
  

ABSTRACT 

WORTHINGTON, MARGARET LEIGH. Breeding Winter Wheat for Improved Powdery 

Mildew Resistance and Weed Suppressive Ability against Italian Ryegrass. (Under the 

direction of J. P. Murphy and S. Chris Reberg-Horton). 

 

Interest in breeding wheat (Triticum aestivum L.) cultivars adapted to organic 

production systems is growing in response to rapidly expanding market opportunities in the 

southeastern United States. Breeding for resistance to biotic stresses is a major focus of the 

North Carolina State University small grains breeding program. Resistance to these pests and 

diseases is particularly important in organic systems, where the use of synthetic fungicides 

and insecticides is prohibited. Resistance to powdery mildew (Blumeria graminis DC f. sp. 

tritici) and weed suppressive ability against Italian ryegrass (Lolium perenne L. ssp. 

multiflorum (Lam.) Husnot) are considered high priority traits for organic wheat producers in 

North Carolina. Emphasis on breeding for novel sources of powdery mildew resistance is 

essential because of the rapid evolutionary potential of the pathogen. Italian ryegrass, a major 

weed in small grain crops, has been identified as a major limitation to organic wheat 

production in the region. Although Italian ryegrass is controlled with herbicides in 

conventional production, the efficacies of popular chemical herbicide classes are threatened 

by the rapid expansion of resistant biotypes. T herefore breeders in the region are 

increasingly interested in developing weed suppressive wheat cultivars that suppress Italian 

ryegrass growth and reproduction and complement chemical herbicide options. 

The wheat germplasm line NC09BGTUM15 (NC-UM15) possesses the first form of 

powdery mildew resistance introgressed from Aegilops neglecta Req. ex Bertol. Evaluations 



  

of F2:3 families derived from the cross NC-UM15 x ‘Saluda’ indicated that a single dominant 

gene, MlUM15, conferred disease resistance. Molecular markers specific to chromosome 

7AL segregated with the resistance gene. The multi-allelic Pm1 locus also maps to this distal 

region of chromosome 7AL. Detached leaf tests revealed that NC-UM15 had a different 

disease response pattern from lines possessing alleles of the Pm1 complex. Allelism tests 

with Pm1 will be required to elucidate the relationship between MlUM15 and other Pm loci 

on 7AL. 

Research was conducted to identify indirect methods of selection for weed 

suppressive ability of winter wheat cultivars that correlate well with Italian ryegrass to wheat 

biomass ratios. Italian ryegrass seed head density and visual estimates of Italian ryegrass 

biomass during grain fill were highly correlated with Italian ryegrass to wheat biomass ratios 

and are considered appropriate indirect methods of selection for weed suppressive ability. 

Fifty-three entries from the North Carolina Official Variety Test (NC OVT) were evaluated 

for weed suppressive ability against Italian ryegrass in order to identify wheat morphological 

traits and molecular markers that could facilitate indirect selection for weed suppression. 

Weed suppressive ability was correlated (P < 0.05) with high early vigor (Zadoks GS 25 and 

29), erect growth habit (Zadoks GS 29), high leaf area index (LAI) (Zadoks GS 31), high 

vigor rating (Zadoks GS 55), and height throughout the growing season in three of four sites. 

The winter-type short vernalization allele vrn-B1a-in1 was found more commonly than 

expected by chance among highly weed suppressive lines at both sites in 2012. Research was 

also conducted to test the relative importance of allelopathy and competitive ability on weed 

suppression outcomes in the field. Fifty-eight wheat lines from the NC OVT were screened 



  

for allelopathic activity against Italian ryegrass in a seedling bioassay. Eight strongly and 

weakly allelopathic lines with varying final height were then evaluated for weed suppressive 

ability in the field. Although the allelopathic activity of genotypes differed significantly in 

the seedling bioassay, no correlations between allelopathy and weed suppression outcomes 

were found in any of the field sites. Therefore, breeders in the southeastern United States 

should focus their efforts on improving competitive traits within adapted germplasm in order 

to achieve maximum gains in weed suppressive ability. 
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INTRODUCTION 

Common wheat (Triticum aestivum L.) is essential for global food security. Wheat is 

ranked first in global grain production, supplying more than 20% of the total calories and 

protein in the human diet (Shiferaw et al., 2013). Each year over 220 million ha of wheat are 

planted and about 670 million tons are harvested depending on agro-climatic conditions. 

Wheat production is split almost evenly between industrialized and developing regions, with 

yields approximately 14% higher in the developed world (Shiferaw et al., 2013). Total global 

demand for wheat has nearly quadrupled since the 1960s, while production increased from 

222 million tons in 1961 to 674 million tons in 2010 (Shiferaw et al., 2013). Increasing 

global wheat demand has been largely been met by a combination of improved agronomic 

practices and genetic gain rather than increased area sown (Marshall et al., 2001). 

The development and adoption of high yielding dwarf wheat varieties in the Green 

Revolution dramatically increased production, especially in the developing world. Modern 

wheat varieties were adopted faster than any other innovation in agricultural history, with 

approximately 90% of area in developing countries now planted in improved high-yielding 

varieties (Shiferaw et al., 2013). Over the past five decades wheat yields have increased by 

an average of 2.24%. Wheat yields have also become markedly more stable from year to year 

during the period from 1960 to 2000, presumably due to the adoption of varieties with 

increased resistance to biotic and abiotic stresses (Gollin, 2006).   

 Despite the significant achievements produced through agricultural research and 

development in the past 50 years, continued attention and effort will be required to meet the 

demands of the future. Global demand for wheat is projected to increase by 2.6% per year 
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until 2020, while demand in the developing world is predicted to increase 60% by 2050 

(Nelson et al., 2010). Demand may also increase as a result of climate change, as wheat is 

notably water use efficient and tolerant of drought compared to other globally important 

grain crops (Ortiz et al., 2008). As these demands grow, increases in grain production have 

stagnated. While global production increased by over 4% during the first two decades of the 

Green Revolution (1960-1980), production only rose by 1.27% during the last decade (2001-

2010) (Shiferaw et al., 2013). Thus, the replacement of existing wheat varieties with higher-

yielding, disease-resistant new releases will be essential for meeting increasing global 

demand. 

Origin and Evolution of Wheat 

Wheat was domesticated about 10,000 years ago in the Fertile Crescent, a region 

including parts of southwestern Iran, Syria, central Israel, and Jordan (Salamini et al., 2002; 

Weiss and Zohary, 2011). Wheat is a self-pollinated allohexaploid (2n = 6x = 42), comprised 

of three independent genomes (AABBDD) derived from related wild species. Wild emmer 

wheat (Triticum turgidum subsp. dicoccoides Körn. ex Asch & Graebn.) (AABB; 2n = 4x = 

28) originated approximately 500,000 years ago following an interspecific cross between two 

related diploid species and spontaneous chromosome doubling. The donor of the A genome 

was T. uratu Tum. ex Gand. (Dvorak et al., 1993). The B genome of emmer and common 

wheat most closely resembles the S genome of the extant Ae. speltoides (Tausch.), but the 

actual donor is unknown (Balint et al., 2000; Sarkar and Stebbins, 1956). Hexaploid common 

wheat is the product of spontaneous chromosome doubling following hybridization between 
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tetraploid emmer wheat and diploid Ae. tauschii, the ancestor of the D genome (McFadden 

and Sears, 1946). 

Wheat in North Carolina 

 Wheat can be divided into five major market classes based on milling and baking 

characteristics and geographical production region. Grown primarily east of the Mississippi 

River, soft red winter wheat is consistently the dominant market class in North Carolina. Soft 

red winter wheat has relatively low protein content and is suitable for use in flat breads, 

cakes, pastries, and crackers as well as animal feed. Wheat is an important off-season crop in 

North Carolina, where it is often planted in rotation with corn and short season soybeans. A 

record high of 960,000 acres (388500 ha) of winter wheat were sown in the fall of 2012 

(http://usda01.library.cornell.edu/usda/current/WintWheaRy/WintWheaRy-01-11-2013.pdf), 

largely owing to the record high season-average farm price of $7.24/bu during the 2011-2012 

growing season (http://usda01.library.cornell.edu/usda/current/WHS-yearbook/WHS-

yearbook-02-05-2013.pdf). 

Organic Wheat 

Organic farming systems are based on ecological practices and prohibit the use of all 

synthetic chemicals, antibiotics, and hormones. US producers have adopted certified organic 

farming practices to capture high-value markets and premium prices, lower input costs, and 

reduce the environmental footprint of their operations. As of 2009, 37.2 million hectares 

worldwide (0.9% of arable lands) were planted in certified organic or transitional land 

(Lammerts van Bueren and Myers, 2012; Willer and Kilcher, 2011). At the same time, a 55 

billion dollar global industry existed around the sale of organic products, occupying 5% of 
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the total food market (Willer and Kilcher, 2011). The US organic industry grew at a rate of 

nearly 8% in 2010, while conventional food sales stagnated at 0.6% growth (www.ota.com). 

Growth in organic grain production is largely driven by USDA and National Organic Plan 

(NOP) regulations dictating that certified organic livestock are required to eat only organic 

feed.  Organic wheat production in the US increased from 120,800 acres in 1995 to 415,902 

acres in 2008 (USDA-ERS 2010).  While organic wheat acreage in North Carolina is still 

quite low, the market is developing rapidly.  The North Carolina organic poultry industry 

produced over 258,000 eggs and 522,000 hens in 2008 (USDA-ERS 2010).  Meanwhile, 

interest in local, organic wheat for artisanal bakeries in North Carolina is also growing 

(http://ncobfp.blogspot.com/). 

Breeding for Organics 

Organic producers generally use cultivars bred for conventional systems, but such 

lines may not be optimally adapted to their conditions (Lammerts van Bueren and Myers, 

2012). Wolfe et al. (2008) explained that cultivars used in organic production originate in 

three types of breeding programs; (a) conventional programs that produce cultivars suitable 

for organic production by chance, (b) conventional breeding programs aimed at cultivars 

adapted to organic or low-input conditions, and (c) programs conducted in fully organic 

conditions. Murphy et al. (2007) found that correlation between varietal rankings in organic 

and conventional systems was moderate to low and that direct selection in organic systems 

was the most efficient means of identifying genotypes adapted for organic production. 

Breeding programs may also conduct early generation tests in conventionally managed 

http://www.ota.com/
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environments and move on to organic conditions during advanced testing with good results 

(Löschenberger et al., 2008).  

Given the small acreage planted in organic wheat in North Carolina at present, it is 

not considered efficient to develop a parallel organic breeding program at North Carolina 

State University (NCSU). A more promising course of action is to select for traits that are 

important in organic agriculture and might not be sufficiently addressed in the conventional 

breeding program at present. Breeding lines with high yield potential and traits conferring 

adaptation to organic production can then be tested in organic conditions during advanced 

generations.   

Potential traits of importance for organic grain production systems include nutrient 

use efficiency, exploratory root architecture, mycorrhizal association, competitive ability 

against weeds, resistance to pests and diseases, and baking or nutritional quality (Lammerts 

van Bueren and Myers, 2012; Wolfe et al., 2008). Genotype by environment interactions may 

also be more important in organic systems than in conventional agriculture because organic 

environments tend to be highly heterogeneous. Therefore, emphasis should be placed on 

traits that allow adaptation to variable growing conditions (Lammerts van Bueren and Myers, 

2012). 

North Carolina organic producers can manage their soil fertility using a wide 

diversity of rotational and green manure crops as well as numerous local sources of plant and 

animal manures and by-products (Crozier, 2013). Thus, adaptation to low soil fertility 

conditions was not considered a high priority organic breeding objective at NCSU. There are, 

however, numerous pests and diseases that limit wheat yield in conventional production 
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systems in North Carolina. Resistance to these biotic stresses is even more important in 

organic systems, where the use of synthetic fungicides and insecticides is prohibited. The 

NCSU wheat breeding group already screens for resistance to major pests and diseases 

including hessian fly (Mayetiola destructor), cereal leaf beetle (Oulema melanopus), leaf rust 

(Puccinia triticina f. sp. tritici), stripe rust (Puccinia striiformis f. sp. tritici), Fusarium head 

blight (F. graminearum), powdery mildew (Blumeria graminis f. sp. tritici), Stagonospora 

nodorum blight, barley yellow dwarf virus, and soil borne mosaic virus.  

Powdery mildew disease resistance and improved weed suppression are considered 

very important traits for organic wheat production systems in the Southeast.  Powdery 

mildew screening is a high priority because of the regional importance of the disease and the 

rapid evolutionary potential of the pathogen. Although selection for increased competitive 

ability against weeds is not regularly employed in the NCSU wheat breeding group, this trait 

is very important for regional organic breeding efforts. Members of the North Carolina 

Organic Farm Advisory Board (OFAB) identified Italian ryegrass (Lolium perenne L. ssp. 

multiflorum (Lam.) Husnot) infestations as the most important agronomic limitation to 

organic wheat production in the southeastern United States and suggested that breeders select 

for lines that compete more effectively against weeds (Reberg-Horton pers. comm.). See 

Chapter 2 for a thorough review of breeding methods for improving allelopathy and 

competitive ability in grain crops.  

Wheat Powdery Mildew 

Powdery mildew is a foliar disease of wheat caused by Blumeria graminis (DC) 

Speer f. sp. tritici Em. Marchal, an obligate biotrophic fungus of the subdivision 
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Ascomycotina. This highly host-specific pathogen requires living tissue to survive and rarely 

kills its host (Agrios, 2005). Disease symptoms can occur continuously from one month after 

planting until well into the spring, when temperatures above 28°C inhibit mildew  

development (Bowen et al., 1991). The most recognizable symptoms of powdery mildew 

infection are patches of white, cottony mycelium and conidia on the leaf surface (Wiese, 

1987). These symptoms are first observed in older leaves, progressing up the canopy as the 

plant grows and the disease progresses (Bowen et al., 1991).  

Mycelium grows on the surface of the host plant, while haustoria feeding structures 

penetrate the epidermal surface of the plant in numerous places. During favorable conditions, 

B. graminis mycelium produces chains of asexual conidia that are carried by air currents and 

can serve as primary or secondary inoculum. When environmental conditions are less 

advantageous, particularly in late spring, B. graminis may reproduce sexually, producing 

cleistothecia containing one or more asci (Agrios, 2005). Under optimal conditions, B. 

graminis can complete its life cycle in 10 days, allowing for the completion of several 

generations within a single growing season. This rapid cycle time along with wide dispersal 

of spores and a mixed sexual reproduction system allowing for genetic recombination among 

races with differing virulence structures accounts for the rapid evolutionary potential of B. 

graminis (Leath and Heun, 1990; Niewoehner and Leath, 1998; Parks et al., 2008). 

Powdery mildew is common in cool, humid wheat growing regions. However, the 

adoption of high yielding semi-dwarf varieties and increased use of irrigation and fertilizer 

have increased the frequency and severity of epidemics in hotter and drier climates in recent 

decades (Bennett, 1984; Imani et al., 2002). Powdery mildew is very common and 
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economically damaging in the Southeastern US, where yield losses ranging from 17 to 34% 

have been recorded in severe epidemics (Johnson et al., 1979; Leath and Bowen, 1989).   

Powdery mildew reduces wheat yields by reducing photosynthetic capacity and 

competing for nutrients with the host plant. Powdery mildew infection is associated with 

reduced tillering, poor tiller survival, reduced kernels per head, and decreased kernel weight 

(Everts and Leath, 1992; Leath and Bowen, 1989). Grain quality can also suffer as 

carbohydrate reserves needed during grain fill are depleted, resulting in lower test weight and 

grain protein content (Everts et al., 2001; Johnson et al., 1979; Wright et al., 1995; Zulu et 

al., 1991). 

Powdery mildew control can be achieved through variety choice and a combination of 

cultural and chemical practices. Cultural control methods such as reduced planting density, 

wide row spacing, and reduced irrigation may lower canopy moisture and create an 

environment unfavorable to mildew development (Sharma et al., 2004). Reduced or delayed 

applications of nitrogen may also inhibit disease development (Olesen et al., 2003; Shaner 

and Finney, 1977). Unfortunately, these methods may also reduce the yield potential of the 

wheat crop. The application of foliar fungicides, such as propiconazole and strobilurin, may 

be economical if the upper leaves have disease symptoms covering 5 to 10% of their area 

(Cowger and Weisz, 2013). Such foliar fungicides have been shown to delay disease 

epidemics and reduce yield losses to disease, but these treatments are costly and timely 

application is essential for good control (Bowen et al., 1991; Hardwick et al., 1994). The use 

of chemical fungicides is restricted for organic producers. Consequently, the development 

and utilization of resistant cultivars is especially important in organic systems. 
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Powdery Mildew Resistance in Wheat 

The use of wheat cultivars with host plant resistance to powdery mildew is the most 

reliable, economical, and environmentally benign form of disease management. Both 

qualitative resistance and quantitative resistance to powdery mildew exist within available 

germplasm (Wang et al., 2005). Single genes (R-genes) that match corresponding avirulence 

genes (Avr-genes) in the pathogen confer qualitative, race-specific, or vertical resistance 

(Flor, 1955).  When the corresponding avirulence gene is absent from a given race of 

powdery mildew, the R gene will be ineffective and a susceptible reaction is expected. 

Qualitative R-genes are associated with a hypersensitive reaction that affords strong and 

sometimes complete resistance. Quantitative, race non-specific, or horizontal resistance, on 

the other hand, is rarely complete and is usually controlled by multiple genes of minor effect 

or quantitative trait loci (QTL). Quantitative resistance is usually first observed at the adult 

plant stage, and is often referred to as adult plant resistance (APR). Quantitative resistance is 

associated with delays and inhibition of infection, development, and reproduction of the 

pathogen (Lan et al., 2009; Miedaner and Korzun, 2012; Shaner and Finney, 1975). 

Qualitative resistance against powdery mildew is much more commonly studied and 

deployed than quantitative resistance. Breeders and growers prefer this form of resistance 

because it more easily transferred, can provide complete resistance, and can be evaluated as 

early as the seedling stage. The major disadvantage of qualitative resistance is that pathogen 

populations can evolve to overcome widely deployed R-genes over a short period of time 

(Bennett, 1984; Chen and Chelkowski, 1999). The expected effective lives of powdery 

mildew R-genes (Pm genes) are particularly short because of the rapid evolutionary potential  
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of B. graminis (McDonald and Linde, 2002; Parks et al., 2008). The most recent examples of 

important virulence shifts in North Carolina’s powdery mildew population include the failure 

of Pm4a in 2002 and Pm17 in 2009 (Cowger et al., 2009). Many popular Pm17 bearing 

cultivars including McCormick (PI 632691) and Tribute (PI 632689) were left susceptible to 

natural populations of B. graminis as a result of the virulence shift.   

The principle advantage of quantitative resistance is its durability. Widely deployed 

wheat cultivars with APR such as ‘Knox 62’ and ‘Massey’ have remained effective against 

natural populations of B. graminis for more than twenty years (Griffey and Das, 1994). 

Breeding for improved quantitative resistance has been hindered by the difficulty of 

evaluating material and accumulating multiple QTLs of small effect in new cultivars. 

Effective phenotypic selection for APR usually involves evaluation in the field over multiple 

sites, years, and growth stages (Lan et al., 2009; Mingeot et al., 2002; Muranty et al., 2009). 

The use of molecular markers linked to R-genes and QTL linked to APR genes can 

facilitate breeding with both qualitative and quantitative sources resistance. The 

identification of molecular markers closely linked with QTL allows breeders to select for 

quantitative resistance at the seedling stage and reduce the population size needed for 

recovery of a target genotype (Miedaner and Korzun, 2012). QTLs associated with 

quantitative resistance to powdery mildew have been identified in a number of studies. Most 

studies have identified one to four QTLs conferring APR (Chantret et al., 2000; Lillemo et 

al., 2006; Liu et al., 2001; Tucker et al., 2006), but Keller et al. (1999) found 18 QTLs which 

explained 77% of variation in a biparental cross.  Marker assisted selection (MAS) is likely 
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to be particularly effective when a QTL explains at least 10-20% of variance in the original 

mapping population (Miedaner and Korzun, 2012).   

Molecular markers also enable breeders to pyramid multiple qualitative resistance 

genes or QTL into a single cultivar. This strategy extends the useful life of R-genes by 

disrupting directional selection pressure and increasing the number of mutations needed for 

pathogens to overcome all resistance genes present in the host cultivar (Huang and Röder, 

2004; McDonald and Linde, 2002). Liu et al. (2000) developed three two-gene combinations 

of qualitative powdery mildew resistance genes in a Chinese wheat genotype using RFLP 

markers tightly linked to the genes Pm2, Pm4a, and Pm21. Meanwhile, at NCSU, MAS and 

doubled-haploid technologies have been employed to develop thirteen two-gene, and six 

three-gene and four-gene pyramids (Murphy et al., 2009). Control of powdery mildew is 

necessary throughout the growing season to protect yields (Bowen et al., 1991) and 

expression of different QTL can vary with plant growth stage (Bougot et al., 2006). Thus, 

Muranty et al. (2009) suggested that pyramids could also be used to combine QTL active at 

different parts of the wheat life cycle to achieve stronger resistance to powdery mildew. 

Many types of molecular markers have been used to determine the chromosomal 

location of Pm genes, including restriction fragment length polymorphisms (RFLPs), random 

amplified polymorphic DNAs (RAPDs), amplified fragment length polymorphisms (AFLPs), 

sequence-tagged sites (STS), expressed sequence tags (ESTs), diversity array technology 

markers (DArTs), and microsatellites or simple sequence repeats (SSRs) (Table 1.1). SSR 

markers are currently the most common tool used for gene localization and MAS in wheat.  

SSRs have the advantage of being abundant, codominant, highly polymorphic, generally 
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chromosome specific (Gupta et al., 1999; Röder et al., 1998). Unfortunately, SSRs are rarely 

located within the gene of interest and, thus, fail to co-segregate completely with Pm genes 

and still require post-PCR handling to separate fragments. Single nucleotide polymorphisms 

(SNPs) are even more abundant, often present within genes of interest, and well suited to 

high-throughput, low-cost detection platforms (Kanazin et al., 2002; Somers et al., 2003). 

The development of Kompetitive Allele Specific PCR (KASPar) single tube assays 

(KBioscience, Hoddesdon, UK) suitable selecting for a single trait on a large number of 

genotypes (Chen et al., 2010) and the recent construction of a SNP consensus map for 

common wheat (Cavanagh et al., 2013) make this marker type an increasingly appealing tool 

for gene localization and MAS. KASPar markers have been used in genotype assays in 

several different crops including chickpea (Cicer arietinum) (Hiremath et al., 2012), cotton 

(Gossypium hirsutum L.) (Byers et al., 2012), soybean (Glycine max) (Anh-Tung et al., 2013; 

Rosso et al., 2011), and wheat (Allen et al., 2011; Neelam et al., 2013).  However, no SNP 

markers have been linked to identified Pm genes as of yet (Table 1.1).   

Sources of Genetic Resistance: 

 To date over 70 formally designated genes conferring resistance to powdery mildew 

have been confirmed at 44 loci (Pm1 – Pm 50) (Cowger et al., 2012) (Table 1.1). An 

additional 18 temporarily designated powdery mildew resistance genes have been identified 

and require further allelism testing to establish clear relationships with existing Pm loci 

(Table 1.2). Thirty-six confirmed Pm genes originated in hexaploid wheat. Other Pm genes 

were introgressed from diploid and tetraploid relatives in the primary and secondary gene 

pools. Primary gene pool sources for Pm genes include T. turgidum L. (AABB; 2n=28) 
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subsp. carthlicum (The et al., 1979; Zhu et al., 2005), subsp. dicoccum (Chantret et al., 2000; 

Law and Wolfe, 1966; Mohler et al., 2013; Piarulli et al., 2012; The et al., 1979), and subsp. 

dicoccoides (Alam et al., 2013; Ben-David et al., 2010; Blanco et al., 2008; Hua et al., 2009; 

Ji et al., 2008b; Li et al., 2009; Liu et al., 2012b; Liu et al., 2002; Maxwell et al., 2010; 

Mohler et al., 2005; Reader and Miller, 1991; Rong et al., 2000; Xie et al., 2012; Xie et al., 

2004; Xie et al., 2003; Xue et al., 2012a; Yahiaoui et al., 2009; Zhang et al., 2010). Pm genes 

have also originated in secondary gene pool relatives such as the diploid species Ae. tauschii 

(Coss.) (DD; 2n=14) (Lutz et al., 1995; Li et al., 2011; Maxwell et al., 2012; Miranda et al., 

2006; Miranda et al., 2007a; Sun et al., 2006), Ae. speltoides (SS; 2n=14) (Hsam et al., 2003; 

Jia et al., 1996) and Ae. longissima (Schweinf. & Muschl. in Muschl.) (S
l
S

l
; 2n=14) (Ceoloni 

et al., 1992), and tetraploid species T. monococcum L. (A
m

A
m

; 2n=14) (Chhuneja et al., 

2000; Hsam et al., 1998; Miranda et al., 2007b; Schmolke et al., 2012; Shi et al., 1996; Yao 

et al., 2007) and T. timopheevii (Zhuk.) Zhuk. (A
t
A

t
GG; 2n=28) (Jarve et al., 2000; 

Jørgensen and Jensen, 1973; Maxwell et al., 2009; Perugini et al., 2008; Srnić et al., 2005). 

Homologous chromosome pairing among T. aestivum and members of the primary and 

secondary gene pools allows for relatively simple gene transfer using general breeding 

procedures including direct hybridization, homologous recombination, backcrossing, and 

phenotypic selection (Mujeeb-Kazi and Rajaram, 2002).  

Pm genes originating in the more distantly related species comprising the tertiary 

gene-pool have also been introgressed into common wheat, but require more advanced 

techniques involving chromosome breakage and translocation. Such techniques include 

producing alien chromosome addition and substitution lines and inducing homeologous 
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pairing among non-homologous chromosomes with the mutated Ph1 gene, gametocidal 

genes, or ionizing radiation (Baum et al., 1992; Jiang et al., 1994; Mujeeb-Kazi and Rajaram, 

2002). Despite the difficulties associated with wide hybridizations, Pm genes have 

successfully been introgressed into common wheat from distant relatives including Secale 

cereale L. (Friebe et al., 1994; Heun and Friebe, 1990; Hsam and Zeller, 1997; Zhuang et al., 

2011), Haynaldia villosa (L.) Schur. (Chen et al., 1995), Thinopyrum intermedium (He et al., 

2009; Luo et al., 2009), Ae. markgrafii (CC; 2n = 14) (Weidner et al., 2012), and Ae. 

geniculata Roth (UUMM; 2n=28) (Zeller et al., 2002). 

The Aegilops genus consists of 11 diploid, 10 tetraploid, and 2 hexaploid species with 

diverse genomes including D, S, U, C, and M (Van Slageren, 1994).  These species were 

important in the evolution of common wheat and are useful sources of resistance to biotic 

and abiotic stresses (Schneider et al., 2008). Only seven of the formally designated Pm genes 

originated in Aegilops species, including Ae. tauschii (Lutz et al., 1995; Miranda et al., 2006; 

Miranda et al., 2007a), Ae. speltoides (Hsam et al., 2003; Jia et al., 1996), Ae. longissima 

(Ceoloni et al., 1992), and Ae. geninculata (Zeller et al., 2002). The geographic range and 

molecular diversity of the Aegilops species suggests that they are still under-exploited as 

sources of agronomic traits and disease resistance (Schneider et al., 2008). Aegilops neglecta 

Req. ex Bertol contains both tetraploid and hexaploid genotypes (UUMM and UUMMNN) 

with cytoplasm similar to the U genome diploid species Ae. umbellulata (Van Slageren, 

1994). Aegilops neglecta accessions have been identified as promising sources of resistance 

to multiple aphid species (Smith et al., 2004), and Hessian fly (Mayetiola destructor Say) (El 

Bouhssini et al., 1998). Furthermore, an Ae. neglecta accession was the source for leaf rust 
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and stripe rust genes Lr62 and Yr42, which were successfully transferred to common wheat 

(Marais et al., 2009). No documented powdery mildew resistance genes have been 

introgressed from Ae. neglecta at this time, but the related UM genome species Ae. 

geniculata was the source of Pm29 on chromosome 7DL (Zeller et al., 2002).  

Five of the 44 formally designated Pm loci had multiple resistance alleles conferring 

resistance to various races of powdery mildew (Pm1a-e, Pm3a-t, Pm4a-d, Pm5a-e, Pm24a-b, 

and Pm8/Pm17) (Bhullar et al., 2010; Hsam and Zeller, 1997; Huang et al., 2003; Schmolke 

et al., 2012; Singrün et al., 2003; Xue et al., 2012b). Of these, the Pm3 alleles have been 

characterized and cloned (Yahiaoui et al., 2006; Yahiaoui et al., 2009). The complexity of 

these multi-allelic loci is likely underestimated by the number of formally designated alleles, 

as at least another 18 temporarily designated powdery mildew resistance genes have been 

identified which require further allelism tests to determine their relationships with formally 

designated Pm genes (Table 1.2). The arrangement of disease resistance genes in multi-gene 

families is common in many plant species (Hulbert et al., 2001; Michelmore and Meyers, 

1998). Changes in gene specificities in such clusters can arise from inter-allelic 

recombination as well as rare unequal crossing over events resulting in gene duplications, 

deletions, or chimeras between paralogs. 

Pm Loci on Chromosome 7AL 

Three formally designated Pm alleles have been identified on chromosome 7AL, 

including Pm9, Pm37, and the multi-allelic Pm1(a-e). Additionally, there are at least twelve 

temporarily designated Pm genes on chromosome 7AL, significantly more than any other 

region of the wheat genome (Table 1.2). Genes Pm1a, Pm1c, Pm1e, Pm9, and mlRD30 
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originated in common wheat (Hsam et al., 1998; Schneider et al., 1991; Singrün et al., 2003). 

Other resistance genes on chromosome 7AL originated in such diverse sources as T. 

monococcum (Pm1b, Mlm2033, PmNCA4, and PmNCA6) (Hsam et al., 1998; Miranda et al., 

2007b; Srnić et al., 2005; Yao et al., 2007); T. boeoticum (Mlm80, PmTb7A.1, and 

PmTb7A.2) (Chhuneja et al., 2012; Yao et al., 2007); T. spelta (Pm1d) (Hsam et al., 1998); T. 

timopheevii (Pm37 and MlAG12) (Maxwell et al., 2009; Perugini et al., 2008; Srnić et al., 

2005); T. dicoccoides (MlW172 and PmG16) (Ben-David et al., 2010; Ji et al., 2008b); T. 

urartu (PmU) (Qiu et al., 2005); and Ae. markgrafii (QPm.ipk-7A) (Weidner et al., 2012). In 

contrast, all but one of the 17 alleles of the Pm3 locus on chromosome 1AS originated in 

common wheat (Bhullar et al., 2010; Bhullar et al., 2009; Briggle and Sears, 1966; Yahiaoui 

et al., 2006; Yahiaoui et al., 2009; Zeller et al., 1993). Several of the temporarily designated 

genes are in close linkage with or allelic to the complex Pm1 locus based on their shared 

linkage with the molecular markers Xgwm344, Xmag2185, and Xmag1759. Among these 

genes in close linkage with the Pm1 complex are the dominant resistance genes MlAG12, 

MlW172, Mlm2033, Mlm80, PmG16, PmTb7A.2, PmU, and the recessive genes mlRD30 and 

Pm9. It is unclear whether these genes are closely linked loci in the distal region of 

chromosome 7AL or alleles at a single locus.  
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Table 1.1. Formally designated powdery mildew resistance genes in wheat listed with their chromosomal locations, source of 

resistance, first reference, available marker type, linked molecular markers, and most current reference for markers.
†
 

Locus 
Chromosome 

Location 
Source Original Reference 

Marker 

Type 
Flanking Markers Marker Reference 

Pm1a 7AL T. aestivum Sears and Briggle, 

1969 

STS MAG1702, MAG1704, 

MAG1714, MAG2166,  

MAG2185  

Yao et al., 2007 

Pm1b 7AL T. monococcum  Hsam et al., 1998    

Pm1c(Pm18) 7AL T. aestivum Hsam et al., 1998    

Pm1d 7AL T. spelta Hsam et al., 1998    

Pm1e(Pm22) 7AL T. aestivum Singrün et al., 

2003 

AFLP/ 

SSR 

Xgwm344/XS13M26-

372 

Original Reference 

Pm2 5DS Ae. tauschii  McIntosh and 

Baker, 1970;  Lutz 

et al., 1995 

SSR Xcfd81 Qiu et al., 2006 

Pm3a 1AS T. aestivum Briggle and Sears, 

1966 

STS Pm3aF/Pm3aR Tommasini et al., 

2006 

Pm3b 1AS T. aestivum Briggle and Sears, 

1966 

STS Pm3bF/Pm3bR Tommasini et al., 

2006 

Pm3c 1AS T. aestivum Briggle and Sears, 

1966 

STS Pm3cF/Pm3cR Tommasini et al., 

2006 

Pm3d 1AS T. aestivum Zeller et al., 1993 STS Pm3dF/Pm3dR Tommasini et al., 

2006 

Pm3e 1AS T. aestivum Zeller et al., 1993 STS Pm3eF/Pm3eR Tommasini et al., 

2006 

Pm3f 1AS T. aestivum Zeller et al., 1993 STS Pm3fF/Pm3fR Tommasini et al., 

2006 

Pm3g 1AS T. aestivum Yahiaoui et al., 

2006 

STS Pm3gF/Pm3gR Tommasini et al., 

2006 
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Table 1.1. Continued 

Pm3k 1AS T. dicoccoides  Yahiaoui et al., 

2009 

   

Pm3l 1AS T. aestivum Bhullar et al., 

2009 

   

Pm3m 1AS T. aestivum Bhullar et al., 

2009 

   

Pm3n 1AS T. aestivum Bhullar et al., 

2009 

   

Pm3o 1AS T. aestivum Bhullar et al., 

2009 

   

Pm3p 1AS T. aestivum Bhullar et al., 

2009 

   

Pm3q 1AS T. aestivum Bhullar et al., 

2009 

   

Pm3r 1AS T. aestivum Bhullar et al., 

2009 

   

Pm3s 1AS T. aestivum Bhullar et al., 

2010 

   

Pm3t 1AS T. aestivum Bhullar et al., 

2010 

   

Pm4a 2AL T. dicoccum  The et al., 1979 SSR/STS Xgwm356/ STS from 

BCD1231 

Ma et al., 2004 

Pm4b 2AL T. carthlicum The et al., 1979 SSR/ 

SRAP/ 

STS 

STS241, Me8/Em7-220, 

Xgwm382 

Yi et al., 2008 

Pm4c(Pm23) 2AL T. aestivum Hao et al., 2008 SSR Xbarc122/Xgwm356 Original Reference 

Pm4d 2AL T. monococcum  Schmolke et al., 

2012 

SSR/STS Xgwm526/Xbarc122 Original Reference 

Pm5a 7BL T. dicoccum Law and Wolf, 

1966 
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Table 1.1. Continued 

Pm5b 7BL T. aestivum Hsam et al., 2001    

       

Pm5c 7L T. sphaerococcum Hsam et al., 2001    

 

Pm5d 

 

7BL 

 

T. aestivum 

 

Hsam et al., 2001 

 

SSR 

 

Xgwm577, Xwmc581 

 

Nematollahi et al., 

2008 

Pm5e 7BL T. aestivum Huang et al., 2003 SSR Xgwm1267 Original Reference 

Pm6 2B T. timopheevii Jørgensen and 

Jensen, 1973 

STS NAU/STSBCD135-1, 

NAU/STSBCD135-2 

Ji et al., 2008a 

Pm7 TABS.2RL S. cereale Friebe et al., 1994    

Pm8 T1BL.1RS S. cereale Hsam and Zeller, 

1997 

STS STS95-1050 Mohler et al., 2001 

Pm9 7A T. aestivum Schneider et al., 

1991 

   

Pm10
‡
 1D T. aestivum Tosa et al., 1987    

Pm11
‡
 6BS T. aestivum Tosa et al., 1987    

Pm12 6BS Ae. speltoides  Jia et al., 1996 SSR Xbarc198, Xgdm127, 

Xcfd190, Xcfd80 

Song et al., 2007 

Pm13 T3BL.3S Ae. longissima  Ceoloni et al., 

1992 

STS Xutv13, Xutv14 Cenci et al., 1999 

Pm14
‡
 6B T. aestivum Tosa and Sakai, 

1991 

   

Pm15
‡
 7DS T. aestivum Tosa and Sakai, 

1991 

   

Pm16 5BS T. dicoccoides  Reader and Miller, 

1991 

SSR Xgwm159 Chen et al., 2005 

Pm17 T1AL.1RS S. cereale Heun et al., 1990 STS STSIAG95 Mohler et al., 2001 

Pm19 7DS Ae. tauschii Lutz et al., 1995    
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Table 1.1. Continued    

Pm20 T6BS.6RL S. cereale Friebe et al., 1994    

Pm21 T6AL.6VS H. villosa Chen et al., 1995 SCAR SCAR1265 Liu et al., 1999 

Pm24a 1DS T. aestivum Huang et al., 1997 SSR Xgwm337 Huang et al., 2000b 

Pm24b 1DS T. aestivum Xue et al., 2012b SSR Xgwm603/Xgwm789, 

Xbarc229 

Original Reference 

Pm25 1AS T. monococcum  Shi et al., 1996 RAPD OPAO4950 Original Reference 

Pm26 2BS T. dicoccoides  Rong et al., 1996 STS Xwg516 Original Reference 

Pm27 6B T. timopheevii Järve et al., 2000 SSR Xpsp3131 Original Reference 

Pm28 1B T. aestivum Peusha et al., 2000    

Pm29 7DL Ae. geniculata Zeller et al., 2002 AFLP S26M26-261/S23M16-

246 

Original Reference 

Pm30 5BS T. dicoccoides  Liu et al., 2002 SSR Xgwm159 Original Reference 

Pm31 (mlG) 6AL T. dicoccoides  Xie et al., 2003, 

2004 

SSR/ 

RGA 

Xpsp3029/RGA200, 

RGA390 

Original Reference 

Pm32 T1BL.1SS Ae. speltoides  Hsam et al., 2003    

Pm33 2BL T. carthlicum Zhu et al., 2005 SSR Xgwm526, Xwmc317 Original Reference 

Pm34 5DS Ae. tauschii  Miranda et al., 

2006 

SSR Xbarc177, Xbarc144 Original Reference 

Pm35 5DS Ae. tauschii  Miranda et al., 

2007a 

SSR Xcfd26 Original Reference 

Pm36 5BL T. dicoccoides  Blanco et al., 2008 AFLP-

EST 

XP41M37, BJ261635 Original Reference 

Pm37 7AL T. timopheevii Perugini et al., 

2008 

SSR Xgwm332, Xwmc790 Original Reference 

Pm38 7DS T. aestivum Lagudah et al., 

2009 

STS cssfr1-cssfr5 Original Reference 

Pm39 1BL T. aestivum Lillemo et al., 

2008 

SSR Xwmc719, Xhbe248 Original Reference 
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Table 1.1. Continued 
    

Pm40 7BS Thinopyrum 

intermedium 

Luo et al., 2009 SSR Xwmc335, Xgwm297 Original Reference 

Pm41 3BL T. dicoccoides  Li et al., 2009 EST/SSR BE489472, Xwmc687 Original Reference 

Pm42 

(recessive) 

2BS T. dicoccoides  Hua et al., 2009 EST/SSR BF146221, Xgwm148 Original Reference 

Pm43 2DL Thinopyrum 

intermedium 

He et al., 2009 SSR Xwmc41, Xbarc11 Original Reference 

Pm44       

Pm45 6DS T. aestivum Ma et al., 2011 SSR/STS Xcfd80, 

Xmag6139/Xmag6140 

Original Reference 

Pm46 5DS T. aestivum Gao et al., 2012 SSR Xgwm205/Xcfd81, 

Xmp510, Xgpw302, 

Xcfd67,Xwmc608 

Original Reference 

Pm47 7BS T. aestivum Xiao et al., 2013 EST/SSR BE606897/Xgwm46 Original Reference 

Pm50 2AL T. dicoccum  Mohler et al., 2013 SSR Xgwm294 Original Reference 
†
Table adapted from Cowger et al. (2012) 

‡
Resistant to B. graminis f. sp. agropyri
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Table 1.2. Temporarily designated powdery mildew resistance genes in wheat listed with 

their chromosomal locations, source of resistance, and first reference.
†
 

Locus 

Chromosome 

Location Source Reference 

QPm.ipk-1A 1AS Ae. markgrafii Wiedner et al., 2012 

pmX 2AL T. aestivum Fu et al., 2013 

PmWP6192 2AL T. polonicum Liu et al., 2012a 

PmLK906 2AL T. aestivum Niu et al., 2008 

PmHNK54 2AL T. aestivum Xu et al., 2011 

PmDR147 2AL T. durum Zhu et al., 2004 

PmPS5a 2AL T. carthlicum Zhu et al., 2005 

MlAB10 2BL T. dicoccoides Maxwell et al., 2010 

mlZec 2BL T. dicoccoides Mohler et al., 2005 

MllW170 2BS T. dicoccoides Liu et al., 2012b 

Ml5323 2BS T. dicoccum Piarulli et al., 2012  

PmJzHM2RL 2RL S. cereale Zhuang et al., 2011 

PmHNK 3BL T. aestivum Xu et al., 2010 

PMG25 5BL T. dicoccoides Alam et al., 2013 

PmAS846 5BL T. dicoccoides Xue et al., 2012a 

Ml3D232 5BL T. dicoccoides Zhang et al., 2010 

Pm-M53 5DL Ae. tauschii Li et al., 2011 

PmY201 5DL Ae. tauschii Sun et al., 2006 

PmY212 5DL Ae. tauschii Sun et al., 2006 

PmLX66 5DS T. aestivum Huang et al., 2012 

mlRE 6AL T. dicoccum Chantret et al., 2000 

PmG3M 6BL T. dicoccoides Xie et al., 2012 

PmG16 7AL T. dicoccoides Ben-David et al., 2010 

PmTb7A.2 7AL T. boeoticum Chhuneja et al., 2012 

PmTb7A.1 7AL T. boeoticum Chhuneja et al., 2012 

mlWI72 7AL T. dicoccoides Ji et al., 2008b 

MlAG12 7AL T. timopheevii Maxwell et al., 2009 

PmNCA6 7AL T. monococcum Miranda et al., 2007b 

PmU 7AL T. urartu Qiu et al., 2005 

mlRD30 7AL T. aestivum Singrün et al., 2004 

PmNCA4 7AL T. monococcum Srnić et al., 2005 

PmNCAG11 (now Pm37) 7AL T. timopheevii Srnić et al., 2005 

QPm.ipk-7A 7AL Ae. markgrafii Weidner et al., 2012 

Mlm2033 7AL T. monococcum Yao et al., 2007 

Mlm80 7AL T. boeoticum Yao et al., 2007 
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Table 1.2. Continued 

Mlxbd 7BL T. aestivum Huang et al., 2000a 

MINCD1  7DS Ae. tauschii Maxwell et al., 2012 
†
Table adapted from Cowger et al. (2012) 
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CHAPTER 2 

Breeding Cereal Crops for Enhanced Weed Suppression: Optimizing Allelopathy and 

Competitive Ability 

 

Worthington, M. and S.C. Reberg-Horton. 2013. Breeding Cereal Crops for Enhanced Weed 

Suppression: Optimizing Allelopathy and Competitive Ability. Journal of Chemical Ecology. 

39:213-231. doi:10.1007/s10886-013-0247-6 
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Abstract - Interest in breeding grain crops with improved weed suppressive ability is 

growing in response to the evolution and rapid expansion of herbicide resistant populations 

in major weeds of economic importance, environmental concerns, and the unmet needs of 

organic producers and smallholder farmers without access to herbicides.  This review is 

focused on plant breeding for weed suppression; specifically, field and laboratory screening 

protocols, genetic studies, and breeding efforts that have been undertaken to improve 

allelopathy and competition in rice, wheat, and barley.  The combined effects of allelopathy 

and competition determine the weed suppressive potential of a given cultivar, and research 

groups worldwide have been working to improve both traits simultaneously to achieve 

maximum gains in weed suppression.  Both allelopathy and competitive ability are complex, 

quantitatively inherited traits that are heavily influenced by environmental factors.  Thus, 

good experimental design and sound breeding procedures are essential to achieve genetic 

gains.  Weed suppressive rice cultivars are now commercially available in the U.S. and China 

that resulted from three decades of research. Furthermore, a strong foundation has been laid 

during the past 10 years for the breeding of weed suppressive wheat and barley cultivars.    
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Introduction 

Plant breeders around the world devote significant time and resources to breeding for 

improved yield, adaptation, and resistance against pests and diseases; but herbicide use is 

routine in breeding trials, essentially precluding selection for weed suppressive ability.  In 

fact, research has suggested that historical cultivars often have better weed suppressive 

ability than modern cultivars (Lemerle et al. 2001a; Bertholdsson 2004; Vandeleur and Gill 

2004; Wicks et al. 2004; Mason et al. 2007; Murphy et al. 2008; Wolfe et al. 2008). Interest 

in breeding grain crops with improved weed suppression is growing in response to the 

evolution and rapid expansion of herbicide resistant weed populations (Carey et al. 1995; 

Heap 2012), and the unmet needs of organic producers (Wolfe et al. 2008; Hoad et al. 2012) 

and smallholder farmers in the developing world without access to herbicides (Courtois and 

Olofsdotter 1998; Touré et al. 2011).  In such smallholder systems weeds are the major 

constraint to upland rice (Oryza sativa) production and hand weeding is the major source of 

control (Johnson et al. 1998; Fofana and Rauber 2000; Touré et al. 2011). Breeding for 

disease and pest resistance has led to decreased demand for fungicides and insecticides; 

however herbicide use is still increasing in Asia and many other areas (Olofsdotter et al. 

2002; Chauhan 2012). Additionally, researchers have reported that yield losses due to weeds, 

particularly barnyardgrass (Echinochloa crus-galli), are increasing as Asian farmers switch 

from labor-intensive hand transplanting to direct seeded systems for rice production (Kim 

and Shin 1998; Kong et al. 2011; Chauhan 2012).  

Weeds can be combated with cultural practices such as mechanical cultivation 

(Murphy et al. 2008), high density planting (Korres and Froud-Williams 2002; Paynter and 
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Hills 2009; Beres et al. 2010), narrow row spacing (Champion et al. 1998; Drews et al. 

2009), flaming (Knezevic 2011), robotic weeding (van der Wiede et al. 2008), cover 

cropping (Reberg-Horton et al. 2012), and the use of no-till residues (Nord et al. 2011). 

Developing grain cultivars with superior competitive ability against weeds will complement 

cultural methods for weed control in maintaining acceptable yields and suppressing weed 

populations.  These crop plants will likely not eradicate weeds as thoroughly as synthetic 

herbicides, but rather allow for coexistence of competing weed plants with much reduced 

vigor (Fitter 2003).  Weed suppressive cultivars could be employed as a supplement to 

herbicides because herbicide performance is often improved when competitive cultivars are 

used (Lemerle et al. 1996).  Less frequent or reduced rates of herbicide application in 

combination with competitive cultivars has the potential to be an economically viable 

alternative to conventional weed management (Gealy et al. 2003), although extended use of 

sub optimal herbicide rates is thought to hasten the development of herbicide-resistant weed 

populations.      

Variation in weed suppressive ability has been observed between crop species 

(Satorre and Snaydon 1992; Lemerle et al. 1995; Seavers and Wright 1999; Bertholdsson 

2005) and among cultivars of the same species.  An ideal crop cultivar will suppress weed 

growth and reproduction while maintaining acceptable yields in weedy conditions. The 

ability to sustain higher yields relative to other cultivars in the presence of weeds is 

sometimes referred to as tolerance (Goldberg 1990).  Many studies have found that weed 

biomass suppression and yield tolerance are broadly correlated (Challaiah et al. 1986; Wicks 

et al. 1986; Balyan et al. 1991; Huel and Hucl 1996; Lemerle et al. 1996; Fofana and Rauber 
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2000; Lemerle et al. 2001a; Gealy and Moldenhauer 2012). Still others have found no 

relationship between tolerance and weed suppressive ability (Coleman et al. 2001; Cousens 

and Mokhtari 1998). Jordan (1993) contended that tolerance and weed suppression can result 

from different mechanisms and may or may not be correlated.  Therefore, these factors 

should be measured independently.  

The weed suppressive ability of a given cultivar can also be described as its 

‘interference potential’.  Interference, the induced effect by an individual on a neighbor 

through changes in the environment, consists of the combined effects of competition and 

allelopathy (Harper 1977).  Competition is based on the ability of a crop cultivar to access 

scarce light, nutrients, and water resources in a limited space, thus suppressing the growth 

and reproduction of nearby weed species.  Allelopathy is a process by which plants suppress 

neighbors by exuding phytotoxins into the near environment (Muller 1969).  The combined 

effects of allelopathic activity and the set of traits impacting competitive ability determine 

the interference potential of each cultivar. Allelopathy works in conjunction with 

competition, and breeders should strive to improve both simultaneously to achieve maximum 

weed suppression (Olofsdotter et al. 2002). 

During the past 50 years many research programs have screened grain species for 

allelopathy and competition.  Allelopathy screenings have been conducted in a number of 

species including oat, Avena sativa (Fay and Duke 1977); rye, Secale cereale (Perez and 

Ormenonunez 1993; Reberg-Horton et al. 2005; Kruidhof et al. 2009; Brooks et al. 2012); 

cassava, Manihot esculenta (Huang et al. 2010); sunflower, Helianthus annuus (Wilson and 

Rice 1968); and sorghum, Sorghum bicolor (Alsaadawi et al. 1986; Cheema et al. 2009).  
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Research on competitive ability has been conducted in several species including maize, Zea 

mays (So et al. 2009; Silva et al. 2010); soybean, Glycine max (Jannink et al. 2000; Place et 

al. 2011); sorghum (Guneyli et al. 1969; Wu et al. 2010); and canola, Brassica napus 

(Lemerle et al. 2010).  In this review we will focus on examples from research and breeding 

efforts in rice, wheat (Triticum aestivum), and barley (Hordeum vulgare) because of the 

extensive work accomplished to date and the successful integration of allelopathy and 

competition research in these crops. 

In order to successfully improve a trait through breeding, there must be variation in 

the trait among available germplasm and the trait must be heritable; that is, a significant 

portion of the observable phenotypic variation expressed among genotypes must be 

attributed to genotypic differences (Fehr et al. 1993).  Furthermore, any released lines will 

have to yield comparably well to commercial cultivars and meet all other agronomic and 

market requirements.  Courtois and Olofsdotter (1998) suggested that scientists need to 

establish good screening techniques, verify the existence of genetic variability for weed 

suppressive ability in available germplasm, and understand genetic control of weed 

suppressive traits in order to develop appropriate breeding programs. 

Much progress has been made to identify allelochemicals and biochemical 

mechanisms of allelopathy (see Belz 2007 for review).  While such research is important to 

further the field of allelopathic research, this review is focused on plant breeding for weed 

suppression.  Specifically, we will review field and laboratory screening protocols, genetic 

studies, and breeding efforts that have been undertaken to improve allelopathy and 

competitive ability in cereal crops. We conclude with a discussion of potential methods to 
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optimize research efforts and to move weed suppressive crops out of the laboratory and into 

farmers’ fields. 

Screening Methods 

When beginning a new breeding program researchers must first decide how to screen 

germplasm for weed suppressive ability in order to select promising parent material.   The 

obvious choice is to conduct initial trials in weedy field conditions, but environmental 

variation and genotype by environment interactions can make efficient phenotypic selection 

difficult (Coleman et al. 2001). Furthermore, allelopathy and competition function together to 

suppress weeds and are virtually impossible to distinguish between in field studies (Inderjit 

and delMoral 1997).  Laboratory or greenhouse bioassays controlling for genotypic variation 

in competition for light, water, and nutrients should be considered as an initial screening tool, 

or supplement for allelopathic research, in order to identify lines which may lack competitive 

traits but possess superior allelopathic activity. 

Ultimately, a breeding program for allelopathy must include both field and laboratory 

components to make genetic gains.  However, lines with superior competitive ability can 

usually be evaluated and selected in the field alone.  Field studies often have complications 

even when allelopathy is not considered, but if the effects of competition or allelopathy are 

not observable in the field then they are ultimately not worth the effort or resources of 

breeders. 

Field Screening for Weed Suppression. Rice cultivars and accessions have been screened for 

weed suppressive ability in field trials conducted in Arkansas (Dilday et al. 1991; Dilday et 

al. 1994), Australia (Seal et al. 2008), the Philippines (Courtois and Olofsdotter 1998), China 
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(Chen et al. 2008; Kong et al. 2011), Africa (Fofana and Rauber 2000), and Cambodia 

(Pheng et al. 2009b).  Wheat lines have been tested for weed suppressive ability in Australia 

(Lemerle et al. 1996; Lemerle et al. 2001a), Canada (Mason et al. 2007; Mason et al. 2008), 

India (Balyan et al. 1991), Germany (Verschwele et al. 1993), Sweden (Bertholdsson 2005; 

Bertholdsson 2010; Bertholdsson 2011), the U.S. (Wicks et al. 1986; Wicks et al. 2004), and 

the U.K. (Seavers and Wright 1999). Barley lines have been tested for weed suppression in 

the field in Australia (Paynter and Hills 2009), Brazil (Galon et al. 2011), Canada 

(O’Donovan et al. 2000; Watson et al. 2006), Denmark (Christensen 1995), and Sweden 

(Bertholdsson 2004; Bertholdsson, 2005; Bertholdsson 2007). In each study, the field 

experiments were designed differently depending on the specific research objectives and 

available resources.  Although there is no one correct experimental design, we present some 

of the choices, tradeoffs, and limitations that researchers must make and present suggestions 

to optimize research outcomes. Lemerle (2001b) presents a very thorough review of 

experimental designs for evaluating weed suppressive ability in wheat.    

 Some researchers hoping to screen cultivars or breeding lines for weed suppressive 

ability have used natural weed populations (Dilday et al. 1991; Fofana and Rauber 2000; 

Mason et al. 2007), while others have overseeded plots with a selected weed species 

(Coleman et al. 2001; Lemerle et al. 2001a). Although natural weed populations may be 

more relevant to conditions in farmers’ fields and provide evidence of suppressive activity 

against several important weed species, it may be difficult to achieve uniform weed densities 

and therefore to obtain good estimates of weed suppressive ability. Even in experiments 

where weeds are directly seeded, obtaining uniform weed densities is sometimes 
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problematic.  Therefore, Cousens and Mokhtari (1998) used crop establishment counts as a 

covariate to control for differences across plots.   

Weed density may also influence the effectiveness of screening breeding lines for 

weed suppressive ability (Cousens and Fletcher 1990).  Lemerle et al. (2001b) suggested that 

densities of at least 400-500 rigid ryegrass (Lolium rigidum) plants were necessary to show 

differences in wheat yield under weedy conditions. Other research indicated that lower 

seeding rates may also be acceptable as varietal rankings for weed suppressive ability 

remained constant across seeding rates (Cousens and Fletcher 1990).  Researchers must 

strive to create a level of weed infestation representative of farmers’ fields, while maintaining 

weed pressures that are sufficient to discern differences in competitive ability among 

genotypes.   

Studies on weed suppressive ability in wheat are typicality conducted in weedy plots 

with no herbicide treatment. However, many rice weed suppression studies have employed 

fewer applications or lower herbicide rates to give the crop a competitive advantage against 

weeds.  USDA researchers in Arkansas routinely sprayed barnyardgrass with a quarter rate of 

propanil to give crop plants a competitive advantage and enable the detection of genotypic 

differences in competitive ability (Gealy et al. 2003; Gealy et al. 2005; Gealy and 

Moldenhauer 2012; Gealy and Yan 2012).  Similarly, (Kong et al. 2011) tested suppressive 

lines combined with low-dose bensulfuron methyl (25 g ai ha
-1

). In studies of rice 

competition for smallholders in the developing world, single hand-weedings early in the 

growing season were used to reduce weed pressure to levels where rice accessions expressed 

differential weed suppressive abilities (Fofana and Rauber 2000; Pheng et al. 2009b).  
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Environmental variance and genotype by environment interactions can obscure 

genotypic differences in weed suppressive ability and hinder phenotypic selection (Coleman 

et al. 2001). For example, Gealy and Yan (2012) found that barnyardgrass suppression of 

their most competitive accession was 1.3 -1.5 times greater than in commercial long grain 

rice cultivars, but genotypic differences were non-significant.  The power to detect 

significant differences between cultivars was hindered by high levels of environmental 

variance within the study location and the small quadrat area used to obtain biomass 

estimates.  Varietal rankings for weed suppressive ability are often inconsistent across 

growing seasons (Seavers and Wright 1999) and study locations (Mokhtari et al. 2002), 

indicating strong genotype by environment interactions.  Screening must, therefore, be 

conducted in multiple growing environments and years to obtain valid estimates of the weed 

suppressive ability of lines.   

The number of replications and locations that can be tested is limited by the time and 

labor required to measure weed biomass at the end of the season.  Weed biomass is generally 

cut from a randomly placed quadrat and separated from crop biomass by hand to obtain 

ratings of weed suppressive ability.  To compensate for the time required to cut and separate 

biomass from each plot, researchers have used fewer replicates or cut very small quadrats 

(usually less than 1 m
2
). Bertholdsson (2005) measured weed suppression by sampling a 0.25 

m
2
 area of weed biomass in each plot, for example, and found high standard errors between 

replications. 

Counting weed reproductive structures instead of sorting biomass may be a more 

efficient means of screening lines for weed suppressive ability.  Wilson (1988) and Korres 
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and Froud-Williams (2002) found a positive linear relationship between weed biomass m
-2

 

and reproductive structures m
-2

 for a number of important broadleaf and annual grass weeds 

of winter wheat.  Counts of seed heads or reproductive structures may be a more informative 

measure of weed suppressive ability because they have a direct impact on the weed seed 

bank in the following season. Visual ratings of weed suppression have been in rice used to 

evaluate genotypic differences in weed suppressive ability (Dilday et al. 1991; Dilday et al. 

1994), but a very strong suppressive effect is necessary to differentiate suppressive cultivars 

from non-competitive types.  

 The high number of replicates involved and labor intensive procedure required for 

rating weed suppression in the field necessitates evaluating a limited number of genotypes.  

While some studies screen a large number of genotypes for weed suppression (Dilday et al. 

1991; Hassan et al. 1998; Lemerle et al. 2001a), most evaluate less than 100 genotypes 

(Challaiah et al. 1986; Bertholdsson 2005; Bertholdsson 2011), and many less than 10 

(Verschwele et al. 1993; Johnson et al. 1998; Seavers and Wright 1999; Gealy and 

Moldenhauer 2012).  Johnson et al. (1998) noted that the labor requirements and plot sizes 

required to screen genotypes for weed suppression limited their ability to evaluate a large 

amount of material and to identify the most promising lines. 

Identification of Competitive Traits 

Competitive ability is conferred by a combination of morphological traits that allow 

the crop to access more limited resources than neighboring weeds.  Understanding what traits 

are most strongly associated with competitive advantages enables breeders to indirectly 

select for weed suppressive lines in weed free environments, allowing them to screen their 
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entire breeding nurseries (Gibson et al. 2003; Zhao et al. 2006a; Zhao et al. 2006b; 

Bertholdsson 2011). If the product of the heritability of a specific competitive trait and its 

correlation with the weed biomass suppression of a cultivar is greater than the heritability of 

weed suppression, then indirect selection will be more efficient than direct selection for weed 

suppressive ability (Falconer 1981; Gallais 1984). Even if indirect selection is less effective 

than direct selection for weed suppressive ability, breeders may still be able to screen their 

entire weed free nurseries and judiciously choose lines that are likely to have superior weed 

suppressive ability.  These selected lines can subsequently be evaluated in smaller trials 

where cultivars are overseeded with weeds. Researchers have identified several traits 

associated with superior competitive ability in wheat, barley, and rice including end of 

season cultivar height (Challaiah et al. 1986; Blackshaw 1994; Huel and Hucl 1996; Lemerle 

et al. 1996; Coleman et al. 2001; Vandeleur and Gill 2004; Mason et al. 2007; Murphy et al. 

2008; Gealy and Moldenhauer 2012), tillering capacity (Challaiah et al. 1986; Blackshaw 

1994; Lemerle et al. 1996; Coleman et al. 2001; Korres and Froud-Williams 2002; Wicks et 

al. 2004; Mason et al. 2007; Mason et al. 2008), leaf angle and canopy structure (Huel and 

Hucl 1996; Lemerle et al. 1996; Seavers and Wright 1999; Korres and Froud-Williams 2002; 

Drews et al. 2009), early vigor (Wicks et al. 1986; Huel and Hucl 1996; Acciaresi et al. 2001; 

Lemerle et al. 2001; Zhao et al. 2006a; Mason et al. 2007), and time to maturity (Huel and 

Hucl 1996; Mason et al. 2007). 

Selecting a Competitive Ideotype. Olofsdotter (2002) suggested that breeders should select 

for a competitive ‘ideotype’ with a combination of several morphological traits associated 

with competitive ability.  Donald and Hamblin (1976) proposed that a competitive wheat 
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ideotype was taller, high tillering, had extensive leaf display, and yielded well in mixture and 

poorly in monoculture.  Weed suppressive rice lines in West Africa accumulated more 

biomass, produced more tillers, and had a higher Leaf Area Index (LAI) (Johnson et al. 

1998).  Huel and Hucl (1996) found that the most tolerant spring wheat genotypes in western 

Canada had high biomass and long flag leaves, good ground cover, and were tall.  Other 

Canadian spring wheat breeders found that taller lines with fast early season growth, early 

maturity, and greater number of fertile tillers had the most competitive ideotype (Mason et al. 

2007).  In contrast, Coleman et al. (2001) found that the most competitive wheat genotypes in 

Australia had tall final height and good early vigor, but were late maturing and had shorter 

shoot length at stem extension.  It is clear that no one ideotype is appropriate for every 

environment. Different combinations of traits will confer the greatest competitive advantage 

to grain cultivars depending on the growing season climatic conditions, weed species of 

importance, and timing of competition.   

The most competitive plants will also have good biotic and abiotic stress resistance 

(Olofsdotter et al. 2002).  Wicks et al. (2004) found that Siouxland, a tall cultivar that was 

previously shown to compete well against weeds, was a very poor suppressor during a severe 

leaf rust epidemic owing to its susceptibility.  Winter hardiness also contributed to weed 

suppressive ability among winter wheat cultivars in Nebraska (Wicks et al. 2004).  Cousens 

and Mokhtari (1998) measured the tolerance of 17 spring wheat cultivars overseeded with 

rigid ryegrass in multiple years and locations across Australia.  The performance of the 

cultivars was erratic across environments; only one cultivar was consistently ranked as 

tolerant in all study locations.  Timing of drought might have influenced competitive traits 
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differentially across environments; early maturing lines performed better in environments 

with low water availability late in season (Mokhtari et al. 2002).  Lemerle et al. (2001a) also 

found that rankings of the most competitive genotypes of Australian wheat were inconsistent 

across environments. The correlation between weedy and weed free yield was high, 

suggesting that local adaptation was important for competitiveness (Lemerle et al. 2001a).  A 

decentralized approach to breeding may thus be appropriate for weed suppressive ability.  

Breeders in each major production region will need to conduct pilot trials to determine the 

traits that confer the most competitive advantage to crop cultivars and screen adapted 

material that meets agronomic criteria and performs well in the target environment. 

 When choosing traits appropriate for indirect selection, breeders must consider the 

heritability of those traits and practical constraints to obtaining these data.  Rapid gains from 

selection could be obtained by selecting for high heritability traits such as early vigor, height, 

and time to maturity. Many traits that have been implicated in competitive interactions (such 

as tiller counts and root traits) cannot be practically measured or selected for in breeding 

programs with thousands of field plots.  Destructive measurements such as early biomass 

production are also inappropriate for indirect selection because they are time consuming to 

measure and prevent the researcher from evaluating other traits.  Such measurements may be 

appropriate if they could be estimated with a visual rating or obtained with tools such as non-

imaging spectrophotometers.   

Genetics of Competitive Ability 

 An understanding of the genetics of competition can help researchers design 

appropriate breeding schemes and enable Marker Assisted Selection (MAS).  Weed 
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suppressive ability and tolerance were normally distributed in progeny from crosses between 

competitive and non-competitive grain cultivars, indicating a quantitative mode of 

inheritance and control by a number of genes with moderate to minor effects (Coleman et al. 

2001; Mokhtari et al. 2002).  

Mokhtari et al. (2002) scored tolerance in two F2:3 populations; one derived from a 

cross between locally adapted Australian wheat cultivars with early flowering dates, and the 

other from a cross between late flowering cultivars.  Utilizable levels of genetic variation for 

tolerance were found in adapted material and the narrow-sense heritability for tolerance was 

estimated at 0.25 and 0.57 on an entry mean basis in the early and late crosses, respectively. 

In the early cross, the relative efficiency of indirect selection for number of seed heads per 

plant and total dry weight in monoculture was greater than direct selection. No 

morphological traits measured in the late cross had the combination of high heritability and 

correlation with tolerance necessary to achieve greater efficiency than direct selection 

(Mokhtari et al. 2002). 

In a trial measuring heritability and potential for indirect selection in 40 upland rice 

cultivars over three years, Zhao et al. (2006a) predicted an entry mean broad-sense 

heritability of 0.79 for weedy yield and 0.64 for weed biomass. Zhao et al. (2006b) also 

found high broad sense heritabilities for visual ratings of early vigor (0.88) and height (0.81) 

four weeks after seeding.   Height (r = -0.93) and vigor rating (r = -0.59) four weeks after 

seeding were also strongly, but negatively correlated with weed biomass at thirteen weeks 

after seeding, making them good candidates for indirect selection (Zhao et al. 200b). 
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Coleman et al. (2001) found that the entry mean narrow-sense heritability of 

morphological traits associated with weed suppressive ability varied significantly; flowering 

date was estimated at 0.99, height at stem elongation at 0.90, tiller number at 0.34, leaf area 

index during stem extension at 0.18-0.31, and crop dry matter during tillering at 0.18.  

Heritability estimates depended on the population being studied and the experimental 

conditions.  Based on these results, we can conclude that weed suppressive ability is a 

moderately heritable trait and that indirect selection for morphological traits associated with 

superior competitive ability in weed-free plots may be advantageous in some instances.   

Zhang (2005) investigated the genetic control of early vigor traits including seedling 

germination, shoot length, and dry matter weight in a population derived from a cross 

between a weed suppressive indica rice line and a non-weed suppressive japonica cultivar.  

Thirteen quantitative trait loci (QTL) were identified, each controlling 5-10 percent of 

variation in components of early vigor. Coleman et al. (2001) also identified QTL associated 

with important morphological traits implicated in weed competition in a double haploid 

mapping population.  Time to anthesis, flag leaf size, height at stem elongation, and size of 

first two leaves were mapped to similar positions on chromosomes 2B and 2D in both years 

of the study. The position of the locus associated with time to anthesis on chromosome 2D 

suggested that it could be a photoperiod insensitivity gene.  Height at anthesis was controlled 

by a locus at 4B corresponding to the position of dwarfing gene Rht-B1b (Coleman et al. 

2001).  However, given that different traits appear to confer weed suppressive ability in 

different environments, each research group should conduct separate QTL analysis to find 

the genomic regions associated with weed suppressive ability in their own populations.  The 
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identification of QTLs associated with weed suppression can further breeding activities 

through the discovery of molecular markers closely linked with genes controlling traits for 

selection.  Those markers can then be incorporated into MAS activities that can increase the 

efficiency of selection and breeding (Paterson et al. 1988).   

Marker assisted selection is likely to be particularly beneficial in increasing early 

vigor in wheat. Taller historical cultivars, lacking modern dwarfing genes, have shown 

superior weed suppressive ability.  However, very tall wheat cultivars are undesirable 

because of their susceptibility to lodging and low harvest index (Murphy et al. 2008).  The 

dwarfing genes Rht-B1b and Rht-D1b, which are present in most modern wheat cultivars, 

confer reduced final cultivar height and also suppress early vigor and sensitivity to giberellic 

acid.  Research on breeding for early vigor in Australia suggested that alternate dwarfing 

genes, such as Rht-8, may reduce final cultivar height without reducing early vigor (Rebetzke 

and Richards 1999).  Thus, wheat cultivars with alternate dwarfing genes could be good 

suppressors of weeds.  Addisu et al. (2009) grew wheat lines with different dwarfing genes in 

organic and conventional production systems and found that genotypic differences in yield 

and weed suppression were exaggerated in organic conditions.  Reduced height gene Rht-8 

was positively associated with winter survival and early season growth, but neighboring 

photoperiod insensitivity gene Ppd-D1a had an even stronger effect on early vigor (Addisu et 

al. 2009).  Worland (1996) identified genes controlling flowering time including 

vernalization genes on the group 5 chromosomes, photoperiod genes on the group 2 

chromosomes, and earliness per se genes throughout the genome.  Closely linked markers are 

available for many dwarfing, vernalization, and photoperiod genes (Graingenes 
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wheat.pw.usda.gov/).  Further research is needed to determine the importance of these genes 

to weed suppressive ability in different growing environments. 

Allelopathy Bioassays 

Laboratory bioassays for allelopathy accompanied initial field screenings in rice, and 

until recently, were the only screening tools used to evaluate allelopathy in wheat and barley 

(Belz 2007). The advantages of laboratory or greenhouse bioassays over field screening 

include the ability to differentiate allelopathic effects from competitive interactions and the 

increased heritability conferred by controlled settings where environmental variance is 

minimized (Coutois and Olofsdotter 1998).  Olofsdotter et al. (2002) found that the entry 

mean narrow-sense heritability estimates of individual allelopathy screening experiments 

ranged from 0.72 to 0.85, a significant improvement over estimates for weed suppressive 

ability in the field.  Jensen et al. (2008) reported that entry mean broad-sense heritability 

estimates for rice allelopathy depended on the screening method used and ranged from 0.71 

for barnyardgrass root length inhibition in ‘relay seeding’ assays, to 0.74 and 0.43, 

respectively, for barnyardgrass shoot and root biomass reduction in pot screening assays 

conducted in the greenhouse.  

Screening bioassays must be inexpensive, convenient, rapid, reproducible, and simple 

to operate to be practical for plant breeding (Wu et al. 2001).  When choosing a screening 

technique, researchers must balance the need to effectively distinguish between allelopathy 

and other forms of plant-plant interaction and the benefits of representing natural conditions 

as closely as possible (Inderjit and Olofsdotter 1998). Wu et al. (2001) presented a thorough 

review of the available screening methods for evaluating crop allelopathic potential.  
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Seedling screening bioassays including the ‘plant-box method’ (Fujii et al. 1992), the ‘relay-

seeding technique’ (Navarez and Olofsdotter 1996), the ‘equal-compartment-agar-method’ 

(Wu et al. 2000b), and hydroponic methods (Belz and Hurle 2004; Kim et al. 2005; He et al. 

2012) have been popular techniques for allelopathy research.  In such bioassays, seedlings of 

the crop (donor) species are generally grown with seedlings of weed (receiver) species for a 

specified period of time. Allelopathic potential is then measured as depressed receiver root 

or shoot development, as compared to a control (where the receiver is grown in the absence 

of any donor species).    

 Rice cultivars do not appear to have consistent allelopathic activity against multiple 

families of weeds (Dilday et al. 1991; Hassan et al. 1994; Navarez and Olofsdotter 1996; 

Dilday et al. 1998; Hassan et al. 1998; Olofsdotter et al. 1999; Seal et al. 2008; Seal and 

Pratley 2010).  However, many rice cultivars may be able to inhibit the growth of several 

related species of weeds (Seal et al. 2010).  Seal at al. (2010) tested the allelopathic potential 

of 27 rice lines against barnyardgrass and a number of endemic Australian weeds from the 

Alismataceae family using the ‘equal compartment agar method.’ The seven most 

suppressive cultivars reduced weed root growth by over 90 percent, while non-allelopathic 

cultivar Langi actually stimulated barnyardgrass root growth by 20 percent.  A few cultivars 

were allelopathic against the whole spectrum of weed species tested, but others were able to 

suppress the growth of only one or a few weed species. Correlation between allelopathic 

activity against barnyardgrass and giant arrowhead (Sagittaria montevidensis) was lowest (r 

= 0.58), reflecting the observance that allelopathic potential rarely extends to multiple 

families of weeds.  However, correlation between allelopathic activity against grassy 
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arrowhead (Sagittaria graminea) and lance-leaved water plantain (Alisma lanceolatum) was 

0.93, indicating that allelopathic potential was relatively consistent within weed families.  

Allelopathic activity in wheat and barley may be effective against a wider range of weed 

species.  Bertholdsson (2005) found similar results when screening spring wheat and barley 

cultivars for allelopathic potential using oilseed rape (Brassica napus) and perennial ryegrass 

(Lolium perenne) as receiver species in the ‘equal compartment agar method’.  However, in 

a subsequent study, Bertholdsson (2011) found that the potential allelopathic activity of 

winter wheat cultivars against mustard (Sinapis alba) and perennial ryegrass receiver species 

was not correlated (r = 0.09, ns) and that only allelopathic activity against mustard was 

correlated with weed suppression in the field.  These findings highlight the importance of 

using locally relevant, economically important weeds as receiver species and testing for 

allelopathic effects against multiple problematic species.   

Variation in allelopathy within available germplasm. In addition to choosing screening 

techniques, researchers must choose which cultivars and accessions to evaluate.  In order to 

improve allelopathy through breeding, researchers must first identify variation in the 

allelopathic potential of available germplasm (Courtois and Olofsdotter 1998).  Harlan and 

deWet (1971) introduced the idea of primary, secondary, and tertiary gene pools, where the 

primary gene pool includes the lines of the cultivated species, the secondary gene pool 

includes related species that will hybridize with cultivated lines, and the tertiary gene pool 

includes more distantly related species in the genus. If useful genetic variation exists within 

the species, especially within genetic material adapted to the production region of interest, 

then screening material from secondary or tertiary gene pools may be unnecessary.  Putnam 
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and Duke (1974) suggested that allelopathy may be lower in cultivated species than wild 

relatives, due to an absence of positive selection and genetic bottlenecks during 

domestication.  Therefore, crop wild relatives and ancestral species may possess high 

allelopathic potential that could be useful in breeding programs.  

Despite suggestions that breeding programs may have inadvertently selected against 

allelopathy in weed free nurseries, studies tracking allelopathy in historical cultivars are 

inconclusive.  Allelopathic activity has declined in barley (Bertholdsson 2004) and slightly 

increased in spring wheat (Bertholdsson 2007) during the past century of breeding activities. 

Traditional rice accessions were generally more allelopathic than modern cultivars in some 

studies (Fujii 1992), while modern cultivars were more allelopathic than older releases in 

other studies (Courtois and Olofsdotter 1998).  Based on these results, it may be worthwhile 

to screen both older and newer cultivars for allelopathy to identify the most promising 

sources of breeding materials. 

Rice diversity is strongly bipolar due to a diphyletic pattern of domestication (Second 

1985).  Global rice accessions have been sorted into five groups using SSR markers where 

temperate japonica, tropical japonica and aromatic groups comprise the japonica subspecies, 

while indica and aus groups are contained in the indica subspecies (Garris et al. 2005).  A 

related species, O. glaberrima, is grown in upland production systems in West Africa.  

While some researchers have found a higher incidence of allelopathy in tropical japonica 

accessions (Fujii 1992; Courtois and Olofsdotter 1998) and O. glaberrima (Fujii 1992), 

others have found promising allelopathic accessions within indica germplasm (Gealy and 

Moldenhauer 2012; Gealy and Yan 2012).  Tropical japonica cultivars are common in drill 
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seeded rice in the southern U.S., but field screenings for allelopathy in Arkansas have shown 

that indica lines and a few commercial hybrids consistently suppress weeds more effectively 

than local material (Gealy et al. 2005; Gealy and Moldenhauer 2012).  Gealy and 

Moldenhauer (2012) found that weed suppressive indica cultivars provided 30 percent better 

control of barnyardgrass and suffered 44 percent less yield loss than non-suppressive tropical 

japonica cultivars representative of current U.S. production.  A high incidence of allelopathy 

was also observed in O. rufipogon, a wild relative of cultivated rice, in a controlled bioassay 

with Brassica oleracea as a receiver species (Chou et al. 1991).  

Genetics of Allelopathy 

Marker Assisted Selection. Research on the genetics of allelopathic cultivars has received 

less attention than other areas of allelopathy science (Wu et al. 1999), but much progress has 

been achieved in the past decade.  In a bioassay of 453 winter wheat cultivars from around 

the world, Wu et al. (2000a) found a normal distribution of allelopathic activity, indicating a 

quantitative mode of inheritance.  Allelopathic activity was normally distributed in the 

progeny derived from crosses between strongly and weakly allelopathic lines in wheat (Wu 

et al. 2003; Bertholdsson, 2010) and rice (Ebana et al. 2001; Jensen et al. 2001; Zhou et al. 

2007; Chen et al. 2008; Jensen et al. 2008). The narrow range of weeds controlled by certain 

allelopathic cultivars suggested that several chemical compounds were conferring allelopathy 

against different weed species (Courtois and Olofsdotter 1998). Multigenic control was 

further indicated by the probable activity of more than one phytotoxin controlling 

allelopathic outcomes. Wu et al. (2000a) also studied allelopathy in backcross populations of 

the near isogenic lines Hartog (a non-allelopathic line) and Janz (an allelopathic line).  They 
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found that BC2 Hartog lines were weakly allelopathic while BC2 Janz lines were strongly 

allelopathic, providing further evidence that there was a genetic basis to allelopathy (Wu et 

al. 2000a).   

A few efforts have been made to map allelopathy genes in wheat (Niemeyer and Jerez 

1997; Wu et al. 2003). Wu (2003) used restriction fragment length polymorphism (RFLP), 

amplified fragment length polymorphism (AFLP), and simple sequence repeat (SSR) 

markers to map allelopathy QTLs in a double haploid (DH) population derived from a cross 

between Australian cultivars Sunco (moderately allelopathic) and Tasman (strongly 

allelopathic). Researchers identified two major QTLs associated with allelopathy on wheat 

chromosome 2B, based on the 189 DH lines and two parents (Wu et al. 2003).  Niemeyer and 

Jerez (1997) mapped the location of genes controlling hydroxamic acids which are probable 

allelochemicals in wheat.  The mapping population was constructed from crosses between 

cultivar Cheyenne and substitution lines derived from Chinese Spring, a cultivar with high 

hydroxamic acid.  QTLs controlling hydroxamic acid accumulation were identified in 

chromosomes 4A, 4B, 4D, and 5B (Niemeyer and Jerez 1997). 

More extensive allelopathy QTL mapping experiments have been conducted in rice. 

Ebana et al. (2001) used RFLP markers to map QTLs controlling allelopathy in an F2 

population developed from PI 312777, a highly allelopathic accession, and Rexmont, a low 

allelopathy long grain rice cultivar grown in the southern U.S.  Allelopathy was measured by 

collecting water soluble leaf extracts from rice plants at the six leaf growth stage and 

measuring root length inhibition in lettuce (Lactuca sativa) and ducksalad (Heteranthera 

limosa) seedlings watered with these extracts.  Seven allelopathy QTLs were identified on 
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chromosomes 1, 3, 5, 6, 7, 11, and 12.  The largest single QTL on chromosome 6 explained 

16 percent of the total phenotypic variation and a multiple QTL model estimated that the five 

most important QTLs explained 36.6 percent of phenotypic variation when considered jointly 

(Ebana et al. 2001).  Jensen et al. (2001) used a population of 142 recombinant inbred lines 

derived through single seed descent from a cross between IAC165, an allelopathic japonica 

upland rice cultivar from Brazil, and CO39, a weakly allelopathic indica cultivar from India 

to map allelopathy QTLs in rice.  ‘Relay seeding’ assays showed transgressive segregation in 

both directions among the progeny, indicating that even CO39 had some allelopathic activity.  

Four main effect QTLs on chromosomes 2, 3, and 8 explained 35 percent of the phenotypic 

variation observed in the population (Jensen et al. 2001).  To confirm the effects observed in 

the IAC165 x CO39 population, Jensen et al. (2008) developed a new mapping population 

specifically designed to identify QTLs conferring allelopathic potential.  The population was 

derived from a cross between allelopathic indica cultivar AC1423 and non-allelopathic 

cultivar Aus196 and tested for allelopathic activity against barnyardgrass using the ‘relay 

seeding’ technique and a pot screening experiment in the greenhouse.  In the greenhouse 

experiment, a screen was placed between the halves of the pot containing rice and 

barnyardgrass seedlings and a constant supply of adequate nutrients and water was provided 

to control for genotypic differences in competitive ability.  A total of 15 QTLs, each 

explaining 5-11 percent of phenotypic variation, were identified on chromosomes 3, 4, 6, 8, 

9, 10, and 12 when considering the results from the ‘relay seeding’ assay and the four 

allelopathic measurements (barnyardgrass root biomass, root length, shoot biomass, and 

shoot length) collected in the greenhouse assay (Jensen et al. 2008).  Two QTLs on 
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chromosomes 3 and 8 mapped to the same intervals as previously identified QTL reported in 

Jensen et al. (2001) and many QTLs were located in similar regions to those identified by 

Ebana et al. (2001).  Zhou et al. (2007) also used 147 recombinant inbred lines derived from 

two Chinese cultivars Zhong-156 (strongly allelopathic) and Gumei-2 (weakly allelopathic) 

to identify three main-effect QTLs on chromosomes 5 and 11 that explained 13.6 percent of 

phenotypic variation when considered together.   In summary, QTLs controlling allelopathy 

have been identified across the rice genome in every region except chromosome 2.  

 Studies on the genetic control of allelopathy conducted thus far have been limited by 

the availability of suitable mapping populations.  Considering the wide array of allelopathic 

compounds that have been identified in crop genotypes and the probable role of regulatory 

genes in controlling the expression of allelopathy under stress (Einhellig 1996), association 

mapping may bring new insight into the genetic control of allelopathy.  Association mapping 

identifies QTLs by examining marker-trait associations that can be attributed to the strength 

of linkage disequilibrium between markers and functional polymorphisms across a diverse 

set of germplasm (Zhu et al. 2008).  Association mapping provides increased mapping 

resolution, reduced research time, and greater allele numbers than traditional QTL mapping 

(Zhu et al. 2008).  With the increased availability of single nucleotide polymorphisms (SNPs) 

and diversity arrays technology (DArT) markers, association mapping has become a viable 

option for allelopathy researchers.  The discovery of additional fine resolution QTLs 

controlling allelopathy in wheat and rice cultivars will hopefully lead to the development of 

effective molecular markers that can be used in marker assisted selection for cultivars with 

improved allelopathic activity. 
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 Marker assisted selection may be hindered because of the large number of minor 

effect QTLs that appear to control allelopathy in various genotypes.  Courtois and 

Olofsdotter (1998) suggested that Marker Assisted Backcrossing would be a good tool for 

breeders if fewer than five major QTL control allelopathy.  With more QTLs controlling 

allelopathy, it becomes increasingly difficult to recover important agronomic characters from 

a non-allelopathic recurrent parent and retain all the QTLs contributing to allelopathic 

activity from the donor parent.   

Transgenic approaches. Transgenic approaches have also been suggested as potential tools to 

improve crop allelopathy (Duke et al. 2001; Bertin et al. 2008).  However, a clear 

understanding of the genes involved in the regulation and biosynthesis of allelochemicals is 

necessary steer such pathways toward enhanced allelochemical production. While QTL 

mapping can facilitate MAS, it rarely results in gene discovery. Hundreds of candidate genes 

can be located within a single QTL spanning 5-10 cM (Bertin et al. 2008).  Thus, additional 

tools are generally required to pinpoint specific causative genes.  Genes controlling the 

biosynthesis of allelochemicals can be identified through the discovery, isolation, and 

purification of plant enzymes and related bioactive metabolites (Yang et al. 2004), activation 

tagging (Hayashi et al. 1992), and the use of gene knockout libraries (Krysan et al. 1999).  

Specific genes have been implicated in the biosynthesis and activity of several known 

allelochemicals including momilactones (Shimura et al. 2007, Xu et al. 2012), phenolic 

compounds (Fang et al. 2009), and benzoxazinoids (Frey et al. 2009).  

 Gene overexpression and antisense knockout techniques could be used to alter the 

quality and quantity of secondary metabolites produced by allelopathic plants. However, 
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despite recent advances, the control points governing the production of rate limiting enzymes 

in the biosynthetic pathway of allelochemicals are generally not well understood (Bertin et al. 

2008).  Transgenic approaches could also be used to introduce new allelopathy genes from 

foreign sources to non-allelopathic crop species.  The feasibility of such actions is limited by 

the complex genetic architecture of allelopathy.  A multigene expression system would have 

to be introduced into the crop and its regulation would need to be optimized so that the 

transformed crop could successfully produce the desired allelochemicals and localize them in 

the proper tissue (Bertin et al. 2008).   

 In addition to the technological and economic barriers stalling the development of 

genetically modified organisms (GMOs) with enhanced allelopathy, social and political 

opposition may limit the adoption of these tools.  Weed suppressive crops are particularly 

valuable for organic production systems, which prohibit the use of GMOs.  For these reasons, 

classical plant breeding and MAS are currently the most feasible means of improving 

allelopathy in crop plants.  As biosynthetic pathways controlling allelochemical production 

become better understood and public perception of GMOs evolves, transgenic approaches 

may become useful complements to classical breeding efforts. 

Testing Allelopathy in the Field 

 Olofsdotter et al. (2002) concluded that allelopathy and resource competition cannot 

be separated under field conditions and selection for allelopathic activity is not a viable 

option.  On the other hand, field screening better predicts the performance of cultivars when 

deployed in an agricultural setting, and if allelopathic material is not efficacious in the field, 

breeders’ time and resources should be allocated to other activities.  Therefore, field 



77 

 

screenings and laboratory bioassays should be conducted concurrently to achieve 

improvements in allelopathic activity. 

 Allelopathy in rice was first noted by R. H. Dilday in the field while evaluating 

accessions for alachlor tolerance at the Dale Bumpers Rice Research and Extension Center in 

Stuttgart, AR in 1985 and 1986 (Dilday et al. 1991). Allelopathy was distinguished from 

competitive effects based on a distinctive ring surrounding some rice plants wherein weeds 

were less prevalent or stunted.  By 1990, 12,000 global rice accessions had been screened for 

allelopathic effects against ducksalad and 5,000 for allelopathic activity against redstem 

(Ammannia coccinea) in Arkansas.  Four hundred and twelve accessions were identified with 

allelopathic activity against ducksalad, 145 accessions showed allelopathic activity against 

redstem, and 16 accessions were allelopathic against both ducksalad and redstem (Dilday et 

al. 1998). A breeding program in Egypt screened 1000 accessions against barnyardgrass and 

smallflower flat sedge (Cyperus difformis) in the field (Hassan et al. 1994; Hassan et al. 

1998).  30 accessions were effective suppressors of barnyardgrass, 15 cultivars suppressed 

smallflower flat sedge, and five cultivars were suppressive against both weed species.  About 

3.4 percent of material screened in Egypt and Arkansas was allelopathic against at least one 

weed species in the field, but as in controlled bioassays for allelopathy, cultivars with 

suppressive ability across a wide spectrum of weeds were rare (Dilday et al. 1998; Hassan et 

al. 1998; Olofsdotter 1998). Both programs were conducted in the field and while the weed 

free area surrounding rice plants was indicative of allelopathy, these effects were confounded 

to some extent by competitive traits. 
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While allelochemicals may behave differently in the soil than they do in nutrient free 

agar, rice seedlings that are allelopathic in laboratory bioassays are also allelopathic in the 

field (Navarez and Olofsdotter 1996). Field and laboratory results were strongly correlated (r 

= 0.71) in a test of 23 cultivars that had been screened for allelopathy against endemic 

Australian weeds and then tested in fields infested with starfruit (Damasonium minus) (Seal 

et al. 2008).  Tono Brea 439, the most allelopathic cultivar, suppressed starfruit root length 

by 97 percent in the ‘equal compartment agar method’ and starfruit dry weight by 95.4 

percent compared to no-rice controls in the field.  The least suppressive cultivar, Rexmont, 

suppressed starfruit root biomass by only 67 percent and 27.8 percent in the bioassay and 

field experiment, respectively.  

 Olofsdotter et al. (1999) screened 111 rice cultivars for weed suppressive ability 

using the ‘relay seeding’ bioassay and replicated field trials. They found that some field 

suppressive cultivars, such as Taichung Native 1, were highly allelopathic but lacking in 

traits that contribute to competitive ability, while others, such as Brown Gora, were tall and 

had good competitive features but insignificant allelopathic activity in laboratory bioassays. 

Based on regression results from three field seasons, Olofsdotter et al. (1999) concluded that 

the additive effects of allelopathy and competition controlled weed interference outcomes in 

the field, and that 34 percent of observed rice interference was due to allelopathy.  

Correlations between allelopathy ratings obtained from the ‘relay seeding’ bioassay and 

weed biomass in the field ranged from 0.41 to 0.65 over three seasons (Olofsdotter et al. 

1999). 
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 Bertholdsson (2005) used multiple regression to parse the relative contribution of 

allelopathy and competition to observed weed suppression by barley and spring wheat 

cultivars in the field. In barley, early crop biomass explained 24 to 57 percent of variation in 

weed biomass, while allelopathy explained seven to 58 percent of variation, and their 

combined effects explained 44 to 69 percent of variation.  Early vigor and allelopathy 

explained less of the observed variation in the weed suppressive ability of spring wheat 

cultivars; 14 to 21 percent of variation in weed biomass was explained by early biomass, zero 

to 21 percent by allelopathic activity, and 27 to 37 percent through their combined activity.  

Based on these results, models were constructed which predicted that a 20 percent 

improvement in wheat allelopathy would cause a corresponding decrease in weed biomass of 

eight to 15 percent.  In a subsequent study, Bertholdsson (2011) used multivariate statistics to 

separate allelopathy and competitive factors in winter wheat. The weed suppressive ability of 

12 winter wheat, two rye, and two triticale cultivars was measured in fields overseeded with 

oilseed rape and loose silkybent (Apera spica-venti). Early season crop biomass and 

allelopathy were the two traits that explained the most variation. Least squares predictions 

indicated that weed biomass could be decreased by 60 percent if allelopathy and early vigor 

in winter wheat could be improved to the level of rye (Bertholdsson 2011). 

Environmental effects on allelopathic activity. Breeding efforts for improved allelopathic 

potential are further complicated by environmental effects on trait expression (Dilday et al. 

1998; Olofsdotter et al. 1999). Solar irradiation, mineral deficiencies, water stress, 

temperature, and rhizosphere organisms can all impact the expression of allelopathy (Rice 

1984). Dilday et al. (1998) found that year to year variation, soil type, weed density, rice 
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plant number, rice root development, and root density also affected allelopathic activity in 

the field.  Highly allelopathic spring wheat lines derived from a cross between allelopathic 

and non-allelopathic parents suppressed weed biomass 24 percent more than the non-

allelopathic parent in the dry year and only 12 percent more in the wet year (Bertholdsson 

2010). However, Courtois and Olofsdotter (1998) found that changes in water status and soil 

organic matter content did not affect the general allelopathy rankings of upland rice 

genotypes.   

Many rice lines scored as allelopathic in Arkansas did not significantly affect weed 

growth when grown in the Philippines (Olofsdotter et al. 2002). The cultivar Dular was 

previously described as allelopathic against barnyardgrass and smallflower flat sedge in 

Egypt (Hassan et al. 1994) and non-allelopathic against ducksalsad in Arkansas (Dilday et al. 

1991).  But Seal et al. (2010) found that Dular had intermediate allelopathic effects against 

the Alismataceae species and very poor allelopathic potential against barnyardgrass in 

Australia. Giza 176 was notably non-allelopathic against barnyardgrass and smallflower flat 

sedge in Eqypt (Hassan et al. 1994), but it was among the most allelopathic lines when tested 

against barnyardgrass and Alismataceae weeds in controlled bioassays and field trials in 

Australia (Seal et al. 2010). The observed discrepancies in the findings of these breeding 

programs could be due to differences in experimental design, but more likely because of 

genotype by environment interactions.  

Cultivar Development 

A breeding program can be launched when all essential conditions are met, including 

1) the identification of a good screening technique, 2) the discovery of genetic variability for 
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this trait in available germplasm, and 3) an understanding of genetic control of the trait 

(Courtois and Olofsdotter 1998).  Rice allelopathic potential is not correlated with cultivar 

height (Olofsdotter and Navarez 1996), root biomass (Jensen et al. 2001), or any other 

competitive trait (Olofsdotter et al. 1999).  Similarly, wheat allelopathic potential was not 

correlated with thousand grain weight, plant height, or root length of wheat seedlings (Wu et 

al. 2000a). Thus, it should be possible simultaneously improve competitive ability and 

allelopathy.  

Breeding Weed Suppressive Rice in Arkansas. The high incidence of allelopathy in rice 

cultivars can partially be attributed to the indica line Taichung Native 1 (TN-1), which is 

strongly allelopathic against barnyardgrass, ducksalad, redstem and desert horse purslane 

(Trianthema portulacastrum) (Olofsdotter and Navarez 1996; Dilday et al. 1998). TN-1 was 

widely used as a parent in the International Rice Research Institute (IRRI) breeding 

programs, and consequently, is in the genetic background of many modern cultivars. One 

particularly allelopathic accession, PI 312777, was developed in the Philippines from a cross 

between Taichung 65*2 and TN-1 (Gealy et al. 2005). PI 312777 has been identified as 

allelopathic and weed suppressive in controlled bioassays (Kong et al. 2006) and field trials 

in Arkansas (Dilday et al. 1994), and Asia (Olofsdotter et al. 2002; Chen et al. 2008; Kong et 

al. 2011).  In Arkansas, grain yield reduction relative to weed free plots was 1.6 times greater 

in Kaybonnet, a locally adapted cultivar, than PI 312777, indicating that PI 312777 has 

excellent tolerance as well as weed suppressive ability (Gealy and Moldenhauer 2012). 

Unfortunately, PI 312777 is not suited for production in the U.S. due to lodging susceptibility 

and poor milling yields (Gealy and Moldenhauer 2012). 
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Asian indica accessions, such as PI 312777, are generally more weed suppressive 

than commercial southern long grain cultivars, but the quality of these lines does not meet 

U.S. industry standards (Gealy et al. 2003). Thus, the USDA rice breeding program in 

Arkansas sought to combine quality and yield characteristics from southern long grain 

cultivars with weed suppression from competitive indica lines.  Beginning in 1991, the 

moderately allelopathic indica accession PI 338046, which had better milling yield than PI 

312777, was hybridized with several commercial U.S. cultivars (Dilday et al. 1998). Seven 

F6 generation lines were derived from each cross using single seed descent and evaluated for 

allelopathic effects on ducksalad in a greenhouse experiment and for milling yield, heading 

date, plant height, and lodging susceptibility in field trials (Dilday et al. 1998). A promising 

line, RU9701151, was selected from the cross between PI 338046 and Katy based on its 

acceptable milling yields, plant type, and cooking quality (Moldenhauer et al. 1999).   

Unfortunately, crosses between weed suppressive indica accessions and locally 

adapted japonica cultivars generally yielded progeny with intermediate allelopathy and weed 

suppression (Gealy et al. 2005). To recover better weed suppression, lines derived from PI 

338046 and local cultivars were crossed with allelopathic accession PI 312777. Twelve F5 

derived lines derived from the cross PI338046/Katy//PI 312777 were then developed via 

single seed descent and tested in replicated yield trials. Of the 12 lines tested, 10 had 60 

percent weed control or better compared to neighboring plots with no rice, 10 had acceptable 

yields in weed-free plots (6500 kg.ha
-1

 or better), and 11 had grain yields within 70 percent 

of their weed free check plots (Gealy et al. 2005).  
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STG06L-35-061 (a particularly promising line with a pedigree containing PI 330846, 

PI 312777, Katy, and Drew) was identified as weed suppressive in field trials in 2008 (Gealy 

et al. 2010).  The weed suppressive ability of STG06L-35-061 has been nearly as strong as PI 

312777 in some tests. Furthermore, this line yielded competitively with commercially 

available southern long grain cultivars and resisted lodging.  The results of a seedling 

bioassay conducted in a growth chamber indicated that the allelopathic activity of STG06L-

35-061 was intermediate between PI 312777 and Katy (Gealy et al. 2010).  STG06L-35-06 is 

currently being evaluated in advanced breeding trials and is being considered for a possible 

germplasm release (Gealy pers. comm.). 

Another cultivar, Rondo, (4484-1693; PI 657830) is being recommended for its weed 

suppressive ability. Rondo is a high yielding indica line from Asia that was developed using 

mutation breeding (Yan and McClung, 2010).  Rondo is less prone to lodging than its parent, 

has higher amylose content, is resistant to all major races of rice blast (Magnaporthe grisea) 

common in the U.S., and yields competitively with elite U.S. cultivars (Yan and McClung, 

2010). Rondo, a sister line (4485-1665), and other indica rice lines were tested for weed 

suppression against barnyardgrass.  Rondo and its sister line yielded as well as the weed-

suppressive indica standard (PI 312777) and approximately 50 percent more than the least 

suppressive commercial cultivars in weedy plots (Gealy and Yan 2012). Additionally, Rondo 

barnyardgrass biomass suppression was up to 1.5 times greater than commercially available 

U.S. cultivars (Gealy and Yan 2012). Rondo combines high yield potential with rice blast 

resistance and weed suppressive ability, and is already being grown in commercial organic 

rice production in Texas (Gealy and Yan 2012). No controlled bioassays have been 
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conducted to measure the allelopathic potential of Rondo and its sister line. However, based 

on the allelopathic activity demonstrated by a number of other Asian indica lines (Dilday et 

al. 1994; Kim et al. 2005; Seal and Pratley 2010), it is conceivable that allelopathy 

complements the effects of competitive traits in this cultivar.  

Breeding weed suppressive rice cultivars in Asia. Many of the same weed suppressive rice 

lines identified in the USDA rice breeding program in Arkansas are being used in rice 

breeding programs in Asia (Kong et al. 2011).  Two particularly promising F8 generation 

lines derived from crosses between local cultivars N9S and Huahui354 with PI 312777 were 

respectively named Huagan 1 and 3 and tested with their parents in yield trials overseeded 

with barnyardgrass (Kong et al. 2011).  Although weed suppression by Huagan 3 is impacted 

by year to year variation and planting density, it was generally able to reduce barnyardgrass 

biomass by 80 percent and total paddy weed biomass by 30 to 50 percent compared to 

neighboring rice-free control plots.   Huagan 3 was released as the first commercially 

acceptable weed suppressive cultivar in China (Kong et al. 2011).  Kong et al. (2011) 

estimated that Huagan 3 was grown on over 10,000 ha in South China from 2009 to 2011. 

 Efforts to develop allelopathic rice cultivars have also been initiated by Korean 

breeding programs (Ma et al. 2006).  F4 and F5 lines obtained through single seed descent 

from a cross between allelopathic, Kouketsumochi, and non-allelopathic but high yielding, 

Donginbyeo, cultivars were evaluated in the field for weed suppressive ability and screened 

for production of phenolic compounds.  K21 was selected as the most promising line because 

it combined an inhibitory effect almost as strong as the allelopathic parent with agronomic 

performance on par with the non-allelopathic parent (Ma et al. 2006).  Lee et al. (2008) later 
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confirmed the allelopathic activity of K21 with a bioassay that examined barnyardgrass 

seedling growth inhibition by rice root exudates.    

 Researchers in Cambodia have screened locally adapted germplasm for allelopathy 

and weed suppressive ability (Pheng et al. 2009a; Pheng et al. 2009b). ‘Relay seeding’ and 

washed sand bioassays were used to screen 359 Cambodian rice cultivars and global 

accessions (Pheng et al. 2009a). Approximately four percent of accessions tested were 

allelopathic against awnless barnyardgrass.  Pheng et al. (2009a) also measured the 

allelopathic potential of various lines against barnyardgrass, smallflower flat sedge, two-leaf 

fimbristylis (Fimbristylis miliacea), water primrose (Ludwigia octovales), and gooseweed 

(Sphenoclea zeylanica) in washed sand bioassays, and found that few accessions were 

allelopathic against multiple weed species.  The weed suppressive effects of six Cambodian 

rice lines with allelopathic potential against barnyardgrass, smallflower flat sedge, and water 

primrose were then compared to the performance of allelopathic (TN-1) and non-allelopathic 

(ST-3) checks (Pheng et al. 2009b).  The Cambodian lines out performed both allelopathic 

and non-allelopathic checks in weed suppression and grain yield in weedy plots.  The 

observed differences in weed suppression may be due in part to competitive effects; the 

Cambodian lines were significantly taller (all over 100 cm) than Taichung Native 1 (55 cm) 

and ST-3 (91 cm) (Pheng et al. 2009b).    

Breeding Weed Suppressive Rice in Africa. A breeding program aimed at combining 

competitive traits from African rice (O. glaberrima) with yield alleles from O. sativa was 

initiated at the West African Rice Development Association (WARDA) (Fofana and Rauber 

2000; Olofsdotter et al. 2002). In a study evaluating the weed suppressive ability of O. sativa 
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and O. glaberrima upland rice cultivars in low input agricultural systems in West Africa over 

two growing seasons, O. glaberrima accessions were consistently the best suppressors of 

weed biomass.  Intra-specific variation in weed suppressive ability was also noted, where 

accession IG10 (O. glaberrima) suffered no yield losses in weedy conditions and suppressed 

weed biomass accumulation four times more effectively than O. sativa cultivars (Fofana and 

Rauber 2000).  A higher incidence of allelopathy was found in O. glaberrima accessions than 

O. sativa accessions in a previous study (Fujii 1992), so it is possible that competitive effects 

are complemented by the action of allelopathy in the field.   

Incompatibility barriers prevented crosses between O. sativa and O. glaberrima in the 

past, but fertile interspecific progenies have been achieved through backcrossing and doubled 

haploid breeding (Jones et al. 1997). Interspecific hybrid lines yielded competitively with O. 

sativa cultivars in high input conditions and exhibited superior performance in low input 

conditions. Interspecific progeny also possess morphological traits generally associated with 

competitive ability, including droopy leaves during early growth stages and rapid vegetative 

growth early in the growing season (Jones et al. 1997).  

Breeding Wheat for Improved Weed Suppression. Breeding efforts targeted toward the 

improvement of weed suppressive ability in barley and wheat are still in the beginning stages 

compared to similar efforts in rice.  Swedish breeding efforts at Svalöf Weibull (now 

Lantmännen Seed) and the Swedish University of Agricultural Sciences have made the most 

progress to date (Bertholdsson 2007; Bertholdsson 2010; Bertholdsson et al. 2012).  Many 

other programs have evaluated barley (e.g., Christensen 1995; O’Donovan et al. 2000; 

Watson et al. 2006; Paynter and Hills 2009; Galon et al. 2011) and wheat (e.g, Balyan et al. 
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1991; Verschwele et al. 1993; Blackshaw 1994; Huel and Hucl 1996; Lemerle et al. 1996; 

Seavers and Wright 1999; Acciaresi et al. 2001; Lemerle et al. 2001a; Wicks et al. 2004; 

Vandeleur and Gill 2004; Mason et al. 2008; Drews et al. 2009), accessions and cultivars for 

weed suppressive ability, but reports of their cultivar development activities are lacking in 

the literature.  

Bertholdsson (2005) first assessed the role of competitive traits and allelopathy in 

determining weed interference outcomes for barley and spring wheat accessions in the field.  

Then Mohan 73, a highly allelopathic Tunisian cultivar, was identified in a large bioassay 

screen of 813 spring wheat cultivars (Bertholdsson 2010).   Mohan 73 was subsequently 

crossed to an adapted but low allelopathy Swedish cultivar, Zebra. F2 seedlings from the 

cross were evaluated for allelopathy using the ‘equal compartment agar method.’  No 

improved transgressive segregates were identified.  Strongly and weakly allelopathic F2:3 

lines were then evaluated for agronomic performance in an unreplicated organic field trial 

(Bertholdsson 2010).  Three highly allelopathic lines, one low allelopathy line, and cultivar 

Zebra were chosen for further replicated tests (Bertholdsson 2010). Mean early weed 

biomass was significantly lower in the highly allelopathic lines compared to the non-

allelopathic parent and low allelopathy lines.  Unfortunately, the high allelopathy lines were 

also significantly lower yielding than the low allelopathy lines (Bertholdsson 2010).  It is 

unclear whether the low yields observed in high allelopathy lines were due to some 

physiological response caused by the action of allelopathy or by linkage drag from the poorly 

adapted allelopathic parent used in this cross.   



88 

 

Bertholdsson (2011) assessed the relative importance of allelopathy and competitive 

traits in determining the weed suppressive ability of winter wheat cultivars in Sweden.  The 

range of early vigor and allelopathy accessible in global wheat germplasm is far lower than 

in other species such as rice (Olofsdotter et al. 2002), barley (Bertholdsson 2005), and rye 

(Kruidhof et al. 2009).  Therefore, Bertholdsson (2012) evaluated translocations from 

Triticum, Secale, triticale (x Triticosecale), and wheat-rye substitution lines as possible 

sources of improved early vigor and allelopathy. No Triticum translocations were of 

particular interest, but potentially allelopathic triticale lines were identified.  1R and 2R 

wheat-rye substitution lines showed high allelopathic activity.  In addition to accessing 

allelopathic germplasm from secondary and tertiary gene pools, researchers should also 

concentrate on improving competitive traits in wheat and barley. Given the time required to 

develop and release a successful cultivar, the release of a wheat cultivar with improved 

allelopathy or weed suppressive ability is likely still many years in the future.   

Future Prospects 

Researchers have suggested that breeding efforts for improved weed suppression 

should be postponed until our understanding of allelopathic phenomena is more complete 

(Olofsdotter et al. 2002), but annual grain cultivars are usually released at least 10 years after 

initial crosses are made.  The first allelopathic rice lines were identified in 1985 (Dilday et 

al. 1991) and the first successful release of an allelopathic rice cultivar occurred only within 

the past five years (Kong et al. 2011).  Given the extended timetable required for a 

successful cultivar release, breeders should begin to make crosses soon after promising weed 

suppressive lines are identified.   
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The morphological traits contributing to the competitive activity of genotypes and the 

role of allelopathy vary significantly depending on the crop species, environmental 

conditions, weed species of importance, and timing of the critical period for weed 

competition. Furthermore, local adaptation plays a major role in determining the yield 

potential and weed suppressive ability of grain cultivars (Cousens and Mokhtari 1998; 

Olofsdotter et al. 2002; Wicks et al. 2004).  Therefore, researchers in each region will need to 

conduct pilot trials to determine the traits that confer the most competitive advantage to crop 

cultivars and develop the most appropriate breeding schemes and objectives for their specific 

programs. 

Weed suppressive cultivars must meet industry standards for yield, disease resistance 

and a whole suite of other characters (Gealy and Yan 2012).  Thus, breeding efforts for weed 

suppressive ability are more likely to release successful cultivars when weed suppression 

trials are integrated with larger breeding programs focused on increased productivity and a 

wide range of other locally important traits.  In the USDA rice breeding program, the 

selection priorities in crosses between weed suppressive indica lines and adapted long-grain 

cultivars has been: high yield, followed by appropriate plant/grain characteristics (e.g. a lack 

of lodging and high milling yield), followed by weed suppression (Gealy et al. 2005).  

Breeders must judiciously decide where to utilize their limited time and resources. 

The relative importance of allelopathy and competitive traits may differ across species; 

hence, emphasis may be better placed in one area or another depending on the crop.  

Allelopathy explained only 0-21 percent of the observed phenotypic variation in weed 

suppressive ability in wheat (Bertholdsson 2005), as compared to 34 percent in rice 
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(Olofsdotter at el. 1999) and 7-58 percent in barley (Bertholdsson 2005). Researchers seeking 

to improve the weed interference potential of wheat cultivars in their region will, therefore, 

likely achieve the greatest results for resources expended by focusing on competitive traits.    

Applications in Low Input and Organic Production Systems. Weed suppressive crop plants 

are not likely to eradicate weeds as thoroughly as synthetic herbicides (Fitter 2003; Gealy et 

al. 2003; Kong et al. 2011).  Consequently, the applications of weed suppressive grain 

cultivars might be most important to developing world farmers and to the organic market.  

Cambodian researchers described major weed problems caused by erratic rainfall that 

prevented continuously flooding in rice crops (Pheng et al. 2009b).  Herbicides were too 

costly for many Cambodian farmers to use, and hand weeding was the primary method for 

weed control in these agricultural systems (Pheng et al. 2009b). West African smallholder 

farmers also cited weed competition as the main limiting factor for upland rice yield, and 

noted that weed pressure was becoming more problematic as farmers increasingly moved 

from shifting cultivation systems to sedentary agriculture (Fofana and Rauber 2000).  

Improved cultivars that yield consistently and suppress weeds are particularly valuable in 

such agricultural systems, as farmers do not require training or specialized equipment to 

benefit (Courtois and Olofsdotter 1998). Locally adapted accessions were among the most 

weed suppressive material screened in both Africa and Cambodia (Fofana and Rauber 2000; 

Pheng et al. 2009b). However, such landraces usually lack the yield potential of elite 

cultivars (Johnson et al. 1998).   Therefore, the best course of action is to breed locally 

adapted germplasm with elite cultivars to combine yield potential with weed suppressive 

ability and adaptation to low input agriculture.   
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Weed suppressive grain cultivars are also appropriate for use in organic production 

systems, where herbicide use is not an accepted management practice.   Organic grain 

production is increasing in Europe and North America, but few cultivars have been bred to 

meet the specific needs of organic producers (Wolfe et al. 2008).  Weed pressure can create 

substantial economic losses for organic farmers; members of the North Carolina Organic 

Farm Advisory Board (OFAB) identified Italian ryegrass infestations as the most important 

agronomic limitation to organic wheat production in the southeastern United States and 

suggested that breeders select for lines that compete more effectively against weeds (Reberg-

Horton pers. comm.).  Successful cultivars targeted toward the organic market will have to 

combine weed suppressive ability with high yield potential, disease resistance, and quality 

traits (Gealy and Yan 2010). 

Conclusions. Weed suppressive rice cultivars are now commercially available in the U.S. 

(Gealy and Yan 2012) and China (Kong et al. 2011), with more promising lines currently 

being evaluated in advanced trials (Gealy et al. 2010).  Rice research on weed suppressive 

ability has been successful because of the sustained breeding efforts conducted over the past 

three decades at the Dale Bumpers Rice Research and Extension Center, IRRI, and 

collaborating institutions.  Collaboration between agronomists, breeders, and biochemists, 

has also allowed for a more complete understanding of allelopathy and competition in rice.  

Furthermore, researchers around the world have shared information and germplasm, allowing 

each program to cross the most promising global accessions with their own locally adapted 

material.  The groundwork has been laid for the development of weed suppressive wheat and 

barley cultivars in Sweden (Bertholdsson 2005; Bertholdsson 2011; Bertholdsson et al. 
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2012).  Meanwhile, many other research teams have evaluated locally adapted germplasm 

and global wheat accessions for competitive traits and allelopathy.  Provided that there is 

successful collaboration among these programs and sustained funding and research efforts, 

weed suppressive wheat and barley cultivars could be released within the next decade.  

Breeding efforts conducted in wheat, barley, and rice may also be informative to researchers 

embarking on new projects targeted toward the development of weed suppressive grain 

cultivars in other crop species. 
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Table 2.1.  Location of research programs breeding rice, wheat, and barley germplasm for 

improved weed suppressive ability and screening germplasm for weed suppressive ability in 

the field and allelopathy in controlled bioassays. 

  Germplasm Screening  

Crop Location Field Evaluation Allelopathy 

Bioassay 

Breeding 

Programs† 

Rice Australia Seal et al. 2008 Seal et al. 2008;  

Seal  and Pratley 

2010 

 

Cambodia Pheng et al. 2009b Pheng et al. 2009a  

 China  Zhang et al. 2005*;  

Zhou et al. 2007*;  

He et al. 2012 

Chen et al. 

2008;  

Kong et al. 

2011 

Egypt Hassan et al. 1994;  

Hassan et al. 1998 

  

Japan  Fujii 1992;  

Ebana et al. 2001* 

 

Korea  Kim et al. 2005;  

Lee et al.  2008* 

Ma et al. 2006 

Philippines Olofsdotter et al. 1999; 

Zhao et al. 2006a,b 

Navarez and 

Olofsdotter 1996;  

Olofsdotter et al. 

1999; Jensen et al. 

2001*; Jensen et al. 

2008* 

 

Taiwan  Chou et al. 1991  

West Africa Johnson et al. 1998; 

Fofana and Rauber 

2000 

 Jones et al. 

1997 

 U.S. (Arkansas) Dilday et al. 1991;  

Dilday et al. 1994;  

Gealy et al. 2003;  

 Gealy et al. 

2005; Gealy et 

al. 2010; Gealy 

and 

Moldenhauer 

2012; Gealy and 

Yan 2012; 

Gealy et al. 

2013 

 U.S. (California) Gibson et al. 2003   
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Table 2.1.  Continued 

Spring 

Wheat 

Australia Lemerle et al. 1996; 

Cousens and Mokhtari 

et al. 1998;  

Lemerle et al 2001a; 

Vandeleur and Gill 

2004 

Wu et al. 2000a,b;  

Wu et al 2003* 

Coleman et al. 

2001*; 

Mokhtari et al. 

2002* 

Canada 

(Saskatchewan) 

Huel and Hucl 1996   

Canada (Alberta) Mason et al. 2007;  

Mason et al. 2008 

  

Sweden Bertholdsson 2005;  Bertholdsson 2005;  

Bertholdsson 2007 

Bertholdsson 

2010  

U.S. 

(Washington) 

Murphy et al. 2008   

Winter 

Wheat 

Argentina Acciaresi et al. 2001   

Canada (Alberta) Blackshaw 1994   

Chile  Niemeyer and Jerez 

1997 

 

Germany Verschwele and 

Niemann 1993;  

Drews et al. 2009 

  

India Balyan et al. 1991   

Sweden Bertholdsson 2011 Bertholdsson 2011; 

Bertholdsson et al. 

2012* 

 

United Kingdom Champion et al. 1998; 

Seavers and Wright 

1999; Korres and 

Froud-Williams 2002 

  

U.S. (Nebraska) Challaiah et al. 1986; 

Wicks et al. 1986;  

Wicks et al. 2004 

  

Spring 

Barley 

Australia Paynter and Hills 2009   

Canada (Alberta) O'Donovan et al. 2000   

Canada 

(Manitoba) 

Watson et al. 2006   

Denmark Christensen 1995   
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Table 2.1.  Continued 

Spring 

Barley 

Sweden Bertholdsson 2005;  Bertholdsson 2004; 

Bertholdsson 2005; 

Bertholdsson 2007 

 

Winter 

Barley 

Brazil Galon et al. 2011   

United Kingdom Seavers and Wright 

1999 

  

 

† Only research programs crossing cereal lines with the intention of developing progeny with 

improved weed suppressive ability and testing those progeny in the field are listed as 

breeding programs. 

*These papers describe research focused on determining the genetic architecture of 

allelopathy or weed suppression 
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CHAPTER 3 

Genetic Mapping of MlUM15: an Aegilops neglecta-derived Powdery 

Mildew Resistance Gene in Common Wheat 
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ABSTRACT 

Powdery mildew, caused by Blumeria graminis DC f. sp. tritici, is a major fungal disease of 

wheat (Triticum aestivum L.). Race-specific host plant resistance is a reliable, economical, 

and environmentally benign form of disease prevention. The identification of molecular 

markers linked with resistance genes can facilitate marker-assisted selection and enable 

breeders to pyramid several major genes for powdery mildew resistance in a single cultivar. 

The wheat germplasm line NC09BGTUM15 (NC-UM15) possesses the first form of 

powdery mildew resistance introgressed from Aegilops neglecta Req. ex Bertol. Greenhouse 

and field evaluations of F2:3 families derived from a cross between NC-UM15 and the 

susceptible cultivar ‘Saluda’ indicated that a single dominant gene, MlUM15, conferred 

resistance to powdery mildew. Bulked segregant analysis (BSA) showed that several simple 

sequence repeat (SSR), sequence tag site (STS), and single nucleotide polymorphism (SNP) 

markers specific to chromosome 7AL segregated with the resistance gene. The most likely 

marker order was Xwmc525/XIWA8057-0.7 cM-Xcfa2257-0.4 cM- MlUM15 -0.8 cM-

Xcfa2240-2.8 cM-Xmag2185-3.4cM-XIWA2929-5.4 cM- XIWA4434. The multi-allelic Pm1 

locus and several temporarily designated genes map to this region of chromosome 7AL. 

Detached leaf tests conducted with 21 powdery mildew isolates revealed that NC-UM15 had 

a different disease response pattern from genotypes carrying Pm37, five temporarily designed 

genes in the region, and all alleles of the Pm1 complex. The MlUM15 resistance gene is most 

likely a novel source of powdery mildew resistance.  However, allelism tests with Pm1 will 

be required to elucidate the relationship between MlUM15 and other Pm loci in the distal 

region of 7AL.
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Powdery mildew is a foliar disease of wheat (Triticum aestivum L.) caused by the obligate 

biotrophic fungus Blumeria graminis (DC) Speer f. sp. tritici Em. Marchal (henceforth 

referred to as B. g. tritici).  This disease is very common and often economically damaging in 

the Southeastern US, where yield losses ranging from 17 to 34 percent have been recorded in 

severe epidemics (Johnson et al., 1979; Leath and Bowen, 1989). Powdery mildew infection 

is associated with reduced tillering, poor tiller survival, reduced kernels per head, decreased 

kernel weight, lower test weight, and poor grain protein content (Everts et al., 2001; Everts 

and Leath, 1992; Johnson et al., 1979; Leath and Bowen, 1989).  

The use of wheat cultivars with host plant resistance to powdery mildew is the most 

reliable, economical, and environmentally benign form of disease management. Qualitative 

resistance against powdery mildew is more commonly studied and deployed than quantitative 

resistance. The major disadvantage of qualitative resistance is that pathogen populations can 

evolve to overcome widely deployed resistance genes in a short period of time (Bennett, 

1984; Chen and Chelkowski, 1999). The expected effective lives of powdery mildew 

resistance genes (Pm genes) are particularly short because of the rapid evolutionary potential 

of B. g. tritici (McDonald and Linde, 2002; Parks et al., 2008).  

The use of molecular markers linked to resistance genes enables breeders to pyramid 

multiple qualitative resistance genes in a single cultivar. This strategy extends the useful life 

of qualitative resistance genes by disrupting directional selection pressure and increasing the 

number of mutations needed for pathogens to overcome all resistance genes present in the 

host cultivar (Huang and Röder, 2004; McDonald and Linde, 2002). Simple sequence repeats 

(SSRs) are currently the most common tool used for gene localization and marker-assisted 
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selection (MAS) in wheat. Single nucleotide polymorphisms (SNPs) are even more abundant 

than SSRs, often present within genes of interest, and well suited to high-throughput, low-

cost detection platforms (Kanazin et al., 2002; Somers et al., 2003). The development of 

Kompetitive Allele Specific PCR (KASPar) single-tube assays (LGC Genomics, Hoddesdon, 

UK) suitable for selecting for a single trait on a large number of genotypes (Chen et al., 

2010) and the recent construction of a SNP consensus map for common wheat (Cavanagh et 

al., 2013) make this marker type an increasingly appealing tool for gene localization and 

MAS. KASPar markers are being used in genotype assays in several different crops including 

chickpea (Hiremath et al., 2012), cotton (Byers et al., 2012), soybean (Anh-Tung et al., 2013; 

Rosso et al., 2011), and common wheat (Allen et al., 2011; Neelam et al., 2013). However, 

no SNP markers have been linked to identified Pm genes as of yet.   

To date, over 70 formally designated genes conferring resistance to powdery mildew 

have been confirmed at 44 loci (Pm1 to Pm50) (Cowger et al., 2012). An additional 18 

temporarily designated powdery mildew resistance genes have been identified and require 

further allelism testing to establish clear relationships with existing Pm loci. While thirty-six 

confirmed Pm genes originated in hexaploid wheat, others were introgressed from relatives 

in the Triticum and Aegilops genera. The Aegilops genus consists of 11 diploid, 10 tetraploid, 

and 2 hexaploid species with diverse genomes including D, S, U, C, and M (Van Slageren, 

1994). Seven of the formally designated Pm genes originated in Aegilops species, including 

Ae. geniculata (Zeller et al., 2002), Ae. longissima (Ceoloni et al., 1992), Ae. speltoides 

(Hsam et al., 2003; Jia et al., 1996), and Ae. tauschii (Lutz et al., 1995; Miranda et al., 2006; 

Miranda et al., 2007a). 
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The objectives of this study were to characterize the powdery mildew resistance 

introgressed from Ae. neglecta Req. ex Bertol into the wheat germplasm line NC-UM15 and 

identify molecular markers linked to the resistance gene which could be useful for MAS. 

 

MATERIALS AND METHODS 

Plant Materials 

The soft red winter wheat powdery mildew-resistant germplasm line 

NC09BGTUM15 (NC-UM15; PI 669385) is a BC2F8-derived line from the pedigree 

Saluda*3/TTCC 223. TTCC (Texas-Turkey Cereal Collection) 223 is an Ae. neglecta. 

accession (2n=4x=28; genomes UUMM) collected by USDA-ARS scientist David Marshall 

in 1992 on a rocky hillside (1000 masl)  near the town of Karamusa in north-central Turkey. 

‘Saluda’ (PI 480474), a soft red winter wheat cultivar, was developed by Virginia 

Polytechnic Institute and State University (Starling et al., 1986). Saluda contains Pm3a, a 

defeated major gene for powdery mildew resistance (Niewoehner and Leath, 1998), and is 

now susceptible to all naturally occurring powdery mildew isolates in North Carolina (Parks 

et al., 2008).   

NC-UM15 and Saluda were crossed in 2008. The F1 hybrid was then selfed to 

produce F2 seeds in the greenhouse during the winter of 2010. F2 plants were grown in 

separate pots in the greenhouse and harvested individually without selection in the winter of 

2011 to produce F2:3 families used in subsequent disease evaluations. 
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Greenhouse Disease Evaluations 

One hundred and ninety-eight families were screened for resistance to powdery 

mildew in the greenhouse during January 2012 in a randomized complete block design 

experiment with two replicates.  Each experimental unit consisted of three 10-cm pots 

planted with a total of 15 seeds of a given F2:3 family. Both Saluda and NC-UM15 parent 

lines were planted at ten-pot intervals along the greenhouse bench as susceptible and resistant 

controls. The potting mix consisted of Fafard 4 P Mix, soil, and sand (50:40:10 ratio) 

supplemented with slow release 14-14-14 (N-P-K) fertilizer. Greenhouse temperature was 

held at 24/20°C (day/night) and natural light was supplemented with high-intensity 1000-W 

discharge lights. 

The inoculum source was powdery mildew B. g. tritici isolate ‘Arapahoe’, maintained 

by the USDA-ARS at North Carolina State University. Arapahoe is virulent to Pm1c, Pm3a, 

Pm3c, Pm3e, Pm3g, Pm4a, Pm5a, Pm5b, Pm5d, Pm6, Pm7, Pm9, and Pm20 and avirulent to 

Pm1a, Pm3b, Pm3d, Pm3f, Pm4b, Pm8, Pm12, Pm16, Pm17, Pm21, Pm25, and Pm37 

(Cowger, Pers. Comm.). The inoculum was maintained and propagated on Saluda plants 

under greenhouse conditions. Seedlings were inoculated 22 d after planting at Zadoks growth 

stage 13 -20 (1974) by gently shaking conidia from leaves of infected Saluda plants onto the 

leaves of F2:3 families and parental controls.  

Disease reactions were scored twelve days after inoculation following the 0-9 rating 

scale developed by Leath and Heun (1990). Plants scored 0-3 were considered resistant 

according to this scale, where 0 = an immune reaction with no visible signs of infection, 1 = 

chlorotic flecks with no necrosis, 2 = chlorotic flecks with some necrosis, and 3 = mild 
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chlorosis and barely detectable mycelium. Ratings between 4 and 6 were indicative of an 

intermediate disease reaction, with the degree of chlorosis and visible mycelium and conidial 

chains increasing from slight to moderate. Plants rated between 7 and 9 were scored as 

susceptible with increasing amount of mycelium and conidia. Each of the plants within an 

experimental unit were scored individually and compared with the susceptible and resistant 

parents. The F2:3 families were classified as homozygous resistant, homozygous susceptible, 

or segregating depending on the phenotypes observed. Chi-square tests were performed to 

test the goodness-of-fit between the observed and expected segregation ratios (Snedecor, 

1956). 

Field Disease Evaluations 

Seeds from each of the 198 F2:3 families were planted at the Lake Wheeler Road Field 

Laboratory in Raleigh, NC and the Cunningham Research Station in Kinston, NC in 

randomized complete block experiments. Each experimental unit was comprised of a single 

1.2-m row planted with 40-60 seeds from a given F2:3 family. The rows were spaced at 30.5 

cm intervals. Two replications per family were planted in both locations whenever possible. 

However, 41 of the 198 F2:3 families were evaluated at only the Lake Wheeler site, as 

sufficient seed was unavailable for planting in both locations. Rows of NC-UM15 and Saluda 

were included at 80-plot intervals as resistant and susceptible controls. The experiments were 

surrounded with a 1.2-m border of Saluda to promote the homogeneous spread of disease. 

Irrigation, fertilization, and other agronomic treatments followed standard management 

practices for North Carolina (Weisz, 2013). 
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Disease ratings were made on 9 March 2012 at Lake Wheeler Road Field Laboratory 

and on 15 March 2012 at Cunningham Research Station when disease symptoms were 

uniformly developed and plants had reached Zadoks Growth Stage 39 – 50. Each plot was 

evaluated following Leath and Heun (1990) to determine if the F2:3 family was homozygous 

resistant, homozygous susceptible, or segregating, with some plants scored as resistant and 

others scored as susceptible. Additional chi-square tests were performed to test the goodness 

of fit between observed and expected segregation ratios in the field. Wheat lines bearing 

Pm2, Pm3a, Pm3b, Pm3c, Pm3f, Pm4a, Pm5b, Pm6, Pm7, Pm8, Pm9, Pm17, and Pm20 were 

susceptible to naturally occurring isolates in an adjacent powdery mildew differential test at 

Lake Wheeler Road Field Laboratory in 2012 (Cowger, Pers. Comm.).  

Detached-Leaf Evaluations 

Detached leaf evaluations were conducted to test for differential response to 21 

powdery mildew isolates among NC-UM15 and 12 other lines containing confirmed Pm 

genes and temporary designations previously mapped to chromosome arm 7AL (Table 3.1). 

The following lines each bore one of the five Pm1 alleles: ‘Axminster’ (Pm1a) (Sears and 

Briggle, 1969), ‘MocZlatka’ (Pm1b) (Hsam et al., 1998), ‘M1N’ (Pm1c) (Hsam et al., 1998), 

T. spelta (Pm1d) (Hsam et al., 1998), and ‘Virest’ (Pm1e) (Singrün et al., 2003). Additional 

lines tested were NC99BGTAG11 (Pm37) (Perugini et al., 2008; Srnić et al., 2005), 

NC96BGTA4 (PmNCA4) (Srnić et al., 2005); NC96BGTA6 (PmNCA6) (Miranda et al., 

2007b), and NC06BGTAG12 (MlAG12) (Maxwell et al., 2009). The germplasm lines TA391 

(PmTb7A.1 and PmTb7A.2) (Chhuneja et al., 2012), and TA2033 (Mlm2033) (Yao et al., 

2007), obtained from the Wheat Genetics Resource Center at Kansas State University, 
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contain genes with temporary designations. Additionally, cultivars Saluda and Chancellor 

(CItr 12333) were used as susceptible controls.  

The 21 powdery mildew isolates that were used in this test (Table 3.1) had been 

collected in various years at different locations in the U.S. and abroad, and had been 

maintained by the USDA-ARS Plant Science Research Unit at North Carolina State 

University.  The isolates were chosen because they were known to have diverse virulence 

spectra (Cowger, personal observation.).  

Two 1.5-cm leaf segments of each of the 15 wheat lines being tested were applied to 

the surface of each petri dish filled with 0.5% water agar amended with 50 mg L
-1

 

benzimidazole. Each petri dish was then inoculated with conidia from a single B. g. tritici 

isolate that had been propagated on leaf segments of Chancellor. Two replicate plates were 

inoculated with each isolate. The plates were then placed in a growth chamber maintained at 

85% humidity and 18°C with a 12- hour photoperiod. Disease reactions were scored ten days 

later according to Leath and Heun (1990), where scores of 0-4 were considered resistant (R), 

5-6 were considered intermediate (I), and 7-9 were considered susceptible (S).   

Mapping of Powdery Mildew Resistance 

Genomic DNA was extracted from tissue collected from the F2 plants which gave rise 

to each of the F2:3 families following the CTAB protocol described by Stein et al. (2001). Ten 

F2:3 families with consistently resistant phenotypes and ten families with consistently 

susceptible phenotypes were chosen for bulked segregant analysis (BSA) (Michelmore et al., 

1991). DNA from the twenty chosen families was pooled into separate resistant and 

susceptible bulks.  The resistant parent, resistant bulk, susceptible bulk, and susceptible 
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parent were then screened with chromosome and genome specific markers from across the 

wheat genome. Markers polymorphic between the resistant parent and bulk, on the one hand, 

and the susceptible parent and bulk on the other were considered tentatively linked to the 

resistance gene. These markers were then used to screen the entire F2 population. 

The SSR primers Xwmc116, Xwmc332, and Xcfa2240 were synthesized according to 

sequences in GrainGenes (http://wheat.pw.usda.gov) with M13 sequence tags (5’-

CACGACGTTGTAAACGAC-3’) appended to the 5’ end for universal fluorescent labeling 

(Shuelke 2000). Other SSR primers (Xwmc525, Xwmc790, and Xcfa2257) and the sequence 

tag site (STS) primer Xmag2185 were direct-labeled with NED, FAM, PET, or VIC.  

Polymerase chain reaction (PCR) conditions were conducted as described by Miranda et al. 

(2006), with the exception of Xmag2185, which was amplified using a primer-specific 

protocol consisting of an initial denaturing step of 94°C for 3 min, followed by 40 cycles of 

94°C for 30 s, 55°C for 30 s and 72°C for 45 s, and a final extension step of 72°C for 5 min. 

Markers with M13 sequence-tagged primers were visualized using polyacrylamide gels as 

described by Miranda et al. (2006). Other SSRs and the STS marker were visualized on an 

ABI PRISM 3730 DNA Analyzer (Applied Biosystems) and scored by hand, using Peak 

Scanner 2 (Life Technologies, Carlsbad, CA).   

SNP markers were selected from the Illumina Infinium 9K SNP array (Cavanagh et 

al. 2013) based on map location and polymorphism between NC-UM15 and Saluda, with the 

NC-UM15 allele uncommon among 558 eastern winter wheat lines genotyped with the 9K 

array. Source sequences of the selected SNP were used for KASPar assay development and 

primers were designed using the Primer Picker software with default parameters (LGC 
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Genomics, Hoddesdon, UK). KASPar assays included two allele-specific forward primers 

with tail sequences and one common reverse primer (Table 3.2). Assay mix preparation and 

PCR protocols were conducted following LGC Genomics protocols. Fluorescent endpoint 

genotyping was then conducted using the LightCyler 480 (Roche Applied Sciences, 

Indianapolis, IN) with ambiguous data points scored as missing data.    

All markers were checked for distortion from expected segregation ratios using chi-

square tests. Linkage analysis was conducted using MAPMAKER/EXP (version 3.0b) 

(Lincoln et al., 1993). The Kosambi mapping function estimated centimorgan (cM) distances 

between markers (Kosambi, 1944). The chosen marker order was selected based on 

maximum likelihood estimates, SNP and SSR consensus map positions (Cavanagh et al., 

2013; Somers et al., 2004), and physical location of markers on the chromosome 7A wheat 

deletion bin map. Charts of genetic linkage maps were drawn with MapChart 2.1 software 

(Voorrips, 2002). 

Deletion Bin Mapping 

The chromosomal location of each linked marker was confirmed using Chinese 

Spring (CS) and chromosome 7AL aneuploid lines obtained from the Kansas State 

University Wheat Genetics Resource Center. The aneuploids tested included nullisomic7A-

tetrasomic7D (N7AT7D), ditelosomic7AS (Dt7AS), and ditelosomic7AL (Dt7AL). CS 

deletion stocks specific to the long arm of chromosome 7AL were also employed to 

determine the chromosomal breakpoint interval for each of the markers linked to MlUM15. 

The deletion lines tested included 7AL-1(FL 0.39), 7AL-11(FL 0.40), 7AL-10 (FL 0.49), 

7AL-17 (FL 0.71), 7AL-21(FL 0.74), 7AL-6 (FL 0.80), 7AL-13(FL 0.83), 7AL-16 (FL 0.86), 
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7AL-2 (FL 0.87), 7AL-20 (FL 0.89), 7AL-9 (FL 0.94), and 7AL-15 (FL 0.99) (Endo and 

Gill, 1996; Qi et al., 2003). The nomenclature above indicates the chromosome arm carrying 

the deletion followed by its arbitrary line number designation and the fraction length (FL) of 

the arm present. 

 

RESULTS 

Inheritance of Resistance in the NC-UM15 x Saluda Cross 

Saluda was consistently susceptible to B. g. tritici isolate Arapahoe in the greenhouse 

(disease score 7-9), whereas NC-UM15 was highly resistant (disease score 0-1). The 198 F2:3 

families were resistant, segregating, and susceptible at a 1:2:1 ratio (χ
2
 = 3.40; P = 0.18) 

(Table 3.3). The individual plants within segregating lines also fit a 3:1 resistant-to-

susceptible ratio (χ
2
 = 3.41; P = 0.18), further supporting the hypothesis that resistance in 

NC-UM15 is conferred by a single dominant gene. NC-UM15 was also immune or resistant 

(disease scores 0-1) to powdery mildew infection by naturally occurring isolates at 

Cunningham Research Station and Lake Wheeler Field Station during 2012. Saluda was 

susceptible to B. g. tritici populations in both locations (disease score 7-9). Two F2:3 lines 

scored as resistant in the greenhouse were segregating in the field, but scores were otherwise 

consistent among trials. This discrepancy was presumably due to sample size in the 

greenhouse trial. The F2:3 families in both Lake Wheeler (χ
2
 = 2.84; P = 0.24) and 

Cunningham (χ
2
 = 1.96; P = 0.38) field sites were resistant, segregating, and susceptible at a 

1:2:1 ratio. The single dominant resistance gene identified in NC-UM15 was temporarily 

designated MlUM15. 



127 

 

Detached Leaf Test 

Following inoculation with 21 isolates of powdery mildew, the disease response 

pattern of NC-UM15 differed from those of the susceptible checks Saluda and Chancellor, 

and of lines that possessed each of the Pm1 alleles, Pm37, PmNCA4, PmNCA6, MlAG12, 

PmTb7A.1, PmTb7A.2, and Mlm2033 (Table 3.1). NC-UM15 and MocZlatka (Pm1b) were 

resistant to all powdery mildew isolates tested except ABK.  NC-UM15 was fully susceptible 

to ABK, while MocZlatka had a disease response at the low end of intermediate, with an 

average of only one to two sparse pustules per leaf segment (Fig. 1).  Although this 

comparison involved a susceptible and an intermediate phenotype, the difference in disease 

response was marked and consistent across replicate plates.   

Molecular Mapping of Powdery Mildew Resistance in NC-UM15 

Over 300 genome- and chromosome-specific molecular markers were initially used to 

screen resistant and susceptible parents and bulks for polymorphism. The SSR marker 

Xwmc525, previously mapped to the long arm of chromosome 7A (Somers et al., 2004), was 

polymorphic between the resistant and susceptible bulks. Based on this information, 19 

markers specific to chromosome 7AL were tested for polymorphism. Six SSR markers 

(Xwmc790, Xwmc332, Xwmc116, Xwmc525, Xcfa2240 and Xcfa2257) and the STS marker 

Xmag2185 were polymorphic between resistant and susceptible parents and bulks. All seven 

polymorphic markers were used to screen the entire F2 population. Other markers previously 

linked to Pm genes on chromosome 7AL (Xbarc292, Xcfa2019, Xcfa2040, Xmag1759, 

Xwmc273, Xwmc344, Xwmc346, Xwmc809) were either not polymorphic between resistant 

and susceptible parents or failed to amplify. Four SNPs previously mapped to the distal end 
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of chromosome 7AL (Cavanagh et al., 2013) and polymorphic between parents (IWA2723, 

IWA8057, IWA2929, and IWA4434) were also screened against the F2 population. 

IWA2929, IWA4434, and IWA8057 were dominant markers linked in coupling with 

the resistant allele. The SSR Xcfa2257 was scored as a dominant marker linked in repulsion 

to the resistance allele. All other markers were scored as co-dominant. Every marker 

screened against the entire population fit the expected 1:2:1 segregation ratio according to the 

chi-square test (data not shown). Four of the 198 F2 lines in the mapping population were 

dropped from subsequent molecular mapping exercises as they were missing data for over 

20% of the markers.   

Ultimately, 11 SSR, STS, and SNP markers provided a basic map for calculating 

recombination frequencies and cM distances between markers and the resistance gene 

MlUM15. MlUM15 was mapped to a 1.2-cM interval between Xcfa2257 and Xcfa2240 (Fig. 

2). Several other molecular markers were also closely linked to MlUM15, including 

Xwmc525 and IWA8057 proximal to Xcfa2257 and Xmag2185, IWA2929, and IWA4434 

distal to Xcfa2240.  The marker order presented in Figure 2 was in agreement with the SNP 

consensus map (Cavanagh et al., 2013) and physical mapping conducted as a part of this 

study.   

All markers were localized to the long arm of chromosome 7A using Chinese Spring 

nullisomic-tetramics and ditelosomics. Twelve Chinese Spring 7AL deletion lines were used 

to determine the sub-chromosomal location of the loci amplified by each of the markers.  

Markers Xwmc790, Xwmc332, Xwmc116, Xwmc525, and IWA8057 amplified the Chinese 

Spring fragment in only the 7AL-15 deletion line, indicating that they are physically located 
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in the bin between fraction length 0.94 and 0.99.  Xcfa2257, Xcfa2240, Xmag2185, IWA2929, 

and IWA4434 did not amplify any products in the deletion lines, indicating that they were 

located in the most distal bin of chromosome 7AL (0.99-1.00).  Xcfa2257 was previously 

mapped to a more proximal bin (7AL1 0.39-0.71) by Sourdille et al. (2004), but several other 

researchers have placed it in close genetic linkage with Xcfa2240 and Xwmc809 in the distal 

region of chromosome 7AL (Ben-David et al., 2010; Ji et al., 2008; Yao et al., 2007).  

Additionally, Ji et al. (2008) physically mapped Xcfa2257 to a terminal bin (0.86-1.00).  

Based on this information, we concluded that MlUM15 is most likely located in the distal 1% 

of chromosome 7AL. 

 

DISCUSSION 

The virulence structure of powdery mildew populations in the southeastern US is 

constantly shifting, putting existing forms of resistance in widely deployed cultivars at risk 

for defeat (Parks et al., 2008). The most recent examples of important virulence shifts in 

North Carolina’s powdery mildew population include the failure of Pm4a in 2002 and Pm17 

in 2009 (Cowger et al., 2009). Breeders must continually search for new forms of resistance 

and deploy qualitative resistance genes in a manner that improves their durability. The 

introgression of a new dominant powdery mildew resistance gene from Ae. neglecta to soft 

red winter wheat and identification of useful SSR and SNP markers closely linked to the 

resistance gene in the terminal bin (0.99 – 1.00) of chromosome 7AL should provide 

breeders with an effective new source of resistance that can be pyramided with Pm genes at 

other loci. 
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 The arrangement of disease resistance genes in multi-gene families is common in 

many plant species (Hulbert et al., 2001; Michelmore and Meyers, 1998). Changes in gene 

specificities in such clusters can arise from inter-allelic recombination as well as rare unequal 

crossing-over events resulting in gene duplications, deletions, or chimeras between paralogs. 

Five of the 44 formally designated Pm loci had multiple alleles conferring resistance to 

various races of powdery mildew (Pm1a-e, Pm3a-t, Pm4a-d, Pm5a-e, Pm24a-b, and 

Pm8/Pm17) (Bhullar et al., 2010; Hsam and Zeller, 1997; Huang et al., 2003; Schmolke et 

al., 2012; Singrün et al., 2003; Xue et al., 2012). Of these, the Pm3 alleles have been 

characterized and cloned (Yahiaoui et al., 2006; Yahiaoui et al., 2009).   

The distal region of chromosome 7AL is an area of particular complexity, with many 

powdery mildew resistance genes introgressed from different germplasm sources.  Genes 

Pm1a, Pm1c, Pm1e, Pm9, and mlRD30 originated in common wheat (Hsam et al., 1998; 

Schneider et al., 1991; Singrün et al., 2003).  Other powdery mildew resistance genes on 

chromosome 7AL originated in such diverse sources as T. monococcum (Hsam et al., 1998; 

Miranda et al., 2007b; Srnić et al., 2005; Yao et al., 2007), T. boeoticum (Chhuneja et al., 

2012; Yao et al., 2007); T. spelta, (Hsam et al., 1998), T. timopheevii (Maxwell et al., 2009; 

Perugini et al., 2008; Srnić et al., 2005), T. dicoccoides (Ben-David et al., 2010; Ji et al., 

2008), T. urartu (Qiu et al., 2005), and Ae. markgrafii (Weidner et al., 2012). In contrast, all 

but one of the 17 alleles of the Pm3 locus on chromosome 1AS originated in common wheat 

(Bhullar et al., 2010; Bhullar et al., 2009; Briggle and Sears, 1966; Yahiaoui et al., 2006; 

Yahiaoui et al., 2009; Zeller et al., 1993).  In other words, it appears that chromosome 7AL 
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may be the location for a relatively high frequency of B. g. tritici resistance genes from wild 

wheat relatives.   

The leaf rust (Puccinia triticina Eriks.) and stripe rust (P. striiformis) genes Lr62 and 

Yr42 were successfully transferred from an Ae. neglecta Req. ex Bertol accession to common 

wheat (Marais et al., 2009). Ae. neglecta accessions have also been identified as promising 

sources of resistance to multiple aphid species (Smith et al., 2004) and Hessian fly 

(Mayetiola destructor Say) (El Bouhssini et al., 1998). The related UM genome species Ae. 

geniculata was the source of Pm29 on chromosome 7DL (Zeller et al., 2002).  However, 

MlUM15 is the first documented Pm gene introgressed from Ae. neglecta into common 

wheat.  

There are at least twelve temporarily designated Pm genes on chromosome 7AL, 

significantly more than any other region of the wheat genome.  Of these genes, several are in 

close linkage with or allelic to the complex Pm1 locus based on their shared linkage with the 

molecular markers Xgwm344, Xmag2185, and Xmag1759.  Among these genes in close 

linkage with the Pm1 complex are the dominant resistance genes MlAG12, MlW172, 

Mlm2033, Mlm80, PmG16, PmTb7A.2, and PmU, and the recessive genes mlRD30 and Pm9.  

It is unclear whether these genes are closely linked loci in the distal region of chromosome 

7AL or alleles at a single locus.   

Given its unique species of origin, differentiated reaction to powdery mildew isolates 

compared to several other Pm genes in the region, and close linkage with known Pm1 

markers, it is likely that MlUM15 is a new allele of Pm1. Further allelism testing or map-
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based cloning should be conducted to confirm the relationship of MlUM15 and other 

temporarily designated genes on the long arm of chromosome 7AL with the Pm1locus.  

Previous studies using six or fewer CS deletion lines mapped the physical location of 

the Pm1 locus to a terminal deletion bin (0.86-1.00) of chromosome 7AL (Ji et al., 2008; 

Miranda et al., 2007b; Sourdille et al., 2004).  The inclusion of more deletion lines provided 

further information about the precise physical location of the Pm1 complex and other Pm 

genes on chromosome 7AL:  Pm1 and closely linked flanking markers Xcfa2257, Xcfa2240, 

Xmag2185, IWA2929, and IWA4434 were mapped to a narrower terminal deletion bin (0.99-

1.00).  Meanwhile, markers closely linked with Pm37, PmTb7A.1, PmNCA4, and PmNCA6 

such as Xwmc790, Xwmc332, and Xwmc525 all mapped to a more proximal bin (0.94-0.99). 

The inclusion of additional deletion lines for physical mapping and identification of 

SNPs in close linkage with the Pm genes on chromosome 7AL provided more information 

about the relationship between the complex loci and alleles in this chromosome arm. The 

identification of SNPs linked to MlUM15 may also be helpful for breeders working with 

other genes and alleles in the region.  Breeding lines with good agronomic performance and 

possessing powdery mildew resistance from MlUM15 are currently being evaluated in the 

field and used as parents in the North Carolina State University cultivar development 

program. The development of this disease- resistant material and identification of useful 

linked molecular markers should result in new resistant cultivars and gene pyramids for 

growers in the southeastern US. 
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Table 3.1. Differential reactions of NC-UM15, ‘Saluda’, and 13 genotypes possessing named and temporarily designated Pm 

genes previously mapped on chromosome 7AL to 21 isolates of Blumeria graminis f. sp. tritici (B.g. tritici) evaluated in a 

detached leaf test. 

Genotype Pm gene 

B.g. tritici Isolate 

#8 101a2 127 144 

169-

1b 

AB9-

10 ABK 

Flat   

7-11
†
 Kin-mix 

Pm 

tr24.

1A 

Sturdy 

2KPm5 Trego Yuma
‡
 

NC-UM15 MlUM15 R
§
 R R R R R S R R R R R R 

Axminster   Pm1a S S R R R R S R R R R R R 

MocZlatka  Pm1b R R R R R R I R R R R R R 

M1N  Pm1c S I I S S I I I I I I I S 

T. spelta  Pm1d I S R R R R S R R R R R R 

Virest  Pm1e S I R R R R S R R R R R R 

NC96BGTA4   NCA4 R R S S R S S S S R R I S 

NC96BGTA6  NCA6 R R I R R I I I I R S I I 

NC-AG11  Pm37 R R R R R I R R R R R R R 

NC-AG12  MlAG12 R R R R R R R R R R R R R 

TA2033  Mlm2033 R R R R R R R R R R R R R 

TA391  PmTb7A R R R R R R R R R R R R R 

Saluda  Pm3a R R S S R S S S S R S S S 

Chancellor
¶
  Pm10, 15 S S S S S S S S S S S S S 

†
 B.g. tritici isolates C4-6, Ken-4-3, AN2-4, and J2-1 had the same virulence pattern as Flat 7-11  

‡
 B.g. tritici isolates C1-4, C3-1, AK3-11, and J. Counsell L. Neb. had the same virulence pattern as Yuma 
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Table 3.1. Continued
 

§
R = resistant = 0-4; I = intermediate = 5-6; S = susceptible = 7-9; “-“ = data not available. 

¶
Chancellor = susceptible check; Pm10 and Pm15 are universally ineffective (McIntosh et al., 1995)  
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Table 3.2. Primers for KASPar assays used to screen the NC-UM15 x ‘Saluda’ population 

SNP No. SNP Name Primer A1
†
 Primer A2 C1 

IWA2723 
wsnp_Ex_c225

47_31737663 

GTACTGATTTGCATTAAGA

TCAAAGTCTAT 

ACTGATTTGCATTAAGATC

AAAGTCTAC 

ACAGCGGTCCTATTAATAG

CAGAAAGAA 

IWA2929 
wsnp_Ex_c247

96_34049469 

AAACAATGCACTAGAACTT

TGCCGC 

CTTGGTGCTCGCAGTAGTC

AGT 

GATGTCTTCCAAGATGCAT

GTGATTTCAT 

IWA4434 
wsnp_Ex_c614

2 _10746442 

GGCAGCAAGAAGAGAAAG

AAAGGATT 

GCAGCAAGAAGAGAAAGA

AAGGATC 

CAGCGGCCTTCACCTGGGC

TT 

IWA8057 
wsnp_Ra_c711

2 _12318340 

CAGCCTTGTTGTTAGAAGA

TGGTC 

CAGCCTTGTTGTTAGAAGA

TGGTT 

GTCTCAAAAATCTGGAAC

GACGTCAATTT 

†
Primer sequences are given without the FAM (A1) and VIC (A2) tails.  
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Table 3.3. Segregation ratios for disease reaction of F2:3 families from the NC-UM15 x 

‘Saluda’ population evaluated in the greenhouse and two field sites in 2012. 

 

 

  
Location 

Number of F2:3 families 

Total χ
2
 (1:2:1) P value Resistant Segregating Susceptible 

Greenhouse 52 87 59 198 3.40 0.18 

Lake Wheeler 50 89 59 198 2.84 0.24 

Cunningham  42 70 45 157 1.96 0.38 
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Fig. 3.1. Virulence test with pairs of detached-leaf segments of 
a
 NC-UM15 (MlUM15), 

b
 

Axminster (Pm1a), 
c
 MocZlatka (Pm1b), and 

d
 a single segment of Chancellor, inoculated 

with B. g. tritici isolate ABK.  
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Fig. 3.2.  Comparative view of the MlUM15 linkage map with published maps of Pm1 loci 

and the physical map of chromosome 7AL. 
a
 Map position of Pm1a according to Neu et al. 

(2002) showing the converted STS marker Xmag2185 (Yao et al., 2007) in place of the 

original RFLP probe PSR680 , 
b 

map position of Pm1e according to Singrün et al. (2003), 
c
 

genetic map of MlUM15 in NC-UM15.  Marker names are at the right and map distances 

(cM) are on the left for each genetic map. Pm genes are framed with black boxes and 

common markers are connected with dotted lines. 
d
 Physical map of chromosome 7AL. 

Molecular markers from the genetic map of MlUM15 are connected to their appropriate 

physical deletion bins with dashed lines.  Markers in the 0.94-0.99 bin are connected to the 

physical map with short dashes, whereas markers in the terminal bin (0.99-1.00) are 

connected with long dashes. 
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CHAPTER 4 

A Comparison of Methods for Evaluating the Suppressive Ability of Winter Wheat 

Cultivars against Italian Ryegrass (Lolium perenne) 

 

Worthington, M., S.C. Reberg-Horton, D. Jordan, and J.P. Murphy. 2013. A Comparison of 

Methods for Evaluating the Suppressive Ability of Winter Wheat Cultivars against Italian 

Ryegrass (Lolium perenne). Weed Science. 61: 491-499. doi:10.1614/WS-D-12-00167.1 
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Abstract 

Infestations of Italian ryegrass are problematic in both conventional and organic 

wheat production systems. The development of wheat cultivars with superior competitive 

ability against Italian ryegrass could play a role in maintaining acceptable yields and 

suppressing weed populations.  Research was conducted in North Carolina to identify 

indirect methods of selection for Italian ryegrass suppressive ability (hereafter referred to as 

weed suppressive ability) of winter wheat cultivars that correlate well with Italian ryegrass to 

wheat biomass ratios. Two winter wheat cultivars (Dyna-Gro Baldwin and Dyna-Gro 

Dominion) and one experimental wheat line (NC05-19684) with differing morphological 

traits were over-seeded with varying densities of Italian ryegrass.  Wheat height measured 

throughout the growing season in weed-free plots was strongly associated with weed 

suppressive ability, while high wheat tillering capacity had no significant effect on weed 

suppressive ability in the lines tested in this study.  Italian ryegrass seed head density during 

grain fill was strongly correlated (r = 0.94) with Italian ryegrass to wheat biomass ratio, the 

generally accepted measure of weed suppressive ability.  Visual estimates of percent Italian 

ryegrass biomass relative to the plot with the highest level of Italian ryegrass infestation in 

each replicate were also strongly correlated with weed suppressive ability at all growth 

stages, especially during heading (r = 0.87) (Zadoks 55).  Measurements from non-imaging 

spectrophotometers and overhead photographs taken from tillering (Zadoks 23-25) to early 

dough development (Zadoks 80) were unreliable estimates of end of season Italian ryegrass 

to wheat biomass ratios as they failed to account for wheat cultivar differences in biomass, 

color, and growth habit.  Italian ryegrass seed head density and visual estimates of Italian 
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ryegrass biomass during grain fill are appropriate indirect methods of selection for weed 

suppressive ability in breeding programs. 
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Italian ryegrass, a winter annual, is a major weed in small-grain crops in the 

Southeastern Unites States (Everman and Jordan 2011; Webster 2000).  Italian ryegrass 

reduces grain yield by competing for nutrients and light, decreasing the number of productive 

tillers, and promoting lodging (Appleby et al. 1976). Infestations of Italian ryegrass are 

problematic in both conventional and organic wheat production systems, and with the 

efficacy of herbicidal modes of action reduced due to the development of resistant biotypes 

and expanding market opportunities for organic grain, alternative or supplementary methods 

for control are worth exploring. 

Significant variation in competitive ability against weeds has been identified in 

soybean [Glycine max (L.) Merr.] (Jannink et al. 2000; Place et al. 2011), corn (Zea mays L.) 

(So et al. 2009), grain sorghum [Sorghum bicolor (L.) Moench ssp. Bicolor] (Guneyli et al. 

1969), rice (Oryza sativa L.) (Saito et al. 2010; Zhao et al. 2006), and wheat (Lemerle et al. 

2001a; Wicks et al. 1986).  Competitive ability can be described by (1) ability to maintain 

acceptable grain yield in the presence of weeds (tolerance), or (2) ability to suppress the 

vegetative and reproductive growth of weeds (weed suppressive ability) (Goldberg 1990; 

Jannink et al. 2000).  Weed suppressive ability is measured by cutting a quadrat from a 

weedy plot, separating the weed stems from the crop, and calculating the ratio of weed to 

crop biomass relative to the weed free plot (Coleman et al. 2001; Paynter and Hills 2009).  

This method is effective in studies with small numbers of plots, but is impractical in large 

breeding programs.   

Although many researchers have suggested breeding crops for increased competitive 

ability against weeds (Bertholdsson 2010; Hoad et al. 2008; Lemerle et al. 2001b; Wolfe et 
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al. 2008), very few programs are actually breeding cultivars with improved weed suppressive 

ability or tolerance (Worthington and Reberg-Horton 2013).  The lack of simple, efficient, 

and reliable methods for quantifying weed suppressive ability is a factor undermining efforts 

to breed crops with superior competitive ability.   

Weed scientists frequently use visual estimates of weed biomass to estimate weed 

cover or biomass and predict crop yield loss. These qualitative evaluations are rapid, 

inexpensive, and require no specialized equipment, making them suited for large breeding 

programs. But to be effective estimators of weed suppressive ability, these ratings must be 

correlated with weed to crop biomass ratios, reliable across evaluators, and repeatable 

(Andujar et al. 2010; Donald 2006).   

Tools developed for precision agriculture and site-specific weed management may be 

employed as indirect measures of weed suppressive ability.  Many vegetation indices have 

been developed which use combinations of spectral signatures in the visible (VIS) and near 

infrared wavelengths (NIR) to infer information about plant health, biomass, and weed 

competition (Jackson and Huete 1991).  The most common of these indices is the normalized 

difference vegetation index (NDVI), a ratio of the difference between near infrared and 

visible reflectance and the sum of the reflectance from both wavelengths (Rouse et al. 1973).  

While frequently used to describe plant health, NDVI readings obtained from aerial 

photographs were used to differentiate weeds from crops (Lamb and Weedon 1998; Lamb et 

al. 1999).  Image analysis of overhead photographs taken with a standard digital camera was 

used to estimate weed biomass in maize at a fine resolution appropriate for rating small plots 
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(Brown et al. 1994).  Non-imaging spectrophotometers were employed to discern between 

the spectral signatures of weeds and a number of crops including wheat (Girma et al. 2005).   

The number of weed and crop stems or heads in a quadrat can be used to approximate 

weed suppressive ability.  Wicks et al. (2004) determined the number of wheat stems m
-2 

to 

assess competitive ability of winter wheat cultivars against Italian ryegrass.  The end of 

season weed to crop biomass ratio was not determined in this study so it is unclear whether 

this method sufficiently approximated the commonly accepted biomass ratio measurement of 

weed suppressive ability.   

Numerous studies have shown that morphological traits such as height at the end of 

the growing season (Lemerle et al. 2001a; Lemerle et al. 1996; Mason et al. 2007), high 

tillering capacity (Lemerle et al. 2001a; Lemerle et al. 1996; Mason et al. 2007), early 

biomass accumulation (Lemerle et al. 2001a; Lemerle et al. 1996), leaf morphology (Lemerle 

et al. 1996), and time to maturity (Mason et al. 2007) contribute to weed suppressive ability 

in spring wheat.  Fewer studies have been conducted on weed suppressive ability in winter 

wheat, and it is unclear whether the same traits confer a competitive advantage to wheat 

characterized by a long period of slow growth during vernalization.  The objective of this 

study was to compare indirect methods for estimating for estimating the ability of winter 

wheat lines to suppress Italian ryegrass, identify methods that correlate well with the more 

labor-intensive measurement of Italian ryegrass to wheat biomass ratios, and determine 

which morphological features contributed to the weed suppressive ability of winter wheat 

lines in North Carolina.  
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Materials and Methods 

Experimental Design and Plant Material.  Two locally adapted winter wheat cultivars and 

one experimental line (hereafter referred to as lines) were chosen for this study based on their 

dissimilar morphological characteristics. The lines selected for the study were Dyna-Gro 

Baldwin, Dyna-Gro Dominion, and NC05-19684, chosen respectively for their tall stature, 

short stature, and high tillering abilities.  These three lines were overseeded with varying 

rates of Gulf Italian ryegrass, a commercial turf cultivar, in a factorial treatment structure.  

The study was established as a randomized complete block design with four replications at 

each location.  

Wheat was planted in 6.1 m long plots using a calibrated cone drill with seven rows at 

20.3 cm spacing in 2011 and 17.1 cm spacing in 2012.  All three wheat lines were seeded at a 

rate of 375 seeds m
-2

, adjusted according to seed weight to achieve uniform plant density.  

This relatively high seeding rate is typical for organic wheat production in NC. Italian 

ryegrass was broadcast at seeding rates of 0, 50, 150, and 300 seeds m
-2

 and incorporated via 

a cultipacker.  

Growing Conditions. This experiment was conducted during the 2011 and 2012 growing 

seasons at Caswell Research Station in Kinston, NC (35.16°N, 77.36°W) and Piedmont 

Research Station in Salisbury, NC (35. 41°N, 80.37°W).  Wheat and Italian ryegrass were 

planted on October 18, 2010 at the Piedmont Research Station on a Hiawassee Clay Loam 

(fine, kaolinitic, thermic Rhodic Kanhapludult) and on October 25, 2010 at the Caswell 

Research Station on a Pocalla loamy sand (loamy, siliceous, subactive, thermic Arenic 

Plinthic Paleudult) in the first year of the study.  During the second year of the experiment, 
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wheat and Italian ryegrass were  planted on October 24, 2011 at the Piedmont Research 

Station on a Cecil Clay Loam (fine, kaolinitic, thermic Typic Kanhapludult) and October 25, 

2011 at the Caswell Research Station on a Kenansville loamy sand (loamy, siliceous, 

subactive, thermic Arenic Hapludult). 

Both sites were treated with 33.6 kg ha
-1

 of pre-plant nitrogen and top-dressed with 

potassium based on soil test recommendations.  A second application of fall nitrogen was 

applied to Caswell during the 2011 growing season because of heavy rains within hours of 

planting.  A total of 100.7 kg ha
-1

 of spring nitrogen was applied at Caswell in both growing 

seasons.  In the 2012 growing season 22.5 kg ha
-1

 of nitrogen was applied on December 23
rd

 

to compensate for patches of nutrient deficiency in Caswell.  A total of 89.6 kg ha
-1

 of spring 

nitrogen was applied during March of 2011 and 2012 at the Piedmont location.  Broadleaf 

weeds were controlled with Thifensulfuron-methyl plus Tribenuron-methyl (Harmony 

Extra®, Dupont, Wilmington, DE) in both locations as needed throughout the growing 

season.  

Growing conditions during both seasons were favorable with 308 mm and 436 mm 

rainfall between sowing and maturity at Caswell and Piedmont locations in 2011, and 495 

mm and 615 mm rainfall in Caswell and Piedmont locations in 2012.  Twelve hundred and 

thirty-eight and 950 growing degree-days were accumulated in the Caswell and Piedmont 

locations between November and February of 2011-2012.  In contrast, only 816 and 590 

growing degree-days were accumulated in those locations during the same period in the 2011 

growing season.  Consequently, tiller development was generally higher and stem extension 

(Zadoks GS 31) was reached earlier during the second year of the experiment.  Total growing 
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degree-days did not differ significantly between two seasons, as temperatures between March 

and May 2012 were cooler than the previous year.  

Indirect Methods for Evaluating Weed Suppressive Ability. Visual estimates of percent 

Italian ryegrass suppression relative to the plot with the highest level of Italian ryegrass 

infestation in each replicate and spectral indices derived from digital photographs and a non-

imaging spectrometer were collected throughout the growing season (at Zadoks GS 25, 29, 

31, 55-60, 69-80) (Zadoks et al. 1974) and Italian ryegrass seed head density was recorded 

after anthesis (Zadoks GS 69-80) to identify what measurements taken at which growth 

stages correlated best with end of season hand-sorted Italian ryegrass to wheat biomass 

ratios. All measurements throughout the season were recorded in a selected 1 m
2 

area of the 

plot to ensure that end of season measurements of Italian ryegrass to wheat biomass ratios 

were unbiased. The initial number of Italian ryegrass plants that established in the selected 

area of the plot was counted in a square meter quadrat area during early tillering (Zadoks 23-

25) to test whether wheat lines varied in their ability to suppress weed seedling germination 

and establishment.   

 The Italian ryegrass suppression in each plot was visually estimated during every 

field visit.  The rater first observed all 12 plots in each replicate and selected the plot with the 

highest level of Italian ryegrass infestation.  The weediest plot in each block was rated as 100 

and Italian ryegrass free plots were rated as 0.  All other plots were assigned intermediate 

percentages based on the level of Italian ryegrass biomass and ground cover reduction in 

comparison to the weediest plot.  Spectrophotometer readings were taken on every plot 

during each field visit using a Crop Circle ACS-210 Plant Canopy Reflectance Sensor 
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(Holland Scientific, Inc., Lincoln, NE), which used near infrared reflectance and visible 

reflectance data to calculate NDVI.  

 Overhead digital photographs were taken throughout the growing season with a 

Nikon D5000 digital camera (Nikon, Inc., Melville, NY) mounted on an adjustable height 

custom-built camera stand, which was centered over the middle row of each plot.  During 

each field visit the camera was positioned approximately 100 cm above the crop canopy and 

the AF-S Nikkor 18-55mm lens was adjusted to capture all seven rows of wheat in the plot 

and the soil between rows. No flash was employed in the photographs as excessive 

shadowing can interfere with the analysis of crop and weed spectral signatures.  Digital 

image analysis of overhead photographs was conducted using ImageJ, a public domain Java 

image processing and analysis program (Abramoff et al.  2004).  Hue, saturation, and 

brightness thresholds were manually selected to differentiate wheat pixels from soil and 

Italian ryegrass pixels.  Different thresholds were optimal depending on the soil background 

and light conditions present when the images were collected, so photographs from each field 

visit were analyzed separately in Image J.   

End of season counts of Italian ryegrass seed heads were made in a square meter 

quadrat centered in the selected region of each plot after anthesis (Zadoks GS 69-80). In 2011 

a forage plot harvester (Haldrup Model 0978, Bredgade, Denmark) was used to cut an 

approximately 1.68 m
2
 swath of wheat and Italian ryegrass stems from the previously 

selected area of each plot during grain development and ripening (Zadoks 80).  In 2012 a 

sickle bar mower (Jari Monarch, Saint Peter, MN) was used to cut a slightly smaller (1.59 

m
2
) swath of wheat and Italian ryegrass biomass at the same growth stage.  Italian ryegrass 
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and wheat stems were separated by hand and dried for one week at 40°C during both years.  

Dried wheat and Italian ryegrass stems were then weighed and used to calculate end of 

season Italian ryegrass to wheat biomass ratios for each plot.  Wheat grain yield was recorded 

with a combine in the plot area remaining after the destructive biomass sampling at maturity 

(after Zadoks 92) as an indicator of tolerance. 

Morphological Traits Impacting Weed Suppressive Ability. Morphological traits were 

measured in all plots not over-seeded with Italian ryegrass throughout the growing season to 

identify what factors might confer superior weed suppressive ability in winter wheat 

cultivars.  Height notes for both wheat and Italian ryegrass plants were collected during grain 

fill on the same date as final counts of Italian ryegrass seed heads m
-2

 in the 2011 growing 

season.  Plant height was estimated as the distance from ground level to the tip of the average 

head, excluding awns.  Additional morphological data were collected in Italian ryegrass-free 

plots during the 2012 growing season including height throughout the season (Zadoks 29, 31, 

and 69), visual estimates of early vigor during tillering (Zadoks 29), and diffuse non-

interception (DIFN), a measure of light penetration through the canopy, during stem 

extension and heading (Zadoks 31).  Visual estimates of early vigor, a combination of 

percent ground cover and wheat height, were made on a 1 to 9 scale with the most vigorous 

plots rated as 1.  DIFN was calculated using a LAI-2000 sensor (LI-COR Environmental, 

Lincoln, NE) in overcast conditions. Counts of reproductive wheat tillers per meter row were 

made in plots over-seeded with 0 and 300 Italian ryegrass seeds m
-2

 at Caswell research 

station in 2011 (Zadoks 80) and at both locations in 2012 (Zadoks 69). 
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Statistical analyses. Statistical analyses were conducted using SAS 9.2 (SAS Institute Inc., 

Cary, NC).  Data collected from biomass harvest, visual estimates of Italian ryegrass to 

wheat biomass, measurements of Italian ryegrass seed head density, and spectral indices 

derived from digital photographs and a non-imaging spectrometer were first analyzed using 

analysis of variance (ANOVA) to test for the effect of treatment combination (twelve total 

combinations of wheat genotypes and Italian ryegrass seeding rate), block, environment, and 

their interaction.  Least-square means were calculated for all measurements with significant 

treatment effects and used to calculate correlations between various estimates of weed 

suppressive ability.  Pearson’s correlation coefficient was used to test the significance of 

correlations between treatment least-square means for measurements with significant 

treatments effects.  

Initial Italian ryegrass seedlings m
-2

, and end of season wheat dry yield, wheat 

biomass, Italian ryegrass biomass, Italian ryegrass to wheat biomass ratio, and Italian 

ryegrass seed heads m
-2

, and wheat grain yield adjusted to 14 percent moisture were tested 

for significant correlation with one another. Italian ryegrass to wheat biomass ratio was then 

tested for correlation with each of the visual estimates of percent Italian ryegrass biomass 

relative to the plot with the highest level of Italian ryegrass infestation in each replicate, 

overhead plot photographs, and non-imaging spectrometer data taken throughout the growing 

season.  Measurements that were significantly correlated with end of season Italian ryegrass 

to wheat biomass ratios across all study environments were deemed acceptable substitutes for 

biomass harvesting and separation by hand.  
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 Genotypic differences in weed suppressive ability were evaluated using PROC 

MIXED with genotype, Italian ryegrass seedling density (at Zadoks 23-35), and their 

interaction considered fixed effects, and block, environment, and associated interactions 

considered random effects. Italian ryegrass to wheat biomass ratio, Italian ryegrass seed head 

density were each tested separately as response variables.  Only plots overseeded with 50, 

150, and 300 Italian ryegrass seeds m
-2 

were included in the model when testing for the 

effects of genotype, Italian ryegrass seedlings density, and their interaction on Italian 

ryegrass to wheat biomass ratio and Italian ryegrass seed heads density as there was no 

variation in the response variable in weed-free plots.  Genotypic differences in tolerance were 

tested using the same PROC MIXED model with wheat grain yield substituted as the 

response variable.  Significant Italian ryegrass seedling density by genotype interactions 

would indicate differences in tolerance.   

Least-square means of each wheat line were also calculated for each of the 

morphological traits recorded throughout the growing season in Italian ryegrass free plots, 

and for counts of reproductive wheat tillers per meter row in Italian ryegrass free plots and 

plots over-seeded at the highest rate (300 Italian ryegrass seeds m
-2

).  Fisher’s Protected LSD 

was then used to test for significant differences between genotypes for each trait. 

Results and Discussion 

Range of Weed Suppressive Ability. Significant variation between factorial treatment 

groups (P < 0.05) was detected for Italian ryegrass to wheat biomass ratio (Table 4.1).  Least-

square means of Italian ryegrass to wheat biomass ratios for treatments ranged from 0 in 

plots not overseeded with Italian ryegrass to 0.23 in Dyna-Gro Dominion plots overseeded 
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with 300 Italian ryegrass seeds m
-2

.  Overall mean Italian ryegrass to wheat biomass ratios in 

the four study environments ranged from 0.06 at the Piedmont research station in both years 

to 0.14 at the Caswell station in 2011.  Significant treatment differences in all environments 

were observed for other traits related to weed suppressive ability including Italian ryegrass 

biomass m
-2

 at Zadoks 80, wheat biomass m
-2

 at Zadoks 80, Italian ryegrass seedlings m
-2

 at 

Zadoks 23-25, Italian ryegrass seed heads m
-2

 at Zadoks 69, and wheat dry yield at Zadoks 

92 (Table 4.1).  Correlations between traits related to weed competition were significant with 

the exceptions of final wheat biomass m
-2

 (Zadoks 80) with Italian ryegrass seedling density 

(Zadoks 23-25) (Table 4.2). As expected, wheat biomass m
-2

 and grain yield decreased in all 

environments as Italian ryegrass seeding rate increased.   

Variation in Weed Suppressive Ability among Genotypes.  The three lines differed in 

their ability to suppress Italian ryegrass biomass accumulation, tillering, and reproduction 

(Figure 4.1).  Observed differences in weed suppressive ability were not attributed to 

genotypic effects on weed establishment, as Italian ryegrass seedling density (Zadoks 23-25) 

did not differ among the lines (P ≤ 0.05; Table 4.1). Genotype and Italian ryegrass seedling 

density main effects were significant (P < 0.05) and their interaction was non-significant. 

Dyna-Gro Baldwin was the most suppressive line in all study environments, while Dyna-Gro 

Dominion was consistently the poorest suppressor of Italian ryegrass tillering and biomass 

accumulation.  NC05-19684 performed intermediately across environments (Figure 4.1).  

The consistent weed suppression rankings of these three lines across experimental locations 

and years suggests that weed suppressive ability is a heritable trait and that significant 

variation for this trait exists within adapted southeastern winter wheat germplasm.   
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Differences in weed suppressive ability between lines were most evident at the 

highest Italian ryegrass-seeding rate tested (300 seeds m
-2

; Figure 4.1).  Italian ryegrass 

germination and establishment varied across environments, ranging from a mean of 37 to 78 

seedlings m
-2 

at the highest seeding rate.  Seedling establishment rates may increase or at 

least become more consistent if Italian ryegrass seeds are drilled into the soil rather than 

broadcast, but our results suggested that breeders can accentuate genotypic differences in 

weed suppressive ability by over-seeding plots with at least 300 Italian ryegrass seeds m
-2

. 

No significant differences in tolerance (ability to maintain acceptable grain yield in 

the presence of weeds) were detected among the three wheat lines (data not shown).   The 

main effect of Italian ryegrass seedling density was highly significant (P < 0.01) in all 

environments, indicating that Italian ryegrass infestation reduced wheat yield, but genotypic 

main effects and Italian ryegrass seedling density by genotype interactions were non-

significant (P ≥ 0.05).  All three lines suffered yield losses at approximately equal rates in 

plots with high Italian ryegrass infestations and no significant differences were observed in 

the grain yield of the three tested lines in weed free conditions (Table 4.3).  Many studies 

have found that weed biomass suppression and yield tolerance are broadly correlated (Balyan 

et al. 1991; Challaiah et al. 1986; Huel and Hucl 1996; Lemerle and others 1996; Lemerle et 

al. 2001a; Wicks et al. 1986). Still others have found no relationship between tolerance and 

weed suppressive ability (Coleman et al. 2001; Cousens and Mokhtari 1998).  It should be 

noted that only three wheat lines were tested in this study; a larger sampling of adapted 

genotypes should be tested to discern the relationship between yield tolerance and weed 

suppressive ability in winter wheat.  
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Morphological Traits Impacting Weed Suppressive Ability.  No significant differences 

between lines were detected for heading date, grain yield, vigor rating during tillering, or 

DIFN (at Zadoks 31) in any of the environments.  Dyna-Gro Baldwin, the most weed 

suppressive line, was significantly taller than Dyna-Gro Dominion and NC05- 19684 at all 

growth stages and in all environments (Table 4.3).  Dyna-Gro Baldwin also had a more erect 

growth habit during tillering (data not shown), and allowed the least amount of light 

penetration through the canopy (Zadoks 55-60) at Caswell in 2012, according to DIFN 

measurements (Table 4.3).   

Previous studies have found significant positive associations between wheat height 

and suppressive ability against rigid ryegrass (Lolium rigidum Gaudin) (Lemerle et al. 1996; 

Lemerle et al. 2001a), wild oat (Avena ludoviciana Durieu) (Balyan 1991), and a variety of 

summer annual weeds (Wicks et al. 2004; Mason et al. 2007).  Italian ryegrass in Dyna-Gro 

Baldwin plots grew significantly taller (mean of 116 cm at GS 80) than Italian ryegrass 

grown with shorter varieties, Dominion and NC05-19684 (108 and 105 cm, respectively) in 

2011. Balyan et al. (1991) also reported that the height of wheat lines remained the same 

regardless of weed pressure, but wild oats grow grew taller when grown with taller wheat 

lines. Weeds with strong phenotypic plasticity may suffer a fitness penalty as they allocate 

more of their resources to vegetative growth in order to surpass the canopy of taller wheat 

lines at the expense of tillering and reproductive growth. This effect may complement the 

increased shading ability of tall lines that deplete light resources available to weeds. Plant 

breeders usually select against taller lines because of their lower harvest index and propensity 

for lodging (Lemerle et al. 1996).  Our results showed that Dyna-Gro Baldwin yielded as 
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well as the shorter lines, regardless of whether the plots were overseeded with Italian 

ryegrass or not, and was taller during all growth stages.  Fewer studies have investigated the 

effect of plant height during tillering, stem extension, and heading on weed suppression, 

particularly during the long period of slow growth and competition during mild southeastern 

winters.  It is possible that increased early season wheat height could induce a reproductive 

fitness penalty on Italian ryegrass similar to end of season height without the associated loss 

of wheat harvest index and threat of lodging. A larger set of lines should be screened to 

determine which morphological traits contribute to weed suppressive ability in winter wheat 

systems. 

While previous research on spring wheat cultivars has suggested that tillering 

capacity plays an important role in weed suppressive ability (Lemerle et al. 1996; Lemerle et 

al. 2001a; Mason et al. 2007), our results indicated that tillering had little effect on weed 

suppressive ability North Carolina.  NC05-19684 had a significantly higher capacity for 

tillering in weed free plots than Dyna-Gro Baldwin and Dyna-Gro Dominion (Figure 4.2).  

But no significant differences were detected between lines in the counts of wheat tillers per 

meter row in plots over-seeded with 300 Italian ryegrass seeds m
-2

 in any of the three 

environments where tillering was measured (Figure 4.2).  Italian ryegrass depresses wheat 

yields in North Carolina primarily by reducing the density of reproductive tillers (Liebl and 

Worsham 1987).  These results indicated that not all winter wheat lines experience the same 

rate of tillering suppression when infested with the same amount of Italian ryegrass, and that 

tillering capacity in Italian ryegrass free conditions is a poor predictor of tiller maintenance in 

weedy conditions. 
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Comparison of Screening Methods. 

Visual Estimates.Visual estimates of percent Italian ryegrass suppression relative to the plot 

with the highest level of Italian ryegrass infestation in each replicate, taken during tillering 

(Zadoks GS 23, 25, and 29), stem extension (Zadoks GS 31), heading (Zadoks GS 55-60), 

and ripening (Zadoks GS 69-80) differed significantly among the 12 treatment combinations.  

Correlations between visual estimates taken at all growth stages and Italian ryegrass to wheat 

biomass ratios were highly significant (P < 0.01), especially during and after heading (r = 

0.87; Zadoks 55-60), when Italian ryegrass stems emerged from above the wheat canopy 

(Table 4.4). A single evaluator made these estimates over a very large range of Italian 

ryegrass densities.  Follow-up studies should therefore test the consistency of estimates 

across evaluators, especially in plots all over-seeded with the same density of Italian 

ryegrass.  Over thirty person minutes of sorting is required to determine Italian ryegrass to 

wheat biomass ratios for each plot. In contrast, a trained evaluator can objectively estimate a 

plot’s percent Italian ryegrass biomass relative to the plot with the highest level of Italian 

ryegrass infestation in each replicate in less than one minute. Thus, visual estimates appear to 

be an efficient and repeatable substitute for Italian ryegrass to wheat biomass ratios. Visual 

ratings have also been used to estimate the weed suppressive ability of rice accessions against 

ducksalad [Heteranthera limosa (Sw.) Willd.] (Dilday et al. 1994), suggesting that this 

screening method could be adapted for use in other crop and weed species. 

Overhead Photographs. Spectral signatures derived from overhead photographs were 

unreliable substitutes for Italian ryegrass to wheat biomass ratios.  Overhead photographs 

taken throughout the growing season were analyzed with Image J software, with thresholds 
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set for hue, saturation, and brightness to separate wheat pixels from soil and Italian ryegrass 

pixels.  The intended use was to calculate the percent plot area covered by Italian ryegrass 

pixels, but it was impossible to consistently separate wheat and Italian ryegrass pixels from 

one another.  Variations in light conditions, soil background, and wheat line color and growth 

habit were confounding factors.  Instead, we were only able to use Image J to estimate the 

percent of ground covered in vegetation.  Vegetative ground cover estimates derived from 

overhead photographs were not significantly correlated with Italian ryegrass to wheat 

biomass ratios at any growth stage (Table 4.4). Although aerial photographs have 

successfully discerned between weeds and a number of crops, including natural Italian 

ryegrass infestations in winter wheat fields (Lopez-Granados et al. 2006), these techniques 

were generally ineffective in predicting Italian ryegrass to wheat biomass ratios across a 

diverse set of wheat lines.   

NDVI. Measurements of NDVI obtained from a non-imaging spectrophotometer were 

slightly better correlated with Italian ryegrass to wheat biomass ratios than image analysis of 

overhead photographs, particularly during heading (Zadoks GS 55-60; Table 4.4).  However, 

the utility of this measure was limited by many of the same factors as overhead photography 

including variation in soil background, wheat line color, and growth habit.  NDVI and Italian 

ryegrass to wheat biomass ratio were significantly correlated at three out of four study 

environments during heading (Zadoks 55-60; Table 4.4), but correlations were non-

significant during tillering (Zadoks 23-25, 29) and grain ripening (Zadoks 69-80).   Italian 

ryegrass seeding rate and genotypic main effects were both significant for NDVI 

measurements made between Zadoks 31 and 69 (data not shown), but genotypic differences 
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in wheat color and growth habit obscured the effects of Italian ryegrass density and rendered 

NDVI an inadequate method for evaluating weed suppressive ability of diverse wheat lines.   

Italian Ryegrass Seed Head Density. Italian ryegrass seed head density after anthesis (Zadoks 

GS 69-80) were highly correlated (P < 0.01) with Italian ryegrass to wheat biomass ratios in 

all environments (Table 4.4).  Pearson’s correlation coefficients between Italian ryegrass 

seed head density and Italian ryegrass to wheat biomass ratios ranged from r = 0.97 at 

Caswell during 2011 to r =0.99 at both locations in 2012.  The overall correlation between 

Italian ryegrass seed head density and Italian ryegrass to wheat biomass ratios was 0.93 when 

all environments were pooled. Wilson et al. (1988) and Korres and Froud-Williams (2002) 

also found a positive linear relationship between weed biomass and the density of 

reproductive structures in a number of important broadleaf and annual grass weeds of winter 

wheat, including annual bluegrass [Poa annua L.] and common chickweed [Stellaria media 

(L.) Vill.], indicating that this method could be transferable to weed species other than Italian 

ryegrass.  Italian ryegrass seed head counts from 0.25 m
-2

 quadrats were also correlated 

strongly with Italian ryegrass to wheat biomass ratios (data not shown), suggesting that 

breeders could make effective seed head counts in a smaller area to save time and resources. 

Evaluators can objectively count Italian ryegrass seed heads in a 1 m
-2

 area in approximately 

five minutes, whereas over thirty person minutes of sorting were required to determine Italian 

ryegrass to wheat biomass ratios in each plot.  Furthermore, specialized equipment and dryer 

space are required to calculate Italian ryegrass to wheat biomass ratios across a large number 

of plots. Italian ryegrass seed head density approximated Italian ryegrass to wheat biomass 

ratios effectively and provided significant savings in time and expense.  Reduced Italian 
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ryegrass seed head density is a particularly appropriate measure of the weed suppressive 

ability of wheat lines because the number of seed heads produced each season will directly 

impact the weed seed bank in that field during subsequent years. 

Conclusion. Variation in weed suppressive ability was observed within the very small set of 

lines tested in this study.  Dyna-Gro Baldwin, a tall line with relatively low tillering capacity 

in weed-free environments suppressed the vegetative and reproductive growth of Italian 

ryegrass more effectively than the shorter lines Dyna-Gro Dominion and NC05-19684.  

Italian ryegrass seed head density and visual estimates of Italian ryegrass suppression have 

been identified as simple, efficient, and reliable methods for quantifying weed suppressive 

ability. Both methods were rapid (one minute per plot for visual estimates of Italian ryegrass 

suppression and five minutes per plot for Italian ryegrass seed head density) and highly 

correlated with the more labor-intensive measurement of Italian ryegrass to wheat biomass 

ratios (visual estimates of Italian ryegrass suppression r = 0.87; Italian ryegrass seed head 

density r = 0.93).    Although this study was focused solely on identifying appropriate 

methods for evaluating the weed suppressive ability of winter wheat lines against Italian 

ryegrass, related research indicates that these methods could be adapted for use in other crop 

and weed systems (Wilson et al 1988; Dilday et al. 1994; Korres and Froud-Williams 2002). 

The use of these efficient screening methods may enable breeders to screen a larger number 

of lines for weed suppressive ability and facilitate the development of cultivars with 

improved weed suppressive ability. 
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Table 4.1.   Least-square means of the 12 treatment combinations for traits related to Italian 

ryegrass competition, biomass, and grain yield in the four test environments. 

Ryegrass 

seeds  

m
-2

 Line 

Ryegrass 

seedlings 

m
-2

 

Visual 

Esimate 

Ryegrass 

seed 

heads m
-2

 

Ryegrass 

biomass   

kg m
-2

 

Wheat 

biomass   

kg m
-2

 

Ryegrass 

to wheat 

biomass 

ratio 

Grain     

yield         

kg ha
-

1
 

  

GS  

23-25
a
 

GS  

55-60 

GS 

 69-80 GS 80 GS 80 GS 80 GS 92 

0 Baldwin 0.0 0.0 0.0 0.00 1.67 0.00 5,780 

50 Baldwin 12.8 7.5 38.6 0.05 1.63 0.03 5,500 

150 Baldwin 32.8 36.4 97.2 0.13 1.55 0.09 4,830 

300 Baldwin 52.9 79.0 153.0 0.18 1.39 0.14 4,580 

0 Dominion 0.0 0.0 0.0 0.00 1.46 0.00 5,670 

50 Dominion 12.4 15.1 60.4 0.06 1.48 0.04 5,650 

150 Dominion 32.2 54.4 156.3 0.17 1.26 0.14 4,928 

300 Dominion 51.8 94.0 254.9 0.26 1.18 0.23 4,480 

0 NC05-19684 0.0 0.0 0.0 0.00 1.66 0.00 5,930 

50 NC05-19684 12.3 12.1 51.2 0.05 1.46 0.04 5,360 

150 NC05-19684 38.2 60.0 147.9 0.16 1.34 0.13 4,910 

300 NC05-19684 57.2 94.56 241.5 0.23 1.24 0.19 4,590 

 

RSquare
b
 0.84 0.94 0.87 0.85 0.77 0.84 0.64 

 

CV 45.2 26.9 40.0 44.0 10.8 52.4 11.7 

 

Mean 25.2 37.8 100.2 0.11 1.44 0.09 5,160 

 

LSD (0.05)
c
 8.0 7.1 28.0 0.03 0.11 0.03 420 

a 
Zadoks growth stage when data were collected 

b
 R square and coefficient of variation (CV) for each trait are based on a general linear model 

testing for the effect of treatment, environment, treatment by environment interaction, and 

replicate.  

c
 Fisher-protected LSD



178 

 

Table 4.2. Correlations (r) of traits related to Italian ryegrass competition, biomass, and grain yield in the four test environments. 

 

Ryegrass 

seedlings    

m
-2

 

Ryegrass 

seed heads 

m
-2

 

Ryegrass 

biomass 

kg.m
-2

 

Wheat 

biomass 

kg.m
-2

 

Ryegrass to 

wheat 

biomass 

Wheat grain     

yield           

kg.ha
-1

 

Ryegrass seedlings m
-2

 

 

0.83** 0.82** ns 0.68** -0.62** 

Ryegrass seed heads m
-2

 0.83**  0.94** -0.48** 0.93** -0.67** 

Ryegrass biomass kg.m
-2

 0.82** 0.94**  -0.41** 0.94** -0.77** 

Wheat biomass kg.m
-2

 ns -0.48** -0.41**  -0.59** 0.37* 

Ryegrass to wheat biomass 0.68** 0.93** 0.94** -0.59**  -0.75** 

Wheat grain yield kg.ha
-1

 -0.62** -0.67** -0.77** 0.37* -0.75** 

 a 
ns, no significant correlation (P > 0.05) 

*, ** r significantly different from zero at P ≤ 0.05 and P ≤ 0.01 respectively 



179 

 

Table 4.3. Least-square means of various morphological measurements collected throughout 

the growing season in Italian ryegrass free plots on the three wheat lines in the four test 

environments. 

line 

Vigor 

Rating
a
 DIFN

a
 

Wheat 

height
a
     

cm 

Wheat 

height
a
     

cm 

Wheat 

height
a
     

cm 

Wheat 

height     

cm 

Wheat 

biomass   

kg m
-2

 

Wheat grain     

yield              

kg ha
-1

 

 

GS 29
b
 GS 31 GS 29 GS 31 GS 69 GS 80 GS 80 GS 92 

Dyna-Gro Baldwin 3.8 0.17 27 50 93 102 1.80 5,780 

Dyna-Gro Dominion 4.5 0.28 22 37 75 81 1.58 5,670 

NC05-19684 4.1 0.25 16 34 76 82 1.79 5,950 

RSquare
c
 0.40 0.78 0.82 0.95 0.97 0.95 0.90 0.47 

CV
c
 27.6 36.4 13.4 7.6 3.2 3.5 14.2 10.5 

Mean 4.1 0.24 22 40 82 88 1.72 5,800 

LSD (0.05)
d
  ns

e
 0.09 3 3 3 2 0.18 ns 

a
These data were collected only in 2012 

b 
Zadoks growth stage when data were collected 

c
 R square and coefficient of variation (CV) for each trait are based on a general linear model 

testing for the effect of genotype, environment, replicate, and genotype by environment 

interaction 

d
 Fisher-protected LSD 

e
 ns = No significant difference between lines 
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Table 4.4. Correlation coefficients (r) of potential screening methods with Italian ryegrass to 

wheat biomass ratio. 

Screening Method 

Correlation with Italian ryegrass to wheat 

biomass ratio 

Zadoks 23-25 

 

Ryegrass seedlings m
-2

 
0.68** 

NDVI
a
 -0.14 

Overhead photograph ntd 

Visual estimate 0.73** 

Zadoks 29  

NDVI -0.10 

Overhead photograph ntd 

Visual estimate 0.81** 

Zadoks 31  

NDVI 0.19 

Overhead photograph 0.23 

Visual estimate 0.80** 

Zadoks 55-60  

NDVI 0.31* 

Overhead photograph 0.24 

Visual estimate 0.87** 

Zadoks 69-80  

NDVI
c -0.02 

Overhead photograph
c
 -0.14 

Visual estimate 0.86** 

Ryegrass seed heads m
-2

 0.93** 

a
NDVI = normalized difference vegetation index 

b
ntd = no significant difference between treatments 

c
Data collected only in 2011 

*,** r significantly different from zero at P ≤ 0.05 and P ≤ 0.01 respectively 
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Fig. 4.1.  Relationship between Italian ryegrass seedling density during tillering (Zadoks 23-

25) and Italian ryegrass seed heads density after anthesis (Zadoks 69-80) for Dyna-Gro 

Baldwin, Dyna-Gro Dominion, and NC05- 19684.  The predicted Italian ryegrass seed head 

density for each experimental line is plotted at the mean Italian ryegrass seedling density for 

all plots overseeded at 50, 150, and 300 Italian ryegrass seedlings m
-2

.  Lower case letters 

indicate significant differences in the weed suppressive ability of lines (P ≤ 0.05). 
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Fig. 4.2. The number of wheat tillers per meter row in plots overseeded with zero and 300 

Italian ryegrass seeds m
-2

 for Dyna-Gro Baldwin, Dyna-Gro Dominion, and NC05- 19684. 

Lower case letters indicate significant differences in the number of wheat tillers per meter 

row between the three lines at the highest and lowest Italian ryegrass seeding rates.  
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CHAPTER 5 

 

Morphological Traits and Molecular Markers Associated with Improved Weed 

Suppressive Ability of Winter Wheat against Italian Ryegrass  
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ABSTRACT  

The utilization of weed suppressive wheat (Triticum aestivum L.) cultivars has been 

suggested as a complement to chemical and cultural methods of weed control. The objectives 

of this study were to assess the range of weed suppressive ability against Italian ryegrass 

(Lolium perenne L. ssp. multiflorum (Lam.) Husnot) existing in winter wheat lines adapted to 

North Carolina growing conditions and to identify wheat morphological traits and molecular 

markers that could facilitate indirect selection for weed suppression in the southeastern 

United States. Fifty-three commercially available cultivars and advanced experimental lines 

were over-seeded with a uniform, high rate of Italian ryegrass, evaluated for various 

morphological traits throughout the growing season, and investigated for weed suppressive 

ability at a total of four field sites in 2012 and 2013. Genotypic differences in end of season 

Italian ryegrass seed head density (P < 0.05) were detected among the tested wheat lines. 

Reduced Italian ryegrass seed head density was correlated (P < 0.05) with high vigor during 

tillering (Zadoks GS 25, 29) and heading (GS 55), erect growth habit (GS 29), low NDVI 

(GS 29), high LAI at stem extension (GS 31), early heading date, tall height throughout the 

growing season (GS 29, 31, 55, 70-80) in the pooled analysis excluding Tidewater 2013. 

Multiple regression models suggest that breeders could indirectly select for weed suppressive 

genotypes using marker assisted selection for the winter-type short vernalization requirement 

allele vrn-B1a-in1 and/or weighted index selection for genotypes that are tall or vigorous 

during late tillering (GS 29) and tall at the end of the growing season (GS 70-80). 
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Weed suppressive crop cultivars have been suggested as complements to chemical 

and cultural means of weed control (Worthington and Reberg-Horton, 2013). Such crops 

might play a role in both organic systems, where the use of synthetic herbicides is prohibited, 

and conventional production, where herbicide-resistant biotypes threaten the efficacy of 

important herbicidal modes of action (Wolfe et al., 2008; Heap, 2013). Some weed species, 

especially obligate outcrossers and prolific seed producers, have rapidly developed herbicide 

resistance (Delye et al., 2013). One such species is Italian ryegrass, a major weed in small 

grain crops in the southeastern Unites States, with populations resistant to multiple herbicide 

classes (Webster, 2000; Preston et al., 2009).   

Significant variation in weed suppressive ability has been identified within small 

grain crops including barley (Hordeum vulgare L.) (Bertholdsson, 2005; Watson et al., 2006; 

Paynter and Hills, 2009), oats (Avena sativa L.) (Fleck et al., 2009), cereal rye (Secale 

cereale L.) (Reberg-Horton et al., 2005; Brooks et al., 2012), and wheat (Triticum aestivum 

L.) (Lemerle et al., 2001; Wicks et al., 2004; Mason et al., 2007; Murphy et al., 2008). 

Despite the body of literature describing variation in weed suppressive ability within small 

grain crops, no breeding programs have released cultivars with documented weed 

suppressive ability.  

The identification of gross morphological traits strongly associated with competitive 

ability could enable breeders to indirectly select for weed suppressive lines in weed-free 

nurseries, ensuring that continual progress is made in breeding for improved weed 

suppression. Competitive ability is conferred by a combination of morphological traits that 

allow the crop to utilize a greater portion of limited resources than neighboring weeds. Wheat 
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morphological traits including end of season cultivar height (Huel and Hucl, 1996; Lemerle 

et al., 1996; Coleman et al., 2001; Vandeleur and Gill, 2004; Mason et al., 2007; Murphy et 

al., 2008), tillering capacity (Lemerle et al., 1996; Coleman et al., 2001; Korres and Froud-

Williams, 2002; Wicks et al., 2004; Mason et al., 2007), leaf angle and canopy structure 

(Huel and Hucl, 1996; Lemerle et al., 1996; Seavers and Wright, 1999; Korres and Froud-

Williams, 2002; Drews et al., 2009), early vigor (Huel and Hucl, 1996; Lemerle et al., 2001; 

Bertholdsson, 2005; Mason et al., 2007), and time to maturity (Huel and Hucl, 1996; Mason 

et al., 2007) have all been implicated as influential in weed suppressive ability. Rht-B1b and 

Rht-D1b, dwarfing alleles present in most modern wheat cultivars, confer reduced final 

cultivar height and are associated with reduced early seedling vigor and coleoptile length. 

The use of alternate dwarfing genes, such as Rht8c, may reduce final cultivar height without 

impacting early vigor (Rebetzke et al., 1999) and contribute to competitive ability (Addisu et 

al., 2009). Photoperiod insensitivity and short vernalization requirement alleles might also 

play a role in weed suppression, as they are important determinants of early vigor (Addisu et 

al., 2009) and time to maturity (Worland, 1996; Guedira et al., under review).  

 Most studies on weed suppressive ability were either conducted in spring wheat 

(Lemerle et al., 2001; Bertholdsson, 2005; Mason et al., 2007; Murphy et al., 2008) or winter 

wheat grown in harsh winter environments including Germany (Drews et al., 2009), Sweden 

(Bertholdsson, 2005), Alberta, Canada (Blackshaw, 1994), and Nebraska (Wicks et al., 

2004). It is not clear if substantial variation in weed suppressive ability exists within 

germplasm adapted to the southeastern United States and whether the same morphological 

traits confer an advantage to winter wheat lines competing against Italian ryegrass in mild 
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climates. Therefore, the objectives of this study were to assess the range of weed suppressive 

ability existing in commercially available cultivars and advanced lines adapted to North 

Carolina growing conditions and to identify wheat morphological traits and molecular 

markers that could facilitate indirect selection for weed suppression in the southeastern 

United States.  

 

 MATERIALS AND METHODS 

Experimental Design and Plant Material  

Fifty-one entries from the 2012 North Carolina Official Variety Test (NC OVT) and 

two hard winter wheat cultivars developed by the USDA-ARS at North Carolina State 

University (Appalachian White and Nu East) were evaluated for weed suppressive ability in 

2012 and 2013 at a total of four field sites (Table 5.1). The test was organized as a 

randomized complete block design (RCBD) with three replications per site. Wheat was 

planted in 3-m-long plots using a calibrated cone drill with seven rows at 17.1 cm spacing. 

All wheat lines were seeded at a rate of 375 seeds m
-2

, adjusted according to seed weight to 

achieve uniform plant density. This seeding rate is typical for organic wheat production in 

NC. Gulf Italian ryegrass, a commercial turf cultivar, was then sown in a 1-m wide swath 

across the center of each plot using the same planter driving perpendicular to the direction in 

which wheat was planted with depth set at 1 to 5 mm. Based on a preliminary experiment 

conducted in 2011, 300 Italian ryegrass seeds m
-2

 was chosen as the optimal seeding rate for 

evaluation of differences in the weed suppressive ability of winter wheat lines (Worthington 

et al., 2013).   
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Growing Conditions 

In the first year of testing, the experiment was planted on 24 October 2011 at 

Piedmont Research Station in Salisbury, NC (35.41°N, 80.37°W) on a Cecil clay loam (fine, 

kaolinitic, thermic Typic Kanhapludult) and on 25 October 2011 at Caswell Research Station 

in Kinston, NC (35.16°N, 77.36°W) on a Kenansville loamy sand (loamy, siliceous, 

subactive, thermic Arenic Hapludult). The following year the experiment was planted on a 

Stallings loamy sand (coarse-loamy, siliceous, semiactive, thermic Aeric Paleaquult) on 25 

October 2012 at Caswell Research Station and on 15 November 2012 on a Roanoke loam, 

(fine, mixed, semiactive, thermic Typic Endoaquult) at the Tidewater Research Station in 

Plymouth, NC (35.85°N, 76.67°W).  Each site was conventionally tilled with two disk passes 

before planting. 

All sites were treated with 33.6 kg ha
-1

 of pre-plant N and top-dressed with K based 

on soil test recommendations. In the 2012 growing season 22.5 kg ha
-1

 of N was applied at 

Caswell on 23 December to compensate for patches of nutrient deficiency, followed by an 

application of 100.7 kg ha
-1

 of spring N in March. A total of 89.6 kg ha
-1

 of spring N was 

applied during March of 2012 at the Piedmont location. In the 2013 growing season, 100.7 

kg ha
-1

 and 91.1 kg ha
-1

 of spring N were applied in March at the Caswell and Tidewater 

sites. Broadleaf weeds were controlled by applying thifensulfuron-methyl plus tribenuron-

methyl (Harmony Extra®, Dupont, Wilmington, DE) in both locations as needed throughout 

the growing season.  

Precipitation was normal in both years with 495 mm and 615 mm rainfall in Caswell 

and Piedmont locations in 2012 and 520 mm and 467 mm in the Caswell and Tidewater 
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locations in 2013. Cool spring conditions and late planting date contributed to suppressed 

tiller development and delayed stem extension at the Tidewater 2013 site (Table 5.2). While 

2298, 1930, and 1918 growing degree-days (0°C minimum base temperature) were 

accumulated in the Caswell 2012, Piedmont 2012, and Caswell 2013 sites between the date 

of planting and 1 May, only 1554 growing degree-days were accumulated in Tidewater 2013 

during the same period.  

Morphological Traits Measured 

Data on wheat morphological traits potentially correlated with weed suppressive 

ability were collected in the 1-m long weed-free area at the edges of each plot when Pioneer 

26R12, a cultivar with intermediate heading date, reached early tillering (Zadoks growth 

stage 25; GS 25), advanced tillering (GS 29), stem extension (GS 31), heading (GS 55), and 

grain fill (GS 70-80) (Zadoks et al., 1974). The dates when measurements were made varied 

widely due to differences in growing conditions across sites (Table 5.2). The range of 

heading dates for the tested wheat lines was 21 days (Julian date 86 – 107) in 2012 and 19 

days (Julian date 102-121) in 2013. Consequently, not all genotypes had attained the exact 

same growth stage when measurements were collected. Such ‘snapshot’ comparisons of 

wheat lines at specific instances throughout the growing season were considered appropriate 

given that the primary objective of this experiment was to identify measurements or traits 

that breeders could use to indirectly select for lines with high weed suppressive ability in 

their weed-free nurseries. 

Measurements of normalized difference vegetation index (NDVI) and visual ratings 

of early vigor and were made during early and late tillering (GS 25 and 29). NDVI readings 
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were taken using a Crop Circle ACS-210 Plant Canopy Reflectance Sensor (Holland 

Scientific, Inc., Lincoln, NE). Visual ratings of early vigor, based on a combination of 

percent ground cover and height, were made on a 1 to 9 scale with the most vigorous 

genotypes rated as 1 following Zhao et al. (2006). Growth habit was also rated on a 1 to 9 

scale during late tillering (GS 29) with the most erect genotypes rated as 1 and the most 

prostrate genotypes rated as 9. Leaf area index (LAI) was estimated during stem extension 

(GS 31) and heading (GS 55) using a LAI-2000 sensor (LI-COR Environmental, Lincoln, 

NE) in overcast conditions. Plant vigor was also visually estimated on a 1 to 9 scale during 

heading (GS 55), with the fullest canopies rated as 1 and the sparsest canopies rated as 9.   

Plant height was estimated as the distance from ground level to the top of the canopy 

before heading (GS 29, 31). During and after heading, plant height was estimated as the 

distance from ground level to the tip of the average head, excluding awns (GS 55, 70-80). An 

area under height progress curve (AUHPC) index was created to describe height 

accumulation over the course of the growing season modeled after the area under disease 

progress curve (AUDPC) developed by Shaner and Finney (1977): 

  ii

n

i

ii XXHHAUHPC  



 1

1

1 2)(  

Where Hi = height at the ith observation, Xi = time (days) at the ith observation, and n = the 

total number of observations. All genotypes were assumed to have equal height on January 1 

(Julian date 0) in each site. The date of the final height score for all sites was set to May 17 

(Julian date 138), the date when all genotypes had reached final height in Tidewater 2013. 
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Weed suppressive ability was measured by counts of Italian ryegrass seed heads in a 

0.5 m
-2

 quadrat placed in the center of the weedy area in each plot during grain fill (GS 70-

80) as described by Worthington et al. (2013). Italian ryegrass seed head density was 

previously correlated with Italian ryegrass to wheat biomass ratio and visual ratings of Italian 

ryegrass biomass in North Carolina (Worthington et al., 2013).   

The heading date of each experimental entry was measured in single 1.2-m row plots 

planted with 40-60 seeds planted at Lake Wheeler Road Field Laboratory in Raleigh, NC 

during 2012 and 2013. Heading date for each line was recorded when 50% of the heads in the 

row had fully emerged from the sheath.   

Molecular Marker Screening  

Permission for molecular marker screening was obtained from contributors for 39 of 

the 53 wheat lines tested. Genomic DNA was extracted from tissue collected from the leaves 

of young plants following the CTAB protocol described by Stein et al. (2001). Wheat lines 

were screened for the presence of reduced height alleles Rht-B1b, Rht-D1b, and Rht8c; 

photoperiod insensitivity alleles including Ppd-B1a (Chinese Spring truncated copy), Ppd-

B1a (Sonora64 allele), Ppd-D1a (Ciano67 allele), and Ppd-D1a (Norstar type candidate loss 

of function); and winter-type short vernalization requirement alleles vrn-A1a-ex4 (Jagger 

type polymorphism in exon 4) and vrn-B1a-in1 (AGS 2000 type polymorphism in intron 1) 

(Table 5.3).  

All alleles except Rht8c were evaluated with Kompetitive allele specific PCR 

(KASPar) markers. KASPar assays included two allele-specific forward primers with tail 

sequences and one common reverse primer (Table 5.3). PCR reactions consisted of 2 μl 2x 
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KASPar reaction mix, 0.05 μl 72x assay mix, and 2 μl of template DNA (10 ng/μl) in a 4 μl 

final volume. PCR cycling was performed according to manufacturer’s instructions. Endpoint 

genotyping was conducted using the software KlusterCaller (LGC Genomics, Hoddeson, 

UK). The simple sequence repeat (SSR) marker Xgwm261 was used to screen lines for the 

presence of Rht8c as described by Guedira et al. (2010). PCR products were visualized using 

an ABI PRISM 3730 DNA Analyzer (Applied Biosystems) and scored using Peak Scanner 2 

(Life Technologies, Carlsbad, CA).   

Statistical Analyses 

Statistical analyses were conducted using ASREML (VSN International LTD., Hemel 

Hempstead, UK) and SAS 9.2 (SAS Institute Inc., Cary, NC). Individual locations were first 

analyzed in ASREML with genotype treated as a fixed effect and block treated as a random 

effect. Plots of model-predicted values versus residual errors showed that Italian ryegrass 

heads m
-2

 and all wheat morphological traits met the assumption of normal error distribution. 

Spatial variation across the field was not captured by blocking structure in several cases, as 

spatial trends within experimental sites were not obvious before planting. Therefore, spatially 

correlated errors were addressed in post-hoc analysis. A first order autoregressive model in 

two dimensions (AR1 x AR1) was compared to the base model with genotype treated as a 

fixed effect and block treated as a random effect for Italian ryegrass heads m
-2

 and all wheat 

morphological traits in each individual location. Because the spatially adjusted model was a 

nested model relative to the RCBD base model, the two models were compared with a 

likelihood ratio test with two degrees of freedom. In instances where the spatially adjusted 

model was deemed optimum by the log likelihood test, and the variance component for row 
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effect was notably small, a reduced model was tested with residuals correlated based solely 

on their distance in the column direction. This model was compared to the full model (AR1 x 

AR1) using a log likelihood test with one degree of freedom. 

When the optimum level of spatial adjustment was chosen for each trait-location 

combination, the combined experiment was evaluated in ASREML with genotype treated as 

a fixed effect; site, block nested within site, and the interaction of genotype and site treated as 

random effects; and spatially correlated error structure included for each location as 

determined in the preliminary analysis. The average pairwise Pearson correlations between 

genotype rankings for weed suppressive ability between Tidewater 2013 and other sites was 

non-significant (r = 0.15); whereas the average pairwise Pearson correlation between the 

genotypic rankings of all other sites was much higher (r = 0.41, P < 0.01). When Tidewater 

2013 was removed from the combined model the variance component for genotype by site 

interaction decreased from 475 to 405. Thus, the results from Tidewater 2013 are presented 

separately from the pooled analysis of Caswell 2012, Piedmont 2013, and Caswell 2013 in 

this manuscript. 

Genotype LS means were generated in ASREML for Italian ryegrass heads m
-2

 and 

all wheat morphological traits using the optimal spatially adjusted model for the pooled sites 

and Tidewater 2013. Mean separation was performed using the Fisher’s protected LSD (P < 

0.05). Pearson’s correlation coefficient was used to test the significance of correlations 

between LS means of wheat morphological traits potential affecting weed suppression and 

Italian ryegrass heads m
-2

 in SAS 9.2 (SAS Institute Inc., Cary, NC). Multiple linear 

regression was conducted to identify wheat morphological traits that strongly influenced 
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weed suppression. Model information criteria methods including Schwarz Bayesian Criteria 

(SBC), Bayesian Information Criteria (BIC), and Akaike’s Information Criteria (AIC) were 

utilized to choose the optimal models for predicting the weed suppressive ability of wheat 

genotypes. Model information criteria were dependent on all parameters being significant at 

P < 0.10. 

Lines that did not differ from the genotype with the lowest LS mean for Italian 

ryegrass head density according to Fisher’s protected least significant difference (LSD; P < 

0.05) were considered the most weed suppressive group. Likewise, lines that were equivalent 

to the genotype with the highest LS Mean for Italian ryegrass head density according to 

Fisher’s protected LSD (P < 0.05) were considered the least weed suppressive group. Chi 

square tests were performed for each molecular marker to determine whether the most and 

least weed suppressive groups deviated from expected allelic ratios based on allele frequency 

found in all 39 genotypes tested. Deviation from expected allelic ratios (P < 0.05) was 

considered evidence of possible association between molecular markers and weed 

suppressive ability. 

 

RESULTS AND DISCUSSION 

A large amount of variation in weed suppressive ability was observed among elite 

adapted germplasm from the southeastern US. Differences in end of season Italian ryegrass 

seed heads m
-2

 (P < 0.05) were detected among the wheat genotypes tested in both the pooled 

sites and Tidewater 2013 (Table 5.1). Spatial adjustment of Italian ryegrass seed heads m
-2

 in 

each analysis increased the F statistic for genotype, decreased the genotype LSD, and 
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increased the model log likelihood (data not shown). LS means of Italian ryegrass seed heads 

m
-2

 ranged from 269 to 483 in the pooled analysis and 381 to 634 in Tidewater 2013 (Table 

5.1). Despite a non-significant Pearson correlation between the weed suppressive ability 

rankings of genotypes in the pooled sites and Tidewater 2013 (r = 0.09), several lines 

performed consistently all environments. Five lines (Dyna-Gro Baldwin, NC-Cape Fear, 

Featherstone VA258, SY 9978, and USG 3120) performed as well as the most weed 

suppressive line in both analyses. All four lines that performed as poorly as the least 

suppressive line in the pooled analysis (AGS 2056, Appalachian White, SS 8700, and USG 

3438) were also among the least weed suppressive group in Tidewater 2013 according to 

Fisher’s protected LSD (Table 5.1). The precision of genotypic weed suppressive ability 

estimates was greater in in the pooled sites than Tidewater 2013, as evidenced by a smaller 

genotype LSD and higher F statistic for genotype (Table 5.1).  

The late planting date and cool early spring conditions at Tidewater 2013 influenced 

wheat development, delaying the onset of stem extension (GS 31) by 36 days compared to 

the next latest site (Table 5.2). While these growing conditions set Tidewater 2013 apart from 

other study sites, growers in the Tidewater region of North Carolina often plant wheat in 

mid-November if wet conditions postpone the harvest of spring-sown crops and delay field 

preparation. These findings suggest that selection for weed suppressive ability may not be 

equally efficient in all environments and that weed suppressive genotypes may be affected by 

planting date and other environmental conditions. Other researchers have also found that 

genotypic rankings of weed suppressive ability were inconsistent across growing seasons 

(Seavers and Wright, 1999) and test locations (Mokhtari et al., 2002), and that genotypic 
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differences in weed suppressive ability were obscured by environmental variance and 

genotype by environment interactions (Coleman et al., 2001).  

Morphological Traits Associated with Weed Suppressive Ability 

Reduced Italian ryegrass seed head density was correlated (P < 0.05) with high vigor 

during tillering (GS 25, 29) and heading (GS 55), erect growth habit (GS 29), low NDVI (GS 

29), high LAI at stem extension (GS 31), early heading date, tall height throughout the 

growing season (GS 29, 31, 55, 70-80), and high AUHPC in the pooled analysis of Caswell 

2012, Piedmont 2012, and Caswell 2013 (Table 5.4). In contrast, only early vigor and high 

NDVI during tillering (GS 25) were correlated (P < 0.05) with weed suppressive ability in 

Tidewater 2013 (Table 5.4).  

End of season height was associated with competitive ability of wheat lines in many 

studies (Huel and Hucl, 1996; Lemerle et al., 1996; Coleman et al., 2001; Vandeleur and 

Gill, 2004; Mason et al., 2007; Murphy et al., 2008). However, while final height was 

correlated with weed suppressive ability in the pooled sites, correlations between height and 

weed suppressive ability were much stronger earlier in the growing season (Table 5.4). The 

competitive advantage gained by rapid early growth and the accumulation of height 

throughout the season was far more important than final cultivar height in determining weed 

suppression. A plot of AUPHC constructed with the mean height of the genotypes that 

performed as well as the most weed suppressive line or as poorly as the least weed 

suppressive line shows that height accumulated over the course of the growing season 

influenced competitive ability against weeds in the pooled sites (Fig. 5.1). 
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A recent review of breeding for improved weed suppression in organically grown 

cereals stated that crop ground cover was the most influential characteristic affecting weed 

suppressive ability (Hoad et al., 2012). Prostrate growth habit was correlated with high weed 

suppressive ability of spring wheat in at least two studies (Huel and Hucl, 1996; Lemerle et 

al., 1996). However, in this study erect growth habit at tillering (GS 29) was strongly 

associated with weed suppressive ability in the pooled sites (Table 5.4). Erect growth habit 

during tillering was also correlated with improved weed suppression in a study of winter 

wheat in the UK (Korres and Froud-Williams, 2002).  

Early vigor ratings during tillering (GS 25, 29) were also correlated with improved 

weed suppressive ability (Table 5.4). Many other studies have also found that early vigor was 

correlated with weed suppressive ability in wheat (Huel and Hucl, 1996; Lemerle et al., 

2001; Mason et al., 2007). Interestingly, high NDVI during early tillering (GS 25) was 

associated with reduced Italian ryegrass seed head density in Tidewater 2013, while high 

NDVI during late tillering (GS 29) was associated with increased Italian ryegrass seed head 

density in the pooled analysis of other sites. NDVI was correlated (P < 0.05, data not shown) 

with prostrate growth habit at GS 29 in the pooled sites, possibly confounding results.  

Faster time to maturity (Mason et al., 2007) and early heading date (Huel and Hucl, 

1996) were associated with high weed suppressive ability in wheat in some studies, while 

other studies found no significant association between maturity and competitive ability 

(Bertholdsson, 2005) or found that later maturing lines were better weed suppressors 

(Coleman et al., 2001; Wicks et al., 2004). Early heading date was correlated (P < 0.05) with 

reduced Italian ryegrass seed head density in the analysis of pooled sites (Table 5.4). Early 
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heading date is associated with increased susceptibility to late spring freeze (Worland, 1996), 

and is not considered a desirable breeding trait. Competitive traits such as tall height, erect 

growth habit, and vigor during tillering (GS 29) were significantly correlated (P < 0.05) with 

early heading date in the pooled sites (data not shown). However, several vigorous, erect 

lines including DG 9053, DG Baldwin, and SY 9978, had later than average heading dates. 

Thus, it should be possible to breed for improved early vigor and erect growth habit without 

impacting local adaptation and increasing susceptibility to late spring freeze.  

Multiple Regression 

The wheat morphological traits measured in this study were included in multiple 

regression models to determine which characteristics most influenced weed suppression 

(Table 5.5). Early vigor (GS 25) was the only variable chosen as influential in weed 

suppression in Tidewater 2013, explaining just 23% of variation in weed suppressive ability 

(Table 5.5). Vigor during tillering (GS 29), height at heading (GS 55) and NDVI during 

tillering (GS 29) were selected as the most influential traits affecting Italian ryegrass seed 

head density in the pooled sites, together accounting for 77% of observed variation in the 

weed suppressive ability of genotypes (Table 5.5). Many of the morphological traits 

associated with competitive ability were also correlated with one another, so some model 

terms could be substituted without losing much of goodness of fit. Six models involving 

combinations of vigor, growth habit, or height at tillering (GS 29) with either height at 

heading (GS 55) or final height (GS 70-80) explained at least 70% of the observed variation 

in the weed suppressive ability of genotypes in the pooled sites (data not shown). 
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Molecular Markers 

Twenty-eight of the 39 lines screened with molecular markers contained the Rht-D1b 

allele, while 10 lines contained the Rht-B1b allele (Table 5.6). Three of the four lines in the 

most weed suppressive group in the pooled sites contained the Rht-B1b allele, indicating a 

possible association between Rht-B1b and poor weed suppression (Table 5.6; Table 5.7; P = 

0.02). However, this association is likely an artifact, as Rht-B1b is more common in hard 

wheat (Appalachian White) and later heading lines developed in the mid-western United 

States (Guedira et al., 2010). Researchers have suggested that the use of alternate dwarfing 

genes, such as Rht8c, may be associated with improved weed suppressive ability (Murphy et 

al., 2008; Addisu et al., 2009). Rht8c reduced final cultivar height without reducing 

sensitivity to giberellic acid and suppressing early vigor (Rebetzke et al., 1999; Ellis et al., 

2004; Botwright et al., 2005). Amplified fragment sizes between 165 and 210 bp were 

observed for Xgwm261, the SSR marker linked to Rht8c. USG 3120, a highly weed 

suppressive line in both the pooled sites and Tidewater 2013, carried the Rht-D1b dwarfing 

allele and was the only line to amplify the 192 bp fragment associated with the Rht8c 

dwarfing allele (Korzun et al., 1998). AGS 2060, another line in the most weed suppressive 

group in the pooled sites, tested positive for neither Rht-B1b, Rht-D1b, nor Rht8c alleles 

(Table 5.6). The mean final height of AGS 2060 across all sites was 92 cm, taller than the 

overall average (87 cm) but several cm shorter than the tallest line (SY 9978, 99 cm). 

Xgwm261 is not a perfect marker and Florida 302 (PI 601163), a parent of AGS 2060, carries 

the Rht8c dwarfing allele (Guedira et al., 2010). Thus, AGS 2060 could possess Rht8c or an 

alternative reduced height gene. The frequency of alternate dwarfing alleles among the lines 
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tested in this study is too low to draw conclusions about the potential role of Rht8c in weed 

suppression. 

Photoperiod insensitivity alleles have also been associated with traits affecting weed 

suppressive ability, including improved early vigor (Addisu et al., 2009) and early heading 

date (Worland, 1996; Diaz et al., 2012; Cane et al., 2013). Six of 39 lines contained the 

photoperiod insensitivity allele Ppd-B1a (Chinese Spring truncated copy) at the Ppd-B1 

locus (Table 5.6). Another eight lines carried the Sonora 64 version of the photoperiod 

insensitivity allele Ppd-B1a. Thirty lines tested positive for the Ciano67 type photoperiod 

insensitivity allele and six lines had the Norstar type candidate loss of function photoperiod 

insensitivity allele at the Ppd-D1 locus (Table 5.6). No photoperiod insensitivity allele at 

Ppd-B1 or Ppd-D1 was over nor under-represented among the most or least weed 

suppressive groups in the pooled sites or Tidewater 2013 (Table 5.7). Overall, 12 lines 

carried photoperiod insensitivity alleles at both photoperiod loci, 24 lines were photoperiod 

sensitive at Ppd-B1 and insensitive at Ppd-D1, two lines were photoperiod insensitive at Ppd-

B1 and sensitive at Ppd-D1, and one line was photoperiod sensitive at both loci. Although 

lines with multiple insensitive alleles have been reported to flower earlier than those carrying 

a single photoperiod insensitivity allele (Nishida et al., 2013), the presence of multiple 

photoperiod insensitivity alleles was not associated with earlier heading or improved weed 

suppression in this study. However, the presence of at least one photoperiod insensitivity 

allele may be an important determinant of weed suppressive ability. Appalachian White, the 

only cultivar with no photoperiod insensitivity alleles at either locus, was a notably poor 

suppressor of Italian ryegrass in the pooled sites and Tidewater 2013.  
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Polymorphisms in winter-type vernalization alleles at Vrn-A1 and Vrn-B1 have been 

associated with early heading date (Chen et al., 2009; Guedira et al. in preparation). All 

genotypes tested in this study had winter-type vernalization alleles. Alternate short 

vernalization requirement alleles at both loci were found at low frequency among the lines 

tested in this experiment (Table 5.6). Five lines (AGS 2035, DG Baldwin, ARS 08-0047, 

Jamestown, and NC08-23089) tested positive for the reduced vernalization requirement allele 

vrn-A1a-ex4. The short vernalization allele vrn-B1a-in1 was found in four lines (AGS 2035, 

DG Baldwin, AGS 2060, and USG 3120). Lines with the vrn-A1a-ex4 and vrn-B1a-in1 

alleles reached heading five days earlier than average in 2012. In 2013 lines with the vrn-

A1a-ex4 allele headed six days earlier than average, while lines with vrn-B1a-in1 headed two 

days earlier than average (Table 5.6). The vrn-B1a-in1 allele was over-represented among the 

lines in the most weed suppressive genotype in the pooled sites (χ
2
 = 6.94, P < 0.05) (Table 

5.7). The vrn-A1a-ex4 allele, however, was not significantly over-represented in the most 

weed suppressive group in the pooled sites or Tidewater 2013.   

While some of the most weed suppressive lines tested positive for short vernalization 

alleles or alternate reduced height alleles, others including Featherstone VA258, Coker 9553, 

SS 520, and SY 9978, did not test positive for any of the alleles tentatively linked with weed 

suppressive ability. These lines may have contained other photoperiod insensitivity, short 

vernalization, or earliness per se genes not tested in this experiment. Alternatively, other 

unmapped QTL may have influenced weed suppressive ability.  
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Conclusion 

Researchers have suggested that weed suppressive ability may be negatively 

correlated with grain yield (Donald and Hamblin, 1976; Olofsdotter et al., 2002). However, 

many of the weed suppressive lines identified in this experiment yielded competitively in 

separate trials conducted in conventional and organic conditions in North Carolina. 

Featherstone VA258 and USG 3120 were both ranked in the top 10% of lines screened in the 

NC OVT in 2012 and 2013 (http://www.ncovt.com/) and Featherstone VA258 had the 

highest two year rank of 20 lines screened in the 2011-2013 Organic Wheat OVT (RAFI-

USA, 2013). Breeding for improved weed suppressive ability in North Carolina is, therefore, 

not expected to negatively impact grain yield. 

The lack of correlation between the weed suppressive ability of genotypes in 

Tidewater 2013 and the other study sites and the weak association between morphological 

traits and weed suppression ability in Tidewater 2013 suggest that selection for weed 

suppressive ability may not be equally efficient in all environments and that genotypes 

identified as highly weed suppressive may not perform reliably if planting date is delayed or 

cool spring conditions inhibit plant development. Still, correlations between the weed 

suppressive ability of adapted genotypes and many wheat morphological traits in the pooled 

sites suggest that indirect selection for weed suppressive ability in weed-free environments is 

likely to be generally effective.  

Multiple regression models in the pooled sites indicated that 59% of variation in the 

weed suppressive ability of tested genotypes was explained by either visual ratings of plant 

vigor or measurements of canopy height during tillering (GS 29), while 71% of variation in 
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weed suppressive ability was accounted for when final genotype height (GS 70-80) was 

added to either model. Thus, breeders could select weed suppressive winter wheat lines in 

weed-free breeding nurseries by imposing a weighted selection index for genotypes that are 

either tall or vigorous during late tillering (GS 29) and tall at the end of the growing season 

(GS 70-80).  Given their stronger correlation with weed suppressive ability, genotype height 

or vigor rating at tillering (GS 29) should be given more weight than final height in the 

selection index. Breeders should also discard lines that reach heading (GS 55) before early 

checks in their breeding nurseries to ensure that selected lines are well-adapted and not 

susceptible to late spring freeze. Final genotype height and heading date are routinely 

measured in winter wheat breeding programs (NC OVT 2012), so the proposed selection 

index would require only one additional phenotyping step (either a visual rating of plant 

vigor or measurement of canopy height) by the breeder when average-heading lines have 

reached late tillering (GS 29) in the early spring.   
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Table 5.1. Italian ryegrass heads m
-2

 for the 53 released cultivars and advanced experimental 

lines included in the experiment. 

Line
†
 Accession Number

‡
 

Pooled 

Sites
§
 Tidewater 2013 

  

Italian ryegrass seed heads 

m
-2

 

AgriMAXX 413 NA 390 499 

AgriMAXX 415 NA 413 422 

AGS 2026 PI 658065 314 531 

AGS 2035 PI 658066 298 527 

AGS 2056 NA 432 620 

AGS 2060 PI 655074 275 544 

Appalachian White PI 657998 428 634 

ARS 08-0047 NA 289 528 

Coker 9553 PI 643092 327 482 

DG 9012 NA 384 589 

DG 9053 PI 657988 392 505 

DG 9171 PI 657988 381 600 

DG Baldwin PI 657988 281 497 

DG Dominion PI 642937 386 381 

DG Shirley PI 656753 395 483 

Featherstone VA258 PI 664272 269 450 

Jamestown PI 653731 344 512 

Merl PI 658598 390 529 

NC08-23089 NA 364 609 

NC08-23324 NA 328 575 

NC-Cape Fear PI 659089 322 477 

NC-Neuse PI 633037 344 449 

NC-Yadkin PI 663206 322 539 

Nu East PI 657997  320 543 

Oakes PI 658040 369 537 

Pioneer 25R32 PI 658151 451 601 

Pioneer 26R10 PI 664270 373 497 

Pioneer 26R12 PI 631475  327 577 

Pioneer 26R20 PI 658150 390 499 

Pioneer 26R22 PI 638717 404 497 

Progeny 117 NA 327 576 
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Table 5.1. Continued.
 

Progeny 125 NA 351 557 

Progeny 185 NA 362 476 

Progeny 357 NA 348 534 

Progeny 870 NA 411 546 

SS 520 NA 300 553 

SS 5205 NA 384 587 

SS 8308 NA 357 438 

SS 8340 NA 364 448 

SS 8641 PI 652450 331 540 

SS 8700 NA 434 577 

SY 9978 PI 659818 320 423 

TV 8525 NA 386 521 

TV 8535 NA 418 465 

TV 8848 NA 390 389 

TV 8861 PI 659787 369 435 

USG 3120 NA 298 444 

USG 3201 NA 386 473 

USG 3209 PI 617055 351 596 

USG 3409 NA 333 568 

USG 3438 NA 483 601 

USG 3555 PI 654454 354 551 

USG 3665 NA 367 511 

Mean 

 

361 520 

LSD (0.05)
 ¶
 

 

57 131 

F geno 

 

5.41 1.94 

P incl 

 

<0.001 0.01 
†
 AGS = AgSouth Genetics, DG = DynaGro, SS= Southern States, SY = Syngenta, TV = 

Terral, USG= UniSouth Genetics 

‡
Accession number from the USDA-ARS National Small Grains Collection. 'NA' indicates 

that no USDA-ARS accession number for the line is available 

§
Pooled sites = Caswell 2012, Piedmont 2012, and Caswell 2013 

¶
Fisher’s protected LSD  
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Table 5.2.  Dates at which sites were planted and wheat morphological traits were measured 

at each experimental site when Pioneer 26R12 reached early tillering (GS 25), late tillering 

(GS 29), stem extension (GS 31), heading (GS 55), and grain ripening (GS 70-80). 

 

 

2012 2013 

 

Caswell Piedmont Caswell Tidewater 

Planting October 25 October 24 October 25 November 15 

Zadoks GS 25 December 31 December 26 January 14 January 10 

Zadoks GS 29 February 7 February 11 March 4 April 11 

Zadoks GS 31 March 18 March 17 March 28 April 23 

Zadoks GS 55 April 16 April 6 April 19 May 8 

Zadoks GS 70-80 May 8 April 24 May 5 May 17 
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Table 5.3. Allele specific assays used to screen 39 released cultivars and advanced experimental lines for alleles potentially 

correlated with weed suppressive ability at the loci Rht-B1, Rht-D1, Rht8, Ppd-B1, Ppd-D1, Vrn-A1,and Vrn-B1
†
. 

Locus Allele Primers / SNP ID Sequence (5'-3') Reference 

     Rht8
‡ Rht8c GWM261F CTCCCTGTACGCCTAAGGC Korzun et al. 1998 

  GWM261R CTCGCGCTACTAGCCATTG  

     RhtB1 RhtB1a wMAS000001 CCCATGGCCATCTCSAGCTG Wilkinson et al., 2012 

 RhtB1b  CCCATGGCCATCTCSAGCTA  

   TCGGGTACAAGGTGCGGGCG  

     

RhtD1 RhtD1a wMAS000002 CATGCTCATGGCCATCTCGAGCTRCTC Wilkinson et al., 2012 

 RhtD1b  CATGGCCATCTCGAGCTRCTA  

   CGGGTACAAGGTGCGCGCC  

     

Ppd-B1 Ppd-B1a    

(Chinese Spring) 
wMAS000027 GACGTTATGAACGCTTGGCA Wilkinson et al., 2012 

 Ppd-B1b  CCGTTTTCGCGGCCTT  

   GGGTTCGTCGGGAGCTGT  

     

Ppd-B1 Ppd-B1a TaPpdBJ003F CGTGAAGAGCTAGCGATGAACA D. Laurie (pers. Comm.) 

 Sonora64 TaPpdBJ003R TGGGCACGTTAACACACCTTT  
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Table 5.3. Continued 

     

Ppd-D1 Ppd-D1a 

(Ciano67) 
wMAS000024 CAAGGAAGTATGAGCAGCGGTT Wilkinson et al., 2012 

 Ppd-D1b  AAGAGGAAACATGTTGGGGTCC  

   GCCTCCCACTACACTGGGC  

Ppd-D1 Ppd-D1a 

(Norstar) 
wMAS000026 GGGCGAGCAGCTCCAAC Wilkinson et al., 2012 

 Ppd-D1b  CGAGCAGCTCCCGACG  

   GGTCTCCAATCAAGGCGGT  

     

Vrn-A1 vrn-A1a- ex4 

(Jagger) 
vrn-A1 ex4_ALC AGGCATCTCATGGGAGAGGATC Chen et al. 2009 

  vrn-A1 ex4_ALT CAGGCATCTCATGGGAGAGGATT  

  vrn-A1 ex4_C CCAGTTGCTGCAACTCCTTGAGATT  

     

Vrn-B1 vrn-B1a-in1     

(AGS 2000) 
vrn-B1_AGS2K_B_ALC CTCAGCAAGATTACAAACAACAATGG Guedira et al. Under review 

  vrn-B1_AGS2K_B_ALA TCTCAGCAAGATTACAAACAACAATGT  

 

 vrn-B1_AGS2K_B_C2 AAATATCATACCATCGGAATGACCGCT  
† 

Primer sequences are given without the FAM and VIC tails.  

‡
Rht8c was evaluated with an SSR marker, whereas KASPar assays were used to test all other alleles. 
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Table 5.4. Correlations between Italian ryegrass seed heads m
-2

 and wheat morphological 

traits measured throughout the growing season. 

Trait Pooled sites
†
 Tidewater 2013 

 

 Zadoks GS 25 

Vigor 0.70** 0.48** 

NDVI
‡
 -0.22 -0.33* 

 

Zadoks GS 29 

Growth Habit 0.76** 0.02 

Height -0.77** -0.05 

Vigor 0.77** 0.08 

NDVI 0.44** 0.04 

 

Zadoks GS 31 

LAI§ -0.74** -0.17 

Height -0.77** 0.11 

 

Zadoks GS 55 

LAI -0.12 -0.21 

Height -0.70** -0.16 

Vigor 0.62** 0.23 

 

Zadoks GS 70-80 

Height -0.28* -0.1 

 

Not GS Specific 

Heading Date 0.61** 0.08 

AUHPC -0.84** -0.05 

 

*, ** Significant at P < 0.05 and P < 0.01 respectively 

†
Pooled sites = Caswell 2012, Piedmont 2012, and Caswell 2013 

‡
NDVI = Normalized difference vegetation index  

§LAI = Leaf area index 
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Table 5.5. Multiple regression models for wheat morphological traits influencing Italian 

ryegrass seed heads m
-2

.  Model criteria include Akaike’s Information Criteria (AIC), 

Schwarz’s Bayesian Criteria (SBC), and Sawa’s Bayesian Information Criteria (BIC). 

 

Model Variable Zadoks GS Partial R
2
 Model R

2
 

Variable P 

Value 

Pooled Sites
†
 

Vigor 29 0.59 0.59 <0.0001 

Height 55 0.12 0.71 <0.0001 

NDVI 29 0.06 0.77 0.0007 

Y = 43.84 + 25.06 (vigor, GS 29) - 3.78 (height, GS 55) + 678.21 (NDVI, GS 29) 

SBC = 344.0 (lowest value), AIC = 391.1 (lowest value), BIC = 338.8 (lowest 

value) 

     Tidewater 2013  

Vigor 25 0.23 0.23 0.0003 

Y = 373.46 + 33.92 (vigor, GS 25) 

SBC = 428.7 (lowest value), AIC = 479.73 (lowest value), BIC = 426.3 (lowest 

value) 
†
Pooled sites = Caswell 2012, Piedmont 2012, and Caswell 2013 
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Table 5.6. Heading date in 2012 and 2013 and genotype at the Rht-B1, Rht-D1, Xgwm261, Ppd-B1, Ppd-D1, Vrn-A1, and Vrn-B1 

loci for each of the 39 wheat lines screened for reduced height, photoperiod response, and vernalization requirement alleles.   

Line 
Pooled 

Sites
†
 

Tidewater 

2013 

HD
‡
 

2012 

HD 

2013  

Rht
§
 

genotype  

Xgwm261 

allele
¶
 

Ppd-B1
#
 

genotype 

Ppd-D1
†† 

genotype 

vrn
‡‡ 

genotype 

AgriMAXX 413 
 

a
§§

 100 115 B1b, D1a 165 B1a (s64) D1a (c67) A1b, B1b 

AgriMAXX 415 
 

a 98 115 B1a, D1b 175 B1a (s64) D1a (c67) A1b, B1b 

AGS 2026 a b 88 105 B1a, D1b 203 B1a (s64) D1a (c67) A1b, B1b 

AGS 2035 a b 90 106 B1a, D1b 203 B1a (s64) D1a (n) A1a, B1a 

AGS 2056 b b 100 114 B1b, D1a 165 B1b D1a (c67) A1b, B1b 

AGS 2060 a b 91 114 B1a, D1a 203 B1a (cs) D1a (n) A1b, B1a 

Appalachian White b b 107 121 B1b, D1a 210 B1b D1b A1b, B1b 

ARS 08-0047 a b 90 107 B1b, D1a 175 B1b D1a (c67) A1a, B1b 

Coker 9553 
 

a 92 106 B1a, D1b 165 B1b D1a (c67) A1b, B1b 

DG 9012 
 

b 97 114 B1a, D1b 175 B1b D1a (c67) A1b, B1b 

DG 9053 
 

ab 101 116 B1a, D1b 165 - D1a (n) A1b, B1b 

DG 9171 
 

b 98 117 B1b, D1a 165 B1b D1a (c67) A1b, B1b 

DG Baldwin a a 98 117 B1a, D1b 203 B1a (s64) D1a (n) A1a, B1a 

DG Dominion 
 

a 98 110 B1a, D1b 175 - D1a (n) A1b, B1b 

DG Shirley 
 

a 98 117 B1b, D1a 203 - D1a (c67) A1b, B1b 

Featherstone VA258 a a 92 109 B1a, D1b 203 B1b D1a (c67) A1b, B1b 

Jamestown 
 

ab 89 105 B1a, D1b 203 B1b D1a (c67) A1a, B1b 

Merl 
 

b 96 111 B1a, D1b 175 B1b D1a (c67) A1b, B1b 
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Table 5.6. Continued
 

NC08-23089 
 

b 86 102 B1a, D1b 203 B1a (cs) D1a (c67) A1a, B1b 

NC08-23324 
 

b 97 114 B1a, D1b 203 B1b D1a (c67) A1b, B1b 

NC-Cape Fear a a 90 106 B1a, D1b 203 B1a (cs) D1a (c67) A1b, B1b 

NC-Neuse 
 

a 100 114 B1a, D1b 165 - D1a (n) A1b, B1b 

NC-Yadkin a b 97 114 B1b, D1a 175 B1a (cs) D1a (c67) A1b, B1b 

Nu East a b 96 114 B1b, D1a 165 B1a (s64) D1b A1b, B1b 

Oakes 
 

b 94 110 B1a, D1b 203 B1a (cs) D1a (c67) A1b, B1b 

SS 520 a b 90 107 B1a, D1b 203 B1b D1a (c67) A1b, B1b 

SS 5205 
 

b 92 113 B1a, D1b 203 B1a (cs) D1a (c67) A1b, B1b 

SS 8308 
 

a 94 113 B1a, D1b - B1b D1a (c67) A1b, B1b 

SS 8340 
 

a 98 114 B1a, D1b 175 B1b D1a (c67) A1b, B1b 

SS 8641 
 

b 92 111 B1a, D1b 203 B1b D1a (c67) A1b, B1b 

SS 8700 b b 100 119 B1a, D1b 175 B1b D1a (c67) A1b, B1b 

SY 9978 a a 97 115 B1b, D1a 175 B1b D1a (c67) A1b, B1b 

USG 3120 a a 86 107 B1a, D1b 192 B1a (s64) D1b A1b, B1a 

USG 3201 
 

a 98 114 B1a, D1b 175 B1b D1a (c67) A1b, B1b 

USG 3209 
 

b 90 113 B1a, D1b 203 B1a (s64) D1a (c67) A1b, B1b 

USG 3409 
 

b 92 116 B1a, D1b 175 B1b D1a (c67) A1b, B1b 

USG 3438 b b 100 114 B1b, D1a 165 B1b D1a (c67) A1b, B1b 

USG 3555 
 

b 91 112 B1a, D1b 203 - D1a (c67) A1b, B1b 

USG 3665 
 

ab 91 115 B1a, D1b - B1b D1a (c67) A1b, B1b 
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Table 5.6. Continued
 

†
Pooled sites = Caswell 2012, Piedmont 2012, and Caswell 2013 

‡
HD = heading date; Mean heading date in 2012 = 96, Mean heading date in 2013 = 113 

§
 B1a = RhtB1a wild type allele, B1b = RhtB1b dwarfing allele, D1a = RhtD1a wild type allele, D1b = RhtD1b dwarfing allele 

¶
 The Rht8c dwarfing allele is associated with a 192 bp fragment   

#
 Chinese Spring truncated copy assay photoperiod insensitive allele, B1a (s64) = Sonora64/Timstein intercopy assay photoperiod 

insensitive allele, B1b = photoperiod sensitive allele, - = null allele 

††
 D1a (c67) = Ciano67 type photoperiod insensitive allele, D1a (n) = Norstar type candidate loss of function photoperiod 

insensitive allele, D1b = photoperiod sensitive allele 

‡‡
A1a = vrn-A1a-ex4 (Jagger) short vernalization requirement winter allele, A1b = long vernalization requirement winter allele, 

B1a = vrn-B1a-in1 (AGS 2000) short vernalization requirement winter allele, B1b = long vernalization requirement winter allele 

§§
 a = Lines in the most weed suppressive group in the pooled sites and Tidewater 2013 according to Fisher’s protected LSD , b = 

Lines in the least suppressive group in the pooled sites and Tidewater 2013 according to Fisher’s protected LSD
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Table 5.7. Frequencies of alleles at Rht-B1, Rht-D1, Rht8, Ppd-B1, Ppd-D1, Vrn-A1, and 

Vrn-B1 loci among all 39 lines screened with molecular markers and within the most and 

least weed suppressive groups of genotype according to Fisher’s protected LSD (P < 0.05) in 

the pooled sites and Tidewater 2013. 

 

Lines with 

allele 

Lines without 

allele 

Total 

Lines 
χ

2
 

P 

value 

RhtB1b
†
 

Total 10 29 39 

  Most Pooled Sites
‡
 4 8 12 0.37 0.54 

Least Pooled Sites 3 1 4 5.11 0.02 

Most Tidewater 2013 3 14 17 0.57 0.45 

Least Tidewater 2013 7 18 25 0.07 0.79 

RhtD1b
§
 

Total 28 11 39 

  Most Pooled Sites 7 5 12 1.07 0.30 

Least Pooled Sites 1 3 4 4.33 0.04 

Most Tidewater 2013 14 3 17 0.94 0.33 

Least Tidewater 2013 17 8 25 0.18 0.67 

Ppd-B1a (Chinese Spring)
¶
 

Total 6 33 39 

  Most Pooled Sites 3 9 12 0.85 0.36 

Least Pooled Sites 0 4 4 0.73 0.39 

Most Tidewater 2013 1 16 17 1.18 0.28 

Least Tidewater 2013 5 20 25 0.41 0.52 

Ppd-B1a (Sonora64)
#
 

Total 8 31 39 

  Most Pooled Sites 5 7 12 3.29 0.07 

Least Pooled Sites 0 4 4 1.03 0.31 

Most Tidewater 2013 4 13 17 0.09 0.76 

Least Tidewater 2013 4 21 25 0.31 0.58 

Ppd-D1a (Ciano67)
††

 

Total 30 9 39 

  Most Pooled Sites 7 5 12 2.34 0.13 

Least Pooled Sites 3 1 4 0.01 0.93 

Most Tidewater 2013 12 5 17 0.38 0.54 

Least Tidewater 2013 20 5 25 0.13 0.72 
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Table 5.7. Continued 

Ppd-D1a (Norstar)
‡‡

 

Total 6 33 39 

  Most Pooled Sites 3 9 12 0.85 0.36 

Least Pooled Sites 0 4 4 0.73 0.39 

Most Tidewater 2013 3 14 17 0.07 0.80 

Least Tidewater 2013 4 21 25 0.01 0.93 

vrn-A1a-ex4 (Jagger)
§§

 

Total 5 34 39 

  Most Pooled Sites 3 9 12 1.59 0.21 

Least Pooled Sites 0 4 4 0.59 0.44 

Most Tidewater 2013 2 15 17 0.02 0.90 

Least Tidewater 2013 4 21 25 0.23 0.63 

vrn-B1a-in1 (AGS 2000)
¶¶

 

Total 4 35 39 

  Most Pooled Sites 4 8 12 6.94 0.01 

Least Pooled Sites 0 4 4 0.46 0.50 

Most Tidewater 2013 2 15 17 0.04 0.84 

Least Tidewater 2013 2 23 25 0.14 0.71 
†
Dwarfing allele at RhtB1 locus 

‡
Pooled sites = Caswell 2012, Piedmont 2012, and Caswell 2013 

§
Dwarfing allele at RhtD1 locus 

¶
Chinese Spring truncated copy assay photoperiod insensitive allele at Ppd-B1 

 
#
Sonora64/Timstein intercopy assay photoperiod insensitive allele at Ppd-B1 

††
Ciano67 type photoperiod insensitive allele at Ppd-D1 

‡‡
Norstar type candidate loss of function photoperiod insensitive allele at Ppd-D1 

§§
short vernalization requirement winter allele at Vrn-A1 

¶¶
short vernalization requirement winter allele at Vrn-B1 
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Fig. 5.1. Mean height of lines in the most and least weed suppressive groups in the pooled 

sites (Caswell 2012, Piedmont 2012, and Caswell 2013) and Tidewater 2013 according to 

Fisher’s protected LSD (P < 0.05) measured at GS 29, 31, 55, and 70-80. Pooled sites = 

triangle, Tidewater 2013 = circle. The most suppressive groups are plotted with solid lines 

while the least suppressive groups are plotted with dashed lines.  
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CHAPTER 6 

 

Relative Contributions of Allelopathy and Competitive Traits to the Weed Suppressive 

Ability of Winter Wheat Lines against Italian Ryegrass  
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ABSTRACT 

Allelopathy and competitive ability have been identified as independent factors 

contributing to the weed suppressive ability of crop cultivars; however, it is not clear whether 

these factors have equal influence on weed suppression outcomes of winter wheat (Triticum 

aestivum L.) lines in the field. Fifty-eight winter wheat lines adapted to the southeastern 

United States were screened for allelopathic activity against Italian ryegrass (Lolium perenne 

L. ssp. multiflorum (Lam.) Husnot) in an agar based seedling bioassay. Eight strongly and 

weakly allelopathic lines were evaluated for weed suppressive ability and grain yield 

tolerance in a replicated field experiment conducted in North Carolina during 2012 and 2013. 

Significant genotypic differences in weed suppressive ability were found in the pooled 

analysis excluding Tidewater 2013, while genotypic differences in grain yield tolerance were 

found in the pooled sites and Tidewater 2013. Although the allelopathic activity of genotypes 

varied in the seedling bioassay, no correlations between allelopathy and weed suppressive 

ability or grain yield tolerance were observed. Weed suppressive ability was correlated with 

competitive traits including vigor and erect growth habit during tillering (Zadoks GS 29), 

high leaf area index (LAI) at stem extension (GS 31), plant height at tillering and stem 

extension (GS 29, 31), grain yield in weedy conditions, and grain yield tolerance. Therefore, 

breeders in the southeastern United States should focus their efforts on improving 

competitive traits within adapted germplasm rather than selecting for high allelopathic 

activity in order to achieve maximum gains in weed suppressive ability. 
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The weed suppressive ability of a crop cultivar is determined by the combined effects 

of its competitive and allelopathic activity (Harper, 1977). Competitive genotypes have the 

ability to access scarce light, nutrients, and water resources in a limited space, thus 

suppressing the growth and reproduction of nearby weed species. Allelopathic crop cultivars, 

on the other hand, suppress neighbors by exuding phytotoxins into the near environment 

(Muller, 1969). Allelopathy and competition function independently to suppress weeds and 

are virtually impossible to differentiate in field studies (Inderjit and delMoral, 1997).   

Winter wheat cultivars with improved weed suppressive ability could potentially 

supplement chemical and cultural means of weed control in conventional and organic 

systems (Wolfe et al., 2008; Hoad et al., 2012; Worthington and Reberg-Horton, 2013). The 

efficacies of important herbicidal modes of action are threatened by the development of 

resistant Italian ryegrass biotypes in the southeastern United States (Kuk et al., 2008; Preston 

et al., 2009; Dickson et al., 2011). Thus, breeders in the region are increasingly interested in 

developing weed suppressive wheat cultivars that reduce Italian ryegrass seed banks, 

complement chemical herbicide options, and maintain acceptable yields in weedy conditions.   

Researchers have suggested that breeders should strive to improve allelopathic and 

competitive ability simultaneously to achieve maximum weed suppression (Lemerle et al., 

2001a; Olofsdotter et al., 2002; Belz, 2007). However, it is not clear whether allelopathy and 

competitive ability in winter wheat contribute equally to weed suppression outcomes in the 

field. The effects of competitive traits including end of season cultivar height (Huel and 

Hucl, 1996; Lemerle et al., 1996; Coleman et al., 2001; Vandeleur and Gill, 2004; Mason et 

al., 2007; Murphy et al., 2008), tillering capacity (Lemerle et al., 1996; Coleman et al., 2001; 
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Korres and Froud-Williams, 2002; Wicks et al., 2004; Mason et al., 2007), leaf angle and 

canopy structure (Huel and Hucl, 1996; Lemerle et al., 1996; Seavers and Wright, 1999; 

Korres and Froud-Williams, 2002; Drews et al., 2009), early vigor (Huel and Hucl, 1996; 

Lemerle et al., 2001b; Bertholdsson, 2005; Mason et al., 2007), and time to maturity (Huel 

and Hucl, 1996; Mason et al., 2007) are well documented in wheat. Significant variation in 

wheat seedling allelopathy has also been established in laboratory bioassays (Wu et al., 

2000a, 2003; Bertholdsson, 2005, 2010, 2011). Such seedling bioassays controlling for 

genotypic variation in competition for light, water, and nutrients are useful initial screening 

tools to identify lines which possess superior allelopathic activity but may lack competitive 

traits (Wu et al., 2001). However, if allelopathy does not confer improved weed suppressive 

ability when deployed in agricultural settings, breeders’ time and resources would be better 

spent improving competitive traits.  

Results from seedling bioassays and field experiments testing the weed suppressive 

ability of rice (Oryza sativa L.) lines with varying allelopathic potential were strongly 

correlated in multiple environments (Olofsdotter et al., 1999; Seal et al., 2008). Olofsdotter et 

al. (1999) concluded that 34% of observed weed suppression in rice was due to allelopathy. 

Wheat allelopathy has been tested much less extensively in the field than rice; the only field 

studies focused on confirming the weed suppressive ability of wheat lines identified as 

allelopathic in laboratory bioassays have been conducted with 20 or fewer wheat lines in 

Sweden (Bertholdsson, 2005, 2010, 2011). 

Bertholdsson (2005) used multiple regression to parse the relative contributions of 

allelopathy and competition to observed weed suppression by spring wheat cultivars and 
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found that 14 to 21% of variation was explained by early wheat biomass accumulation, while 

zero to 21% of variation was accounted for by allelopathic activity. The influence of early 

vigor and allelopathy on weed suppressive ability in spring wheat cultivars were both far 

weaker than in barley (Hordeum vulgare L.) or rice. Still, models predicted that a 20% 

improvement in wheat allelopathy would cause a corresponding decrease in weed biomass of 

eight to 15% (Bertholdsson, 2005). In a subsequent study focused on winter wheat, least 

squares predictions indicated that weed biomass could be decreased by 60% if allelopathy 

and early vigor in winter wheat could be improved to the level of rye (Secale cereale L.) 

(Bertholdsson, 2011).  

Despite promising results in Sweden, it is unclear if significant variation in 

allelopathic activity exists within winter wheat germplasm adapted to the southeastern United 

States and whether allelopathy activity impacts the weed suppressive ability or grain yield 

tolerance of winter wheat lines in the mild North Carolina climate. Temperature, solar 

irradiation, mineral deficiencies, water stress, and rhizosphere organisms can all impact the 

expression of allelopathy (Rice, 1984). Thus, allelopathy and competitive traits may vary in 

importance across different environments. Therefore, the objectives of this study were to 

measure the allelopathic activity of winter wheat lines adapted to the southeastern United 

States in a laboratory seedling bioassay and to assess the relative contributions of allelopathy 

and competitive traits to weed suppression outcomes and yield tolerance in field experiments 

in North Carolina. 
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MATERIALS AND METHODS 

Allelopathy Bioassay 

Fifty-eight entries from the 2011 North Carolina Official Variety Test (NC OVT) 

were evaluated for seedling allelopathy using the equal-compartment-agar method (ECAM) 

(Wu et al., 2000b) (Table 6.1). ‘Gulf’ Italian ryegrass, a commercial turf cultivar, was used 

as the receiver species. Italian ryegrass and wheat seeds were soaked in 70% ethanol for 2.5 

min, and rinsed four times with sterilized distilled water for surface sterilization. Afterwards, 

the seeds were soaked in 2.5% sodium hypochlorite for 15 min and rinsed four more times 

with sterilized distilled water. Seeds of each wheat line and Italian ryegrass were then placed 

in individually labeled petri dishes lined with autoclaved filter paper, doused with 1 mL of 

sterilized distilled water, and sealed with parafilm. Wheat and Italian ryegrass seeds were 

incubated in full light at 25ºC for 48 and 72 hours respectively. 

Twelve pre-germinated seeds of each wheat line were placed on the surface of a 600 

mL beaker filled with 30 mL of nutrient free 0.3% water agar. Wheat seeds were placed 

embryo up in three rows on one half of the beaker surface. Each beaker was then sealed with 

parafilm and placed in a growth chamber with flourescent light intensity set to 3.56 +/- 0.16 

X 10
3
 lux. The daily light/dark cycle consisted of 13/11 hours and the temperature cycle was 

set to 25ºC/13ºC. Seven days later, 12 pre-germinated Italian ryegrass seeds were sown in 

three rows with embryos facing up on the half of the beaker surface not occupied by wheat 

seedlings. An autoclaved piece of paper board was then suspended 1 cm above the agar 

surface to separate the wheat and Italian ryegrass leaves and control for the effects of light 

competition. Each beaker was sealed with a new piece of parafilm and returned to the growth 



230 

 

chamber. After ten days of co-growth, the longest root of each of the 12 ryegrass seedlings 

was measured. The allelopathic activity of each wheat line was calculated as the percent 

reduction in the average root length of Italian ryegrass seedlings grown with wheat seedlings 

compared to the average root length of Italian ryegrass seedlings grown in a nil-wheat control 

beaker. Each wheat line was evaluated in a randomized complete block design with four 

replicates over time.  

Statistical analyses were conducted using the MIXED procedure in SAS 9.2 (SAS 

Institute Inc., Cary, NC). Genotype was treated as a fixed effect and replicate was treated as a 

random effect. Plots of model-predicted values versus residual errors showed that 

allelopathic activity met the assumption of normal error distribution. Genotypic LS means 

were compared using the Fisher’s protected least significant difference (LSD) (P < 0.05).   

Field Trial 

Planting material and experimental design 

Four strongly allelopathic lines (Coker 9553, Pioneer 25R32, Oakes, and SS 560) and 

four weakly allelopathic lines (NC05-19896, NC-Neuse, Pioneer 26R12, and Pioneer 

26R22), which had allelopathic potential equivalent to the genotype with the highest or 

lowest least square (LS) mean for Italian ryegrass root length suppression according to 

Fisher’s protected LSD (P < 0.05), were chosen for inclusion in field trials. Lines from both 

allelopathic classes were selected to include a wide range of final heights based on results 

from the NC OVT (2011) to obtain broad variation in competitive ability within both 

allelopathy classes.   
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The eight lines chosen for inclusion in the field experiment were evaluated for weed 

suppressive ability in 2012 and 2013 at a total of four sites. The test was organized as a split 

plot experiment with weedy and weed-free main plots organized in a randomized complete 

block design with four replications per site and wheat lines randomly assigned to subplots. 

Each site was conventionally tilled with two disk passes before planting. Wheat was planted 

in 6-m-long plots using a calibrated cone drill with seven rows at 17.1 cm spacing. Wheat 

lines were seeded at a rate of 375 seeds m
-2

, adjusted by seed weight to achieve uniform plant 

density. This seeding rate is typical for organic wheat production in NC. Gulf Italian ryegrass 

was then sown in the main plots randomly assigned to the weedy treatment using the same 

planter driving perpendicular to the direction in which wheat was planted with depth set at 1 

to 5 mm. Based on a preliminary experiment conducted in 2011, 300 Italian ryegrass seeds 

m
-2

 was chosen as the optimal seeding rate for evaluation of differences in the weed 

suppressive ability of winter wheat lines (Worthington et al., 2013).   

Growing conditions 

The experiment was planted on 24 October 2011 at Piedmont Research Station in 

Salisbury, NC (35.41°N, 80.37°W) on a Cecil clay loam (fine, kaolinitic, thermic Typic 

Kanhapludult) and on 25 October 2011 at Caswell Research Station in Kinston, NC 

(35.16°N, 77.36°W) on a Kenansville loamy sand (loamy, siliceous, subactive, thermic 

Arenic Hapludult) during the first year of the experiment. In the following year the 

experiment was planted at Caswell Research Station on 25 October  2012 on a Stallings 

loamy sand (coarse-loamy, siliceous, semiactive, thermic Aeric Paleaquult) and at the 
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Tidewater Research Station in Plymouth, NC (35.85°N, 76.67°W) on 15 November 2012 on 

a Roanoke loam, (fine, mixed, semiactive, thermic Typic Endoaquult).  

Based on soil test recommendations, all sites were treated with 33.6 kg ha
-1

 of pre-

plant N and top-dressed with K. In the 2012 growing season 22.5 kg ha
-1

 of N was applied at 

Caswell on 23 December to compensate for patches of nutrient deficiency, followed by an 

application of 100.7 kg ha
-1

 of spring N in March. A total of 89.6 kg ha
-1

 of spring N was 

applied during March of 2012 at the Piedmont location. In the 2013 growing season, 100.7 

kg ha
-1

 and 91.1 kg ha
-1

 of spring N were applied in March at the Caswell and Tidewater 

sites. Broadleaf weeds were controlled as needed in both locations with thifensulfuron-

methyl plus tribenuron-methyl (Harmony Extra®, Dupont, Wilmington, DE).  

Precipitation was normal in both years with 495 mm and 615 mm rainfall in Caswell 

and Piedmont locations in 2012 and 520 mm and 467 mm in the Caswell and Tidewater 

locations in 2013. The Tidewater site was planted 20 days later than all other sites and 

experienced suppressed tiller development and delayed onset of stem extension compared to 

the other experimental sites (Table 6.2). While 2298, 1930, and 1918 growing degree-days 

(0°C minimum base temperature) were accumulated in the Caswell 2012, Piedmont 2012, 

and Caswell 2013 sites between the date of planting and 1 May, only 1554 growing degree-

days were accumulated in Tidewater 2013 during the same period.  

Wheat morphological traits measured 

Crop morphology data was collected in the weed-free plots when Pioneer 26R12, a 

weakly allelopathic cultivar with intermediate heading date, reached early tillering (Zadoks 

Growth Stage, GS 25), advanced tillering (GS 29), stem extension (GS 31), heading (GS 55), 
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and grain fill (GS 70-80) (Zadoks et al., 1974). The dates when these growth stages were 

reached varied widely across sites because of differences in growing conditions (Table 6.2). 

The range of heading dates for the eight wheat lines was 13 days (Julian date 92 – 105) in 

2012 and 11 days (Julian date 106-117) in 2013. Thus, not all genotypes had attained the 

exact same growth stage as Pioneer 26R12 on the dates when crop morphology 

measurements were made.  

During early and late tillering (GS 25, 29) measurements of normalized difference 

vegetation index (NDVI) were taken using a Crop Circle ACS-210 Plant Canopy Reflectance 

Sensor (Holland Scientific, Inc., Lincoln, NE). Visual ratings of vigor, based on a 

combination of percent ground cover and height, were made on a one to nine scale with the 

most vigorous genotypes rated as one during early and late tillering (GS 25, 29) following 

Zhao et al. (2006). An additional visual rating of growth habit was made on a one to nine 

scale with the most erect genotypes rated as one and the most prostrate genotypes rated as 

nine at late tillering (GS 29). An LAI-2000 sensor (LI-COR Environmental, Lincoln, NE) 

was used to measure leaf area index (LAI) at stem extension (GS 31) and heading (GS 55) in 

overcast conditions. Visual estimates of vigor were also made on a one to nine scale during 

heading (GS 55), with the fullest canopies rated as one and the sparsest canopies rated as 

nine. Plant height was estimated as the distance from ground level to the top of the canopy 

during tillering and stem extension (GS 29, 31) and as the distance from ground level to the 

tip of the average head, excluding awns during heading and grain fill (GS 55, 70-80).  

The heading date of each experimental entry was evaluated in single 1.2-m row plots 

planted with 40-60 seeds at Lake Wheeler Road Field Laboratory in Raleigh, NC during 
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2012 and 2013. Heading date for each line was recorded when 50% of the heads in the row 

had fully emerged from the sheath.  

Measurements of weed suppressive ability and grain yield tolerance 

The initial numbers of Italian ryegrass seedlings in each weedy plot were counted in 

1-m
-2

 quadrats during early tillering (GS 25) to test whether wheat lines varied in their ability 

to suppress weed seedling germination and establishment. Counts of Italian ryegrass seed 

heads in 1-m
-2

 quadrats in each weedy plot were made during grain fill (GS 70). Italian 

ryegrass seed head density and Italian ryegrass to wheat biomass ratio were previously 

correlated in North Carolina (Worthington et al., 2013). Wheat grain yield (kg ha
-1

) was 

recorded in weedy and weed-free plots with a combine at maturity (GS 92) and adjusted to 

14% moisture. Grain yield tolerance to weed interference was calculated as the percent 

reduction of wheat grain yield in weedy plots compared to weed-free plots in each block. 

Statistical analyses 

Statistical analyses were conducted using SAS 9.2 (SAS Institute Inc., Cary, NC). 

Plots of model-predicted values versus residual errors showed that all measurements of yield, 

weed suppressive ability, and potentially correlated wheat morphological traits met the 

assumption of normal error distribution. The combined experiment was evaluated in the 

MIXED procedure with genotype treated as a fixed effect and site, block nested within site, 

and the interaction of genotype and site treated as random effects. The average pairwise 

Pearson correlations between genotype rankings for Italian ryegrass seed head density 

between Tidewater 2013 and other sites was non-significant (r = 0.06), and the variance 

component for genotype by site interaction decreased from 792 to 169 when Tidewater 2013 
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was removed from the combined model. Thus, the results from Tidewater 2013 are presented 

separately from the pooled analysis of Caswell 2012, Piedmont 2013, and Caswell 2013 in 

this manuscript. Genotypic least square (LS) means were generated for initial Italian ryegrass 

seedling density, Italian ryegrass seed head density, wheat grain yield in weedy and weed-

free conditions, wheat grain yield tolerance, and all wheat morphological traits potentially 

affecting competitive ability. Mean separation was performed using Fisher’s protected LSD 

(P < 0.05). 

Pearson’s correlation coefficient was used to test the significance of correlations 

between the genotypic LS means for allelopathic potential and wheat morphological traits 

potentially affecting competitive ability with Italian ryegrass seed head density and wheat 

grain yield tolerance. Traits lacking significant genotypic effects were excluded from 

correlation testing. 

 

RESULTS AND DISCUSSION 

ECAM Allelopathy Bioassay 

Significant variation in allelopathic activity (P < 0.05) was found among the 58 

genotypes evaluated with the ECAM seedling bioassay (Table 6.1). The average root length 

suppression of Italian ryegrass seedlings grown with various wheat lines included in this test 

was normally distributed and ranged from 12 to 63%. Coker 9553, Pioneer 25R32, SS 560, 

and Oakes were equivalent to the most strongly allelopathic line tested; whereas, NC05-

19896, Pioneer 26R22, NC-Neuse, and Pioneer 26R12 were all equivalent to the least 

allelopathic line tested according to Fisher’s protected LSD. 
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Weed Suppressive Ability and Grain Yield Tolerance 

There were no significant genotypic differences in initial Italian ryegrass seedling 

density (GS 29) found in the pooled sites or Tidewater 2013, indicating that the tested lines 

did not differ in their ability to suppress Italian ryegrass germination or establishment (Table 

6.3). Significant genotypic differences in Italian ryegrass seed head density (GS 70) were 

observed in the pooled sites, but not Tidewater 2013 (Table 6.3). Growth and tillering of 

Italian ryegrass was more extensive in Tidewater 2013 than the pooled sites. LS means of 

Italian ryegrass seed heads m
-2

 were 303 in the pooled sites and 509 in Tidewater 2013. Thus, 

it is possible that genotypic difference in weed suppressive ability were obscured under very 

heavy weed interference in Tidewater 2013. 

Wheat grain yields adjusted to 14% moisture in weedy and weed-free conditions were 

much lower in Tidewater 2013 than the pooled sites; average yields in weed-free and weedy 

conditions were 6190 and 3690 kg ha
-1

 in the pooled sites and 3400 and 1540 kg ha
-1

 in 

Tidewater 2013. The low grain yields recorded at the Tidewater site can be partially 

attributed to its late planting date and cool temperatures, which contributed to poor tiller 

development and reduced wheat biomass accumulation compared to other sites. Genotypic 

differences in wheat grain yield under weedy conditions were observed in both the pooled 

sites and Tidewater 2013 (Table 6.4). However, under weed-free conditions no differences in 

grain yield were detected in the pooled sites. 

Wheat grain yield was lower under weedy conditions than weed-free conditions in 

both the pooled sites and Tidewater 2013 (Table 6.4). Significant differences in grain yield 

tolerance to weed pressure among genotypes were found in both analyses (Table 6.4). 
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However, genotypes yielded inconsistently across sites; the grain yield tolerance of 

genotypes in the pooled sites and Tidewater 2013 was not correlated (r = -0.22). While 

Pioneer 25R32 was the least tolerant genotype in the pooled sites, SS 560 was the least 

tolerant genotype in Tidewater 2013 (Table 6.5). Such genotype by environment interactions 

are common in studies of weed suppressive ability and tolerance (Seavers and Wright, 1999; 

Coleman et al., 2001; Mokhtari et al., 2002); therefore, field screenings for weed suppressive 

ability should be conducted in multiple growing environments and years.  

Many studies have found that weed suppressive ability and grain yield tolerance are 

broadly correlated (Balyan et al., 1991; Huel and Hucl, 1996; Lemerle et al., 1996) while 

others have found no relationship between tolerance and weed suppressive ability (Cousens 

and Mokhtari, 1998; Coleman et al., 2001). Grain yield tolerance was correlated (r = 0.81) 

with weed suppressive ability in the pooled sites, indicating that weed suppressive winter 

wheat genotypes will likely also be tolerant of weed interference in North Carolina (Table 

6.5). 

Allelopathy and Weed Suppressive Ability 

 Although significant variation in allelopathic activity was found among the 58 

genotypes tested in this study, allelopathic activity measured using the ECAM bioassay was 

not positively correlated wheat grain yield tolerance or Italian ryegrass seed head density 

(Table 6.5). Strongly allelopathic lines did not have better weed suppressive ability than 

weakly allelopathic lines in the pooled sites or Tidewater 2013 (Table 6.3). These findings 

are inconsistent with the important role of allelopathy in weed suppression trials conducted 

with spring and winter wheat lines in Sweden (Bertholdsson, 2005, 2010, 2011). 
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Bertholdsson (2005) predicted that a 20% improvement in wheat allelopathy would 

cause a corresponding decrease in weed biomass of eight to 15%. Results from another study 

focused on winter wheat in Sweden also showed that allelopathic activity contributed to 

weed suppressive ability in the field and indicated that weed biomass could be decreased by 

60% if allelopathy and early vigor in winter wheat could be improved to the level of rye 

(Bertholdsson, 2011).    

The average root length suppression of Italian ryegrass seedlings grown with the 

wheat lines tested in this study ranged from 12 to 63%. In a more extensive bioassay of 453 

wheat cultivars from around the world, Wu et al. (2000a) found a normal distribution of 

allelopathic activity across the tested genotypes, with the average root length suppression of 

rigid ryegrass (Lolium rigidum Guadin) seedings grown with wheat lines ranging from 10 to 

91%. Thus, it is possible that none of the lines screened in this study had allelopathic 

potential on the highest end of the spectrum. However, Wu et al. (2000a) used a different 

species as a receiver, and it is plausible that rigid ryegrass is more or less responsive to wheat 

seedling allelopathy than Italian ryegrass.   

Soil or climate conditions in North Carolina may also have affected the expression of 

allelopathy in this environment. Bertholdsson (2010) found that highly allelopathic spring 

wheat lines derived from a cross between allelopathic and non-allelopathic parents 

suppressed weed biomass 24% more than the non-allelopathic parent in a dry year and only 

12% more in a wet year. Dilday et al. (1998) also found that year to year variation, soil type, 

weed density, crop density, and root density all affected the expression of allelopathic 

activity in rice lines tested in the field.   
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Competitive Traits and Weed Suppressive Ability 

While allelopathic activity was not associated with weed suppressive ability in this 

study, wheat morphological traits commonly associated with competitive ability were 

positively correlated with weed suppressive ability and grain yield tolerance (Table 6.4). 

Several wheat morphological traits including early vigor and erect growth habit during 

tillering (GS 29), high leaf area index (LAI) at stem extension (GS 31), and plant height at 

tillering and stem extension (GS 29, 31) were correlated with Italian ryegrass seed head 

density and grain yield tolerance in the pooled sites (Table 6.5).  Meanwhile, grain yield 

tolerance at Tidewater 2013 was only correlated with vigor at heading (GS 55) and final 

plant height (GS 70-80) (Table 6.5).  

Some wheat morphological traits that had been implicated in weed suppressive ability 

in other studies were not associated with improved weed suppression in North Carolina. 

Though prostrate growth habit was correlated with high weed suppressive ability in spring 

wheat grown in Saskatchewan and Australia (Huel and Hucl, 1996; Lemerle et al., 1996), 

erect growth habit during tillering was strongly associated with weed suppressive ability in 

this study. Final cultivar height was an important determinant of competitive ability in many 

studies (Huel and Hucl, 1996; Lemerle et al., 1996; Coleman et al., 2001; Vandeleur and 

Gill, 2004; Mason et al., 2007; Murphy et al., 2008) and was associated with weed 

suppressive ability in a preliminary study conducted in North Carolina (Worthington et al., 

2013). However, final height was only associated with grain yield tolerance at Tidewater 

2013 (Table 6.4). The competitive advantage gained by rapid early growth from tillering to 
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stem extension (GS 29-55) was far more important than final cultivar height in determining 

weed suppressive ability in the pooled sites.    

Conclusions 

Researchers have suggested that elite allelopathic wheat lines from exotic sources 

could be crossed with locally adapted lines to achieve gains in weed suppressive ability 

(Belz, 2007; Bertholdsson, 2010). Bertholdsson (2010) crossed Mohan 73, a highly 

allelopathic Tunisian cultivar, to an adapted but weakly allelopathic Swedish cultivar and 

evaluated the agronomic performance and weed suppressive ability of highly and weakly 

allelopathic F2:3 lines derived from the cross. Although early weed biomass was significantly 

lower in the highly allelopathic lines, the highly allelopathic lines were also significantly 

lower yielding (Bertholdsson, 2010). This yield loss was likely a result of linkage drag from 

the poorly adapted allelopathic parent used in the cross. Allelopathy is controlled by the 

action of multiple small effect QTLs (Niemeyer and Jerez, 1997; Wu et al., 2003), so it is 

unlikely that allelopathy could be recovered without some loss of adaptation in wide crosses.  

 Significant variation in weed suppressive ability was found among the small group of 

lines tested in this study in the pooled sites and variation in grain yield tolerance was found 

in all sites. The lack of correlation between the grain yield tolerance of genotypes in 

Tidewater 2013 and the pooled sites and lack of significant genotypic differences in weed 

suppressive ability observed in Tidewater 2013 indicate that selection for weed suppressive 

ability may not be equally efficient in all environments and that the performance genotypes 

identified as highly weed suppressive may be affected by planting date and environmental 

conditions. Still, wheat breeders in the southeastern United States should be able to improve 
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weed suppressive ability and grain yield tolerance within locally adapted material by 

selecting for yield in weed-free environments as well as competitive traits including early 

vigor (GS 29), erect growth habit (GS 29), and height at tillering, stem extension, and 

heading (GS 29, 31, 55). The effects of competitive morphological traits on weed suppressive 

ability will likely vary from year to year but yields should not be compromised by selection 

for improved competitive ability. Researchers have suggested that breeders should strive to 

improve allelopathic and competitive ability simultaneously to achieve maximum weed 

suppression (Lemerle et al., 2001a; Olofsdotter et al., 2002; Belz, 2007). However, the results 

of this study suggest that wheat breeders in the southeastern United States would make 

greater gains in weed suppressive ability and grain yield tolerance by focusing their time and 

resources on improving competitive traits within adapted germplasm.   
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Table 6.1. Percent reduction in the average root length of Italian ryegrass seedlings grown 

with wheat seedlings from each of the 58 experimental entries screened for allelopathic 

activity using the ECAM seedling bioassay compared to the nil wheat control. 

Line
†
 Accession Number

‡
 

Percent Italian ryegrass 

root length suppression  

NC05-19896 NA 0.12 

USG 3555 PI 654454 0.21 

NC-Neuse PI 633037 0.24 

Pioneer 26R22 PI 638717  0.25 

SS 8600 NA 0.25 

Pioneer 26R12 PI 631475  0.29 

Progeny PGX10-7 NA 0.32 

NC-Yadkin PI 663206 0.32 

AGS 2056 NA 0.34 

USG 3201 NA 0.34 

SS 8308 PI 634979 0.35 

TV 8861 PI 659787 0.35 

USG 3452 NA 0.35 

NC-Cape Fear PI 659089 0.36 

SS 8404 PI 638718 0.37 

Roane PI 612958 0.38 

Jamestown PI 653731 0.39 

Coker 9804 PI 654420 0.40 

DG Baldwin PI 657988 0.40 

NC05-19864 NA 0.40 

NC07-25169 NA 0.41 

DG Shirley PI 656753 0.43 

Pioneer 26R31 PI 634854 0.43 

Progeny 117 NA 0.44 

VA05W-139 NA 0.45 

NC07-23880 NA 0.46 

Pioneer 26R15 PI 633874 0.46 

Progeny PGX10-5 NA 0.46 
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Table 6.2. Continued 

DG Dominion PI 642937 0.47 

AGS 2026 PI 658065 0.48 

SY 9978 PI 659818 0.48 

USG 3665 NA 0.48 

DG 9171 PI 657988 0.49 

NC06-20401 NA 0.49 

TV 8525 NA 0.49 

Oakes PI 658040 0.51 

TV 8535 NA 0.51 

VA05W-251 NA 0.51 

Progeny PGX10-2 NA 0.52 

SS 8700 NA 0.52 

USG 3120 NA 0.52 

Featherstone VA  PI 664272 0.53 

NC07-24445 NA 0.53 

DG 9053 PI 657988 0.54 

Progeny 185 NA 0.54 

SS 560 GSTR 11101 0.55 

USG 3592 PI 634600 0.55 

Pioneer 25R32 PI 658151 0.56 

Pioneer 26R20 PI 658150 0.56 

Progeny 166 NA 0.56 

DG 9012 NA 0.57 

Progeny 125 NA 0.58 

USG 3438 NA 0.58 

SS 8641 PI 652450 0.60 

Coker 9553 PI 643092 0.61 

USG 3209 PI 617055 0.61 

Merl PI 658598 0.64 

Mean 

 

0.45 

LSD (0.05)
§ 

 

 

0.23 

F genotype 

 

2.05 

P incl   <0.001 
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Table 6.2. Continued 

†
AGS = AgSouth Genetics, DG = DynaGro, SS= Southern States, SY = Syngenta, TV = 

Terral, USG= UniSouth Genetics. 

‡
Accession number from the USDA-ARS National Small Grains Collection. 'NA' indicates 

that no USDA-ARS accession number for the line is available 

§
Fisher’s protected LSD 
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Table 6.2.  Dates at which sites were planted and wheat morphological traits were measured 

at each experimental site when Pioneer 26R12 reached early tillering (GS 25), late tillering 

(GS 29), stem extension (GS 31), heading (GS 55), grain fill (GS 70-80), and maturity (GS 

92). 

 

 

2012 2013 

 

Caswell Piedmont Caswell Tidewater 

Planting October 25 October 24 October 25 November 15 

Zadoks GS 25 December 31 December 26 January 14 January 10 

Zadoks GS 29 February 7 February 11 March 4 April 11 

Zadoks GS 31 March 18 March 17 March 28 April 23 

Zadoks GS 55 April 16 April 6 April 19 May 8 

Zadoks GS 70-80 May 8 April 24 May 5 May 17 

Zadoks GS 92 May 24 May 29 June 12 June 21 
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Table 6.3. Weed suppressive ability of the eight winter wheat lines and the means of the 

strongly allelopathic and weakly allelopathic groups in Tidewater 2013 and the pooled sites 

as measured by Italian ryegrass seedling density at tillering (GS 25) and Italian ryegrass seed 

head density at grain fill (GS 70).
†
 

Genotype 

Italian 

ryegrass 

seedlings    

m
-2

  

Italian 

ryegrass 

seed heads 

m
-2

 

Italian 

ryegrass 

seedlings  

m
-2

  

Italian 

ryegrass seed 

heads 

m
-2

 

 

Pooled Sites
‡
 Tidewater 2013 

Coker 9553 119 295 102 496 

NC05-19896 126 292 90 530 

NC-Neuse 119 291 93 414 

Oakes 115 304 111 542 

Pioneer 25R32 141 366 114 513 

Pioneer 26R12 126 268 110 534 

Pioneer 26R22 119 314 89 453 

SS 560 118 292 110 593 

Mean 123 303 102 509 

LSD (0.05)
§
 ns

¶
 42 ns ns 

F genotype 1.67 2.97 1.38 2.40 

P incl 0.20 0.04 0.27 0.06 

Strongly allelopathic lines
#
 123 314 109 536 

Weakly allelopathic lines 122 291 95 483 

Mean 123 303 102 509 

LSD (0.05)
 
 ns ns 14 ns 

F genotype 0.02 3.88 5.10 3.56 

P incl 0.90 0.19 0.03 0.07 
†
Pooled sites = Caswell 2012, Piedmont 2012, and Caswell 2013 

‡
GS= Zadoks growth stage  

§
Fisher’s protected LSD 

¶
No significant difference between genotypes 
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Table 6.3. Continued 

#
Strongly allelopathic lines = Coker 9553, Pioneer 25R32, Oakes, and SS 560; Weakly 

allelopathic lines = NC05-19896, NC-Neuse, Pioneer 26R12, Pioneer 26R22.
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Table 6.4. Wheat grain yield of the eight winter wheat genotypes adjusted to 14% moisture in 

weedy and weed-free plots. Differences in wheat grain yield tolerance to weed pressure were 

calculated as the percent yield reduction in weedy plots compared to weed-free plots in each 

block. 

 Grain Yield (kg ha
-1

) Tolerance 

% 

Grain Yield (kg ha
-1

) Tolerance 

% 

Genotype No Italian 

Ryegrass 

Italian 

Ryegrass 
 No Italian 

Ryegrass 

Italian 

Ryegrass 
 

 

Pooled Sites
†
 Tidewater 2013 

Coker 9553 6060 3590 0.55 3030 1350 0.55 

NC05-19896 5610 3300 0.40 3640 1520 0.60 

NC-Neuse 5930 3820 0.40 3650 1840 0.49 

Oakes 6540 3980 0.44 3070 1820 0.37 

Pioneer 25R32 5920 2720 0.44 3860 1640 0.57 

Pioneer 26R12 6590 4020 0.39 3540 1470 0.58 

Pioneer 26R22 6710 4130 0.40 3480 1670 0.51 

SS 560 6170 4000 0.38 2930 970 0.67 

Mean 6190 3690 0.43 3400 1540 0.54 

LSD (0.05)
‡
 ns

§
 350 0.05 640 340 0.13 

F genotype 2.05 5.08 6.44 2.69 10.62 3.94 

P incl 0.12 <0.01 <0.01 0.04 <0.01 0.01 
†
Pooled sites = Caswell 2012, Piedmont 2012, and Caswell 2013 

‡
Fisher’s protected LSD 

§
No significant difference between genotypes 

  



254 

 

Table 6.5. Correlations of measurements of weed suppressive ability and grain yield 

tolerance with wheat morphological traits potentially conferring competitive ability and 

allelopathic activity measured in the ECAM seedling bioassay
†
. 

Trait 
  Italian  ryegrass seed   

heads m
-2

 
Tolerance

‡
 

 
Pooled sites

§
 Pooled sites Tidewater 2013 

 
Zadoks GS 25 

Early Vigor 0.50 0.55 ns 

NDVI
¶
 ns

#
 ns 0.13 

 
Zadoks GS 29 

Growth Habit 0.81* 0.73* -0.08 

Height -0.77* -0.73* -0.08 

Early Vigor 0.82* 0.79* 0.13 

NDVI 0.06 -0.21 -0.09 

 
Zadoks GS 31 

LAI
††

 -0.83* -0.86** -0.56 

Height -0.76* -0.72* -0.26 

 
Zadoks GS 55 

LAI ns ns -0.61 

Height -0.67 -0.61 -0.46 

Vigor 0.58 0.46 0.71* 

 
Zadoks GS 70 

Height 0.56 0.50 -0.72* 

Ryegrass seed heads 

m
-2

 
- 0.81* ns 

 
Zadoks GS 92 

Weed free yield ns ns 0.05 

Weedy yield -0.70* -0.93** -0.81* 

Tolerance to weed 

pressure 
0.81* - - 

 
Not GS Specific 

Heading date -0.36 -0.36 -0.05 

Allelopathic activity 0.48 0.56 <0.01 

*,** Significant at P < 0.05 and P < 0.01 respectively 

†
Traits lacking significant genotypic effects were excluded from correlation testing 
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Table 6.5. Continued 

‡
Wheat grain yield tolerance was calculated as the percent yield reduction in weed free plots 

compared to weed-free plots in each block 

‡
Pooled sites = Caswell 2012, Piedmont 2012, and Caswell 2013 

¶
NDVI = Normalized difference vegetation index 

#
No significant difference between genotypes (P > 0.05) 

††
LAI = Leaf area index 

 


