveground dry matter (g m-2, g of dry matter per square metre ground area), x 

and y are the beginning and end period of interest, respectively, and d means per day (Earl et al., 

2012). Interception of PAR can be measured at a very short interval (i.e., minutes) when doing 

instantaneous measurements, and RUE can be estimated during a time period that is long enough 

to accumulate measurable dry matter relative to error (Earl et al., 2012). However, HI is 

determined only at physiological maturity and has a value of about 0.5. 

Light interception (PAR x ABSC) and RUE working together, at the condition of no other 

stresses, determines dry matter accumulation, as they underlie canopy photosynthesis (Tollenaar 

and Bruulsema, 1988). Canopy absorptance or percentage of PAR interception (ABSC) is at a 

minimum when plants emerge because the leaf area is low, but later increases linearly during the 

vegetative phase as new leaves are produced (Cirilo and Andrade, 1994). Canopy absorptance is 

at a maximum at silking and then declines during the grain filling period (GFP) as leaves senesce 

(Cirilo and Andrade, 1994). The actual light interception varies as it largely depends on PAR, 

however, the trend of light interception follows canopy absorptance during a growing season 

(Earl et al., 2012). RUE remains high from emergence until silking, then declines toward 

physiological maturity (Tollenaar and Bruulsema, 1988). The decline in RUE during the GFP is 

due to the decline in leaf photosynthetic rate because of aging, and new assimilate is used to 

maintain the respiration rate as no more leaves are produced during this period to keep RUE high 

(Earl et al., 2012). Daily dry matter accumulation (i.e., crop growth rate) over a growing season 

can be partitioned into three different phases (see Fig. 1.1): 1) the initial lag phase, when daily 

dry matter accumulation is low from emergence until canopy closure; 2) the linear phase, when 

daily dry matter accumulation increases linearly until RUE starts to decline; and 3) the 
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senescence phase, when daily dry matter accumulation declines towards physiological maturity 

(Earl et al., 2012). Total dry matter accumulation, however, increases linearly after the initial 

linear phase until physiological maturity.   
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Figure 1.1.  Maize daily dry matter accumulation as a function of PAR, canopy absorptance 

(ABSC), and RUE. Dash line represents dry matter partitioned to the grain during the GFP which 

is approximately 50% of total dry matter accumulated since HI is about 0.5. Note that the maize 

genotype represented in the graph has a shorter life cycle than commercial hybrids. (Source: Earl 

et al., 2012) 
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Dry matter accumulation and grain yield change when the yield equation components are 

altered. Limiting factors occurring during the growing season can affect any of the components 

and thus, reduce dry matter accumulation and/or grain yield. For example, barrenness at 

increased density reduces HI and consequently grain yield (Hashemi-Dezfouli and Herbert, 

1992; Sangoi et al., 2002). Defoliation reduces canopy absorptance and thus light interception 

resulting in decreased dry matter accumulation and ultimately grain yield (Egharevba et al., 

1976; Rajcan and Tollenaar, 1999). Factors affecting leaf photosynthetic rate reduce RUE such 

as low temperature (Andrade at al., 1993a) and moisture stress (Tollenaar and Aguilera, 1992), 

which will affect dry matter accumulation and therefore grain yield. Given these observations, 

dry matter accumulation can be improved if light interception and/or RUE are increased, and 

grain yield can be improved if either dry matter accumulation and/or HI are increased. Based on 

historical evidence, it is dry matter accumulation rather than HI that could be increased, and 

details will be provided in the next section.  

 

1.8. Maize Grain Yield Improvement during the Hybrid Era 

 Maize grain yield in North America has increased over 6-fold since 1939, the year that 

hybrids were first widely grown (i.e., 1939 to present is the hybrid era) (Lee and Tollenaar, 

2007). This improvement is the result of an interaction between genetic improvement and 

agronomic practice improvement (Tollenaar and Lee, 2002). Agronomic practice improvement 

includes adoption of commercial fertilizers and herbicides, changing space between rows from 

1.02 m to 0.76 m, changing time of planting to earlier, and increasing plant population densities 

(Lee and Tollenaar, 2007). While maize breeders directly selected for grain yield during this era, 

they inadvertently also improved stress tolerance by selecting under higher plant densities (Lee 
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and Tollenaar, 2007). The increased stress tolerance in newer hybrids consists of tolerance to: 1) 

a high population density, 2) weed competition, 3) cold temperature at night during the GFP (the 

period from silking to physiological maturity), 4) low soil water and nitrogen, and 5) herbicides 

(Tollenaar and Wu, 1999).  

 Increased tolerance to higher plant density has been, in part, underlying increased grain 

yield in the past (Tollenaar and Lee, 2011). In the U.S., plant density has increased from 30,000 

plants ha-1 in the 1930s to around 80,000 plants ha-1 or more today (Duvick, 2005), and the rate 

of grain yield increase was 118 kg ha-1 yr-1 during the same period (Tollenaar and Lee 2011). 

Grain yield per unit area increases when plant density increases, and declines after optimum 

plant density (Duncan, 1984), as a percentage of barrenness, increases (Sangoi et al., 2002). The 

relationship between grain yield and plant density is curvilinear (Echarte et al., 2000; Sangoi et 

al., 2002). However, on a per plant basis, sink potential and sink strength respond to plant 

density differently than grain yield per unit area. Sink potential per plant is not affected by 

increasing plant density as floret row number and floret number estimate remain constant at 

different plant densities (Wilson and Allison, 1978; Smith, 2012). Sink strength per plant, on the 

other hand, decreases resulting in decreased grain yield per plant when plant density increases 

(Hashemi et al., 2005). Numerous studies have reported reductions of sink strength traits with 

increased plant density: kernel number (Wilson and Allison, 1978; Edmeades and Daynard, 

1979; Tetio-Kagho and Gardner, 1988b; Tollenaar et al., 1992; Andrade et al., 1993b; Lemcoff 

and Loomis, 1994; Cox, 1996; Otegui, 1997; Sangoi et al., 2002; Ciampitti and Vyn, 2011; 

Smith, 2012), kernel weight (Cox, 1996; Echarte et al., 2000; Sangoi et al., 2002; Hashemi et al., 

2005), and kernel number per row (Hashemi et al., 2005), whereas responses to the density of 

kernel row number depends on plant genotype (Smith, 2012). There is not a consistent response 
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of kernel row number to increasing plant density. Some studies reported similarity of kernel row 

number as plant density increases (Otegui, 1997; Otegui and Bonhomme, 1998; Smith, 2012). 

However, Bavec and Bavec (2002) reported a reduction in kernel row number when plant 

density increased from 90,000 to 135,000 plant ha-1. 

 While genetic improvement occurred during the past several decades, there are traits that 

have not changed. Potential grain yield per plant has remained constant between new and old 

hybrids (Duvick et al., 2004). When new and old hybrids are grown at different plant densities, 

differences in their grain yields occur at high density (Duvick and Cassman, 1999; Duvick et al., 

2004). However, there is no grain yield difference at a nearly no-stress condition of a very low 

density indicating that potential grain yield per plant has not changed without stress (Duvick and 

Cassman, 1999; Duvick et al., 2004). The other traits that remain unchanged between new and 

old hybrids include: magnitude of heterosis (Duvick, 1999), photosynthetic rate at maximum 

potential at flowering (Ying et al., 2000), leaf area per plant (Duvick, 1997), plant height 

(Duvick et al., 2004), times to flowering and maturity (Duvick et al., 2004), harvest index (HI) 

(i.e., remains at 0.5) (Tollenaar et al., 1994; Tollenaar, 1989; Tollenaar et al., 2004), and dry 

matter accumulation during the vegetative phase (i.e., stover dry matter) (Tollenaar and Aguilera, 

1992; Tollenaar et al., 1994).  

 The increases in maize grain yield between new and old hybrids have been accompanied 

by increases in dry matter accumulation during the GFP (Tollenaar and Aguilera, 1992). Grain 

yield of ERA-hybrids, the hybrids developed and released by Pioneer Hi-Bred International 

during the 1930s and the 2000s, has increased from 4.8 to 10.2 Mg ha-1 (Duvick et al., 2004), 

representing a 113% increase in dry matter accumulation during the GFP considering the 

constant HI of 0.5 (Lee and Tollenaar, 2007). The increased dry matter accumulation during the 



22 

GFP has been a result of increased canopy photosynthesis which is a consequence of increased 

light interception and increased RUE during the GFP (Lee and Tollenaar, 2007; Tollenaar and 

Aguilera, 1992).  

 Light interception has increased as a result of increased leaf area index (LAI, the 

proportion of leaf area to the ground area) and visual stay-green (green leaf area during the GFP 

that is visually observed) (Tollenaar and Lee, 2011; Valentinuz and Tollenaar, 2004). The factor 

underlying the greater LAI appears to be the increased plant density (Tollenaar and Bruulsema, 

1988) rather than the increased leaf area per plant, as leaf area per plant between old and new 

hybrids is constant (Duvick, 1997). By increasing plant density from 35,000 plants ha-1 for a 

1930s hybrid to 80,000 plants ha-1 for a 2000s hybrid, LAI has increased from around 2.4 to 4.8 

m2 m-2 resulting in an increased light interception of around 20% (Lee and Tollenaar, 2007). A 

higher LAI of a new hybrid than an old hybrid, when grown at their respective plant density, 

underlies a higher above-ground dry matter accumulation at silking of the new hybrid (Tollenaar 

and Aguilera, 1992). The same study of Tollenaar and Aguilera (1992) also reported that a 

greater light interception of the new hybrid relative to the old hybrid during the GFP is 

associated with the greater LAI at their optimum density. The increased plant density by 

narrowing plant gaps in a row and narrowing row spacing promotes rapid canopy closure which 

maximizes light interception, the factor that is essential in short-season growing areas (Westgate 

et al., 1997). Visual stay-green has been increased in newer hybrids, as a 1950s hybrid has a 

275% higher rate of leaf senescence during the GFP than 1980s and 1990s hybrids (Valentinuz 

and Tollenaar, 2004), and newer hybrids in the ERA hybrid study have a 29% increase in visual 

stay-green than old hybrids (Duvick and Cassman, 1999). Tollenaar and Aguilera (1992) 

reported that the old hybrid declines in its rate of dry matter accumulation in the second part of 
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the GFP faster than the new hybrid, which is associated with leaf senescence, indicating a greater 

visual stay-green of newer hybrids. In fact, today’s hybrids maintain visual stay-green over the 

point of physiological maturity (Lee and Tollenaar, 2007).  

 Radiation use efficiency has increased in the past as evidenced by a greater RUE of a new 

hybrid relative to an old hybrid when the comparison was made at their optimum plant density 

(Tollenaar and Aguilera, 1992). Better light distribution over a canopy and/or higher 

photosynthesis at leaf level are the explanation for the increased RUE (Tollenaar and Aguilera, 

1992). Changes in canopy architecture of newer hybrids have resulted in the increased RUE as 

canopy architecture influences canopy photosynthesis and, therefore, RUE (Earl et al., 2012), 

and newer hybrids have increased leaf angle that promotes higher photosynthetic activities at 

canopy level (Duvick and Cassman, 1999; Duvick et al., 2004). Light intercepted by a canopy is 

wasted as heat if upper leaves of a canopy are horizontal considering photosynthesis at leaf level 

saturates at incident irradiance below full sunlight (Earl et al., 2012). However, light intercepted 

by a canopy can participate more in photosynthetic activities if the upper leaves have a higher 

leaf angle allowing more lower leaves to intercept light (Long et al., 2006). With the same 

amount of light reaching the canopy, photosynthetic activities increase in the canopy with a high 

leaf angle, and therefore its RUE is increased. The leaf angle of newer hybrids in the ERA hybrid 

study has increased 122% from old hybrids (Duvick and Cassman, 1999) indicating that 

photosynthesis at the canopy level and, therefore, RUE has increased.  

 Increased capacity to maintain photosynthesis at closer to maximal levels during the GFP 

has been observed in newer hybrids (Ying et al., 2000; Echarte et al., 2008). The capacity to 

maintain leaf photosynthetic rate during the GFP is defined as functional stay-green (Lee and 

Tollenaar, 2007). RUE declines when leaves are no longer produced and begin to senesce during 
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the GFP (Earl et al., 2012). Similarly, leaf photosynthetic rate (leaf CO2 exchange rate) is the 

highest at silking and declines toward physiological maturity during the GFP (Ying et al., 2000). 

Rates of decline in leaf photosynthesis during the GFP has been observed smaller in newer 

hybrids compared to an old hybrid (Ying et al., 2000) indicating that the newer hybrids maintain 

a higher photosynthetic rate at leaf level in contrast to the old hybrid (Tollenaar and Lee, 2011). 

The increased functional stay-green has underlaid, to a large extent, the increase in dry matter 

accumulation during the GFP (Tollenaar and Lee, 2011; Ying et al., 2000; Echarte et al., 2008). 

However, the increased functional stay-green in newer hybrids was not a result of direct 

selection efforts by breeders (Duvick and Cassman, 1999).  

 

1.9. Sink Size Improvement  

 The increased grain yield has been associated with increased sink size, and it is the 

increase in kernel number rather than kernel weight that is highly associated with grain yield 

improvement (e.g., Tollenaar et al., 1992; Echarte et al., 2000). Kernel number at maturity is far 

smaller than potential kernel number (i.e., floret number), as potential kernels per ear are 

frequently greater than mature kernels per ear, and approximately six or more potential ears are 

developed per maize plant (Tollenaar et al., 2000). This means that there are greater numbers of 

developing florets and kernels that fail to reach physiological maturity (Hannah et al., 2012; 

Smith, 2012). Given this, Tollenaar et al. (2000) stated that the number of mature kernels is 

determined by kernel abortion rather than the number of florets initiated. Thus, the increase in 

kernel number may be achieved by the prevention of floret and/or kernel abortion (Tollenaar and 

Lee, 2011).  
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 Kernel number is a function of rate of dry matter accumulattion during a period 

bracketing silking, the critical period for kernel set (Tollenaar et al., 1992; Tollenaar et al., 

2000). Kernel set is the number of florets that are fertilized and have undergone dry matter 

accumulaion during the GFP (Tollenaar and Lee, 2011). The critical period for kernel set is the 

period from approximately one week prior to silking to around two to three weeks post-silking 

(Tollenaar et al., 2000).  

 The period from silking to physiological maturity (i.e., black layer formation) can be 

partitioned into three phases as reported by Johnson and Tanner (1972): 1) the lag phase which 

covers the period from silking to around 15 to 18 days post-silking, and only a small amount of 

dry matter is allocated to the grain; 2) the linear phase which covers most of the GFP and 

approximately 90% of grain dry matter is accumulated in the grain; and 3) the leveling-off phase 

in which the rate of grain dry matter accumulation declines until black layer is formed. Thus, the 

lag phase is the main critical period for kernel set. Florets and kernels are aborted during this 

critical period, and the number of mature kernels is largely determined by abortions during this 

critical period (Grant et al., 1989; Tollenaar et al., 2000). Kernels can be aborted after the 

beginning of the linear phase of grain dry matter accumulation but at a relatively low number 

(Tollenaar and Daynard, 1978a, 1978b). Kernel set is associated with the activities and products 

of canopy photosynthesis during the critical period (Otegui and Bonhomme, 1998; Zinselmeier 

et al., 1995) and kernel abortion during this period is associated with the lack of assimilate 

supply to kernels during this critical period (Boyle et al., 1991; Zinselmeier et al., 1995). 

Therefore, grain yield is limited by kernel number if there is an occurrence of limiting factors 

affecting canopy photosynthesis during the critical period (Tollenaar et al., 2000). Considering 

that kernel number is a function of the rate of dry matter accumulation during the critical period, 
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Tollenaar and Lee (2011) proposed that the ratio of kernel set to rate of dry matter accumulation 

during the critical period on a per plant basis has increased in newer hybrids and is associated 

with the increased kernel number per area. Their hypothesis is based on a study by Echarte and 

Tollenaar (2006) that reported the increased ratio in a hybrid relative to its inbred parents as well 

as the fact that the grain yield improvement has been proportional to the increased kernel number 

(Echarte et al., 2000), and rate of dry matter accumulation bracketing silking has not changed 

much between old and new hybrids (Tollenaar et al., 1994).  

 

1.10. Strategies to Improve Maize Grain Yield in the Future 

If the past genetic improvements are an indication of where future genetic improvements 

will come from, then increasing maize grain yield in the future will occur through increasing 

total dry matter accumulation rather than by increasing HI. Dry matter accumulation 

improvement resulting in increased maize grain yield during the past seven decades was 

achieved following the changes described in Section 1.8. However, there is a limitation to the 

methodologies used in the past for improving maize grain yield in the future. Increasing light 

interception (i.e., total PAR absorption) in the future by increasing duration of growing season is 

restricted as the length of the growing season has already been maximized by adoption of earlier 

planting (Kucharik, 2008) and adoption of harvesting before late season frost. Increasing canopy 

absorptance by increasing plant density is not likely to happen because a crop canopy does not 

benefit from an increase in plant density beyond the point where the crop canopy already 

captures most light (95% or over) (Tollenaar and Lee, 2011). Increasing RUE by altering canopy 

architecture has already been achieved as evidenced by the very high leaf angle of today’s maize 

hybrids. However, there is potential to increase functional stay-green during the GFP. Reduction 
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in leaf CO2 exchange rate (i.e., leaf photosynthetic rate) during the GFP in the newer and older 

hybrids is approximately 50% (Ying et al., 2000; Lee and Tollenaar, 2007). This indicates the 

potential to improve maintenance of leaf photosynthetic rate during the GFP in the future (Lee 

and Tollenaar, 2007). However, the success in improving functional stay-green in the future will 

not occur through direct selection efforts of breeders as increasing functional stay-green in the 

past was an indirect result of selection for grain yield not the result of selection for functional 

stay-green per se.  

Developing hybrids with earlier canopy closure and/or increased leaf area per plant may 

be another option for increasing grain yield. The earlier canopy closure is a result of higher plant 

growth rate during the vegetative phase. With the unchanged flowering period, hybrids with 

earlier canopy closure intercept more light (light has been intercepted in a longer period) 

(Westgate et al., 1997) leading to greater dry matter accumulated during the vegetative phase 

(i.e., source capacity). The enhanced dry matter at flowering may lead to enhanced dry matter 

accumulation during the GFP and consequently grain yield.  

Hybrids with greater leaf area per plant (i.e., source size) will lead to enhanced dry matter 

accumulation. Increased leaf number per plant and/or leaf size will promote higher 

photosynthetic activities, which is a consequence of greater light interception. However, to 

achieve the increased dry matter accumulation, it is necessary that upper leaves remain upright as 

more leaves can have photosynthetic activities resulting in higher rates of photosynthesis in total 

(Earl et al., 2012). Studies in maize with enhanced leaf area per plant indicated that dry matter 

accumulation, as well as grain yield, is increased (Hunter, 1980; Sun et al., 2017). Hunter (1980) 

studied the difference in grain yield of a short-season hybrid, Guelph ‘GX122’, between plants 

with greater leaf area (i.e., increased leaf number and leaf size) and plants with smaller leaf area 
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established by growing in long and short photoperiod growth chambers, respectively, until tassel 

initiation. The results showed that plants with significantly greater leaf area (higher source 

capacity) had significantly higher plant height, stover yield, kernel number per row, kernel row 

number, and grain yield, than plants with lower leaf area (lower source capacity). A recent study 

conducted by Sun et al. (2017) is consistent with Hunter (1980) as they showed that maize 

transgenic lines that overexpressed PLASTOCHRON1 (PLA1), a gene member of cytochrome 

P450 CYP78A class that regulates leaf initiation and vegetative growth, result in increased leaf 

size (both leaf width and leaf length) as well as increased total dry matter and grain yield.  

 

1.11. Hypothesis, Objectives, and Significance of Research 

 The overarching hypothesis of this research is that the LE germplasm ‘BSLE(M-L)C30’ 

contains useful genetic variation for improving short-season maize hybrids. Results of this 

research will provide useful information for improving the short-season maize hybrids. The 

results from this research will determine whether or not the germplasm selected for extreme 

phenotypes, in general, and the LE germplasm, in particular, has potential to improve the short-

season maize hybrids. Additionally, the research should also aid in identifying which heterotic 

pattern the LE germplasm should be incorporated into for improving the short-season maize 

hybrids and which attributes LE is adding to the germplasm pool. 

The major objectives of the research are to: 

 (i) evaluate BSLE(M-L)C30 derived inbred lines in hybrid combinations against 

commercial hybrids for grain yield and related traits to determine the potential of the LE 

germplasm for the contribution of favourable alleles for grain yield;  
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 (ii) examine the BSLE(M-L)C30 derived inbred lines in hybrid combinations for sink 

potential and sink strength under different plant density regimes to determine if the LE 

germplasm contains favourable or unfavourable alleles for sink potential and sink strength; 

 (iii) investigate the BSLE(M-L)C30 derived inbred lines in hybrid combinations for the 

dynamics of above-ground dry matter accumulation to determine the potential of the LE 

germplasm for the contribution of favourable alleles for dry matter accumulation.  
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Chapter 2: Potential of BSLE(M-L)C30 Maize Population as a Donor of Novel Alleles:  

I. Grain Yield Evaluation 

 

Targeted Journal for Publication: Crop Science 

 

2.0. Abstract 

Allele mining of germplasm for useful alleles to the maize commercial germplasm pool 

has traditional utilized either exotic germplasm or under-utilized Corn Belt Dent populations. 

This study examines the potential of a germplasm source selected for an extreme phenotype, 

BSLE(M-L)C30 population that was selected for ear length, to contribute useful alleles to the 

maize commercial germplasm base. Eighty LE hybrids involving 40 inbred lines derived from 

the BSLE(M-L)C30 and two short-season inbred lines, one from the Iodent heterotic pattern and 

one from the Stiff Stalk heterotic pattern were assessed against five commercial short-season 

hybrids for grain yield and related traits for three years at two southwestern Ontario locations. 

The top five LE hybrids from each hybrid group (Iodent and Stiff Stalk) were within 90% of the 

grain yield of the commercial checks and 94% of the leaf number of the commercial checks. 

Flowering was slightly delayed in the top five LE hybrids from each group, but was within 101% 

and 105% of the commercial checks. Differences were observed between the hybrid groups for 

grain moisture and broken stalks. The top five Iodent hybrids exhibited grain moistures 

equivalent to the commercial checks, while the top five Stiff Stalk hybrids exhibited broken 

stalks equivalent to the commercial checks. Sink strength components, while only assessed in 

one growing season, showed no difference in kernel weight between the top five LE hybrids 

from each group and the commercial check, but lower kernel row numbers and total kernel 
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numbers than the commercial checks. These results are very encouraging that BSLE(M-L)C30, a 

population selected for an extreme phenotype, may contain useful alleles for grain yield.  
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2.1. Introduction 

Genetic diversity is essential in plant breeding programs for effective selection (Hallauer 

and Sears, 1972). Despite its importance, the germplasm base of temperate maize has become 

increasingly narrow due to recycling of the best available inbred lines (Smith, 1988). The Corn 

Belt Dents, one of the 10 racial complexes of U.S. maize, is the most important as it has provided 

germplasm for maize breeding industry in North America as well as other temperate regions of 

the world (Goodman and Brown, 1988). A large number of open-pollinated varieties (OPVs), 

and consequently inbred lines have emerged from the Corn Belt Dents. While most OPVs have 

disappeared, some have persisted into today’s germplasm, for example, Reid’s Yellow Dent, 

Lancaster Surecrop, and Leaming (Goodman and Brown, 1988). Among these OPVs, Reid’s 

Yellow Dent, is the most important as many strains of the variety have emerged such as Iodent 

Reid, Troyer Reid, Osterland Reid, Stiff Stalk Synthetic, and Funk Yellow Dent Reid (Troyer, 

1999) and these strains including Reid’s Yellow Dent per se have provided lineages that 

dominate present day commercial germplasm (Mikel and Dudley, 2006). Much of today’s 

commercial germplasm traces back to seven founder inbred lines including B73, LH82, LH123, 

PH207, PH595, PHG39, and Mo17 (Mikel and Dudley, 2006). Consequently, it is necessary to 

increase genetic diversity in current maize populations by utilizing more sources of germplasm 

that are genetically diverse.  

Broadening the genetic diversity of the commercial North American germplasm pool has 

utilized two sources of novel alleles: under utilized Corn Belt Dent populations and exotic 

germplasm. Under utilized Corn Belt Dent populations consist of OPVs or other existing inbred 

lines that are not closely related to the seven founder lines (e.g., Duvick et al., 2004). Exotic 

germplasm has been used as a source of novel alleles for broadening the genetic diversity of 
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maize germplasm in temperate areas (Wellhausen, 1965; Gerrish, 1983). The use of ‘Maiz 

Amargo’ from Argentina is one example of utilizing exotic germplasm, as it appears in the 

pedigree of one of the founder lines, PHG39 (Smith et al., 1997; Mikel and Dudley, 2006). There 

are three geographic sources of maize germplasm exotic to the North American temperate 

region: 1) other temperate regions (e.g., Argentine, European, and South African germplasm), 2) 

lowland tropics (races or OPVs such as Cuban Flint, Suwan, Tusón, and Tuxpeño), and 3) 

highland tropics (races such as Chalqueño, Cuzco, Sabanero, and San Geronimo) (Goodman, 

1999). The first source is the most popular, whereas the other two sources are the least widely-

used due to non-adaptation to temperate areas and poor standability (Tallury and Goodman, 

1999). 

Incorporating germplasm into the commercial germplasm pool has utilized two distinct 

approaches: (1) incorporating novel germplasm into the existing germplasm pool without 

assessing its potential for novel alleles, or (2) incorporating particular introductions into the 

existing germplasm after evaluating their potential contributions such as yield and other 

agronomic characteristics. Most maize breeding programs associated with exotic germplasm 

follow the second approach (e.g., Hallauer and Sears, 1972; Crossa and Gardner, 1987; Bosch et 

al., 2003). A good example of the first approach is the HOPE system (Kannenberg, 2001), while 

a good example of the second strategy is the GEM program (Pollak, 2003). Kannenberg (2001) 

developed the Hierarchical Open-ended Population Enrichment (HOPE) breeding system for the 

purpose of enhancing genetic variability of maize populations in the short-season growing 

region, which in turn will serve as the source of inbred lines that are competitive with 

commercial inbreds both in per se performance and in hybrid combinations. The HOPE system 

allows the germplasm to be improved in a stepwise manner from the low level of performance to 
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the elite level of performance and the introgression of maize from foreign origin into the system 

on the basis of heterotic pattern and performance level (Cramer and Kannenberg, 1992). The 

Germplasm Enhancement of Maize (GEM) program was initiated following the Latin American 

Maize Project (LAMP) as a private and public sector collaboration with the ultimate goal of 

improving and broadening the germplasm base of the U.S. maize by utilizing useful exotic 

germplasm defined by LAMP (Pollak and Salhuana, 2001). LAMP was created as the first 

coordinated international effort for evaluating germplasm bank accessions described as Latin 

American and U.S. germplasm for being used in maize breeding programs. Accessions used in 

GEM were selected based on their yield performance evaluated in LAMP.  

One class of germplasm that has been under utilized as sources of novel alleles are 

recurrently selected populations that have been developed for extreme phenotypes. The Illinois 

High Oil population is probably the best example of an extreme phenotype population that has 

been utilized, as it is the source for many of the high oil lines (Jugenheimer, 1961; Lambert, 

2001). Another recurrently selected population for an extreme phenotype is BSLE(M-L)C30. 

BSLE(M-L)C30, referred to as Iowa Long Ear Synthetic (BSLE), underwent 30 cycles of mass 

selection for increased ear length (Hallauer, 2005). BSLE was developed by intercrossing 12 

inbred lines that have above-average ear length including B50, B55, B56, B217 (waxy), C103, 

N22A, N25, Oh29, W-17R-B, (B15/B18)-16, Lancaster Composite-34, and (L317/187-2)-1-1-9 

(Russell et al., 1971). The 12 inbred lines did not represent any particular heterotic pattern 

(Hallauer et al., 2004), but by pedigree, BSLE is comprised of 34% Reid’s Yellow Dent (Reid, 

Funks, Osterland, and Iodent), 23% Lancaster Sure Crop, 13% Krug Yellow Dent, 4% Midland 

Yellow Dent, 4% Alph, 11% other OPVs or breeding synthetics, and 11% undetermined 

germplasm (Ross, 2002). Thirty cycles of selection for ear length in BSLE(M-L) resulted in 
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significant increases in ear length (7.3 cm), days to flower (5.7 days) and plant height (41 cm), 

however, no significant increase in grain yield was observed (Hallauer, 2005; Lopez-Reynoso 

and Hallauer, 1998).  

BSLE(M-L) may possess favorable alleles for sink potential and total plant biomass, as 

selection has resulted in longer ears and taller plants. However, as BSLE(M-L)C30 has never 

been selected for grain yield, it does not fit one of the classic heterotic patterns, nor has it 

experienced any selection pressure for plant density, the possible favorable alleles for sink 

potential and biomass, may accompany less favorable alleles for grain yield and plant population 

density response. In this paper, we test the hypothesis that BSLE(M-L)C30 contains useful 

alleles for enhancing grain yield in the short-season maize growing region. The specific objective 

was to compare grain yield and yield related traits of five commercial hybrids with 80 single-

cross hybrids involving 40 inbred lines derived from BSLE(M-L)C30 (i.e., LE inbreds) and two 

short-season inbred lines representing the Iodent and Stiff Stalk heterotic patterns to determine 

the potential of BSLE(M-L)C30 to contribute favourable alleles for grain yield.  

 

2.2. Materials and Methods 

2.2.1. Genetic Materials 

 Forty S4 inbred lines (LE) were derived from BSLE(M-L)C30 through self-pollination 

with selection only for adaptation to the Guelph, Ontario, environment. The 40 LE lines were 

crossed to two short-season inbred lines to generate 80 LE hybrids. The inbred line CG60 

belongs to the Iodent heterotic pattern and is related to PHR25, while CG102 is a B14-type Stiff 

Stalk inbred line (Lee et al., 2001a, 2001b). CG60 and CG102 have exhibited very distinctive ear 

growth dynamics (Echarte and Tollenaar, 2006) and have been used in numerous physiology and 
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genetic studies (e.g., Burt et al., 2011; Singh et al., 2011; Khanal et al., 2011; Lee et al., 2016). It 

is worth noting, though, that the Iodent tester (CG60) and the Stiff Stalk tester (CG102) used in 

this study were not optimized for BSLE(M-L)C30, as would traditionally be done when 

evaluating inbred lines in hybrid combinations. In addition to the 80 single-cross LE hybrids, 

five commercial short-season hybrids were included as commercial checks: DeKalb DKC38-03, 

Maizex MZ2988DBR, Pioneer 38N85, Pioneer P9855HR, and Pioneer P9910XR. 

 

2.2.2. Experimental Design and Data Collection 

 The eighty-five hybrids were grown at two Southwestern Ontario locations near Guelph 

and near Waterloo, Ontario for three growing seasons (2013-2015). The experiment was divided 

into two separate trials in each year based on tester (LE/CG60 trial and LE/CG102 trial) having a 

total of 45 hybrids in each trial (40 LE hybrids and five commercial checks). In 2013, each trial 

included only 40 hybrids due to seed shortage of some of the LE hybrids: the LE/CG60 trial 

consisted of 38 LE/CG60 hybrids and two checks, while the LE/CG102 trial consisted of 35 

LE/CG102 hybrids and five checks. In 2014 and 2015, the trials involved the full set of hybrids 

and checks. The experimental design consisted of a randomized complete block design with two 

replications. Experimental units consisted of 2-row plots 6 m in length and 0.76 m between rows. 

Plots were machine-planted using an Almaco Programable Precision planter (SeedPro 360, 

ALMACO, Nevada, IA) and thinned to the desired plant population density at the V5 growth 

stage. In 2013, a population density of 74,000 plants ha-1 was used, however, due to root lodging 

problems observed in the 2013 trial, the 2014 and 2015 trials were planted at a slightly lower 

plant population density of 69,000 plants ha-1. Fertilizers were applied prior to planting based on 

soil test results. In 2013, fertilizers used at Guelph were N, P, and K at a rate of 174 kg N ha-1, 60 
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kg P ha-1, and 135 kg K ha-1, and fertilizers used at Waterloo were N, P, and K at a rate of 179 kg 

N ha-1, 103 kg P ha-1, and 123 kg K ha-1. In 2014, fertilizers used at Guelph were N, P, K, and S 

at a rate of 198 kg N ha-1, 57 kg P ha-1, 135 kg K ha-1, and 13 kg S ha-1, and fertilizers used at 

Waterloo were N, P, and K at a rate of 175 kg N ha-1, 68 kg P ha-1, and 120 kg K ha-1. In 2015, 

fertilizers used at Guelph were N, P, and K at a rate of 203 kg N ha-1, 88 kg P ha-1, and 135 kg K 

ha-1, and fertilizers used at Waterloo were N, P, and K at a rate of 165 kg N ha-1, 55 kg P ha-1, 

and 110 kg K ha-1. Weeds were controlled using conventional herbicides. In 2013, herbicides 

used at Guelph were isoxaflutole at a rate of 80 g ha-1 (post-emergence) and atrazine at a rate of 

0.8 kg ha-1 (post-emergence), and herbicides applied at Waterloo were Primextra at a rate of 3.5 

L ha-1 (pre-emergence) and Callisto at a rate of 0.3 L ha-1 (post-emergence). In 2014, herbicides 

used at Guelph were Primextra at a rate of 4.0 L ha-1 (pre-emergence) and Callisto at a rate of 0.3 

L ha-1 (post-emergence), and herbicides used at Waterloo were Primextra at a rate of 3.5 L ha-1 

(pre-emergence), Callisto at a rate of 0.3 L ha-1 (post-emergence), and Ultim at a rate of 100 g 

ha-1. In 2015, herbicides used at Guelph and Waterloo were Primextra at a rate of 4.0 L ha-1 (pre-

emergence) and Callisto at a rate of 0.3 L ha-1 (post-emergence) and at Waterloo was also 

applied with AAtrex480 at a rate of 0.5 L ha-1 after plant emergence. 

 

Traits Measured at Flowering Time: Silking date (days to silking) was recorded when silk 

emergence was observed in a half of the plants in a plot. In 2014 and 2015, total leaf number was 

measured on five consecutive plants starting at the plant number four from the front end of each 

row (a total of ten plants). The 5th and 10th leaf of each plant were painted at V5 and V10 growth 

stages, respectively. Total leaf number of each plant was counted following flowering and was 

averaged for the plot. There was a mid-season storm hit on July 20th, 2013, which was at the 
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beginning of flowering time at Guelph and Waterloo locations. The LE hybrid plants from both 

locations exhibited root lodging. The root lodging was more severe at Waterloo as over a half of 

the population inclined more than 45° from the vertical whereas the plants at Guelph inclined 

more than 45° for only less than 10% on average. Therefore, flowering date and the remaining 

traits were not measured at Waterloo in 2013. 

 

Traits Measured at Physiological Maturity: Primary and secondary ears from five competitively 

bordered plants from each row in each plot (ten plants in total) were hand-harvested at 

physiological maturity. Ears from remaining plants in each plot were machine-harvested using a 

New Holland split-plot combine (ALMACO, Nevada, IA) equipped with a dual grain gauge to 

determine grain weight and grain moisture. The hand-harvested ears were dried to 0% moisture 

and the following characteristics were measured: each primary ear was recorded for kernel row 

number; the primary and secondary ears were separately machine-shelled and their kernels were 

separately weighed for ear grain weight (g); the kernels from the primary ear were machine-

counted for kernel number; kernel number per row was obtained from dividing kernel number by 

kernel row number; kernel weight (g) was derived by dividing ear grain weight of the primary 

ear by kernel number. Total plot grain yield (Mg ha-1) was obtained from summing grain weight 

from the machine-harvest adjusted to 15.5% moisture and grain weight from the 10-plant hand-

harvest adjusted to 15.5% moisture. The LE/CG60 hybrids and the LE/CG102 hybrids were 

measured for all ear traits (kernel row number, kernel number per row, kernel number, and 

kernel weight) in 2013 to 2015 whereas the five checks were measured for the ear traits only in 

2015. All ear traits are reported as plot averages. In 2014 and 2015, percentage of broken stalks 
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(plants broken below the ear or inclined more than 45 degrees from the vertical) prior to 

machine-harvest was measured.  

 

2.2.3. Data Analysis 

 All data analyses in this study were done using SAS version 9.3 (SAS Institute Inc., Cary, 

NC). PROC MIXED procedure was used to analyze a linear mixed model for each trait of each 

trial in each environment with all effects considered random using the following model: 

 

where  is the measured value of a trait of hybrid h in replication r;  is the grand mean;  

is the hybrid main effect;  is the replication effect; and  is the experimental error. 

Combined analysis of variance for each trait of each trial across all environments was performed 

in PROC MIXED with all effects considered random using a linear mixed model: 

 

where  is the measured value of a trait of hybrid h in replication r at environment e;  is the 

grand mean;  and  are the hybrid and environment main effects;  is the replication 

effect nested within an environment;  is the interaction between main effects; and  is 

the experimental error. Covariance parameter estimates were set negative where applicable in 

order to avoid biased F-statistics and standard errors (Littell et al., 2002) and to have better 

control over Type I error (Littell et al., 2006). Estimates of each trait across all environments for 

each hybrid in each trial were calculated using best linear unbiased predictor (BLUP) using 

PROC MIXED. Estimates and contrasts for each trait in each trial between mean of the checks 

and: 1) mean of the LE hybrids, 2) mean of the best five LE hybrids in grain yield estimates, and 
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3) mean of the best 10 LE hybrids in grain yield estimates, were calculated using PROC MIXED. 

A 0.05 probability level was used to declare a statistical difference for all analyses.  

 

2.3. Results and Discussion 

 The commercial checks were not significantly different from one another for any of the 

attributes followed in this study (Tables 2.1 and 2.2). This was not surprising as they were 

chosen based on their performance in the Ontario Corn Performance trials (www.gocorn.net). 

And with the exception of grain moisture in the LE/CG60 trial, and kernel number per row and 

kernel weight in the LE/CG102 trial, the commercial checks were significantly different from the 

LE hybrids for all of the attributes followed in this study. Not surprisingly significant differences 

among the LE/CG60 hybrids and among the LE/CG102 hybrids were observed for all of the 

attributes as the 40 LE parental inbred lines were developed based solely on adaptation to 

Guelph, Ontario. None of the nine traits followed in the two trials were affected by environment. 

Hybrid by environment interaction was a significant source of variation for all of the traits 

followed in this study with the exception of percentage of broken stalks in the LE/CG60 trial. 

The nature of significant hybrid by environment interaction appeared to be due to changes in 

rank order rather than changes in magnitude (data not shown). 
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Table 2.1.  ANOVA of the LE/CG60 and the LE/CG102 trials for grain yield (Mg ha-1), grain moisture (%), days to silking (d), 

percentage of broken stalks (%), and total leaf number. Average of BLUP estimates of the five checks, the 40 LE hybrids, the top 10 

LE hybrids in grain yield, and the top five LE hybrids in grain yield of the LE/CG60 and LE/CG102 trials are given. Average of 

BLUP estimates of the 40 LE hybrids, and the top 10 and top five LE hybrids are expressed as a percentage over the average of BLUP 

estimates of the five checks. Contrasts between average of BLUP estimates of the five checks and the LE hybrids are given. Grain 

yield, grain moisture, and days to silking were measured under five environments: Guelph in 2013-2015, and Waterloo in 2014-2015. 

Broken stalks and total leaf number were measured under four environments: Guelph and Waterloo in 2014-2015.  

 

Source of Variation 
Grain yield   Grain moisture   Days to silking   Broken stalks   Total leaf number 

LE/CG60 LE/CG102   LE/CG60 LE/CG102   LE/CG60 LE/CG102   LE/CG60 LE/CG102   LE/CG60 LE/CG102 

Hybrid (H) ** **  ** **  ** **  ** **  ** ** 

    Between groups† ** **  n.s. **  ** **  ** *  ** ** 

    Check n.s. n.s.  n.s. n.s.  n.s. n.s.  n.s. n.s.  n.s. n.s. 

    LE hybrid ** **  ** **  ** **  ** *  ** ** 

Environment (E) n.s. n.s.  n.s. n.s.  n.s. n.s.  n.s. n.s.  n.s. n.s. 

H x E ** **  ** *  ** **  n.s. **  ** ** 

    Between groups x E n.s. **  n.s. n.s.  n.s. **   n.s.  n.s. ** 

    Check x E n.s. n.s.  n.s. *  n.s. n.s.   n.s.  n.s. n.s. 

    LE hybrid x E ** **  ** n.s.  ** **   **  ** ** 

               

Average ─────────────────  ──────────────  ─────────────  ─────────────  ───────────── 

5 checks 12.61 Mg ha-1 11.94 Mg ha-1  26.0% 26.3%  76.6 d 76.7 d  1.5% 2.5%  18.0 18.0 

40 LE hybrids 85.2% ** 80.0% **  100.7% n.s. 114.5% **  101.0% ** 104.7% **  327.2% ** 204.7% *  97.4% ** 92.8% ** 

Top 10 LE hybrids 90.3% ** 89.8% **  101.4% n.s. 116.4% **  100.9% ** 104.8% **  349.4% ** 155.2% n.s.  98.1% ** 94.3% ** 

Top 5 LE hybrids 90.9% ** 92.8% **   101.4% n.s. 117.0% **   101.1% ** 104.5% **   308.3% ** 155.0% n.s.   97.0% ** 93.6% ** 

 

* significant at the 0.05 probability level; ** significant at the 0.01 probability level; n.s. not significant 

† commercial check and LE hybrid groups 
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Table 2.2.  ANOVA of the LE/CG60 and the LE/CG102 trials for kernel row number, kernel number per row, kernel number, and 

kernel weight (g). Average of BLUP estimates of the five checks, the 40 LE hybrids, the top 10 LE hybrids in grain yield, and the top 

five LE hybrids in grain yield of the LE/CG60 and LE/CG102 trials are given. Average of BLUP estimates of the 40 LE hybrids, and 

the top 10 and top five LE hybrids are expressed as a percentage over the average of BLUP estimates of the five checks. Contrasts 

between average of BLUP estimates of the five checks and the LE hybrids are given. The four traits were measured under two 

environments: Guelph and Waterloo in 2015.  

 

Source of Variation 
Kernel row number   Kernel number per row   Kernel number   Kernel weight 

LE/CG60 LE/CG102   LE/CG60 LE/CG102   LE/CG60 LE/CG102   LE/CG60 LE/CG102 

Hybrid (H) ** **  ** **  ** **  ** ** 

    Between groups† ** **  ** n.s.  ** **  ** n.s. 

    Check n.s. n.s.  n.s. n.s.  n.s. n.s.  n.s. n.s. 

    LE hybrid ** **  ** **  ** **  ** ** 

Environment (E) n.s. n.s.  n.s. n.s.  n.s. n.s.  n.s. n.s. 

H x E n.s. n.s.  n.s. n.s.  n.s. n.s.  n.s. n.s. 

            

Average ───────────────  ───────────────  ───────────────  ─────────────── 

5 checks 17.0 17.1  31.3 30.9  508.3 518.7  0.317 g 0.302 g 

40 LE hybrids 79.5% ** 84.2% **  109.5% ** 99.5% n.s.  90.9% ** 85.4% **  96.7% ** 97.2% n.s. 

Top 10 LE hybrids 81.5% ** 82.6% **  110.5% ** 102.9% n.s.  93.7% ** 86.8% **  98.9% n.s. 99.3% n.s. 

Top 5 LE hybrids 81.1% ** 81.2% **   110.9% ** 102.3% n.s.   93.6% ** 84.7% **   97.6% n.s. 101.3% n.s. 

 

* significant at the 0.05 probability level; ** significant at the 0.01 probability level; n.s. not significant 

† commercial check and LE hybrid groups 
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Days to silking of the 40 LE/CG60 hybrids and the 40 LE/CG102 hybrids were 

significantly greater than the five commercial checks (Table 2.1). The 40 LE inbred lines 

combined with the Stiff Stalk tester (CG102) appeared to require a longer period to flower than 

when combined with the Iodent tester (CG60). This is consistent with Lee et al. (2001a and 

2001b) that reported a longer time to flower of the inbred line CG102 than the inbred line CG60. 

The top five and top 10 LE hybrids in grain yield exhibited relatively similar flowering time to 

the 40 LE hybrids as compared to the commercial checks (Table 2.1).  

Grain yield of the LE hybrids from both hybrid groups was significantly lower than the 

five checks (Table 2.1). While grain yield of the LE/CG60 and LE/CG102 groups were within 

about 15% and 20% of the check yield, respectively, the top 10 LE/CG60 and LE/CG102 

hybrids were both within about 10% of the check yield. These observations are somewhat 

consistent with previous studies utilizing exotic germplasm (e.g., Godshalk and Kauffman, 1995; 

Uhr and Goodman, 1995a; Tallury and Goodman, 1999; Bosch et al., 2003). Interestingly, there 

are five LE parents (LE-05-1, LE-05-2, LE-13-4, LE-25-2, and LE-25-5) that gave hybrids 

within each tester yielding in the group of top 10 (see Appendices 2.7 and 2.8), indicating that 

the LE germplasm contains useful alleles for enhancing grain yield no matter what tester it is 

combined with (i.e., heterotic pattern neutral). The results suggest that the LE germplasm has 

potential to enhance grain yield in the short-season hybrids as there is evidence that there are 

useful alleles for grain yield in the LE germplasm and that they are heterotic pattern neutral. 

 Grain moisture of the 40 LE/CG60 hybrids were equivalent to the five commercial 

checks while the 40 LE/CG102 hybrids exhibited significantly higher grain moisture than the 

commercial checks (Table 2.1). The top five LE/CG60 hybrids and LE/CG102 hybrids also 

exhibited equivalent grain moisture and significantly higher grain moisture, respectively, 
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compared to the commercial checks. This indicates that the 40 LE inbred lines have higher grain 

moisture when combined with the Stiff Stalk tester (CG102) compared to the Iodent tester 

(CG60). Thus, it may be more strategic to incorporate the LE germplasm into the Iodent 

heterotic pattern as the Iodent background seems to give the LE inbred lines lower grain 

moistures. The higher grain moisture of the LE/CG102 hybrids than the commercial checks is 

consistent with other studies involving exotic germplasm (e.g., Uhr and Goodman, 1995a; 

Godshalk and Kauffmann, 1995; Tallury and Goodman, 1999; Bosch et al., 2003). The grain 

moisture results involving the LE/CG60 hybrids are very encouraging and suggest that perhaps 

the LE inbred lines should be incorporated into the Iodent background rather than the Stiff Stalk 

germplasm pool.  

 The LE hybrids had significantly higher percentage of broken stalks and lower number of 

leaves than the checks in general (Table 2.1). Percentage of broken stalks in the groups of 

LE/CG60 and LE/CG102 hybrids was about 330% and 200% of the checks, respectively. The 

top five and top 10 LE/CG60 hybrids remained significantly higher in percentage of broken 

stalks than the checks whereas the top five and top 10 LE/CG102 hybrids were not significantly 

different from the checks. The higher percentage of broken stalks of the LE hybrids than the 

checks is consistent with past studies showing higher lodging of hybrids involving exotic 

germplasm than commercial checks (Godshalk and Kauffmann, 1995; Uhr and Goodman, 

1995a). The Iodent tester appeared to give the LE inbred lines a slightly higher total number of 

leaves than the Stiff Stalk tester. The results suggest that percentage of broken stalks is a 

disadvantage of the LE germplasm and that when incorporating the LE germplasm into the 

Iodent heterotic pattern in particular, greater selection pressure should be placed on broken 

stalks. 
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 In general, the LE hybrids had significantly higher kernel number per row, lower kernel 

row number, lower kernel number, and no difference in kernel weight compared to the 

commercial checks (Table 2.2). While the 40 LE/CG60 hybrids and their top five and top 10 

hybrids were significantly higher in kernel number per row than the five commercial checks, 

kernels per row in the 40 LE/CG102 hybrids and their top five and top 10 hybrids were not 

significantly different from the five checks. The significantly higher kernel number of the 

commercial checks than the LE hybrids appeared to be due to their greater kernel row number as 

their kernel number per row was relatively lower than the LE hybrids. While kernel weight of the 

LE/CG60 hybrids as a group was significantly lower than the checks, again the top five and top 

10 hybrids exhibited kernel weights that were not significantly different from the checks. 

Similarly, the group of LE/CG102 hybrids as well as their top five and top 10 hybrids were 

equivalent in kernel weight to the checks indicating that both testers give the LE inbred lines 

equivalent kernel weight. The results suggest that the LE germplasm has potential to enhance 

kernel number per row in short-season hybrids, however, reduced kernel row number and kernel 

number appear to be a weakness in this germplasm source. 

 

2.4. Conclusions 

 This study examined the potential of BSLE(M-L)C30, a population selected for an 

extreme phenotype, to serve as a source of useful alleles for grain yield. BSLE(M-L)C30 was not 

selected for grain yield and it does not represent one of the classic heterotic patterns used in the 

U.S. Corn Belt. In addition, the Iodent and Stiff Stalk testers were not optimized for this 

population either. Yet the top five LE hybrids involving both the Iodent and Stiff Stalk tester 

were within 90% of the grain yield of commercial hybrid checks. Both the Iodent and Stiff Stalk 
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heterotic patterns appear to combine well with the LE background, with the main difference 

being that the Iodent hybrids had lower grain moistures at harvest. Flowering was slightly 

delayed in the LE hybrids, however the top five hybrids were with 101% (Iodent hybrids) and 

105% (Stiff Stalk hybrids) of the commercial checks. The top 10 LE/CG102 hybrids exhibited an 

equivalent percentage of broken stalks to the commercial checks. Leaf number of the LE hybrids 

was significantly lower than the checks. And the sink strength traits varied relative to the checks, 

with the LE hybrids having significantly higher kernel number per row, lower kernel row 

number, lower kernel number, and equivalent kernel weight. Taken together, the results are very 

encouraging that there are potentially useful alleles within the BSLE(M-L)C30 population that 

could be used in short-season breeding programs. And that potentially the LE germplasm should 

have potential to be incorporated into the Iodent heterotic pattern as this background seems to 

result in lower grain moistures, which is a very important trait in the short-season growing 

region.  
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Chapter 3: Potential of BSLE(M-L)C30 Maize Population as a Donor of Novel Alleles:  

II. Plant Density Effect on Sink Potential and Sink Strength 

 

Targeted Journal for Publication: Crop Science 

 

3.0. Abstract 

Evaluating key agronomic management traits of potential germplasm sources for 

broadening the genetic base of the modern maize germplasm pool is essential. This study 

examined the plant density response of germplasm derived from BSLE(M-L)C30 on sink 

potential and sink strength. Four inbred lines derived from BSLE(M-L)C30 were crossed to 

short-season inbred lines (i.e., LE hybrids) to examine how sink potential (i.e., floret number) 

and sink strength (i.e., kernel number and weight) respond to plant density treatments. The 

results showed that the effect of plant density on the LE hybrids was similar to the conventional 

short-season hybrid, suggesting that the BSLE(M-L)C30 population does not contain any 

unfavourable alleles impacting sink strength or sink potential. In fact, the LE hybrids exhibited 

greater sink potential (i.e., floret number), which was due to more florets per row rather than 

greater floret row numbers. The results of this study suggest that the BSLE(M-L)C30 population 

has potential to enhance sink potential without compromising sink strength in the short-season 

maize hybrids under current commercial plant densities. 
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3.1. Introduction 

 The germplasm base of modern maize has narrowed considerably due to the heavy 

reliance on the continual recycling of existing elite inbred lines to generate inbred lines 

(Goodman, 1999; Bernardo, 2009). As a result of this practice, much of today’s commercial 

germplasm traces back to only seven founder inbred lines (e.g., B73, LH82, LH123, PH207, 

PH595, PHG39, and Mo17) (Mikel and Dudley, 2006). One potential consequence of this heavy 

reliance on essentially seven founders is the loss of genetic variation that will give rise to future 

genetic gains and a reduced ability to respond to new opportunities (e.g., pests, diseases, 

agronomic management) (Goodman, 1999). Exotic materials are the main source germplasm 

used for allele mining to diversify and improve temperate maize (e.g., Wellhausen, 1965; 

Hallauer and Sears, 1972; Gerrish, 1983; Crossa and Gardner, 1987; Bosch et al., 2003; Pratt et 

al., 2005; Balint-Kurti et al., 2006; Campbell et al., 2007). 

Introducing exotic germplasm into the commercial germplasm pool is challenging.  Often 

many undesirable characteristics such as higher grain moistures and reduced standability are 

associated with the use of exotic germplasm (e.g., Uhr and Goodman, 1995a; 1995b; Holley and 

Goodman, 1998). One agronomic management aspect that needs to be considered when 

assessing the utility of exotic germplasm sources, is response to plant population density. 

Accompanying the increase in maize grain yield during the past seven decades is a 

corresponding increase in plant population density. Plant density has increased from 30,000 

plants ha-1 in the 1930s to approximately 80,000 plants ha-1 or greater today (Duvick, 2005). 

During the same period, U.S. maize grain yield has increased at a rate of 118 kg ha-1 yr-1 

(Tollenaar and Lee, 2011). The increase in plant density has been a result of increased tolerance 

to high plant density, which was the result of maize breeders increasing the selection pressure for 
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tolerance to higher density concurrently with the increasing selection pressure for higher grain 

yield (Duvick et al., 2004). While increasing plant density has led to increased maize grain yield 

per unit area, the increase has been due to enhanced source strength (i.e., light interception and 

stay green) (Tollenaar and Aguilera, 1992; Valentinuz and Tollenaar, 2004; Ying et al., 2000). 

Sink potential (i.e., total floret number per plant) has remained constant, as plant population 

densities have risen (Wilson and Allison, 1978; Smith, 2012; Otegui, 1997; Cárcova et al., 2000). 

In contrast, sink strength, composed of kernel number per plant (Wilson and Allison, 1978; 

Edmeades and Daynard, 1979; Tetio-Kagho and Gardner, 1988b; Tollenaar et al., 1992; Andrade 

et al., 1993b; Lemcoff and Loomis, 1994; Otegui, 1997; Ciampitti and Vyn, 2011; Smith, 2012; 

Rossini et al., 2011; Mayer et al., 2012) and kernel weight per plant (Tetio-Kagho and Gardner, 

1988b; Otegui, 1997; Bavec and Bavec, 2002; Liu and Tollenaar, 2009; Smith, 2012; 

MacKenzie, 2015; Moum, 2015; Mayer et al., 2012) have been shown to decrease as plant 

population densities increase. Kernel number per plant is determined by plant growth rate (PGR) 

during the critical period (i.e., from one week before silking to three weeks after silking) 

(PGRCP) (Andrade et al., 1999; Tollenaar et al., 1992). As plant densities increase, PGRCP 

decreases (Andrade et al., 1999; Echarte et al., 2004). When plants grown at high density are 

thinned to a low density prior to the critical period (e.g., V9) light stress is alleviated and PGRCP 

recovers (Pagano and Maddonni, 2007). Reduced PGRCP is observed at high plant densities and 

is associated with a reduction in kernel number, indicating that the main impact that plant 

densities have on sink strength is through a decrease in PGRCP (Andrade et al., 1999; Tollenaar 

et al., 1992). 

In this study we continue to explore the potential of the BSLE(M-L)C30 population as a 

source of useful alleles for enhancing grain yield in short-season germplasm. The BSLE(M-
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L)C30 population represents a germplasm source that has been under-utilized as a donor of novel 

alleles, recurrently selected populations selected for extreme phenotypes. Briefly, BSLE(M-

L)C30 is the result of 30 generations of mass selection for increased ear length, which resulted in 

increases in ear length (7.3 cm), plant height (41 cm), ear height (27 cm), and days to flowering 

(5.7 days), but no changes in grain yield (Hallauer, 2005; Lopez-Reynoso and Hallauer, 1998). 

While BSLE(M-L)C30 has never been selected for grain yield, it did experience a change in 

plant population density after seven cycles of selection, moving from a plant population density 

of 39,500 plants ha-1 to 54,400 plant ha-1 (Lopez-Reynoso and Hallauer, 1998). Despite this 

increase in plant density after the 7th generation of selection (C7), a plant density of 54,400 plant 

ha-1 is still well below the commercial plant density currently used (i.e., 70,000 to 74,000 plants 

ha-1). Previously, we have demonstrated that BSLE(M-L)C30 may be a source of useful alleles 

for grain yield (Chapter 2). Given the development history of BSLE(M-L)C30, together with the 

increase in ear length and plant stature and in the absence of an increase in grain yield, it is quite 

possible that BSLE(M-L)C30 may contain less favourable alleles for sink potential or strength 

when grown under plant density stress. In this paper, we test the hypothesis that the BSLE(M-

L)C30 population contains less favourable alleles for plant density effects on sink potential and 

sink strength. The specific objective was to examine ear initial development (i.e., sink potential) 

and mature ears (i.e., sink strength) under varying plant density regimes to determine if 

BSLE(M-L)C30 possesses favourable or unfavourable alleles for sink potential and sink 

strength. 

 

3.2. Materials and Methods 

3.2.1. Genetic Materials 
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 Eight single-cross hybrids were used in this study: three LE/CG60 hybrids (LE-02-

1/CG60, LE-25-2/CG60, and LE-26-5/CG60), four LE/CG102 hybrids (LE-02-1/CG102, LE-05-

1/CG102, LE-25-2/CG102, and LE-26-5/CG102), and one conventional short-season hybrid 

CG102/CG60. The three LE/CG60 hybrids and four LE/CG102 hybrids were selected from the 

40 LE/CG60 hybrids and the 40 LE/CG102 hybrids, respectively, (Chapter 2) based on seed 

availability rather than grain yield performance.  

 

3.2.2. Experimental Design and Data Collection 

 The eight hybrids were grown at one Southwestern Ontario location near Guelph, ON in 

2014. The experimental design was a randomized complete block with two replications (Fig. 

3.1), with each hybrid considered a separate trial. Experimental units consisted of 4-row plots 3.2 

m in length and 0.76 m between rows. Plots were machine-planted using an Almaco 

Programable Precision planter (SeedPro 360, ALMACO, Nevada, IA). Plots of density treatment 

74,000 plant ha-1 (1x) and 148,000 plant ha-1 (2x) were planted at the desired densities while 

plots of density treatment 37,000 plant ha-1 (½x) were planted at 1x and thinned to a density of 

½x at the V5 growth stage. Weeds were controlled using conventional herbicides and fertilizer 

was applied at the appropriate rates based on soil test results. Sink potential was determined at 

flowering as the total number of florets present on the ear initial and was assessed at three plant 

densities: 37,000 (½x), 74,000 (1x), and 148,000 (2x) plants ha-1. Density treatment of 1x was 

considered medium plant density while density treatment of ½x and 2x were considered low and 

high plant densities, respectively. Sink strength, defined as the number kernels at harvest, was 

measured at five density treatments: ½x throughout the season, 1x throughout the season, 1x 

until silking then ½x during the grain filling period (1x to ½x), 2x throughout the season, and 2x 
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until silking then ½x during the grain filling period (2x to ½x). The latter two density treatments 

were achieved after ear initial samples were removed from the 1x and 2x density treatment plots 

(Fig. 3.1). Adjusting the plant densities at silking to lower plant densities during the grain filling 

period, resulted in creating a light environment during the grain filling period where light 

interception was maximized.  

 

Sink potential and flowering time: At silking primary ear initials from five competitively 

bordered plants in each of the middle two rows (10 plants in total) from the ½x, 1x and 2x 

treatment plots in range #1 and range #3 (see Fig. 3.1) were collected, dissected, and stored 

individually in Karnovsky’s fixative (Ruzin, 1999) for structure preservation. This resulted in 

two replications for sink potential. The 1x and 2x plots in range #1 and range #3 were thinned to 

½x resulting in the five treatments and two replications for sink strength. Approximately one 

month after ear initial collection, a photo of the ear initial was taken using a digital single-lens 

reflex camera. Sink potential estimates were determined by counting the floret row number 

(FRN) and the floret number per row (FNPR) of the primary ear initials, and multiplying the two 

values to obtain an estimate of floret number (FN). Initially, comparison between average of 

FNPR counted in three floret rows and FNPR counted in one floret row was made and no 

significant differences were observed, therefore FNPR was determined from one floret row. 

FRN, FNPR, and FN were averaged for the plot. Anthesis (days to anthesis, DTA) and silking 

dates (days to silking, DTS) were recorded from the middle two rows of plots ½x, 1x and 2x in 

range #2 and range #4 when half the plants in a plot were observed shedding pollen and half the 

plants in a plot exhibited silk emergence, respectively. Anthesis-silking interval (ASI) was 

obtained from subtraction of DTA from DTS (i.e., ASI = DTS – DTA).   
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Figure 3.1.  Experimental layout of a single hybrid showing a randomized complete block 

design with two replications for measurement of sink potential, flowering traits, and sink 

strength. Sink potential measurement consisted of three density treatments: ½x, 1x, and 2x and 

involved only range 1 and 3 as replication 1 and 2, respectively. Primary ear initials for sink 

potential measurement were collected within seven days prior to silking and plots 1x and 2x 

were thinned to ½x immediately afterward. Flowering traits were observed in the three plots in 

range 2 and 4 as replication 1 and 2, respectively. Sink strength measurement consisted of five 

density treatments: ½x, 1x, 1x to ½x, 2x, and 2x to ½x and replication 1 involved range 1 and 2 

whereas replication 2 involved range 3 and 4. Mature ears for sink strength measurement were 

collected at physiological maturity.  

  

Sink potential Flowering Sink potential Flowering

REP 1 REP 1 REP 2 REP 2

1x ½x 2x 1x

½x 2x 1x 2x Sink potential and flowering

2x 1x ½x ½x

Range 1 Range 2 Range 3 Range 4 ½x = 37,000 plants ha
-1

1x = 74,000 plants ha
-1

2x = 148,000 plants ha
-1

1x to ½x = 74,000 thinned to 37,000 plants ha
-1

2x to ½x = 148,000 thinned to 37,000 plants ha
-1

1x to ½x ½x 2x to ½x 1x

½x 2x 1x to ½x 2x Sink strength

2x to ½x 1x ½x ½x

Range 1 Range 2 Range 3 Range 4

────────────  REP 1  ────────────────────────  REP 2  ────────────
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Sink strength: Sink strength is defined as the number of kernels on an ear and is both a function 

of the number of florets formed and the amount of photosynthate available to fill the kernels. 

Primary and secondary ears from five competitively bordered plants from each of the middle two 

rows (ten plants in total) from the five treatment plots (i.e., ½x, 1x, 1x to ½x, 2x, and 2x to ½x) 

in two replications were hand-harvested at physiological maturity. The ears were dried to 0 

percent moisture and the following traits were measured: kernel row number (KRN) of the 

primary ear; the primary and secondary ears were machine-shelled separately and their kernels 

were separately weighed for ear grain weight; all kernels from the primary ear were machine-

counted for kernel number (KN); and kernel number per row (KNPR) was obtained from 

dividing KN by KRN; kernel weight (KW; g) was derived by dividing ear grain weight of the 

primary ear by KN; grain yield per plant (GYPP; g) was derived from summing of ear grain 

weight of both the primary ear and secondary ears. All traits were averaged for the plot.  

 

3.2.3. Data Analysis 

Data were analyzed in SAS version 9.4 (SAS Institute Inc., Cary, NC). Analysis of 

variance for individual hybrid was performed using PROC MIXED with density considered a 

fixed effect and replication considered random effect using the following linear model: 

 

where  is the measured value of a trait of density treatment t in replication r;  is the grand 

mean;  is the density treatment main effect;  is the replication effect; and  is the 

experimental error. 
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Combined variance analysis for each trait across hybrids was conducted in PROC 

MIXED with density treatment (T) considered fixed, and hybrid (H) and the interaction between 

density treatment and hybrid (T x H) considered random using the following model:  

 

where  is the measured value of a trait of hybrid h in replication r at density treatment t;  

is the grand mean;  and  are the hybrid and density treatment main effects;  is the 

replication effect nested within a hybrid;  is the interaction between main effects; and  

is the experimental error. Covariance parameter estimates were set negative where applicable in 

order to avoid biased F-statistics and standard errors (Littell et al., 2002) and to have better 

control over Type I error (Littell et al., 2006). Means for the fixed effect and best linear unbiased 

predictor (BLUP) estimates for the random effects for all traits were generated using PROC 

MIXED. Tukey’s Honestly Significant Difference was used to perform pairwise comparison 

among density treatments for the trait that is significant. BLUP comparisons among hybrids 

when averaged across density treatments were made using PROC MIXED. A significance at the 

0.05 probability level was used to declare a statistical difference for all analyses.  

 

3.3. Results and Discussion 

3.3.1. Flowering Traits 

 Plant density affected the three flowering traits, DTA, DTS, and ASI, however only DTS 

differed among hybrids and the density by hybrid interaction was not a significant source of 

variation for any of the flowering traits (Table 3.1). High plant density significantly delayed 

flowering in all eight hybrids, and not surprisingly a significant ASI was also observed in the 
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high-density treatment for all hybrids (Table 3.1 and Fig. 3.2). This is consistent with 

observations of Smith et al. (1982) who reported a 3-d delay in DTS, which resulted in a 

significant ASI in a maize population when plant density increased from 42,300 to 96,800 plants 

ha-1. The significant hybrid effect on DTS was due to the conventional hybrid (CG102/CG60) 

silking earlier than the seven LE hybrids (Table 3.1). The results suggest that the BSLE(M-

L)C30 population contains flowering time alleles that respond to increases in plant density in a 

similar manner to the short-season germplasm. 

 

3.3.2. Sink Potential Traits 

Hybrid was a significant source of variation for the three sink potential traits (FRN, 

FNPR, and FN), but only FNPR was affected by density treatment (Table 3.1). Somewhat 

surprisingly the interaction between density treatment and hybrid was not significant for the 

three sink potential traits (Table 3.1). The density effect on FNPR was interesting as FNPR was 

greater at high density than at low density. When averaged across density treatments, the four 

LE/CG102 hybrids exhibited significantly more FRN than the three LE/CG60 hybrids and 

CG102/CG60. FNPR and FN were significantly greater in the seven LE hybrids than 

CG102/CG60 when averaged across density treatments, clearly showing that sink potential is 

enhanced with the BSLE(M-L)C30 germplasm. The enhanced sink potential (i.e., FN) of the LE 

hybrids compared to CG102/CG60 was due to higher FNPR rather than FRN. The results 

suggest that the BSLE(M-L)C30 germplasm contains alleles that enhance sink potential in short-

season hybrids and that there does not appear to be any unfavourable alleles for plant density 

response in terms of sink potential in BSLE(M-L)C30.  
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Table 3.1.  ANOVA and estimate of each density treatment across hybrids (mean) and estimate of each hybrid across density 

treatments (BLUP) for: 1) flowering traits: days to anthesis (DTA), days to silking (DTS), and anthesis-silking interval (ASI), 2) sink 

potential traits: floret row number (FRN), floret number per row (FNPR), and floret number estimate (FN), and 3) sink strength traits: 

kernel row number (KRN), kernel number per row (KNPR), kernel number (KN), kernel weight (KW; g), and grain yield per plant 

(GYPP; g).  

Source of variation 
Flowering traits   Sink potential traits Sink strength traits 

DTA DTS ASI   FRN FNPR FN   KRN KNPR KN KW GYPP 

Density treatment (T) ** ** **  n.s. * n.s.   ** ** ** ** ** 

Hybrid (H) n.s. * n.s.  * * *  * n.s. n.s. * n.s. 

T x H n.s. n.s. n.s.  n.s. n.s. n.s.  n.s. ** * n.s. * 

              

Density treatment  ─────── d ───────  ─────── number ───────  ────── number ────── ───── g ───── 

½x 74.8 a 75.4 a 0.6 a   50.6 a   14.6 a 39.1 a 569.5 a 0.305 a 218.1 a 

1x 75.4 a 76.4 a 1.0 a   51.7 ab   14.4 ac 37.0 ac 531.0 ac 0.265 b 140.6 b 

1x to ½x         14.2 abc 37.9 ac 533.2 ac 0.278 b 179.3 c 

2x 77.6 b 80.1 b 2.6 b   51.9 b   13.9 bc 26.7 b 369.5 b 0.188 c 69.9 d 

2x to ½x    
 

   
 13.8 b 35.7 c 490.4 c 0.231 d 122.6 b 

              

Hybrid ─────── d ───────  ─────── number ───────  ────── number ────── ───── g ───── 

CG102/CG60   69.2 a   13.8 a 42.6 a 582.1 a  13.9 a   0.267 a  

LE-02-1/CG60   77.5 c   14.0 ae 52.3 b 727.8 be  13.6 ad   0.262 a  

LE-25-2/CG60   77.5 c   13.7 a 52.1 b 707.5 e  13.2 d   0.262 a  

LE-26-5/CG60   77.5 c   14.3 ad 52.1 b 740.6 bde  13.8 ad   0.257 a  

LE-02-1/CG102   79.8 b   14.7 bd 51.7 b 762.6 bd  14.5 b   0.252 a  

LE-05-1/CG102   81.7 d   15.3 b 54.7 c 838.8 c  15.2 ce   0.230 b  

LE-25-2/CG102   77.8 c   14.5 cde 53.4 bc 773.8 df  14.1 ab   0.266 a  

LE-26-5/CG102   77.7 c    15.3 b 52.4 b 804.3 cf   15.1 e   0.234 b  

*, ** significant at the 0.05, and 0.01 probability levels, respectively; n.s. not significant. 

Estimates within the same column followed by the same letter are not significantly different at the 0.05 probability level. 
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Figure 3.2.  Days to silking at each density treatment when averaged across hybrids (mean) (A) 

and at each hybrid when averaged across density treatments (BLUP) (B).  
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3.3.3. Sink Strength Traits 

The response to plant density on the KN component of sink strength can be assessed 

based on both KRN and KNPR. Plant density and hybrid were significant sources of variation for 

KRN, while the density treatment by hybrid interaction was not a significant source of variation 

(Table 3.1). Generally, KRN was lower at high plant density (2x) than at low density (½x), and 

an improvement in KRN was not observed when resources per plant became unlimited during 

the GFP (i.e., 1x to ½x and 2x to ½x) (Table 3.1). These observations are consistent with some 

previous studies that have shown a reduction in KRN when plant density increases (e.g., Bavec 

and Bavec, 2002), but are not consistent with other studies (e.g., Mansfield and Mumm, 2014). 

In terms of response of KRN to plant density, the results suggest that the BSLE(M-L)C30 

germplasm does not contain any unfavourable alleles.  

Plant density and the density by hybrid interaction affected kernel number per row 

(KNPR), but hybrid was not a significant source of variation (Table 3.1). Changes in rank order 

appeared to underlie the significant density by hybrid interaction (Fig. 3.3). A significant 

decrease in KNPR was observed in the high density treatment (2x), consistent with the results 

from MacKenzie (2015) and Moum (2015). The two treatments involving relaxing density 

during the grain filling period, however, were not consistent with MacKenzie (2015) and Moum 

(2015). Relaxing the high density treatment (2x to ½x) resulted in an improvement in KNPR 

compared to the constant high density treatment (2x), however, this was not observed in the 1x to 

½x relaxed density treatment (Table 3.1). The pattern of density effect on KNPR is different 

from the pattern of density effect on FNPR. FNPR was slightly increased at high density, while 

KNPR was reduced at high density. The reduction in KNPR is not surprising as plants become 

more source limited as density increases and not all of the potential kernels (i.e., florets) can be 
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realized. The seven LE hybrids responded to density for KNPR relatively similar to 

CG102/CG60. KNPR was lowest under continuous high density, increased under the two relaxed 

(1x to ½x and 2x to ½x) and 1x density treatments (Fig. 3.3). In terms of response of KNPR to 

plant density, the results suggest that the BSLE(M-L)C30 germplasm does not contain any 

unfavourable alleles.   

Kernel number (KN) was not affected by hybrid, but density treatments and the density 

treatment by hybrid interaction were significant sources of variation, similar to what was 

observed for KNPR (Table 3.1). The nature of the interaction was due to changes in rank order, 

again similar to what was observed for KNPR (Fig. 3.3). And not surprisingly, the response 

pattern of KN to density averaged across hybrids mirrors what was observed for KNPR (Table 

3.1). The reduction in KN in response to increased density observed in this study is consistent 

with previous reports (e.g., Wilson and Allison, 1978; Tetio-Kagho and Gardner, 1988b; 

Lemcoff and Loomis, 1994; Otegui, 1997; Bavec and Bavec, 2002; Boomsma et al., 2009; Liu 

and Tollenaar, 2009; Ciampitti and Vyn, 2011; Smith, 2012; MacKenzie, 2015; Moum, 2015). 

The improvement in KN when the limited resources per plant changed to unlimited (e.g., 2x to 

½x) observed in this study is also consistent with previous studies (e.g., Smith, 2012; 

MacKenzie, 2015). The similar patterns between KN and KNPR and different patterns between 

KN and KRN for the LE hybrids suggests that KN of the LE hybrids in response to plant density 

was largely determined by KNPR rather than KRN. Taken together the results suggest that the 

BSLE(M-L)C30 germplasm does not contain any unfavourable alleles that affect KN dynamics 

(i.e., KRN, KNPR) in response to plant density. 
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Figure 3.3.  BLUP estimates of eight hybrids at five density treatments (½x, 1x, 1x to ½x, 2x, 

and 2x to ½x plants ha-1) for kernel number per row (A), kernel number (B), and grain yield per 

plant (g) (C). The estimates showing the same letter in particular hybrid are not significantly 

different at the 0.05 probability level.   
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 For the KW component of sink strength density treatments and hybrids differed, 

however, the interaction between density treatment and hybrid was not a significant source of 

variation (Table 3.1). The pattern of response of KW to the density treatments is very similar to 

that observed for KN. As continuous plant density decreases, KW increases, but relaxing plant 

density during the grain filling period only has an effect at the higher plant density (2x to ½x) 

(Table 3.1). The observation of reduced KW as densities increase is consistent with previous 

studies (Tetio-Kagho and Gardner, 1988b; Otegui, 1997; Bavec and Bavec, 2002; Liu and 

Tollenaar, 2009; Smith, 2012; MacKenzie, 2015; Moum, 2015). The results suggest that the LE 

germplasm responds to density treatments for KW in a relatively similar manner to the 

conventional short-season hybrid and other maize populations used in other studies. Similar to 

what was observed for KN, the results suggest that the BSLE(M-L)C30 germplasm does not 

contain any unfavourable alleles that affect KW in response to plant density. 

Not surprisingly grain yield per plant (GYPP) was affected by density treatments and 

exhibited a significant hybrid by treatment interaction, however hybrids were not a significant 

source of variation, similar to what was observed for KN and KNPR (Table 3.1). Changes in 

magnitude appeared to be the cause of the significant interaction as the rank order among the 

density treatments was consistent in all hybrids (Fig. 3.3). GYPP responded negatively to the 

continuous plant density treatment, and GYPP increased when plant density was relaxed during 

the grain filling period (1x to ½x and 2x to ½x) (Table 3.1). The improvement at 1x to ½x 

treatment appeared to be due to the number of secondary ears (see Appendix 3.1). The seven LE 

hybrids responded to the density treatments in a similar manner to CG102/CG60, which was 

consistent with the pattern when averaged across hybrids (Fig. 3.3). The negative effect of plant 

density on per plant grain yield observed in this study has been reported by numerous studies 
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(e.g., Smith et al., 1982; Daynard and Muldoon, 1983; Liu and Tollenaar, 2009; MacKenzie, 

2015). As the density responses of GYPP observations are consistent with what is typically 

observed, it does not appear that that the BSLE(M-L)C30 germplasm contains any unfavourable 

alleles for plant density.  

 

3.4. Conclusions 

 This study examined the possibility that BSLE(M-L)C30 may contain unfavourable 

alleles for plant density responses on sink potential and sink strength. In short, there is no 

evidence that the BSLE(M-L)C30 population possess unfavourable alleles for plant density 

response. Flowering time responded to changes in plant density in a manner similar to 

expectations. The responses observed for sink potential across increasing plant densities were 

consistent with expectations. Likewise, sink strength responses both across increasing continuous 

plant densities, as well as relaxed densities during the grain filling period, were consistent with 

previous observations. In fact, it appears that the BSLE(M-L)C30 population may be a useful 

source of alleles to enhance sink potential by exhibiting greater FNPR than the short season 

hybrid. The results of this study continue to support the concept that germplasm selected for 

extreme phenotypes, in general, and the BSLE(M-L)C30 population, in particular, has the 

potential contribute useful alleles to the short season germplasm base.  
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Chapter 4: Potential of BSLE(M-L)C30 Maize Population as a Donor of Novel Alleles:  

III. Dynamics of Dry Matter Accumulation  

 

Targeted Journal for Publication: Crop Science 

 

4.0. Abstract 

Short-season maize hybrids are generally source-limited meaning that it is their ability to 

accumulate dry matter that limits grain yield, rather than their ability to store dry matter in the 

grain. This research examines the potential of the BSLE(M-L)C30 to contribute novel alleles to 

enhanced dry matter in the commercial short-season maize germplasm pool. Dry matter 

accumulation dynamics were examined at one location for two years in four maize hybrids: two 

LE hybrids involving two unselected inbred lines derived from BSLE(M-L)C30 and a short-

season inbred line and two short-season hybrids. Above-ground dry matter accumulation at 

silking and maturity, grain yield, harvest index (HI), light interception, total leaf number (LN), 

and rate of dry matter accumulation were measured. The BSLE(M-L)C30 population appears to 

contain favourable alleles that enhance early season dry matter accumulation that was not 

associated with earlier canopy closure, greater light interception, or greater leaf number.  The 

enhanced dry matter at silking was achieved without alternating length of life cycle, or 

compromising relative source strength and HI. The results of this study suggest that the 

BSLE(M-L)C30 population may contain novel alleles to enhance early season dry matter 

accumulation in short-season maize hybrids and that the potential contribution of the LE 

population to enhancing grain yield might be greatly underestimated in this study. 
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4.1. Introduction 

Maize grain yield is a product of ‘source’ and ‘sink’ working together. Source (i.e., dry 

matter) and sink (i.e., grain) must be in balance in order to maximize grain yield and retain grain 

yield potential (Lee and Tollenaar, 2007). From a crop physiology perspective, grain yield is a 

function of dry matter accumulation (i.e., source) throughout life cycle and harvest index (HI) 

(Earl et al., 2012). This means that there are two distinct physiological mechanisms by which to 

increase grain yield: increase total dry matter accumulation or increase HI. Short-season maize 

hybrids are generally source-limited, meaning that the hybrids have a limited ability to 

accumulate total dry matter throughout life cycle. In the short-season hybrids, reduced plant 

stature is evidence of a source-limited problem (Tollenaar, 1977; Tollenaar and Daynard, 1978c; 

Hunter, 1980), resulting in lower leaf area per plant (Chase and Nanda, 1967; Tollenaar and 

Daynard, 1978c). One means to address the source-limitation issue of short season maize hybrids 

was to increase plant population densities, which in turn increased the leaf area index and the 

total amount of light being intercepted (Tollenaar and Lee, 2002). However, as the current plant 

population densities result in 95 to 97% light interception, additional improvements in dry matter 

accumulation must come from other physiological mechanisms (Tollenaar and Lee, 2011). As 

canopy absorptance has been maximized, the two most likely physiological mechanisms by 

which to increase dry matter accumulation are: improving radiation use efficiency (RUE) and 

lengthening the lifecycle (Earl et al., 2012). As length of the growing season in the short-season 

maize regions is already maximized, improvements in RUE seem to be the most likely 

physiological mechanism to exploit. RUE is enhanced when the same amount of light is 

distributed to larger leaf area of a crop canopy (Earl et al., 2012). This can be achieved by 

altering canopy architecture resulting in more erect leaves. Or, alternatively RUE can be 
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enhanced by increasing the rate of photosynthesis (Mock and Pearce, 1975). Increases through 

altered canopy architecture have already been achieved as seen by very high leaf angle of newer 

hybrids, and selection for high photosynthesis rates has not been successful either (Earl et al., 

2012).  

One alternative to focusing on particular physiological mechanisms by which to enhance 

dry matter accumulation is to focus on the outcome, enhanced dry matter accumulation instead. 

Introducing novel genetic variation from germplasm sources outside of the commercial 

germplasm pool has the potential to introduce novel alleles for dry matter accumulation. As 

reduced plant stature was one of the first attributes associated with the source-limitation 

(Tollenaar, 1977; Tollenaar and Daynard, 1978c; Hunter, 1980), novel genetic backgrounds with 

enhanced plant stature might serve as donors of favourable alleles. The BSLE(M-L)C30 

population represents a germplasm source that was developed for an extreme phenotype, by 

undergoing selection for increased ear length for 30 generations (Hallauer, 2005). Selection for 

ear length also resulted in significant increases in plant stature (Lopez-Reynoso and Hallauer, 

1998). Previously we have shown that the BSLE(M-L)C30 population is a source of potentially 

novel alleles for grain yield (Chapter 2) and sink potential (Chapter 3). In this paper we test the 

hypothesis that BSLE(M-L)C30 contains useful allele for enhancing dry matter accumulation in 

short-season hybrids. The specific objective was to examine the dynamics of above-ground dry 

matter accumulation in two single-cross hybrids involving inbred lines derived from BSLE(M-

L)C30 (i.e., LE hybrids) and two conventional short-season hybrids to determine the potential of 

BSLE(M-L)C30 to contribute favourable alleles for dry matter accumulation. 

  



 

67 

4.2 Materials and Methods 

4.2.1. Genetic Materials 

 Four single-cross hybrids were used in this study: two LE hybrids, LE-25-2/CG60 and 

LE-26-5/CG60, and two conventional short-season hybrids, CG102/CG60 and Dekalb DKC38-

03. The two LE hybrids were selected from the 40 LE/CG60 hybrids (Chapter 2) based on seed 

availability rather than grain yield performance. The two selected LE parents are S4 inbred lines 

derived from BSLE(M-L)C30 that were selected only for adaptation. CG60 is an Iodent inbred 

line related to PHR25 and CG102 is a B14-type Stiff Stalk inbred line (Lee et al., 2001a, 2001b).  

 

4.2.2. Experimental Design and Data Collection 

 The four hybrids were grown at one Southwestern Ontario location near Guelph, ON in 

2015 and near Elora, ON in 2016 using a randomized complete block design with two 

replications (Fig. 4.1). Experimental units consisted of 4-row plots 6 m in length and 0.76 m 

between rows. Plots were machine-planted using an Almaco Programable Precision planter 

(SeedPro 360, ALMACO, Nevada, IA) on May 1st, 2015 and May 6th, 2016 and thinned to a 

plant population density of 69,000 plants ha-1 at the V5 growth stage. Weeds were controlled 

using conventional herbicides and fertilizer was applied at the appropriate rates based on soil test 

results.  
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Figure 4.1.  Field design of the experiment showing a randomized complete block design with 

two replications. Each experimental unit consisted of a 4-row plot and was divided into two 

sample areas involving only the middle two rows: sample area #1 was for dry matter at silking 

measurement, and sample area #2 was for dry matter at physiological maturity and grain yield 

measurements. Light sensor bars were placed in the middle of sample area #2 of all plots.  
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 Dry matter and grain yield were measured on defined sample areas within each 4-row 

plot (Fig. 4.1). Each 4-row plot was divided into two sample areas involving only the middle two 

rows. The start of each sampling area was a 0.6 m from the ends of the plot. Each sample area 

was 1.8 m long and was separated from each other by a 1.2 m internal border. The two sample 

areas were used to measure dry matter at silking (i.e., sample area #1), and dry matter and grain 

yield at maturity (i.e., sample area #2). To minimize canopy level effects of plant removal at 

silking, the two replications were arranged in adjacent ranges. The sample areas for dry matter at 

maturity measurement of the two ranges were next to each other (i.e., sample area #2) and thus 

the outer most sample areas of the two ranges were for dry matter at silking measurement (i.e., 

sample area #1) (Fig. 4.1).  

 

2015 Measurements: There was an early season frost that occurred at the 4-leaftip stage damaged 

some of the plants in the trial (Jaroenchai and Lee, 2017). Frost damaged plants were identified 

in the plots and were not used for measurements. Silking dates were recorded when 50% of the 

unaffected plants in the middle two rows of a plot had emergence silks. Total above ground dry 

matter was harvested from the unaffected plants in sample area #1 at silking. The plants were 

dried in bulk to 0% moisture and dry matter was then measured and reported as an average dry 

matter (g plant-1). After physiological maturity (September 23rd, 2015) total above ground dry 

matter of all unaffected plants in sample area #2 was individually harvested. Each individual 

plant was dried to 0% moisture and then weighed. All ears on the plant were separated and 

machine-shelled to obtain grain yield. HI per plant was then calculated as the ratio of plant grain 

yield to total plant dry matter at maturity. The dry matter at maturity (g plant-1), grain yield (g 

plant-1), and HI were averaged for the plot. Dry matter accumulated during grain filling period 
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(GFP) (g plant-1) was calculated as (dry matter at maturity - dry matter at silking). Rate of dry 

matter accumulation during vegetative phase (g plant-1 d-1) was computed as (dry matter at 

silking divided by days to silking).  

 

2016 Measurements: In 2016, total leaf number (LN) was measured using the first five 

consecutive plants in each of the middle rows (ten plants in total) in the sample area #2. The 5th 

and 10th leaves of each plant were painted and LN of each plant was counted following flowering 

and averaged for the plot. All plants in the middle two rows of the plot were used for silking date 

observation and all plants in the middle two rows of the plot in sample area #1 were used for dry 

matter at silking measurements following the 2015 methodology. The ten painted plants in the 

sample area #2 were used for dry matter at maturity measurements (October 5th, 2016) as 

described above. Dry matter at maturity, grain yield, HI, dry matter during the GFP, rate of dry 

matter accumulation during the vegetative phase were obtained following the 2015 methodology.  

 

4.2.3. Light Interception and Weather Variables 

Photosynthetically active radiation (PAR; μmol m-2 s-1) transmitted through the canopy 

(PARt) was measured using a LightScout Quantum Light 6 Sensor Bar (Spectrum Technologies, 

Inc., Aurora, IL) at 30-minute intervals over the 2015 and 2016 growing season. The light bar 

was placed in the center of the sample area #2 (Fig. 4.1) around the V5 growth stage at 30 cm 

above the ground and at a 45-degree angle to the rows. Daily light transmitted through the 

canopy (DPARt; mol m-2 d-1) was obtained excluding dark period using the following formula: 

DPARt = [∑ (𝑃𝐴𝑅𝑡)21 𝑜𝑐𝑙𝑜𝑐𝑘
6 𝑜𝑐𝑙𝑜𝑐𝑘 ∗ 60 ∗ 30/1000000] 
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Incident PAR (PARi) at 30-minute intervals over the growing season was recorded by a 

LightScout Quantum Light Sensor (Spectrum Technologies, Inc., Aurora, IL) installed above the 

canopy near the plots. Daily light integrals (DLI; mol m-2 d-1) were calculated as:  

DLI = [∑ (𝑃𝐴𝑅𝑖)
21 𝑜𝑐𝑙𝑜𝑐𝑘
6 𝑜𝑐𝑙𝑜𝑐𝑘 ∗ 60 ∗ 30/1000000]. 

Daily incident PAR intercepted by the canopy (i.e., light interception) over the growing season 

(DPARc; MJ m-2 d-1) was calculated as: 

DPARc = [(DLI-DPARt)*0.2167] 

assuming 216.7 KJ mol-1 of PAR photon (Tollenaar and Aguilera, 1992). Means of light 

interception during seven days of week 7, week 8, week 9, week 10, and week 11 after planting, 

during week 7 and week 11 after planting (i.e., five weeks prior to silking), and during the GFP 

were generated. Daily temperature data (°C) at 30-minute intervals over the growing season were 

obtained from a weather station located within 200 m of the plots. Daily crop heat unit (CHU) 

during the growing period was generated according to Brown and Bootsma (1993). CHU 

accumulated from planting to silking and during the GFP were computed.  

 

4.2.4. Data Analysis 

 Data were analyzed using SAS version 9.4 (SAS Institute Inc., Cary, NC). Combined 

analyses of variance across the two years for days to silking, CHU and rate of dry matter 

accumulation during the vegetative phase, light interception during the vegetative phase and 

during the GFP, all dry matter traits, grain yield, and HI were performed in PROC GLM with all 

effects treated as fixed using a linear model: 

 
hryyhyryhhryY   )(
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where  is the measured value of a trait of hybrid h in replication r at year y;  is the grand 

mean;  and  are the hybrid and year main effects;  is the replication effect nested 

within a year;  is the interaction between main effects; and  is the experimental error. 

When the interaction was not significant, the interaction term was removed from the model. 

Analyses of variance for LN in 2016 and the other traits for separate years were performed using 

PROC MIXED with genotype and replication considered fixed effects using the following linear 

model: 

 

where  is the measured value of a trait of hybrid h in replication r;  is the grand mean;  

is the hybrid main effect;  is the replication effect; and  is the experimental error. Tukey’s 

Honestly Significant Difference was used to perform pairwise comparison of all hybrids in the 

combined variance analyses and analysis of variance (p = 0.05).  

 

4.3. Results and Discussion 

 The four hybrids exhibited significant differences in silking dates and a significant year 

by hybrid interaction (Table 4.1). The nature of the interaction appears to be one of magnitude, 

rather than changes in rank, as the rank order of flowering among the four hybrids was consistent 

across the two years. The commercial check (DKC38-03) flowered three days after 

CG102/CG60, but was two days earlier than the two LE hybrids, which flowered at the same 

time. All four hybrids flowered earlier in 2016 than 2015 (i.e., fewer number of days to silking), 

however, CG102/CG60 flowered a few days earlier compared with the remaining hybrids 

causing the significant hybrid by year interaction for the trait. The earlier flowering time of the 

hryY 

h y )( yr 

yh hry

hrrhhrY  

hrY  h
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four hybrids in 2016 was most likely due to heat unit accumulation during the vegetative stage 

(i.e., from planting to silking). 

Significant differences in LN were observed among the four hybrids (Table 4.2). The 

commercial check and one of the LE hybrids (LE-25-2/CG60) had similar LN, which was 

significantly greater than the other LE hybrid (LE-26-5/CG60) and CG102/CG60. Only hybrid 

was a significant source of variation for dry matter accumulation from planting to silking (Table 

4.2). The significant hybrid effect on dry matter at silking was due to greater dry matter 

accumulation of one of the LE hybrids (LE-25-2/CG60) (Table 4.2). Rate of dry matter 

accumulation during the vegetative phase showed similar results to dry matter at silking with the 

significant hybrid effect being due to higher rates of dry matter accumulation of one of the LE 

hybrids (LE-25-2/CG60) (Table 4.2). Taken together, these results suggest that there is potential 

for the BSLE(M-L)C30 population to accumulate more dry matter during the vegetative phase 

than conventional short-season hybrids. However, as LN of the high dry matter accumulation 

hybrid was the same as one of the lower dry matter hybrids, this difference does not appear to be 

due to LN. One possible explanation for the greater rate of dry matter accumulation during the 

vegetative phase is that the LE hybrids are closing the canopy earlier resulting in greater early 

season light interception. Light interception during the vegetative phase (i.e., week 7 to week 11 

after planting) did not vary across hybrids (Table 4.3). While there was a significant hybrid by 

year interaction at week 7, as well as was a significant year effect at week 9 and week 11 (Table 

4.3), the differences in dry matter accumulation at silking do not appear to be due to differences 

in light interception.  
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Table 4.1.  ANOVA and least square means of days to silking and crop heat unit (CHU) 

accumulated during the vegetative phase (i.e., from planting to silking) of the four hybrids grown 

in 2015 and 2016. 

 

Source of Variation 

Days to Silking   CHU from Planting-Silking 

2015-2016 2015 2016   2015-2016 2015 2016 

Hybrid (H) *    *   

Year (Y) n.s.    n.s.   

HxY **    **   

Hybrid ────────── d ──────────  ────────── CHU ────────── 

CG102/CG60 74.0 a 76.0 72.0  1,431.3 a 1,462.9 1,399.7 

DKC38-03 77.5 b 78.0 77.0  1,514.5 b 1,513.8 1,515.3 

LE-25-2/CG60 79.8 c 80.5 79.0  1,572.8 c 1,578.5 1,567.0 

LE-26-5/CG60 79.3 c 80.5 78.0   1,559.7 c 1,578.5 1,541.0 

 

*, ** Significant at the 0.05, and 0.01 probability levels, respectively; n.s. not significant. 

Means within the same column followed by the same letter are not significantly different at the 0.05 probability 

level according to the Tukey’s Honestly Significant Difference test. 
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Table 4.2.  ANOVA and least square means of the four hybrids for total leaf number in 2016, rate of dry matter accumulation during 

the vegetative phase in 2015-2016, dry matter traits in 2015-2016 (dry matter at silking, dry matter accumulated during the grain 

filling period (GFP), and dry matter at maturity), grain yield in 2015-2016, and harvest index in 2015-2016. 

 

Source of Variation 

Total Leaf 

Number 

  Rate of dry matter 

accumulation during 

Vegetative Phase 

  Dry matter   

Grain Yield 

  

Harvest Index 
  at Silking   during GFP   at Maturity   

2016   2015-2016   2015-2016   2015-2016   2015-2016   2015-2016   2015-2016 

Hybrid (H) **  *  **  n.s.  n.s.  **  ** 

Year (Y)   n.s.  n.s.  n.s.  n.s.  n.s.  * 

HxY   n.s.  n.s.  n.s.  n.s.  n.s.  n.s. 

Hybrid number  g plant-1 d-1  ────────── g plant-1 ──────────  g plant-1  g g-1 

CG102/CG60 16.3 a  1.53 a  115.9 a  167.7  283.7  131.2 a  0.47 a 

DKC38-03 19.1 b  1.54 a  121.2 a  201.5  322.8  182.2 b  0.57 b 

LE-25-2/CG60 18.2 bc  1.85 b  149.3 b  184.2  333.5  168.0 b  0.51 c 

LE-26-5/CG60 17.5 ac  1.68 ab  136.0 ab  191.3  327.3  157.4 b  0.49 ac 

Year             g g-1 

2015             0.48 a 

2016                         0.54 b 

*, ** Significant at the 0.05, and 0.01 probability levels, respectively; n.s. not significant. 

Means within the same column followed by the same letter are not significantly different at the 0.05 probability level according to the Tukey’s Honestly 

Significant Difference test. 
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Table 4.3.  ANOVA and least square means of light interception during the vegetative phase and the grain filling period (GFP) of the 

four hybrids grown in 2015 and 2016. The vegetative phase includes at week 7, week 8, week 9, week 10, week 11 (the week prior to 

silking), and during week 7-11 after planting. 

 

Source of 

variation 

during Vegetative Phase  

during GFP 
Week 7  Week 8  Week 9  Week 10  Week 11  during Week 7-11  

2015-2016 2015 2016   2015-2016   2015-2016   2015-2016   2015-2016   2015-2016   2015-2016 

Hybrid (H) n.s.    n.s.  n.s.  n.s.  n.s.  n.s.  n.s. 

Year (Y) n.s.    n.s.  *  n.s.  *  n.s.  * 

HxY *    n.s.  n.s.  n.s.  n.s.  n.s.  n.s. 

Hybrid ──────────────────────────────────── MJ m-2 d-1 ──────────────────────────────────── 

CG102/CG60  3.10 2.48             
DKC38-03  3.24 1.94             
LE-25-2/CG60  4.36 2.53             
LE-26-5/CG60  3.21 2.03             

Year ──────────────────────────────────── MJ m-2 d-1 ──────────────────────────────────── 

2015       5.41 a    7.80 a    8.01 a 

2016             8.14 b       9.75 b       7.59 b 

* Significant at the 0.05 probability level; n.s. not significant. 

Means within the same column followed by the same letter are not significantly different at the 0.05 probability level according to the Tukey’s Honestly 

Significant Difference test. 
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Both dry matter accumulation during the GFP and dry matter at maturity were not 

affected by hybrid, year, or the hybrid by year interaction (Table 4.2). While years varied for 

light interception during the GFP, light interception during the GFP was not affected by hybrid 

or the hybrid by year interaction (Table 4.3). Grain yield varied among the four hybrids, but year 

and hybrid by year interaction were not a significant source of variation for grain yield (Table 

4.2). The commercial check and the two LE hybrids exhibited higher grain yield than 

CG102/CG60. The two LE hybrids exhibited relative source strength (i.e., ratio of dry matter 

accumulated during the GFP to grain yield) of 1.10-1.22, which is consistent with relative source 

strengths of more recent Ontario maize hybrids (e.g., 1.09-1.16; Tollenaar and Lee, 2011). The 

results suggest that unlike the vegetative phase, the BSLE(M-L)C30 population may not contain 

useful alleles for enhancing dry matter accumulation during the GFP, however it also 

demonstrates that the BSLE(M-L)C30 population does not compromise source strength during 

the GFP.  

Significant differences in HI among the four hybrids and among the two years were 

observed, however the hybrid by year interaction was not a significant source of variation (Table 

4.2). While the commercial check exhibited the most favourable HI, the HI of the two LE 

hybrids were better in one instance and equivalent to CG102/CG60 in the other LE hybrid (Table 

4.2). While the BSLE(M-L)C30 population does not appear to contribute useful alleles for HI, it 

does not appear to severely compromise HI either. 

 

4.4. Conclusions 

 The results from this study appear promising, in that it may be possible to exploit novel 

genetic backgrounds with enhanced plant stature as donors of favourable alleles to enhance dry 
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matter accumulation. Rather than focus on specific physiological mechanisms, the focus instead 

was on the desired outcome of enhanced dry matter accumulation. The BSLE(M-L)C30 

population represents a germplasm source that was developed for an extreme phenotype, of 

which greater plant stature was a correlated response. The BSLE(M-L)C30 population appears to 

contain favourable alleles that enhance early season dry matter accumulation without alternating 

length of life cycle, which was supported by greater rate of dry matter accumulation during the 

vegetative phase. The enhanced dry matter during the vegetative phase does not appear to be 

associated with leaf number, nor does it appear to be associated with earlier canopy closure 

leading to greater light interception. Perhaps equally as important as the potential alleles to 

enhance early season dry matter accumulation, is that HI and relatively source strength are not 

negatively impacted by alleles from the BSLE(M-L)C30 population. Surprisingly, the initial 

sampling of the BSLE(M-L)C30 population does not provide any evidence for the presence of 

alleles to enhance dry matter during the grain filling period. However, as only two lines derived 

from BSLE(M-L)C30 were tested in a single hybrid combination, it is quite possible that 

BSLE(M-L)C30 contains alleles that can enhance dry matter accumulation during the GFP. The 

results of this study suggest that the BSLE(M-L)C30 population is a useful source of genetic 

variation to enhance dry matter in short-season hybrids and the potential contribution of the LE 

population to enhancing grain yield might be greatly underestimated in this study.  
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Chapter 5: General Conclusions and Future Research 

 

5.1. General Conclusions 

 The observations presented in this thesis suggest the usefulness of the BSLE(M-L)C30 

germplasm for improving grain yield in the short-season maize hybrids. The results from the first 

experiment presented in Chapter 2 suggest that the LE germplasm is a source of potentially 

useful alleles for grain yield in the short-season maize hybrids. In the second experiment shown 

in Chapter 3, the results suggest the potential of the LE germplasm to enhance sink potential 

without compromising sink strength in the short-season maize hybrids. In Chapter 4 that 

represents the third experiment, the results suggest that the LE germplasm has potential to 

enhance early season dry matter accumulation in the short-season maize hybrids. These results 

support the overall hypothesis that the LE germplasm contains useful genetic variation for 

improving short-season maize hybrids. 

 The results in Chapter 2 demonstrate the existence of potentially useful alleles for grain 

yield improvement in the short-season maize hybrids within the LE germplasm, suggesting that 

the LE germplasm could be used and the LE germplasm should be incorporated into the Iodent 

heterotic pattern. The LE hybrids from both the Iodent and Stiff Stalk testers as a group exhibited 

significantly longer period to silking compared to the five checks, however, the LE inbred lines 

seem to require a shorter period to silking with the Iodent tester than the Stiff Stalk tester. While 

the LE hybrids from the two testers were significantly lower in grain yield than the checks, their 

top five hybrids within each tester exhibited grain yield within 90% of the checks. Significant 

difference for grain moisture between the LE hybrids within the Iodent tester as a group and the 

checks was not observed, whereas the LE hybrids within the Stiff Stalk tester had significantly 
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higher grain moisture than the checks. The top five LE hybrids from the Stiff Stalk tester were 

equivalent in the percentage of broken stalks to the checks. For the sink strength traits, in 

general, the LE hybrids were significantly higher in kernel number per row, equivalent in kernel 

weight, and significantly lower in kernel row number and kernel number relative to the checks. 

Considering that the LE germplasm is a useful source of novel alleles for grain yield, and the LE 

inbred lines seem to have lower grain moisture with the Iodent tester, the LE germplasm should 

be incorporated into the Iodent heterotic pattern as grain moisture is the crucial factor for the 

short-season growing region. 

 The results in Chapter 3 highlight the potential of the LE germplasm to enhance sink 

potential (floret number estimate) without compromising sink strength (kernel number and 

kernel weight), and grain yield in the short-season maize hybrids. The seven LE hybrids used in 

the third experiment responded to plant density for flowering time, sink potential, sink strength, 

and grain yield in a similar fashion to the conventional hybrid. These results suggest that the LE 

germplasm does not contain any unfavourable alleles affecting these traits. The seven LE hybrids 

exhibited significantly greater sink potential than the conventional hybrid at all of the three plant 

densities (½x, 1x, and 2x), and it is the greater FNPR rather than the greater FRN that appeared 

to underlie the greater sink potential of the LE hybrids. Significant differences for KN and GYPP 

between the seven LE hybrids and the conventional hybrid were not observed. Five of the seven 

LE hybrids exhibited equivalent KW to the conventional hybrid whereas the two remaining LE 

hybrids had significantly lower KW than the conventional hybrid. These indicate that sink 

strength was not compromised in the LE germplasm while sink potential is enhanced. 

 The results in Chapter 4 represent that the LE germplasm is a useful source of novel 

alleles to enhance early season dry matter accumulation in the short-season maize hybrids. One 
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of the two LE hybrids used in the third experiment was significantly higher in dry matter 

accumulated from planting to silking than the two conventional hybrids. Light interception 

during the GFP among the four hybrids was consistent with dry matter accumulated during the 

GFP and total dry matter at physiological maturity, which was not significantly different between 

the four hybrids. Significant differences in grain yield between the two LE hybrids and the 

commercial check were not observed, however, the two LE hybrids had significantly lower HI 

than the commercial check. Among the four hybrids, CG102/CG60 exhibited the lowest grain 

yield and HI. Relative source strength of the two LE hybrids is in the range of modern Ontario 

hybrids (Tollenaar and Lee, 2011). The results of this experiment suggest the potential of the LE 

germplasm to improve early season dry matter in the short-season maize hybrids, but the 

potential contribution of the LE germplasm to enhancing grain yield might be greatly 

underestimated in this study. 

 

5.2. Research Contributions 

 This research provides useful information for improving the short-season maize hybrids. 

Introgressing alleles from exotic germplasm may serve as a source of genetic variation for 

improving short-season maize hybrids and exotic germplasm with a temperate origin may be 

more readily introgressed into the short-season germplasm. BSLE(M-L)C30 originated in a 

temperate region, Iowa, and it has potentially useful characteristics for short-season maize. These 

allow the germplasm to be a good source for novel alleles.  

The three experiments examined the LE germplasm for grain yield, sink potential, dry 

matter accumulation, and other grain yield component traits that are important for improving the 

short-season maize hybrids. The results shown in Chapter 2 indicate that potentially useful 
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alleles for grain yield within the LE germplasm do exist as the top five LE hybrids from both the 

Iodent and Stiff Stalk testers yield following the commercial checks within only about 10%. 

Considering grain moisture is the crucial factor for the short-season growing region and the LE 

inbred lines seem to have lower grain moisture with the Iodent tester than the Stiff Stalk tester, 

the LE germplasm should be incorporated into the Iodent heterotic pattern. As the LE germplasm 

did not experience today’s plant densities (Lopez-Reynoso and Hallauer, 1998), the LE 

germplasm may contain unfavourable alleles for sink potential or sink strength when grown 

under plant density stress. As the LE germplasm is altered in ear growth (Hallauer, 2005), sink 

potential of the LE germplasm may have increased and thus, the LE germplasm may have 

potential to enhance sink potential in the short-season maize hybrids. The results presented in 

Chapter 3 show that responses to plant density of the LE hybrids are similar to the conventional 

hybrid, suggesting that the LE germplasm does not contain the unfavourable alleles affecting 

sink potential or sink strength. Additionally, the LE hybrids exhibited significantly higher sink 

potential as measured by FNPR than the conventional short-season hybrid as expected. As 

increasing maize grain yield needs to be accompanied by increasing total dry matter, it is 

essential that the new germplasm has characteristics associated with increased dry matter 

accumulation. Based on observation in short-season environments, the LE germplasm exhibits 

substantial plant stature, which is a consequence of the selection in BSLE. This indicates that its 

dry matter accumulation may have increased and thus, it may have potential to enhance dry 

matter in the short-season maize hybrids. The results shown in Chapter 4 supported this notion as 

the LE germplasm exhibited significantly higher dry matter accumulated during the vegetative 

phase than the two conventional short-season hybrids.  
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5.3. Apparent Complications of Using BSLE(M-L)C30 

Potential of BSLE(M-L)C30 to improve the short-season maize hybrids may be 

overestimated or underestimated in this research. The total number of LE inbred lines derived 

from BSLE(M-L)C30 (i.e., 40 LE inbred lines) is limited as a consequence of adaptation to 

Guelph, ON. This led to the small sample size of the total LE hybrids used in this research. In 

Chapter 2, the higher percentage of broken stalks of the LE hybrids than the commercial checks 

is consistent with other exotic germplasm studies that usually observed a higher percentage of 

broken stalks than commercial hybrids (e.g., Godshalk and Kauffmann, 1995; Uhr and 

Goodman, 1995). However, the poor standability of the LE hybrids may be overestimated as 

well as their grain yields that may be underestimated due to the small sample size in this study. 

In Chapter 3, the late May frost event in 2015 prevented the study from being conducted in the 

2nd year as planned. Despite the results are from only one year of study and the small sample size 

of the LE hybrids used, there is evidence that the LE germplasm has potential to enhance sink 

potential in the short-season maize hybrids. In Chapter 4, the performance of the LE germplasm 

in term of dynamics of above-ground dry matter accumulation and HI may be underestimated as 

a result of the two LE hybrids chosen in the study and the original small sample size of the LE 

hybrids. This means other LE hybrids may have higher dry matter accumulation and HI than the 

two LE hybrids used when compared with commercial hybrids. Despite the LE hybrids selected 

and the small sample size, there is evidence that the LE germplasm has potential to enhance dry 

matter accumulation prior to silking in the short-season maize hybrids.  

 

5.4. Future Research 
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 Improved LE germplasm should be developed to achieve the goal of increased grain yield 

in the short-season maize hybrids. The LE germplasm should be incorporated into the Iodent 

heterotic pattern as the LE hybrids seem to have lower grain moisture with the Iodent tester than 

the Stiff Stalk tester as shown in Chapter 2. Considering leaf area per plant and leaf angle are the 

important factors underlying the photosynthetic activities in canopy level (Tollenaar and 

Daynard, 1978c; Long et al., 2006), the improved versions of the LE germplasm should have 

higher leaf number and higher leaf angle, which may assist with increasing photosynthetic rate 

and therefore grain yield. It is also necessary that the improved LE germplasm is density tolerant 

as the increase in plant density tolerance partly underlies grain yield improvement (Tollenaar and 

Lee, 2011). Consequently, increasing selection pressure for tolerance to higher density and 

higher grain yield should be made, and this may result in the LE germplasm with improved 

standability. As smaller tassels increase the efficiency of grain production (Duvick et al., 2004), 

the improved LE germplasm should be reduced in the size of tassels. With the further 

development of the LE germplasm for these important characteristics, the new and improved LE 

germplasm may be competitive with commercial inbred lines both in per se performance and in 

hybrid combinations.  
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APPENDICES 

 

Appendix 1.1.  Pedigree of the 12 inbred lines used to develop BSLE (Russell et al., 1971) and their open-pollinated varieties (OPVs) 

background. Sources: Gerdes et al., 1993; Hallauer et al., 2004; Duvick et al., 2004. 

 

No. Inbred line Derivation OPV Background 

1 B50 [(M14/A206)/Oh04c]-26  

    M14    BR10/R8  

       BR10       Funk Yellow Dent       Funk (Reid) 

       R8       Texas Surcropper       Texas Surcropper 

    A206    [(C11/C23)C11(2)]  

       C11       Minnesota No. 13 (developed from Pride of the North)       Minnesota No. 13 

       C23       Reid Yellow Dent       Reid Yellow Dent 

    Oh04c    C.I.14/Oh04  

       C.I.14       Unknown  

       Oh04       Unknown  

2 B55 (Oh45/W92)-1-1-2  

    Oh45    Oh40B/W8  

       Oh40B       Eight-line composite of Lancaster Surecrop lines       Lancaster Surecrop 

       W8       M13/Ill.A48  

          M13          Minnesota No. 13          Minnesota No. 13 

          Ill.A48          Funk Yellow Dent          Funk (Reid) 

    W92    Pioneer 322  

3 B56 (Alph4/38-11)-432  

    Alph4    Alph is Iowa OPV    Alph 

     38-11    Outcross in line from Funk 176A Reid    Funk (Reid) 
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Appendix 1.1.  (Continued) 

 

No. Inbred line Derivation OPV Background 

4 B217 (waxy) (High Oil/B10)-1-1-2-1-1; B10 is BSSS-507-193-4-1  

    High Oil    Unknown  

    B10 (BSSS-507-193-4-1)    BSSS is a synthetic of 16 inbred lines  

       I159       Iodent Reid       Iodent (Reid) 

       I224       Iodent Reid       Iodent (Reid) 

       Os420       Osterland Reid       Osterland (Reid) 

       WD456       Walden Reid       Walden (Reid) 

       461-3       Troyer Reid       Troyer (Reid) 

       Ill.12E       Kansas Sunflower       Kansas Sunflower 

       C.I.617       Funk 176A Reid       Funk (Reid) 

       C.I.540       Illinois Two-ear (Leaming)       Leaming 

       Hy       Illinois High Yield       Illinois High Yield 

       Oh3167B       Eichenberger Clarage       Clarage 

       AH83       Funk 176A Reid       Funk (Reid) 

       Tr9-1-1-6       Troyer Reid       Troyer (Reid) 

       F1B1-7-1       B2/Fe  

          B2          Butler Reid (Troyer Reid)          Troyer (Reid) 

          Fe          Troyer Reid          Troyer (Reid) 

       A3G-3-1-3       Bl345B/I159  

          Bl345B          Black Yellow Dent (Reid)          Black (Reid) 

          I159          Iodent Reid          Iodent (Reid) 

       C.I.187-2       Krug (Reid / Gold Mine)       Krug (Reid) 

       LE23       Illinois Low Ear (Leaming)       Leaming 

5 C103 Lancaster Surecrop (from Noah Hershey) Lancaster Surecrop 

6 N22A Krug (N22 outcross) Krug (Reid) 

       Krug is Reid Yellow Dent (Iowa and Illinois strains) / Gold Mine   
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Appendix 1.1.  (Continued) 

 

No. Inbred line Derivation OPV Background 

7 N25 Reid Yellow Dent Reid Yellow Dent 

8 Oh29 Oh28/Ia.159 L1  

    Oh28    (C112-1/Oh920)/(Ill.A/Ill.B)  

       C112-1       Unknown  

       Oh920       Unknown  

       Ill.A       Funk Yellow Dent       Funk (Reid) 

       Ill.B       Unknown  

    Ia.159 L1       Iodent Reid       Iodent (Reid) 

9 W-17R-B KROsf (Osterland Yellow Dent-Os420) Osterland (Reid) 

10 (B15/B18)-6 (WF9/D17)-561/M4-345 (from Midland)  

    WF9    Reid Yellow Dent (Indiana Station strain)    Reid Yellow Dent 

    D17    Unknown  

    M4    Midland    Midland 

11 Lancaster Composite-34 P.I. 213697 (Lancaster Surecrop from Noah Hershey) Lancaster Surecrop 

12 (L317/C.I.187-2)-1-1-9  L317 is Lancaster Surecrop (Richey strain); 187-2 is Krug  

    L317    Lancaster Surecrop    Lancaster Surecrop 

     C.I.187-2    Krug (Reid / Gold Mine)    Krug (Reid) 
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Appendix 2.1.  Variance estimates of the LE/CG60 and the LE/CG102 trials for grain yield (GY; Mg ha-1), grain moisture (GM; %), 

days to anthesis (DTA), days to silking (DTS), and anthesis-silking interval (ASI). The five traits were measured under five 

environments: Guelph in 2013-2015, and Waterloo in 2014-2015.  

 

Variance estimate 
Grain yield   Grain moisture   Days to anthesis   Days to silking   Anthesis-silking interval 

LE/CG60 LE/CG102   LE/CG60 LE/CG102   LE/CG60 LE/CG102   LE/CG60 LE/CG102   LE/CG60 LE/CG102 

Hybrid (H) 0.79±0.20 1.64±0.39  0.95±0.25 2.90±0.67  0.74±0.18 1.44±0.35  1.18±0.29 3.99±0.95  0.36±0.10 1.73±0.48 

  Check 0.42±0.35 0.46±0.42  3.41±2.47 2.61±2.04  5.23±3.86 4.19±3.23  6.66±4.84 6.37±4.66  0.38±0.35 0.21±0.30 

  LE hybrid 0.33±0.10 1.02±0.27  0.75±0.22 1.02±0.29  0.28±0.09 1.07±0.28  0.58±0.17 2.07±0.58  0.13±0.05 1.00±0.35 

Environment (E) 0.15±0.12 0.27±0.23  5.71±4.15 10.60±7.71  24.21±17.13 25.08±17.78  20.50±14.50 23.60±16.74  0.24±0.18 2.76±1.99 

H x E 0.23±0.07 0.42±0.10  0.41±0.13 0.28±0.16  0.31±0.06 0.33±0.11  0.41±0.10 1.27±0.26  0.29±0.06 1.63±0.29 

  Check x E 0.01±0.14 0.26±0.28  0.07±0.18 0.97±0.50  0.52±0.39 0.51±0.79  0.29±0.34 0.57±0.41  0.30±0.18 -0.30±0.54 

  LE hybrid x E 0.22±0.08 0.36±0.11  0.40±0.14 0.21±0.17  0.28±0.06 0.33±0.10  0.40±0.11 1.22±0.28  0.28±0.06 1.65±0.30 

 ─────────────  ─────────────  ───────────────  ───────────────  ───────────── 

%VH 40.9 49.6  11 17.9  2.9 5.1  5.1 12.9  27.1 21.7 

%VE 7.6 8.2  65.9 65.4  94.1 89.4  89.2 76.6  18 34.6 

%VHE 11.8 12.6  4.7 1.7  1.2 1.2  1.8 4.1  21.5 20.5 

VH/VHE 3.5 3.9   2.3 10.2   2.4 4.3   2.9 3.1   1.3 1.1 
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Appendix 2.2.  Variance estimates of the LE/CG60 and the LE/CG102 trials for broken stalks (BS; %), total leaf number (LN), plant 

height (PH; cm), ear height (EH; cm), and ear length (EL; cm). The first four traits (BS, LN, PH, and EH) were measured under four 

environments: Guelph and Waterloo in 2014-2015, and EL was measured under two environments: Guelph and Waterloo in 2015.  

 

Variance estimate 
Broken stalks  Total leaf number  Plant height  Ear height  Ear length 

LE/CG60 LE/CG102  LE/CG60 LE/CG102  LE/CG60 LE/CG102  LE/CG60 LE/CG102  LE/CG60 LE/CG102 

Hybrid (H) 10.26±2.97 10.47±4.25  0.21±0.06 0.45±0.11  56.06±14.07 107.41±25.15  74.69±17.99 147.99±34.04  2.95±0.68 2.13±0.49 

Check 0.17±0.17 0.16±0.25  0.31±0.24 0.35±0.28  47.64±40.73 51.36±45.44  125.78±93.21 103.70±78.47  0.95±0.87 1.50±1.15 

LE hybrid 9.22±3.01 9.46±4.48  0.16±0.05 0.23±0.07  54.16±14.55 86.80±22.03  61.42±16.21 147.52±35.98  1.58±0.41 2.20±0.53 

Environment (E) 0.22±1.63 8.91±11.36  0.20±0.17 0.16±0.13  29.36±27.84 27.53±26.46  41.44±37.28 54.04±45.69  0.03±0.06 0.11±0.20 

H x E 1.20±2.20 19.34±4.66  0.16±0.03 0.15±0.03  3.24±6.09 2.12±6.62  5.26±5.83 14.27±6.62  0.12±0.11 0.02±0.07 

Check x E -0.07±0.17 0.52±0.30  0.07±0.05 0.06±0.08  12.98±18.25 13.56±24.11  9.20±11.09 11.81±13.20  0.44±0.37 -0.03±0.21 

LE hybrid x E 1.28±2.60 20.85±5.37  0.18±0.03 0.14±0.03  2.18±6.66 1.33±7.03  4.35±6.56 11.73±6.99  0.07±0.12 0.03±0.08 

 ─────────────  ────────────  ───────────────  ────────────────  ───────────── 

%VH 25.7 13.4  29.2 47.2  33.6 48.1  38.6 52.5  77.8 74.7 

%VE 0.6 11.4  28.1 16.2  17.6 12.3  21.4 19.2  0.8 3.7 

%VHE 3.0 24.7  22.5 15.6  1.9 1.0  2.7 5.1  3.2 0.8 

VH/VHE 8.6 0.5  1.3 3.0  17.3 50.6  14.2 10.4  24.2 92.6 
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Appendix 2.3.  Variance estimates of the LE/CG60 and the LE/CG102 trials for ear grain weight (EGW; g), kernel weight (KW; g), 

kernel number (KN), kernel row number (KRN), and kernel number per row (KNPR). The five traits were measured under two 

environments: Guelph and Waterloo in 2015.  

 

Variance estimate 
Ear grain weight   Kernel weight   Kernel number   Kernel row number   

Kernel number per 

row 

LE/CG60 LE/CG102   LE/CG60 LE/CG102   LE/CG60 LE/CG102   LE/CG60 LE/CG102   LE/CG60 LE/CG102 

Hybrid (H) 149.87±40.43 193.83±53.29  0.00030±0.00008 0.00031±0.00010  918.51±253.72 2505.09±626.51  1.93±0.43 1.22±0.27  4.14±1.20 8.49±2.16 

  Check 19.71±46.21 44.66±96.95  0.0001±0.0001 0.0001±0.0002  701.30±729.85 2119.67±1632.21  1.44±1.11 1.43±1.04  1.31±1.25 6.73±4.98 

  LE hybrid 104.43±32.50 99.77±35.66  0.00031±0.00009 0.0003±0.0001  599.98±192.60 1726.51±499.90  0.54±0.14 0.34±0.09  2.95±1.00 8.90±2.43 

Environment (E) 39.48±58.25 -3.44±3.55  0.0003±0.0004 0.00005±0.000074  10.89±21.86 114.44±193.46  -0.004±0.003 0.0006±0.0007  -0.006±0.059 0.54±0.90 

H x E 15.78±17.68 4.40±26.19  -0.00002±0.00004 0.00007±0.00006  198.10±113.79 -1.86±211.88  0.06±0.04 -0.05±0.03  0.97±0.61 -0.30±0.83 

  Check x E 21.49±55.63 6.23±122.96  -0.00009±0.00008 -0.00001±0.0003  359.65±423.78 -160.23±366.47  0.15±0.17 -0.09±0.10  -0.51±0.88 -1.25±1.03 

  LE hybrid x E 11.63±18.30 6.17±26.99  -0.00001±0.00004 0.00008±0.00006  168.27±109.40 18.90±240.81  0.05±0.04 -0.04±0.03  0.87±0.63 -0.21±0.96 

 ─────────────  ───────────────────  ────────────────  ───────────────  ───────────── 

%VH 47 48.6  34.2 38.9  53.2 58.9  88.4 79.3  49 52.6 

%VE 12.4 0.9  28.8 6.2  0.6 2.7  0.2 0.04  0.1 3.3 

%VHE 4.9 1.1  2.3 8.4  11.5 0.04  2.9 3.1  11.5 1.9 

VH/VHE 9.5 44   15.1 4.6   4.6 1349.1   30.2 25.9   4.3 28.2 
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Appendix 2.4.  BLUP estimates of 45 hybrids in the LE/CG60 and the LE/CG102 trials for grain 

yield (GY; Mg ha-1), grain moisture (GM; %), days to anthesis (DTA), days to silking (DTS), 

and anthesis-silking interval (ASI). Hybrid 1-5 are commercial checks and hybrid 6-45 are LE 

hybrids listed in alphabetical order.  

 

Hybrid 
Grain yield (Mg ha-1)   Grain moisture (%)   Days to anthesis   Days to silking   Anthesis-silking interval 

LE/CG60 LE/CG102   LE/CG60 LE/CG102   LE/CG60 LE/CG102   LE/CG60 LE/CG102   LE/CG60 LE/CG102 

1. DKC38-03 12.77 12.13  24.9 25.3  76.6 76.2  76.1 75.8  -0.5 -0.1 

2. MZ2988DBR* 12.43 11.69  24.4 24.7  75.9 76.2  75.7 75.8  -0.1 0.0 

3. 38N85* 11.68 10.88  25.9 26.2  75.3 75.1  73.6 73.8  -1.5 -0.8 

4. P9855HR 13.12 12.71  27.9 28.7  79.2 78.3  78.7 78.7  -0.4 0.6 

5. P9910XR* 13.06 12.30  27.0 26.8  79.8 79.8  79.0 79.4  -0.6 -0.1 

6. LE-02-1 HB 11.31 10.04  26.4 31.8  76.5 78.9  77.0 80.8  0.6 1.9 

7. LE-02-2 HB 10.88 9.19  25.8 28.8  77.4 77.5  78.4 79.5  0.9 2.0 

8. LE-02-3 HB 11.03 8.95  25.6 30.2  78.0 77.7  78.6 80.6  0.6 2.8 

9. LE-03-1 HB 10.68 10.09  25.5 29.8  76.3 77.6  76.3 79.9  0.0 2.2 

10. LE-03-2 HB 11.23 9.71  25.6 31.1  76.6 77.5  76.9 79.2  0.3 1.7 

11. LE-03-3 HB 9.66 9.94  25.2 30.7  76.6 78.3  76.8 80.1  0.2 1.8 

12. LE-05-1 HB 11.36 10.61  26.3 30.5  77.6 79.7  77.6 81.4  0.0 1.8 

13. LE-05-2 HB 11.36 10.64  26.0 29.5  77.7 79.5  77.8 82.2  0.2 2.6 

14. LE-13-1 HB 11.19 11.80  26.0 30.2  77.4 78.9  78.3 79.6  0.8 0.9 

15. LE-13-2 HB 11.18 10.99  27.1 31.9  77.6 79.3  78.9 80.3  1.2 1.1 

16. LE-13-3 HB 11.45 9.36  25.1 28.6  77.0 77.4  77.9 79.9  0.9 2.4 

17. LE-13-4 HB 11.55 10.27  25.6 30.2  76.7 77.0  77.0 78.8  0.2 1.8 

18. LE-13-5 HB 11.50 9.77  26.5 30.6  76.6 77.1  76.6 78.9  0.1 1.8 

19. LE-19-1 HB 10.96 8.64  25.9 30.7  77.0 78.4  77.5 83.3  0.5 4.5 

20. LE-19-2 HB*,** 10.31 8.46  25.5 29.9  77.1 77.2  78.0 80.1  0.8 2.7 

21. LE-19-3 HB 10.49 7.87  25.9 30.5  76.9 77.2  77.2 80.5  0.3 3.1 

22. LE-19-4 HB 9.66 7.22  26.0 31.6  76.6 77.2  78.1 83.0  1.4 5.3 

23. LE-19-5 HB 10.64 8.20  25.9 30.7  76.1 77.5  77.0 81.9  0.9 4.1 

24. LE-20-1 HB 9.57 9.44  24.2 27.7  75.5 77.1  75.6 78.7  0.2 1.7 

25. LE-20-2 HB 9.62 9.06  25.4 28.0  77.0 78.9  77.1 80.7  0.2 1.8 

26. LE-23-1 HB 11.12 10.05  25.9 30.1  77.3 79.1  78.4 82.5  1.0 3.1 

27. LE-23-2 HB 9.63 10.68  28.1 30.2  76.9 79.2  77.7 81.3  0.7 2.1 

28. LE-23-3 HB 10.41 10.96  26.9 30.2  76.6 78.4  77.1 80.7  0.5 2.2 

29. LE-23-4 HB 10.92 10.18  27.5 30.8  77.7 78.8  78.1 81.3  0.4 2.4 

30. LE-25-1 HB 10.90 9.99  26.7 31.4  76.9 78.2  77.6 79.1  0.6 1.1 

31. LE-25-2 HB 11.32 11.01  27.6 31.5  77.0 78.2  76.8 78.8  -0.1 0.8 

32. LE-25-3 HB 10.50 10.05  26.7 31.0  77.8 78.3  78.7 79.2  0.9 1.0 

33. LE-25-4 HB 10.70 9.32  27.0 29.9  76.5 77.1  77.3 77.6  0.8 0.8 

34. LE-25-5 HB 11.37 10.10  27.3 31.7  76.5 78.0  77.3 79.4  0.8 1.5 

35. LE-25-6 HB 11.45 9.98  27.4 31.1  77.5 78.8  78.7 80.0  1.1 1.3 

36. LE-25-7 HB 10.70 8.95  26.9 30.0  76.7 77.5  77.6 80.2  0.8 2.5 

37. LE-25-8 HB 10.00 8.59  26.9 30.9  76.3 76.7  77.4 78.5  1.0 1.9 

38. LE-26-1 HB** 10.82 7.86  25.8 29.2  76.0 77.0  76.1 78.8  0.1 1.8 

39. LE-26-2 HB*,** 9.92 8.12  26.2 28.1  77.0 77.3  77.6 80  0.6 2.5 

40. LE-26-3 HB 10.38 9.02  26.2 29.5  76.3 77.4  76.4 79.6  0.2 2.2 

41. LE-26-4 HB 10.63 9.52  26.8 30.8  76.8 77.1  77.3 79.7  0.5 2.5 

42. LE-26-5 HB 10.76 9.67  25.5 29.4  76.4 76.4  76.9 78.4  0.5 2.0 

43. LE-26-6 HB 11.06 9.18  25.4 29.7  76.6 77.3  77.3 79.9  0.7 2.5 

44. LE-28-1 HB** 10.72 9.14  26.2 29.2  76.6 79.9  76.5 82.5  -0.1 2.4 

45. LE-28-2 HB** 10.91 9.32  25.5 29.3  77.1 80.5  77.5 83.5  0.4 2.8 

SE1 0.37 0.47  27.9 1.5  2.2 2.3  2.1 2.3  0.4 1.0 

SE2 (*,**) 0.40 0.50   27.0 1.6   2.2 2.3   2.1 2.3   0.4 1.0 

* LE/CG60 trial; ** LE/CG102 trial  
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Appendix 2.5.  BLUP estimates of 45 hybrids in the LE/CG60 and the LE/CG102 trials for 

broken stalks (%), total leaf number (LN), plant height (PH; cm), ear height (EH; cm), and ear 

length (EL; cm). Hybrid 1-5 are commercial checks and hybrid 6-45 are LE hybrids listed in 

alphabetical order.  

 

Hybrid 
Broken stalks (%)  Total leaf number  Plant height (cm)  Ear height (cm)  Ear length (cm) 

LE/CG60 LE/CG102  LE/CG60 LE/CG102  LE/CG60 LE/CG102  LE/CG60 LE/CG102  LE/CG60 LE/CG102 

1. DKC38-03 1.7 2.6  18.2 17.9  244.4 251.0  107.8 111.2  16.3 15.9 

2. MZ2988DBR 2.0 2.7  18.4 18.5  243.9 240.8  100.8 100.6  18.3 18.0 

3. 38N85 1.3 3.0  17.3 17.1  251.5 251.0  121.7 123.4  16.4 16.1 

4. P9855HR 1.2 2.2  18.0 18.1  255.1 252.1  121.6 116.7  16.8 16.6 

5. P9910XR 1.3 2.2  18.2 18.4  258.5 261.3  123.6 124.4  18.4 18.5 

6. LE-02-1 HB 8.2 2.6  17.3 16.6  260.3 272.1  122.8 128.8  20.4 17.5 

7. LE-02-2 HB 7.8 6.6  17.6 17.2  255.7 259.6  128.4 118.6  20.1 16.8 

8. LE-02-3 HB 5.3 3.2  17.5 16.8  263.8 266.3  123.5 113.4  21.9 16.0 

9. LE-03-1 HB 4.3 11.7  18.2 16.3  266.6 262.2  125.0 127.5  20.2 18.7 

10. LE-03-2 HB 2.8 5.5  18.0 16.8  254.9 259.6  119.3 119.4  21.4 18.4 

11. LE-03-3 HB 5.4 7.4  17.9 16.7  257.2 277.1  121.5 126.8  21.4 18.7 

12. LE-05-1 HB 1.7 3.8  18.2 17.6  264.6 277.1  133.5 142.8  23.2 18.5 

13. LE-05-2 HB 2.3 5.4  18.2 17.5  269.3 288.8  132.9 139.6  23.2 19.7 

14. LE-13-1 HB 7.1 3.2  17.5 16.2  260.9 269.2  135.4 136.4  20.4 17.9 

15. LE-13-2 HB 2.9 4.0  17.3 16.4  264.0 266.2  136.1 138.3  21.3 17.3 

16. LE-13-3 HB 2.4 5.7  17.3 16.2  255.7 272.3  128.4 135.4  20.0 16.7 

17. LE-13-4 HB 4.6 3.4  17.3 16.2  255.1 257.2  129.2 122.2  20.2 17.3 

18. LE-13-5 HB 2.6 7.6  17.2 16.6  252.8 259.7  125.5 118.9  21.3 18.2 

19. LE-19-1 HB 2.0 2.7  17.9 16.4  265.4 268.3  121.1 116.7  19.7 19.4 

20. LE-19-2 HB 2.8 3.0  17.7 16.8  262.2 265.5  118.4 116.1  20.8 17.4 

21. LE-19-3 HB 1.9 4.4  17.3 16.2  262.2 265.4  117.0 106.7  21.2 17.3 

22. LE-19-4 HB 3.5 3.6  17.1 16.4  252.7 259.1  110.7 102.8  20.1 16.8 

23. LE-19-5 HB 3.8 8.3  17.1 16.0  251.8 259.0  117.9 120.1  19.9 16.9 

24. LE-20-1 HB 8.1 9.3  18.0 17.3  258.3 273.2  126.4 130.1  19.4 18.4 

25. LE-20-2 HB 3.2 4.4  18.2 17.4  254.3 266.2  127.9 128.3  18.8 16.8 

26. LE-23-1 HB 9.4 8.6  17.7 16.8  268.3 277.5  136.8 140.6  20.9 19.0 

27. LE-23-2 HB 4.6 4.9  18.1 17.4  253.6 274.7  124.0 136.3  22.1 19.7 

28. LE-23-3 HB 2.9 3.0  17.7 17.4  248.7 271.5  127.2 134.7  20.3 19.2 

29. LE-23-4 HB 3.6 4.3  17.9 17.4  253.2 267.7  136.0 135.0  21.0 19.2 

30. LE-25-1 HB 5.2 4.1  17.1 16.1  248.2 264.5  121.2 127.9  23.3 17.2 

31. LE-25-2 HB 14.4 4.5  17.8 16.9  255.2 274.0  124.7 132.5  21.8 17.3 

32. LE-25-3 HB 9.9 4.6  17.4 16.5  253.7 265.8  128.6 133.1  21.4 17.4 

33. LE-25-4 HB 1.9 3.6  17.0 15.9  243.5 254.5  112.8 111.9  20.4 16.9 

34. LE-25-5 HB 6.6 2.9  17.7 16.8  248.6 264.2  119.7 126.9  21.1 16.6 

35. LE-25-6 HB 7.0 4.7  18.0 17.0  256.7 266.6  130.8 130.3  20.6 16.1 

36. LE-25-7 HB 2.7 3.8  16.9 16.2  252.2 256.2  124.1 114.4  20.4 17.1 

37. LE-25-8 HB 3.2 3.9  17.3 16.6  238.7 247.2  109.9 112.0  16.0 14.5 

38. LE-26-1 HB 5.0 11.3  17.4 16.3  250.9 252.4  117.6 109.4  21.3 16.8 

39. LE-26-2 HB 6.1 6.8  17.4 16.4  247.1 253.5  111.9 103.1  20.2 15.9 

40. LE-26-3 HB 6.6 9.7  17.5 16.8  250.7 267.2  113.3 114.1  21.0 17.4 

41. LE-26-4 HB 5.9 4.4  17.3 16.4  254.7 255.9  118.7 109.6  20.8 17.0 

42. LE-26-5 HB 2.8 5.4  17.1 16.4  247.6 256.6  111.3 108.6  20.3 16.7 

43. LE-26-6 HB 3.0 3.2  17.9 16.7  255.7 258.1  114.7 110.3  20.1 16.2 

44. LE-28-1 HB 6.8 4.7  17.3 17.2  263.0 278.2  128.0 132.5  21.5 21.9 

45. LE-28-2 HB 6.5 3.2  17.6 17.3  258.5 283.1  125.3 142.9  21.9 20.8 

SE 1.7 2.8  0.3 0.3  4.1 4.2  4.4 4.9  0.5 0.5 
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Appendix 2.6.  BLUP estimates of 45 hybrids in the LE/CG60 and the LE/CG102 trials for ear 

grain weight (EGW; g), kernel weight (KW; g), kernel number (KN), kernel row number (KRN), 

and kernel number per row (KNPR). Hybrid 1-5 are commercial checks and hybrid 6-45 are LE 

hybrids listed in alphabetical order.  

 

Hybrid 
Ear grain weight (g)   Kernel weight (g)   Kernel number   Kernel row number   

Kernel number per 

row 

LE/CG60 LE/CG102   LE/CG60 LE/CG102   LE/CG60 LE/CG102   LE/CG60 LE/CG102   LE/CG60 LE/CG102 

1. DKC38-03 167.3 150.6  0.317 0.293  526.5 520.7  18.5 18.5  30.3 28.9 

2. MZ2988DBR 163.8 158.6  0.307 0.304  532.5 523.3  18.0 18.1  31.3 29.7 

3. 38N85 151.8 141.7  0.321 0.311  472.8 462.7  16.2 15.7  30.4 29.8 

4. P9855HR 164.6 159.7  0.333 0.314  493.2 508.5  15.8 16.2  32.0 31.7 

5. P9910XR 161.0 162.8  0.308 0.287  516.4 578.3  16.4 17.0  32.6 34.5 

6. LE-02-1 HB 148.7 128.0  0.308 0.306  480.5 411.6  13.7 14.3  35.2 28.7 

7. LE-02-2 HB 141.5 123.3  0.306 0.294  459.5 418.1  12.5 14.2  36.0 29.3 

8. LE-02-3 HB 148.5 123.5  0.303 0.291  488.5 421.7  13.3 15.2  36.7 27.9 

9. LE-03-1 HB 140.7 139.1  0.319 0.301  441.1 462.5  12.8 14.3  34.1 32.3 

10. LE-03-2 HB 142.4 130.6  0.332 0.307  425.9 420.4  12.8 13.3  32.9 31.3 

11. LE-03-3 HB 132.5 141.5  0.331 0.302  395.1 467.8  12.1 14.6  32.1 32.0 

12. LE-05-1 HB 159.5 125.1  0.318 0.280  498.5 453.2  14.8 14.9  34.3 30.3 

13. LE-05-2 HB 158.1 147.3  0.315 0.290  499.0 517.1  14.2 14.7  35.3 35.0 

14. LE-13-1 HB 153.1 136.5  0.320 0.298  475.4 454.8  13.4 14.5  35.4 31.1 

15. LE-13-2 HB 160.7 133.6  0.334 0.307  479.6 430.2  13.3 14.0  36.0 30.7 

16. LE-13-3 HB 147.7 127.8  0.312 0.292  472.0 437.6  14.1 15.1  33.9 29.1 

17. LE-13-4 HB 145.8 134.1  0.292 0.297  493.9 454.1  13.9 14.6  35.7 31.2 

18. LE-13-5 HB 151.1 130.8  0.321 0.288  470.7 453.3  13.7 14.1  34.5 32.0 

19. LE-19-1 HB 137.8 141.0  0.304 0.302  448.3 469.5  13.9 14.0  32.3 33.3 

20. LE-19-2 HB 139.8 128.9  0.296 0.292  467.1 441.2  13.2 14.5  35.1 30.5 

21. LE-19-3 HB 136.7 118.9  0.298 0.301  458.9 390.3  12.9 13.1  35.2 29.5 

22. LE-19-4 HB 130.5 117.6  0.282 0.288  464.0 404.5  14.1 14.8  33.2 27.3 

23. LE-19-5 HB 137.6 123.5  0.286 0.265  476.5 476.8  14.6 15.5  33.2 31.0 

24. LE-20-1 HB 122.6 141.1  0.290 0.300  413.6 473.5  13.4 14.8  30.9 32.1 

25. LE-20-2 HB 137.9 132.1  0.295 0.285  465.8 467.5  14.5 14.1  32.6 33.0 

26. LE-23-1 HB 149.3 145.1  0.314 0.304  475.6 476.0  13.2 14.0  35.8 33.6 

27. LE-23-2 HB 152.8 137.7  0.336 0.291  452.0 474.5  12.4 13.0  35.8 36.2 

28. LE-23-3 HB 132.7 141.9  0.308 0.310  430.1 455.5  12.3 13.6  34.3 33.3 

29. LE-23-4 HB 145.4 137.8  0.336 0.284  435.1 487.6  12.0 13.6  35.4 35.6 

30. LE-25-1 HB 146.3 127.1  0.327 0.332  449.7 374.4  12.8 14.2  34.7 26.4 

31. LE-25-2 HB 153.3 126.2  0.318 0.323  480.9 382.5  13.9 14.4  34.6 26.7 

32. LE-25-3 HB 140.7 120.9  0.305 0.314  457.4 375.5  13.1 14.4  34.6 26.2 

33. LE-25-4 HB 139.1 129.9  0.287 0.281  483.6 465.4  14.9 15.0  33.0 31.1 

34. LE-25-5 HB 152.1 126.3  0.317 0.318  480.6 391.3  13.7 14.0  35.1 27.9 

35. LE-25-6 HB 142.7 119.7  0.308 0.292  462.3 407.7  13.4 14.6  34.5 27.9 

36. LE-25-7 HB 135.5 120.4  0.294 0.297  458.0 403.7  13.5 14.3  33.8 28.1 

37. LE-25-8 HB 114.9 119.4  0.270 0.277  425.4 432.3  15.2 15.0  28.7 28.9 

38. LE-26-1 HB 140.6 118.2  0.298 0.279  470.6 423.6  13.3 14.7  35.4 28.8 

39. LE-26-2 HB 134.6 101.5  0.296 0.277  451.5 374.0  13.5 14.9  33.6 25.2 

40. LE-26-3 HB 138.0 127.7  0.291 0.281  471.0 461.9  13.0 14.1  35.9 32.6 

41. LE-26-4 HB 142.9 131.9  0.305 0.293  462.5 453.2  13.0 14.4  35.3 31.6 

42. LE-26-5 HB 130.8 126.5  0.289 0.289  449.2 438.0  13.9 14.0  32.7 31.2 

43. LE-26-6 HB 137.5 120.1  0.294 0.268  465.1 451.8  13.1 14.2  35.3 31.9 

44. LE-28-1 HB 148.0 149.9  0.308 0.279  473.4 553.0  14.0 15.2  34.1 36.5 

45. LE-28-2 HB 147.1 128.7  0.306 0.260  475.8 507.3  13.8 15.6  34.6 32.6 

SE 7.0 6.3   0.013 0.011   14.0 20.2   0.3 0.2   1.0 1.3 
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Appendix 2.7.  BLUP estimates of the five checks and the top ten LE/CG60 hybrids in grain yield of the LE/CG60 trials for grain 

yield (GY), grain moisture (GM), days to anthesis (DTA), days to silking (DTS), anthesis-silking interval (ASI), broken stalks (BS), 

total leaf number (LN), plant height (PH), ear height (EH), ear length (EL), ear grain weight (EGW), kernel weight (KW), kernel 

number (KN), kernel row number (KRN), and kernel number per row (KNPR). Average of BLUP estimates of the five checks, the 40 

LE/CG60 hybrids, and the top ten and top five LE/CG60 hybrids are given and contrasts between average of BLUP estimates of the 

five checks and the LE/CG60 hybrids are given. The five checks and the ten LE/CG60 hybrids are listed from the hybrid with the 

highest-to-lowest grain yield.  

Hybrid GY GM DTA DTS ASI BS LN PH EH EL EGW KW KN KRN KNPR 

5 Checks Mg ha-1 % ─────── d ─────── % number ─────── cm ───────  ──── g ──── ───── number ───── 

1. P9855HR 13.12 27.9 79.2 78.7 -0.4 1.2 18.0 255.1 121.6 16.8 164.6 0.333 493.2 15.8 32.0 

2. P9910XR 13.06 27.0 79.8 79.0 -0.6 1.3 18.2 258.5 123.6 18.4 161.0 0.308 516.4 16.4 32.6 

3. DKC38-03 12.77 24.9 76.6 76.1 -0.5 1.7 18.2 244.4 107.8 16.3 167.3 0.317 526.5 18.5 30.3 

4. MZ2988DBR 12.43 24.4 75.9 75.7 -0.1 2.0 18.4 243.9 100.8 18.3 163.8 0.307 532.5 18.0 31.3 

5. 38N85 11.68 25.9 75.3 73.6 -1.5 1.3 17.3 251.5 121.7 16.4 151.8 0.321 472.8 16.2 30.4 

Top 10 LE/CG60 hybrids Mg ha-1 % ─────── d ─────── % number ─────── cm ───────  ──── g ──── ───── number ───── 

1. LE-13-4/CG60 11.55 25.6 76.7 77.0 0.2 4.6 17.3 255.1 129.2 20.2 145.8 0.291 493.9 13.9 35.7 

2. LE-13-5/CG60 11.5 26.5 76.6 76.6 0.1 2.6 17.2 252.8 125.5 21.3 151.1 0.321 470.7 13.7 34.5 

3. LE-25-6/CG60 11.45 27.4 77.5 78.7 1.1 7.0 18.0 256.7 130.8 20.6 142.7 0.307 462.3 13.4 34.5 

4. LE-13-3/CG60 11.45 25.1 77.0 77.9 0.9 2.4 17.3 255.7 128.4 20.0 147.7 0.312 472.0 14.1 33.9 

5. LE-25-5/CG60 11.37 27.3 76.5 77.3 0.8 6.6 17.7 248.6 119.7 21.1 152.1 0.316 480.6 13.7 35.1 

6. LE-05-1/CG60 11.36 26.3 77.6 77.6 0.0 1.7 18.2 264.6 133.5 23.2 159.5 0.318 498.5 14.8 34.3 

7. LE-05-2/CG60 11.36 26.0 77.7 77.8 0.2 2.3 18.2 269.3 132.9 23.2 158.1 0.315 499.0 14.2 35.3 

8. LE-25-2/CG60 11.32 27.6 77.0 76.8 -0.1 14.4 17.8 255.2 124.7 21.8 153.3 0.318 480.9 13.9 34.6 

9. LE-02-1/CG60 11.31 26.4 76.5 77.0 0.6 8.2 17.3 260.3 122.8 20.4 148.7 0.308 480.5 13.7 35.2 

10. LE-03-2/CG60 11.23 25.6 76.6 76.9 0.3 2.8 18.0 254.9 119.3 21.4 142.4 0.332 425.9 12.8 32.9 

Average Mg ha-1 % ─────── d ─────── % number ─────── cm ───────  ──── g ──── ───── number ───── 

5 Checks 12.61 26.0 77.4 76.6 -0.6 1.5 18.0 250.7 115.1 17.2 161.7 0.317 508.3 17.0 31.3 

40 LE/CG60 hybrids 10.75 ** 26.2 n.s. 76.9 ** 77.4 ** 0.5 ** 4.9 ** 17.6 ** 255.9 ** 123.4 ** 20.8 ** 142.4 ** 0.307 ** 462.1 ** 13.5 ** 34.3 ** 

Top 10 LE/CG60 hybrids 11.39 ** 26.4 n.s. 77.0 * 77.4 ** 0.4 ** 5.3 ** 17.7 ** 257.3 ** 126.7 ** 21.3 ** 150.1 ** 0.314 n.s. 476.4 ** 13.8 ** 34.6 ** 

Top 5 LE/CG60 hybrids 11.46 ** 26.4 n.s. 76.9 * 77.5 ** 0.6 ** 4.6 ** 17.5 ** 253.8 n.s. 126.7 ** 20.6 ** 147.9 ** 0.310 n.s. 475.9 ** 13.8 ** 34.7 ** 

* significant at the 0.05 probability level; ** significant at the 0.01 probability level; n.s. not significant
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Appendix 2.8.  BLUP estimates of the five checks and the top ten LE/CG102 hybrids in grain yield of the LE/CG102 trials for grain 

yield (GY), grain moisture (GM), days to anthesis (DTA), days to silking (DTS), anthesis-silking interval (ASI), broken stalks (BS), 

total leaf number (LN), plant height (PH), ear height (EH), ear length (EL), ear grain weight (EGW), kernel weight (KW), kernel 

number (KN), kernel row number (KRN), and kernel number per row (KNPR). Average of BLUP estimates of the five checks, the 40 

LE/CG102 hybrids, and the top ten and top five LE/CG102 hybrids and contrasts between average of BLUP estimates of the five 

checks and the LE/CG102 hybrids are given. The five checks and the ten LE/CG102 hybrids are listed from the hybrid with the 

highest-to-lowest grain yield. 

Hybrid GY GM DTA DTS ASI BS LN PH EH EL EGW KW KN KRN KNPR 

5 Checks Mg ha-1 % ─────── d ─────── % number ─────── cm ───────  ──── g ──── ───── number ───── 

1. P9855HR 12.71 28.7 78.3 78.7 0.6 2.2 18.1 252.1 116.7 16.6 159.7 0.314 508.5 16.2 31.7 

2. P9910XR 12.30 26.8 79.8 79.4 -0.1 2.2 18.4 261.3 124.4 18.5 162.8 0.286 578.3 17.0 34.5 

3. DKC38-03 12.13 25.3 76.2 75.8 -0.1 2.6 17.9 251.0 111.2 15.9 150.5 0.292 520.6 18.5 28.9 

4. MZ2988DBR 11.69 24.7 76.2 75.8 0.0 2.7 18.5 240.8 100.6 18.0 158.6 0.304 523.3 18.1 29.7 

5. 38N85 10.88 26.2 75.1 73.8 -0.8 3.0 17.1 251.0 123.4 16.1 141.6 0.311 462.7 15.7 29.8 

Top 10 LE/CG102 hybrids Mg ha-1 % ─────── d ─────── % number ─────── cm ───────  ──── g ──── ───── number ───── 

1. LE-13-1/CG102 11.80 30.2 78.9 79.6 0.9 3.2 16.2 269.2 136.4 17.9 136.5 0.298 454.8 14.5 31.1 

2. LE-25-2/CG102 11.01 31.5 78.2 78.8 0.8 4.5 16.9 274.0 132.5 17.3 126.2 0.323 382.5 14.4 26.7 

3. LE-13-2/CG102 10.99 31.9 79.3 80.3 1.1 4.0 16.4 266.2 138.3 17.3 133.6 0.307 430.2 14.0 30.7 

4. LE-23-3/CG102 10.96 30.2 78.4 80.7 2.2 3.0 17.4 271.5 134.7 19.2 141.9 0.310 455.5 13.6 33.3 

5. LE-23-2/CG102 10.68 30.2 79.2 81.3 2.1 4.9 17.4 274.7 136.3 19.7 137.7 0.291 474.4 13.0 36.2 

6. LE-05-2/CG102 10.64 29.5 79.5 82.2 2.6 5.4 17.5 288.8 139.6 19.7 147.3 0.290 517.1 14.7 35.0 

7. LE-05-1/CG102 10.61 30.5 79.7 81.4 1.8 3.8 17.6 277.1 142.8 18.5 125.1 0.280 453.2 14.9 30.3 

8. LE-13-4/CG102 10.27 30.2 77.0 78.8 1.8 3.4 16.2 257.2 122.2 17.3 134.1 0.297 454.1 14.6 31.2 

9. LE-23-4/CG102 10.18 30.8 78.8 81.3 2.4 4.3 17.4 267.7 135.0 19.2 137.8 0.284 487.6 13.6 35.6 

10. LE-25-5/CG102 10.10 31.7 78.0 79.4 1.5 2.9 16.8 264.2 126.9 16.6 126.3 0.318 391.3 14.0 27.9 

Average Mg ha-1 % ─────── d ─────── % number ─────── cm ───────  ──── g ──── ───── number ───── 

5 Checks 11.94 26.3 77.1 76.7 -0.1 2.5 18.0 251.2 115.3 17.0 154.7 0.302 518.7 17.1 30.9 

40 LE/CG102 hybrids 9.55 ** 30.2 ** 78.0 ** 80.3 ** 2.2 ** 5.2 * 16.7 ** 265.8 ** 123.9 ** 17.7 ** 129.5 ** 0.293 n.s. 442.9 ** 14.4 ** 30.8 n.s. 

Top 10 LE/CG102 hybrids 10.72 ** 30.7 ** 78.7 ** 80.4 ** 1.7 ** 3.9 n.s. 17.0 ** 271.1 ** 134.5 ** 18.3 ** 134.6 ** 0.300 n.s. 450.1 ** 14.1 ** 31.8 n.s. 

Top 5 LE/CG102 hybrids 11.09 ** 30.8 ** 78.8 ** 80.2 ** 1.4 ** 3.9 n.s. 16.8 ** 271.1 ** 135.6 ** 18.3 ** 135.2 ** 0.306 n.s. 439.5 ** 13.9 ** 31.6 n.s. 

* significant at the 0.05 probability level; ** significant at the 0.01 probability level; n.s. not significant   
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Appendix 2.9.  Normalized curve for grain yield (Mg ha-1) for the LE/CG60 and LE/CG102 

trials. * represents the individual check hybrids. 
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Appendix 2.10.  Normalized curve for grain moisture (%) for the LE/CG60 and LE/CG102 

trials. * represents the individual check hybrids. 
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Appendix 2.11.  Normalized curve for days to anthesis for the LE/CG60 and LE/CG102 trials. * 

represents the individual check hybrids. 
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Appendix 2.12.  Normalized curve for days to silking for the LE/CG60 and LE/CG102 trials. * 

represents the individual check hybrids. 
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Appendix 2.13.  Normalized curve for anthesis-silking interval for the LE/CG60 and LE/CG102 

trials. * represents the individual check hybrids. 
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Appendix 2.14.  Normalized curve for broken stalks (%) for the LE/CG60 and LE/CG102 trials. 

* represents the individual check hybrids. 
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Appendix 2.15.  Normalized curve for total leaf number for the LE/CG60 and LE/CG102 trials. 

* represents the individual check hybrids. 
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Appendix 2.16.  Normalized curve for plant height (cm) for the LE/CG60 and LE/CG102 trials. 

* represents the individual check hybrids. 
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Appendix 2.17.  Normalized curve for ear height (cm) for the LE/CG60 and LE/CG102 trials. * 

represents the individual check hybrids. 
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Appendix 2.18.  Normalized curve for ear length (cm) for the LE/CG60 and LE/CG102 trials. * 

represents the individual check hybrids. 
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Appendix 2.19.  Normalized curve for ear grain weight (g) for the LE/CG60 and LE/CG102 

trials. * represents the individual check hybrids. 
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Appendix 2.20.  Normalized curve for kernel weight (g) for the LE/CG60 and LE/CG102 trials. 

* represents the individual check hybrids. 
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Appendix 2.21.  Normalized curve for kernel number for the LE/CG60 and LE/CG102 trials. * 

represents the individual check hybrids. 
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Appendix 2.22.  Normalized curve for kernel row number for the LE/CG60 and LE/CG102 

trials. * represents the individual check hybrids. 
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Appendix 2.23.  Normalized curve for kernel number per row for the LE/CG60 and LE/CG102 

trials. * represents the individual check hybrids. 
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Appendix 3.1.  Estimate and standard error (SE) of each density treatment across hybrids 

(mean), and each hybrid and each hybrid type (CG102/CG60, LE/CG60 hybrids, LE/CG102 

hybrids, and LE hybrids) across density treatments (BLUP) for days to anthesis (DTA), days to 

silking (DTS), anthesis-silking interval (ASI), floret row number (FRN), floret number per row 

(FNPR), floret number estimate (FN), kernel row number (KRN), kernel number per row 

(KNPR), kernel number (KN), kernel weight (KW; g), grain yield per plant (GYPP; g), ear grain 

weight (EGW; g), secondary ear number (SecEN), and ear length (EL; cm). 

Effect DTA DTS ASI   FRN FNPR FN 

Density Treatment ────────── d ──────────  ──────── number ──────── 

½x 74.8 75.4 0.6  14.5 50.6 735.5 

1x 75.4 76.4 1.0  14.6 51.7 755.1 

2x 77.6 80.1 2.6  14.2 51.9 736.0 

SE 1.0 1.3 0.5  0.3 1.4 28.3 

        

Hybrid ────────── d ──────────  ──────── number ──────── 

1. CG102/CG60  70.4 69.2 -1.0  13.8 42.6 582.1 

2. LE-02-1/CG60  76.3 77.5 1.2  14.0 52.3 727.8 

3. LE-25-2/CG60  76.0 77.5 1.5  13.7 52.1 707.5 

4. LE-26-5/CG60  75.7 77.5 1.8  14.3 52.1 740.6 

5. LE-02-1/CG102  77.1 79.8 2.6  14.7 51.7 762.6 

6. LE-05-1/CG102  79.8 81.7 1.8  15.3 54.7 838.8 

7. LE-25-2/CG102  76.5 77.8 1.3  14.5 53.4 773.8 

8. LE-26-5/CG102  75.7 77.7 2.0  15.3 52.4 804.3 

SE 0.5 0.6 0.3  0.2 0.6 11.4 

        

Hybrid Type ────────── d ──────────  ──────── number ──────── 

CG102/CG60 70.4±0.5 69.2±0.6 -1.0±0.3  13.8±0.2 42.6±0.6 582.1±11.4 

3 LE/CG60 hybrids 76.0±0.3 77.5±0.3 1.5±0.2  14.0±0.1 52.2±0.4 725.3±6.6 

4 LE/CG102 hybrids 77.3±0.3 79.2±0.3 1.9±0.1  15.0±0.1 53.0±0.3 794.9±5.7 

7 LE hybrids 76.7±0.2 78.5±0.2 1.7±0.1   14.5±0.1 52.7±0.2 765.1±4.3 
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Appendix 3.1.  (Continued) 

 

Effect KRN KNPR KN   KW GYPP EGW   SecEN EL 

Density Treatment ────── number ──────  ───────── g ─────────  number cm 

½x 14.6 39.1 569.5  0.305 218.1 172.7  0.631 22.3 

1x 14.4 37.0 531.0  0.265 140.6 140.1  0.013 20.9 

1x to ½x 14.2 37.9 533.2  0.278 179.3 148.4  0.513 21.5 

2x 13.9 26.7 369.5  0.188 69.9 69.9  0.000 16.2 

2x to ½x 13.8 35.7 490.4  0.231 122.6 113.0  0.213 19.8 

SE 0.3 1.1 15.2  0.007 8.2 4.4  0.082 0.8 

           

Hybrid ────── number ──────  ───────── g ─────────  number cm 

1. CG102/CG60  13.9 34.7 482.4  0.267 144.5 129.4  0.237 16.5 

2. LE-02-1/CG60  13.6 37.0 506.0  0.262 145.7 135.1  0.170 21.5 

3. LE-25-2/CG60  13.2 38.0 503.4  0.262 167.1 132.9  0.414 22.3 

4. LE-26-5/CG60  13.8 38.6 527.1  0.257 159.7 136.4  0.393 22.6 

5. LE-02-1/CG102  14.5 32.1 468.7  0.252 129.4 121.2  0.149 19.4 

6. LE-05-1/CG102  15.2 33.6 507.8  0.230 136.2 122.0  0.258 20.2 

7. LE-25-2/CG102  14.1 32.3 460.1  0.266 148.0 124.9  0.359 19.2 

8. LE-26-5/CG102  15.1 35.7 534.3  0.234 138.2 128.7  0.210 19.4 

SE 0.2 0.9 13.5  0.005 8.7 4.1  0.073 0.4 

           

Hybrid Type ────── number ──────  ───────── g ─────────  number cm 

CG102/CG60 13.9±0.2 34.7±0.9 482.4±13.5  0.267±0.005 144.5±8.7 129.4±4.1  0.237±0.073 16.5±0.4 

3 LE/CG60 hybrids 13.5±0.1 37.9±0.5 512.1±8.0  0.260±0.003 157.5±5.3 134.8±2.5  0.325±0.044 22.1±0.2 

4 LE/CG102 hybrids 14.7±0.1 33.4±0.5 492.7±7.1  0.245±0.003 138.0±4.7 124.2±2.2  0.244±0.039 19.5±0.2 

7 LE hybrids 14.2±0.1 35.3±0.4 501.0±5.6   0.252±0.002 146.3±3.8 128.7±1.8   0.279±0.032 20.6±0.1 
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Appendix 3.2.  BLUP Estimate and standard error (SE) of each density treatment for each hybrid type (CG102/CG60, LE/CG60 

hybrids, LE/CG102 hybrids, and LE hybrids) for days to anthesis (DTA), days to silking (DTS), anthesis-silking interval (ASI), floret 

row number (FRN), floret number per row (FNPR), floret number estimate (FN), kernel row number (KRN), kernel number per row 

(KNPR), kernel number (KN), kernel weight (KW; g), grain yield per plant (GYPP; g), ear grain weight (EGW; g), secondary ear 

number (SecEN), and ear length (EL; cm). 

Hybrid Type Treatment DTA DTS ASI   FRN FNPR FN   KRN KNPR KN   KW GYPP EGW   SecEN EL 

  ────── d ──────  ──── number ────  ──── number ────  ─────── g ───────  number cm 

CG102/CG60 ½x 69.4 66.9 -1.8  13.8 41.7 574.7  14.4 36.0 527.4  0.312 199.0 162.4  0.458 17.4 

1x 70.0 68.2 -1.4  13.9 42.9 593.7  14.1 36.0 506.0  0.281 141.0 141.5  -0.011 17.0 

1x to ½x         13.9 37.1 514.6  0.293 174.2 149.8  0.406 17.6 

2x 71.8 72.3 0.1  13.6 43.0 577.0  13.4 28.5 371.0  0.203 74.6.0 75.3.0  -0.017 13.4 

2x to ½x         13.5 35.8 483.0  0.247 132.9 118.4  0.301 16.6 

SE 0.6 0.6 0.4  0.2 0.7 12.5  0.3 1.0 17.3  0.007 10.9 5.8  0.105 0.4 

  ────── d ──────  ──── number ────  ──── number ────  ─────── g ───────  number cm 

3 LE/CG60 

hybrids 
½x 74.9 75.9 0.8  14.1 51.3 718.9  14.0 41.8 583.0  0.310 237.2 179.1  0.814 24.2 

1x 75.5 76.5 1.1  14.1 52.3 737.7  13.8 39.3 536.7  0.271 146.8 144.5  0.048 23.0 

1x to ½x         13.5 41.6 559.5  0.284 198.3 158.3  0.575 23.6 

2x 77.6 80.1 2.6  13.7 52.9 719.2  13.2 28.8 378.3  0.197 77.1 75.8  0.023 18.4 

2x to ½x         13.2 38.7 511.5  0.240 135.1 122.9  0.238 21.7 

SE 0.4 0.4 0.3  0.2 0.4 8.1  0.2 0.6 10.5  0.004 6.7 3.6  0.065 0.2 

  ────── d ──────  ──── number ────  ──── number ────  ─────── g ───────  number cm 

4 LE/CG102 

hybrids 
½x 76.1 77.2 1.1  15.0 52.3 788.0  15.2 37.8 569.9  0.300 208.6 170.5  0.538 22.2 

1x 76.7 78.4 1.5  15.2 53.3 808.5  15.0 35.4 533.0  0.257 135.9 136.4  -0.008 20.2 

1x to ½x         14.7 35.3 518.1  0.270 166.3 140.7  0.492 20.8 

2x 79.0 82.1 3.2  14.7 53.5 788.4  14.5 24.7 362.5  0.178 63.4 64.2  -0.013 15.3 

2x to ½x         14.3 33.4 476.3  0.221 110.5 104.2  0.171 19.1 

SE 0.4 0.4 0.3  0.1 0.4 7.3  0.2 0.5 9.4  0.004 6.0 3.2  0.058 0.2 

  ────── d ──────  ──── number ────  ──── number ────  ─────── g ───────  number cm 

7 LE hybrids ½x 75.6 76.7 1.0  14.6 51.9 758.4  14.7 39.5 575.5  0.304 220.9 174.2  0.656 23.0 

1x 76.2 77.6 1.3  14.7 52.9 778.1  14.5 37.1 534.6  0.263 140.5 139.8  0.016 21.4 

1x to ½x         14.2 38.0 535.9  0.276 180.0 148.2  0.528 22.0 

2x 78.4 81.2 2.9  14.3 53.2 758.7  13.9 26.5 369.3  0.186 69.3 69.2  0.002 16.6 

2x to ½x         13.8 35.7 491.4  0.229 121.1 112.2  0.200 20.2 

SE 0.3 0.3 0.2   0.1 0.3 6.2   0.1 0.4 7.6   0.003 4.9 2.6   0.047 0.2 
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Appendix 3.3.  BLUP Estimate and standard error (SE) of each density treatment for each hybrid for days to anthesis (DTA), days to 

silking (DTS), anthesis-silking interval (ASI), floret row number (FRN), floret number per row (FNPR), floret number estimate (FN), 

kernel row number (KRN), kernel number per row (KNPR), kernel number (KN), kernel weight (KW; g), grain yield per plant 

(GYPP; g), ear grain weight (EGW; g), secondary ear number (SecEN), and ear length (EL; cm).  

 

Hybrid Treatment DTA DTS ASI   FRN FNPR FN   KRN KNPR KN   KW GYPP EGW   SecEN EL 

  ────── d ──────  ──── number ────  ──── number ────  ────── g ──────  number cm 

1. CG102/CG60  ½x 69.4 66.9 -1.8  13.8 41.7 574.7  14.4 36.0 527.4  0.312 199.0 162.4  0.458 17.4 

 1x 70.0 68.2 -1.4  13.9 42.9 593.7  14.1 36.0 506.0  0.281 141.0 141.5  -0.011 17.0 

 1x to ½x         13.9 37.1 514.6  0.293 174.2 149.8  0.406 17.6 

 2x 71.8 72.3 0.1  13.6 43.0 577.0  13.4 28.5 371.0  0.203 74.6 75.3  -0.017 13.4 

 2x to ½x         13.5 35.8 483.0  0.247 132.9 118.4  0.301 16.6 

  ────── d ──────  ──── number ────  ──── number ────  ────── g ──────  number cm 

2. LE-02-1/CG60  ½x 75.3 75.6 0.5  14.0 51.5 719.4  14.2 41.6 600.4  0.314 223.4 187.1  0.455 24.0 

 1x 75.9 76.6 0.8  14.1 52.7 740.2  13.8 38.6 523.6  0.270 137.9 140.7  -0.042 22.0 

 1x to ½x         13.7 42.2 577.8  0.287 177.2 164.1  0.263 23.6 

 2x 77.8 80.4 2.3  13.8 52.8 723.7  13.0 26.7 345.5  0.200 69.2 72.2  -0.047 17.6 

 2x to ½x         13.2 36.5 487.1  0.241 120.6 118.3  0.075 20.5 

  ────── d ──────  ──── number ────  ──── number ────  ────── g ──────  number cm 

3. LE-25-2/CG60  ½x 74.8 76.0 0.8  13.8 51.2 702.0  13.6 41.1 557.2  0.312 255.4 172.8  1.012 24.1 

 1x 75.5 76.6 1.1  13.9 52.0 721.3  13.6 39.3 539.2  0.274 153.8 145.8  0.125 23.6 

 1x to ½x         13.1 40.9 527.5  0.283 206.6 149.1  0.652 23.4 

 2x 77.7 79.9 2.6  13.3 53.2 698.9  13.0 30.0 385.8  0.201 84.0 78.4  0.063 18.9 

 2x to ½x         12.9 39.3 510.2  0.242 148.6 122.7  0.408 21.9 

  ────── d ──────  ──── number ────  ──── number ────  ────── g ──────  number cm 

4. LE-26-5/CG60  ½x 74.5 76.0 1.1  14.4 51.4 735.3  14.1 42.6 591.3  0.305 233.0 177.4  0.974 24.4 

 1x 75.2 76.4 1.4  14.4 52.4 751.6  13.9 40.1 547.4  0.269 148.6 147.0  0.060 23.5 

 1x to ½x         13.8 41.5 573.3  0.283 211.3 161.7  0.810 23.9 

 2x 77.3 80.0 2.9  14.0 52.6 735.0  13.6 29.6 403.5  0.190 78.0 76.7  0.054 18.6 

 2x to ½x         13.4 40.2 537.4  0.237 136.2 127.6  0.232 22.8 

 
                   

  SE 0.6 0.6 0.4   0.2 0.7 12.5   0.3 1.0 17.3   0.007 10.9 5.8   0.105 0.4 
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Appendix 3.3.  (Continued) 

 

Hybrid Treatment DTA DTS ASI   FRN FNPR FN   KRN KNPR KN   KW GYPP EGW   SecEN EL 

  ────── d ──────  ──── number ────  ──── number ────  ────── g ──────  number cm 

5. LE-02-1/CG102  ½x 76.0 77.6 1.7  14.8 50.8 753.7  14.8 36.4 532.9  0.309 191.0 165.4  0.335 21.9 

 1x 76.5 79.1 2.2  14.9 52.3 776.3  14.8 33.1 496.3  0.257 124.2 126.5  -0.051 19.4 

 1x to ½x         14.6 34.7 505.7  0.279 155.8 141.8  0.254 20.8 

 2x 78.8 82.7 3.9  14.6 52.0 758.0  14.3 23.7 344.3  0.185 59.7 62.2  -0.056 15.7 

 2x to ½x         14.1 31.7 445.6  0.229 105.9 102.0  0.093 19.0 

  ────── d ──────  ──── number ────  ──── number ────  ────── g ──────  number cm 

6. LE-05-1/CG102  ½x 78.6 79.7 0.9  15.3 54.1 831.6  15.7 37.7 587.8  0.288 210.9 171.6  0.634 23.6 

 1x 79.3 81.0 1.4  15.5 55.1 855.2  15.5 35.7 553.1  0.240 132.8 132.9  -0.002 21.2 

 1x to ½x         15.2 35.1 535.8  0.253 165.9 136.9  0.526 21.8 

 2x 81.6 84.5 3.1  15.0 54.9 830.2  14.9 24.2 363.4  0.165 60.4 60.9  -0.007 15.1 

 2x to ½x         14.8 34.5 504.2  0.200 104.7 100.3  0.115 19.3 

  ────── d ──────  ──── number ────  ──── number ────  ────── g ──────  number cm 

7. LE-25-2/CG102  ½x 75.4 75.8 0.6  14.6 53.0 768.4  14.6 36.5 532.7  0.319 232.6 169.6  0.764 21.6 

 1x 76.0 76.8 0.9  14.7 53.4 787.0  14.5 35.4 514.8  0.279 145.5 142.7  0.044 20.2 

 1x to ½x         13.9 34.4 476.4  0.291 178.9 139.2  0.739 20.3 

 2x 78.1 80.9 2.6  14.3 53.7 766.1  13.8 23.8 331.4  0.197 67.2 64.9  0.039 15.1 

 2x to ½x         13.6 30.7 421.2  0.245 117.2 103.9  0.328 18.6 

  ────── d ──────  ──── number ────  ──── number ────  ────── g ──────  number cm 

8. LE-26-5/CG102  ½x 74.5 75.8 1.2  15.5 51.4 798.4  15.6 40.5 626.2  0.283 199.9 175.3  0.418 21.6 

 1x 75.2 76.8 1.6  15.5 52.5 815.3  15.3 37.4 567.9  0.251 141.1 143.4  -0.023 20.1 

 1x to ½x         15.1 36.8 554.6  0.258 164.7 144.8  0.449 20.4 

 2x 77.3 80.3 3.1  15.0 53.3 799.4  14.9 27.2 410.9  0.166 66.3 68.9  -0.029 15.2 

 2x to ½x         14.7 36.7 534.1  0.209 114.4 110.8  0.149 19.4 

                    
SE   0.6 0.6 0.4   0.2 0.7 12.5   0.3 1.0 17.3   0.007 10.9 5.8   0.105 0.4 
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Appendix 3.4.  BLUP Estimate and standard error (SE) of each hybrid type (CG102/CG60, 

LE/CG60 hybrids, LE/CG102 hybrids, and LE hybrids) at each density treatment for days to 

anthesis (DTA), days to silking (DTS), anthesis-silking interval (ASI), floret row number (FRN), 

floret number per row (FNPR), floret number estimate (FN), kernel row number (KRN), kernel 

number per row (KNPR), kernel number (KN), kernel weight (KW; g), grain yield per plant 

(GYPP; g), ear grain weight (EGW; g), secondary ear number (SecEN), and ear length (EL; cm).  

 

Trait Hybrid Type ½x 1x 2x SE 

  ──────────── d ──────────── 

DTA CG102/CG60  69.4 70.0 71.8 0.6 

 3 LE/CG60 hybrids 74.9 75.5 77.6 0.4 

 4 LE/CG102 hybrids 76.1 76.7 79.0 0.4 

 7 LE hybrids 75.6 76.2 78.4 0.3 

  ──────────── d ──────────── 

DTS CG102/CG60  66.9 68.2 72.3 0.6 

 3 LE/CG60 hybrids 75.9 76.5 80.1 0.4 

 4 LE/CG102 hybrids 77.2 78.4 82.1 0.4 

 7 LE hybrids 76.7 77.6 81.2 0.3 

  ──────────── d ──────────── 

ASI CG102/CG60  -1.8 -1.4 0.1 0.4 

 3 LE/CG60 hybrids 0.8 1.1 2.6 0.3 

 4 LE/CG102 hybrids 1.1 1.5 3.2 0.3 

 7 LE hybrids 1.0 1.3 2.9 0.2 

 
 ────────── number ────────── 

FRN CG102/CG60  13.8 13.9 13.6 0.2 

 3 LE/CG60 hybrids 14.1 14.1 13.7 0.2 

 4 LE/CG102 hybrids 15.0 15.2 14.7 0.1 

 7 LE hybrids 14.6 14.7 14.3 0.1 

  ────────── number ────────── 

FNPR CG102/CG60  41.7 42.9 43.0 0.7 

 3 LE/CG60 hybrids 51.3 52.3 52.9 0.4 

 4 LE/CG102 hybrids 52.3 53.3 53.5 0.4 

 7 LE hybrids 51.9 52.9 53.2 0.3 

  ────────── number ────────── 

FN CG102/CG60  574.7 593.7 577.0 12.5 

 3 LE/CG60 hybrids 718.9 737.7 719.2 8.1 

 4 LE/CG102 hybrids 788.0 808.5 788.4 7.3 

  7 LE hybrids 758.4 778.1 758.7 6.2 
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Appendix 3.4.  (Continued) 

 

Trait Hybrid Type ½x 1x 1x to ½x 2x 2x to ½x SE 

  ────────────────── number ────────────────── 

KRN CG102/CG60  14.4 14.1 13.9 13.4 13.5 0.3 

 3 LE/CG60 hybrids 14.0 13.8 13.5 13.2 13.2 0.2 

 4 LE/CG102 hybrids 15.2 15.0 14.7 14.5 14.3 0.2 

 7 LE hybrids 14.7 14.5 14.2 13.9 13.8 0.1 

  ────────────────── number ────────────────── 

KNPR CG102/CG60  36.0 36.0 37.1 28.5 35.8 1.0 

 3 LE/CG60 hybrids 41.8 39.3 41.6 28.8 38.7 0.6 

 4 LE/CG102 hybrids 37.8 35.4 35.3 24.7 33.4 0.5 

 7 LE hybrids 39.5 37.1 38.0 26.5 35.7 0.4 

  ────────────────── number ────────────────── 

KN CG102/CG60  527.4 506.0 514.6 371.0 483.0 17.3 

 3 LE/CG60 hybrids 583.0 536.7 559.5 378.3 511.5 10.5 

 4 LE/CG102 hybrids 569.9 533.0 518.1 362.5 476.3 9.4 

 7 LE hybrids 575.5 534.6 535.9 369.3 491.4 7.6 

  ──────────────────── g ──────────────────── 

KW CG102/CG60  0.312 0.281 0.293 0.203 0.247 0.007 

 3 LE/CG60 hybrids 0.310 0.271 0.284 0.197 0.240 0.004 

 4 LE/CG102 hybrids 0.300 0.257 0.270 0.178 0.221 0.004 

 7 LE hybrids 0.304 0.263 0.276 0.186 0.229 0.003 

  ──────────────────── g ──────────────────── 

GYPP CG102/CG60  199.0 141.0 174.2 74.6 132.9 10.9 

 3 LE/CG60 hybrids 237.2 146.8 198.3 77.1 135.1 6.7 

 4 LE/CG102 hybrids 208.6 135.9 166.3 63.4 110.5 6.0 

 7 LE hybrids 220.9 140.5 180.0 69.3 121.1 4.9 

 
 ──────────────────── g ──────────────────── 

EGW CG102/CG60  162.4 141.5 149.8 75.3 118.4 5.8 

 3 LE/CG60 hybrids 179.1 144.5 158.3 75.8 122.9 3.6 

 4 LE/CG102 hybrids 170.5 136.4 140.7 64.2 104.2 3.2 

 7 LE hybrids 174.2 139.8 148.2 69.2 112.2 2.6 

 
 ────────────────── number ────────────────── 

SecEN CG102/CG60  0.458 -0.011 0.406 -0.017 0.301 0.105 

 3 LE/CG60 hybrids 0.814 0.048 0.575 0.023 0.238 0.065 

 4 LE/CG102 hybrids 0.538 -0.008 0.492 -0.013 0.171 0.058 

 7 LE hybrids 0.656 0.016 0.528 0.002 0.200 0.047 

  ─────────────────── cm ─────────────────── 

EL CG102/CG60  17.4 17.0 17.6 13.4 16.6 0.4 

 3 LE/CG60 hybrids 24.2 23.0 23.6 18.4 21.7 0.2 

 4 LE/CG102 hybrids 22.2 20.2 20.8 15.3 19.1 0.2 

  7 LE hybrids 23.0 21.4 22.0 16.6 20.2 0.2 
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Appendix 3.5.  BLUP Estimate and standard error (SE) of each hybrid at each density treatment for days to anthesis (DTA), days to 

silking (DTS), anthesis-silking interval (ASI), floret row number (FRN), floret number per row (FNPR), floret number estimate (FN), 

kernel row number (KRN), kernel number per row (KNPR), kernel number (KN), kernel weight (KW; g), grain yield per plant 

(GYPP; g), ear grain weight (EGW; g), secondary ear number (SecEN), and ear length (EL; cm). 

Trait Hybrid 
Density Treatment   

Trait Hybrid 
Density Treatment 

½x 1x 2x SE   ½x 1x 2x SE 
  ──────────── d ────────────     ────────── number ────────── 

DTA CG102/CG60  69.4 70.0 71.8 0.6  FRN CG102/CG60  13.8 13.9 13.6 0.2 
 LE-02-1/CG60  75.3 75.9 77.8 0.6   LE-02-1/CG60  14.0 14.1 13.8 0.2 
 LE-25-2/CG60  74.8 75.5 77.7 0.6   LE-25-2/CG60  13.8 13.9 13.3 0.2 
 LE-26-5/CG60  74.5 75.2 77.3 0.6   LE-26-5/CG60  14.4 14.4 14.0 0.2 
 LE-02-1/CG102  76.0 76.5 78.8 0.6   LE-02-1/CG102  14.8 14.9 14.6 0.2 
 LE-05-1/CG102  78.6 79.3 81.6 0.6   LE-05-1/CG102  15.3 15.5 15.0 0.2 
 LE-25-2/CG102  75.4 76.0 78.1 0.6   LE-25-2/CG102  14.6 14.7 14.3 0.2 
 LE-26-5/CG102  74.5 75.2 77.3 0.6   LE-26-5/CG102  15.5 15.5 15.0 0.2 
  ──────────── d ────────────    ────────── number ────────── 

DTS CG102/CG60  66.9 68.2 72.3 0.6  FNPR CG102/CG60  41.7 42.9 43.0 0.7 
 LE-02-1/CG60  75.6 76.6 80.4 0.6   LE-02-1/CG60  51.5 52.7 52.8 0.7 
 LE-25-2/CG60  76.0 76.6 79.9 0.6   LE-25-2/CG60  51.2 52.0 53.2 0.7 
 LE-26-5/CG60  76.0 76.4 80.0 0.6   LE-26-5/CG60  51.4 52.4 52.6 0.7 
 LE-02-1/CG102  77.6 79.1 82.7 0.6   LE-02-1/CG102  50.8 52.3 52.0 0.7 
 LE-05-1/CG102  79.7 81.0 84.5 0.6   LE-05-1/CG102  54.1 55.1 54.9 0.7 
 LE-25-2/CG102  75.8 76.8 80.9 0.6   LE-25-2/CG102  53.0 53.4 53.7 0.7 
 LE-26-5/CG102  75.8 76.8 80.3 0.6   LE-26-5/CG102  51.4 52.5 53.3 0.7 
  ──────────── d ────────────    ────────── number ────────── 

ASI CG102/CG60  -1.8 -1.4 0.1 0.4  FN CG102/CG60  574.7 593.7 577.0 12.5 
 LE-02-1/CG60  0.5 0.8 2.3 0.4   LE-02-1/CG60  719.4 740.2 723.7 12.5 
 LE-25-2/CG60  0.8 1.1 2.6 0.4   LE-25-2/CG60  702.0 721.3 698.9 12.5 
 LE-26-5/CG60  1.1 1.4 2.9 0.4   LE-26-5/CG60  735.3 751.6 735.0 12.5 
 LE-02-1/CG102  1.7 2.2 3.9 0.4   LE-02-1/CG102  753.7 776.3 758.0 12.5 
 LE-05-1/CG102  0.9 1.4 3.1 0.4   LE-05-1/CG102  831.6 855.2 830.2 12.5 
 LE-25-2/CG102  0.6 0.9 2.6 0.4   LE-25-2/CG102  768.4 787.0 766.1 12.5 

  LE-26-5/CG102  1.2 1.6 3.1 0.4     LE-26-5/CG102  798.4 815.3 799.4 12.5 
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Appendix 3.5.  (Continued) 

 

Trait Hybrid 
Density Treatment   

Trait Hybrid 
Density Treatment 

½x 1x 1x to ½x 2x 2x to ½x SE   ½x 1x 1x to ½x 2x 2x to ½x SE 
  ─────────── number ───────────    ───────────── g ───────────── 

KRN CG102/CG60  14.4 14.1 13.9 13.4 13.5 0.3  KW CG102/CG60  0.312 0.281 0.293 0.203 0.247 0.007 
 LE-02-1/CG60  14.2 13.8 13.7 13.0 13.2 0.3   LE-02-1/CG60  0.314 0.270 0.287 0.200 0.241 0.007 
 LE-25-2/CG60  13.6 13.6 13.1 13.0 12.9 0.3   LE-25-2/CG60  0.312 0.274 0.283 0.201 0.242 0.007 
 LE-26-5/CG60  14.1 13.9 13.8 13.6 13.4 0.3   LE-26-5/CG60  0.305 0.269 0.283 0.190 0.237 0.007 
 LE-02-1/CG102  14.8 14.8 14.6 14.3 14.1 0.3   LE-02-1/CG102  0.309 0.257 0.279 0.185 0.229 0.007 
 LE-05-1/CG102  15.7 15.5 15.2 14.9 14.8 0.3   LE-05-1/CG102  0.288 0.240 0.253 0.165 0.200 0.007 
 LE-25-2/CG102  14.6 14.5 13.9 13.8 13.6 0.3   LE-25-2/CG102  0.319 0.279 0.291 0.197 0.245 0.007 
 LE-26-5/CG102  15.6 15.3 15.1 14.9 14.7 0.3   LE-26-5/CG102  0.283 0.251 0.258 0.166 0.209 0.007 
  ─────────── number ───────────    ───────────── g ───────────── 

KNPR CG102/CG60  36.0 36.0 37.1 28.5 35.8 1.0  GYPP CG102/CG60  199.0 141.0 174.2 74.6 132.9 10.9 
 LE-02-1/CG60  41.6 38.6 42.2 26.7 36.5 1.0   LE-02-1/CG60  223.4 137.9 177.2 69.2 120.6 10.9 
 LE-25-2/CG60  41.1 39.3 40.9 30.0 39.3 1.0   LE-25-2/CG60  255.4 153.8 206.6 84.0 148.6 10.9 
 LE-26-5/CG60  42.6 40.1 41.5 29.6 40.2 1.0   LE-26-5/CG60  233.0 148.6 211.3 78.0 136.2 10.9 
 LE-02-1/CG102  36.4 33.1 34.7 23.7 31.7 1.0   LE-02-1/CG102  191.0 124.2 155.8 59.7 105.9 10.9 
 LE-05-1/CG102  37.7 35.7 35.1 24.2 34.5 1.0   LE-05-1/CG102  210.9 132.8 165.9 60.4 104.7 10.9 
 LE-25-2/CG102  36.5 35.4 34.4 23.8 30.7 1.0   LE-25-2/CG102  232.6 145.5 178.9 67.2 117.2 10.9 
 LE-26-5/CG102  40.5 37.4 36.8 27.2 36.7 1.0   LE-26-5/CG102  199.9 141.1 164.7 66.3 114.4 10.9 
  ─────────── number ───────────    ───────────── g ───────────── 

KN CG102/CG60  527.4 506.0 514.6 371.0 483.0 17.3  EGW CG102/CG60  162.4 141.5 149.8 75.3 118.4 5.8 
 LE-02-1/CG60  600.4 523.6 577.8 345.5 487.1 17.3   LE-02-1/CG60  187.1 140.7 164.1 72.2 118.3 5.8 
 LE-25-2/CG60  557.2 539.2 527.5 385.8 510.2 17.3   LE-25-2/CG60  172.8 145.8 149.1 78.4 122.7 5.8 
 LE-26-5/CG60  591.3 547.4 573.3 403.5 537.4 17.3   LE-26-5/CG60  177.4 147.0 161.7 76.7 127.6 5.8 
 LE-02-1/CG102  532.9 496.3 505.7 344.3 445.6 17.3   LE-02-1/CG102  165.4 126.5 141.8 62.2 102.0 5.8 
 LE-05-1/CG102  587.8 553.1 535.8 363.4 504.2 17.3   LE-05-1/CG102  171.6 132.9 136.9 60.9 100.3 5.8 
 LE-25-2/CG102  532.7 514.8 476.4 331.4 421.2 17.3   LE-25-2/CG102  169.6 142.7 139.2 64.9 103.9 5.8 

  LE-26-5/CG102  626.2 567.9 554.6 410.9 534.1 17.3     LE-26-5/CG102  175.3 143.4 144.8 68.9 110.8 5.8 
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Appendix 3.5.  (Continued) 

 

Trait Hybrid 
Density Treatment   

Trait Hybrid 
Density Treatment 

½x 1x 1x to ½x 2x 2x to ½x SE   ½x 1x 1x to ½x 2x 2x to ½x SE 
  ───────────── cm ─────────────    ─────────── number ─────────── 

EL CG102/CG60  17.4 17.0 17.6 13.4 16.6 0.4  SecEN CG102/CG60  0.458 -0.011 0.406 -0.017 0.301 0.105 
 LE-02-1/CG60  24.0 22.0 23.6 17.6 20.5 0.4   LE-02-1/CG60  0.455 -0.042 0.263 -0.047 0.075 0.105 
 LE-25-2/CG60  24.1 23.6 23.4 18.9 21.9 0.4   LE-25-2/CG60  1.012 0.125 0.652 0.063 0.408 0.105 
 LE-26-5/CG60  24.4 23.5 23.9 18.6 22.8 0.4   LE-26-5/CG60  0.974 0.060 0.810 0.054 0.232 0.105 
 LE-02-1/CG102  21.9 19.4 20.8 15.7 19.0 0.4   LE-02-1/CG102  0.335 -0.051 0.254 -0.056 0.093 0.105 
 LE-05-1/CG102  23.6 21.2 21.8 15.1 19.3 0.4   LE-05-1/CG102  0.634 -0.002 0.526 -0.007 0.115 0.105 
 LE-25-2/CG102  21.6 20.2 20.3 15.1 18.6 0.4   LE-25-2/CG102  0.764 0.044 0.739 0.039 0.328 0.105 

  LE-26-5/CG102  21.6 20.1 20.4 15.2 19.4 0.4     LE-26-5/CG102  0.418 -0.023 0.449 -0.029 0.149 0.105 
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Appendix 3.6.  Mean and standard error (SE) of each density treatment for each hybrid for days to anthesis (DTA), days to silking 

(DTS), anthesis-silking interval (ASI), floret row number (FRN), floret number per row (FNPR), floret number estimate (FN), kernel 

row number (KRN), kernel number per row (KNPR), kernel number (KN), kernel weight (KW; g), grain yield per plant (GYPP; g), 

ear grain weight (EGW; g), secondary ear number (SecEN), and ear length (EL; cm).  

 

Hybrid Treatment DTA DTS ASI   FRN FNPR FN   KRN KNPR KN   KW GYPP EGW   SecEN EL 

  ────── d ──────  ──── number ────  ──── number ────  ────── g ──────  number cm 

1. CG102/CG60 ½x 68.0 66.0 -2.0  13.8 41.4 569.1  14.7 34.9 508.5  0.301 183.1 152.5  0.350 16.9 
 1x 69.0 68.0 -1.0  13.6 43.0 583.2  14.0 35.8 499.2  0.287 142.3 142.4  0.000 16.8 
 1x to ½x         13.9 37.0 512.3  0.295 170.6 150.6  0.350 17.5 
 2x 73.5 73.0 -0.5  13.7 42.7 583.6  13.0 29.6 383.0  0.207 79.8 79.8  0.000 13.8 
 2x to ½x         13.6 36.1 488.7  0.252 143.1 123.0  0.400 16.7 
 SE 0.6 1.2 0.6  0.5 0.6 26.8  0.5 0.5 13.5  0.009 18.7 5.1  0.192 0.3 
  ────── d ──────  ──── number ────  ──── number ────  ────── g ──────  number cm 

2. LE-02-1/CG60 ½x 74.5 75.5 1.0  13.8 51.4 707.3  14.7 42.0 617.5  0.316 228.2 194.9  0.400 24.1 
 1x 75.5 76.5 1.0  14.0 52.9 736.7  13.5 38.6 513.6  0.264 135.8 135.8  0.000 21.9 
 1x to ½x         13.9 43.5 604.5  0.286 175.6 173.0  0.150 23.9 
 2x 79.0 80.5 1.5  14.0 52.8 738.4  12.4 26.0 323.7  0.207 68.8 68.8  0.000 17.6 
 2x to ½x         13.3 36.2 479.9  0.244 119.2 117.7  0.050 20.3 
 SE 0.4 0.5 0.3  0.0 1.3 17.9  0.5 1.0 18.9  0.010 7.8 6.0  0.032 0.3 
  ────── d ──────  ──── number ────  ──── number ────  ────── g ──────  number cm 

3. LE-25-2/CG60 ½x 75.5 77.0 1.5  14.0 50.9 710.9  13.4 40.9 545.4  0.310 274.7 169.4  1.200 23.9 
 1x 75.5 76.5 1.0  14.2 51.4 727.8  13.8 39.3 541.8  0.274 151.8 147.5  0.100 23.8 
 1x to ½x         12.6 41.2 520.3  0.278 217.0 146.2  0.650 23.3 
 2x 77.0 79.0 2.0  12.6 54.2 681.5  13.0 30.4 394.3  0.208 82.8 82.8  0.000 19.2 
 2x to ½x         13.1 39.9 521.2  0.246 157.9 128.2  0.450 21.8 
 SE 0.7 0.3 0.6  0.3 0.9 12.7  0.3 1.4 19.5  0.012 26.6 11.3  0.192 0.5 
  ────── d ──────  ──── number ────  ──── number ────  ────── g ──────  number cm 

4. LE-26-5/CG60 ½x 75.0 77.0 2.0  14.5 51.5 745.5  13.8 42.9 587.8  0.299 237.2 175.2  1.150 24.3 
 1x 75.0 76.0 1.0  14.1 52.4 737.9  13.5 40.1 540.1  0.271 146.7 146.7  0.000 23.5 
 1x to ½x         14.0 41.8 582.9  0.287 230.7 167.4  0.950 23.9 
 2x 77.0 79.5 2.5  14.1 52.6 738.4  13.8 29.6 408.7  0.187 76.3 76.3  0.000 18.7 
 2x to ½x         13.6 40.9 551.8  0.242 139.4 134.4  0.150 23.0 

  SE 1.2 1.4 0.3   0.3 0.9 16.4   0.3 1.2 21.3   0.007 6.9 7.2   0.160 0.7 
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Appendix 3.6.  (continued) 

 

Hybrid Treatment DTA DTS ASI   FRN FNPR FN   KRN KNPR KN   KW GYPP EGW   SecEN EL 

  ────── d ──────  ──── number ────  ──── number ────  ────── g ──────  number cm 

5. LE-02-1/CG102 ½x 76.0 77.0 1.0  14.6 50.6 738.4  14.4 36.4 527.0  0.319 177.8 165.3  0.200 22.0 
 1x 77.5 79.5 2.0  14.8 52.9 782.1  15.0 32.7 491.7  0.247 120.5 120.5  0.000 19.1 
 1x to ½x         14.8 34.5 506.3  0.282 145.9 142.3  0.150 20.8 
 2x 78.0 83.0 5.0  14.9 51.7 768.7  14.5 23.6 346.5  0.181 61.6 61.6  0.000 15.8 
 2x to ½x         13.9 31.1 434.0  0.229 102.0 98.5  0.100 19.1 
 SE 1.4 0.3 1.3  0.3 0.5 13.4  0.4 1.7 32.0  0.009 7.1 8.9  0.092 0.5 
  ────── d ──────  ──── number ────  ──── number ────  ────── g ──────  number cm 

6. LE-05-1/CG102 ½x 79.5 79.5 0.0  15.2 54.6 829.0  15.7 37.8 594.8  0.299 211.1 176.5  0.650 24.1 
 1x 80.0 81.5 1.5  15.9 55.5 880.6  15.7 35.9 562.7  0.236 132.3 132.3  0.000 21.2 
 1x to ½x         15.3 34.6 531.7  0.250 160.4 132.2  0.550 21.9 
 2x 80.5 84.5 4.0  15.0 54.3 813.1  14.9 23.8 353.1  0.165 58.5 58.5  0.000 14.6 
 2x to ½x         14.7 34.6 508.1  0.186 95.4 94.5  0.050 19.2 
 SE 0.4 0.5 0.6  0.4 0.4 20.5  0.2 1.3 25.1  0.007 6.8 5.6  0.039 0.6 
  ────── d ──────  ──── number ────  ──── number ────  ────── g ──────  number cm 

7. LE-25-2/CG102 ½x 75.0 75.5 0.5  14.5 53.8 778.5  14.6 36.5 532.4  0.321 244.1 170.0  0.800 21.6 
 1x 76.0 76.5 0.5  14.9 53.1 789.6  14.8 35.8 529.1  0.282 148.6 148.6  0.000 20.4 
 1x to ½x         13.6 34.1 462.0  0.292 177.3 134.2  0.850 20.2 
 2x 78.5 81.5 3.0  14.2 53.4 755.3  13.9 23.7 330.2  0.192 63.6 63.6  0.000 15.1 
 2x to ½x         13.5 29.6 398.0  0.249 111.2 98.9  0.350 18.5 
 SE 1.2 1.0 0.4  0.4 0.6 13.4  0.3 1.0 11.2  0.009 9.4 5.9  0.055 0.4 
  ────── d ──────  ──── number ────  ──── number ────  ────── g ──────  number cm 

8. LE-26-5/CG102 ½x 75.0 76.0 1.0  15.8 51.0 804.9  15.7 41.0 642.6  0.278 188.8 177.8  0.300 21.6 
 1x 75.0 77.0 2.0  15.4 52.2 802.7  15.2 37.5 570.3  0.260 146.6 146.6  0.000 20.1 
 1x to ½x         15.1 36.2 546.0  0.257 156.9 141.6  0.450 20.3 
 2x 77.0 80.0 3.0  15.0 54.1 809.2  15.3 27.2 416.5  0.161 68.1 68.1  0.000 15.1 
 2x to ½x         14.6 37.0 541.4  0.203 112.3 108.8  0.150 19.5 

  SE 1.2 0.6 0.6   0.3 0.8 7.5   0.2 0.5 14.2   0.005 7.7 4.8   0.138 0.3 
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Appendix 4.1.  Daily CHU and accumulated CHU in 2015 and 2016 from 1 day after planting (DAP) (May 2nd, 2015 and May 7th, 

2016) until 1 day prior to maturity harvest (DAP144, September 22nd, 2015 and DAP151, October 4th, 2016) of the four hybrids 

(CG102/CG60, DKC38-03, LE-25-2/CG60, and LE-26-5/CG60). Average silking date of the four hybrids was DAP78 for 2015 (July 

18th, 2015) and DAP77 for 2016 (July 22nd, 2016). 
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Appendix 4.2.  Daily incident PAR (MJ m-2 d-1) and accumulated incident PAR (MJ m-2) in 2015 and 2016 from 36 days after 

planting (DAP) (June 6th, 2015 and June 11th, 2016) until 1 day prior to maturity harvest (DAP144, September 22nd, 2015 and 

DAP151, October 4th, 2016) of the four hybrids (CG102/CG60, DKC38-03, LE-25-2/CG60, and LE-26-5/CG60). Average silking 

date of the four hybrids was DAP78 for 2015 (July 18th, 2015) and DAP77 for 2016 (July 22nd, 2016). 
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Appendix 4.3.  Daily incident PAR and daily light interception in 2015 and 2016 (MJ m-2 d-1) from 36 days after planting (June 6th, 

2015 and June 11th, 2016) until 1 day prior to maturity harvest (September 22nd, 2015 and October 4th, 2016) of the four hybrids 

(CG102/CG60, DKC38-03, LE-25-2/CG60, and LE-26-5/CG60). Average silking date of the four hybrids was July 18th, 2015 and 

July 22nd, 2016. 
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Appendix 4.4.  Daily fractional canopy absorption of PAR in 2015 and 2016 from 36 days after planting (June 6th, 2015 and June 11th, 

2016) until 1 day prior to maturity harvest (September 22nd, 2015 and October 4th, 2016) of the four hybrids. Average silking date of 

the four hybrids was July 18th, 2015 and July 22nd, 2016. 
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Appendix 4.5.  Rainfall patterns in 2015 and 2016.  
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