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ABSTRACT 

 Italian ryegrass [Lolium perenne ssp. multiflorum (Lam.) Husnot] is known for being the 

most troublesome weed in small grains in Georgia. This Lolium species is also a highly 

recommended cool-season forage that becomes problematic when total control is never achieved 

in warm-season bermudagrass or tall-fescue hayfields. Concerns about the lack of control in 

Italian ryegrass require Georgia populations be evaluated. Therefore, the response of Italian 

ryegrass populations to small grain herbicides was assessed. Greenhouse experiments from 2015 

to 2017 indicate that post-emergence use herbicides lack control of some Georgia 

commercialized Italian ryegrass cultivars and farm-collected biotypes. A continuation of these 

experiments within the field setting are needed to determine if the responses can be replicated, 

and further analyses on other ryegrass populations should be conducted to determine if these 

trends are developing in experimental seed lots and currently available populations.  
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CHAPTER 1 

INTRODUCTION 

Herbicide resistance is the heritable ability of a plant to survive and reproduce after an 

application of herbicide that normally would have been fatal to all wild type individuals (Johnson 

et al. 2009; Vencill et al. 2012). Resistance within individuals can be naturally occurring or 

induced by mutagenesis, tissue culture variations, or genetic engineering (Jasieniuk et al. 1996; 

Christoffers 1999; Vencill et al. 2012). Increased herbicide use intensity, can be correlated to the 

increased number of herbicide-resistant weed species that currently exist (Vencill et al. 2012).  

Within the past twenty years, researchers have suggested that the development of 

herbicide-resistant crops has resulted in the increased adoption of agronomic practices that 

depend less on mechanical manipulation of the soil [i.e. tillage] and more so on inputs like 

herbicide applications (Johnson et al. 2009; Vencill et al. 2012). Due to high selection pressure 

from herbicides with the same mode of action applied recently, certain weed species become 

more tolerant with increasing densities over time (Vencill et al. 2012). This shift in weed 

populations can eventually lead to herbicide resistant individuals (Johnson et al. 2009).  

Herbicide-resistant weed species are a global issue exemplified in the case of Italian 

ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot]. Italian ryegrass is a vigorous erect 

winter annual (SARE 2007; Bryson and DeFelice 2009) that has confirmed resistance in 

roadsides, small grain, lentil, soybean, corn, grape, grapefruit, and orchard cropping systems 

throughout the world (Heap 2017). The Lolium genus is known for rapidly evolving resistance to 

multiple herbicide mechanisms of action (Powles and Preston 2006). As of 2017, there are sixty 
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documented and confirmed instances of Italian ryegrass resistance across North America, South 

America, Europe, and Australia (Heap 2017). In Georgia, ryegrass resistance to diclofop-methyl, 

mesosulfuron-methyl, and sethoxydim has been confirmed in canola and wheat production 

systems (Heap 2017). However, little research has been done since the early 2000s to see if other 

active ingredients or mechanisms of action have developed potential herbicide resistance (Heap 

2017). For this reason, research is needed to evaluate potential herbicide resistance in wild Italian 

ryegrass biotypes.  

 Although Italian ryegrass is a potentially devastating pest of small grains (Liebl and 

Worsham 1987; Appleby et al. 1976), in Georgia it is commonly grown as a winter forage crop 

for livestock production (Hancock 2013). Due to the high quality [18% CP (crude protein) and 

70% TDN (total digestible nutrients)] at the vegetative stage (Hancock 2014), Italian ryegrass is 

favored over other cool-season annual grasses such as barley, oat, rye, and triticale (Hancock 

2013; Hancock et al. 2015). Italian ryegrass is an ideal forage crop because it is easily digestible, 

very palatable to grazing animals, high in protein, and contains many minerals and vitamins 

(Lacefield et al. 2003). Livestock producers also favor Italian ryegrass in the southeast US 

because they can overseed it in bermudagrass [Cynodon dactylon L.] allowing them to maximize 

land usually dormant during the fall and winter months (Hancock 2014).  

Since forage production and small grain production often occur on the same land over 

time, there are concerns that the planted ryegrass cultivars for forage may consist of resistance 

mechanisms to various herbicides including those used for control in small grains. If out-crossing 

of a resistant trait during pollination of the forage or seed production of the crop were to occur, 

small grain production may be eliminated. Thus, it is critical to understand if commercialized 

ryegrass cultivars contain resistance to herbicides used for its control in small grains.    
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CHAPTER 2 

LITERATURE REVIEW 

Species History  

Italian ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot], also known as 

‘Westerwolds’ or annual ryegrass, is a monocot species that is a member of the Poaceae family 

(Lacefield et al. 2003; OGTR 2008; Heap 2017). Belonging to the subfamily Pooideae, the 

Lolium genera is one of thirty-nine within the tribe Poeae (Wheeler et al. 2000; Wheeler et al. 

2002). The Lolium genera is sometimes taxonomically grouped together with Festuca due to the 

spicate inflorescence of Italian ryegrass mutating into a paniculate form thus erasing any 

morphological difference between the two genera (Jauhar 1993).  

This weed species has its origins in temperate regions of southern Europe where the first 

reported cultivation of planted material occurred in northern Italy in the 13th or 14th century [year 

unknown] (Beddows 1953; Suvorova 1960).  Following this initial report, the presence and 

cultivation of Italian ryegrass was soon recorded in France (Lacefield et al. 2003), Switzerland 

(Stebler and Volkart 1913), and England (Terrell 1968) between 1818 to 1831 (Lacefield et al. 

2003). It was imported and introduced as a forage crop during the early Colonial period into 

North America (Lacefield et al. 2003). Since this introduction, Italian ryegrass has become an 

important cool-season forage grass in the southern region of the United States (Lacefield et al. 

2003) due to its preferential adaption to moist, cool environments (Lacefield et al. 2003; Romani 

et al. 2002).    
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Weedy Characteristics 

Italian ryegrass is considered a facultative, winter annual grass species that infests both 

winter and spring planted crops (Rauch et al. 2010).  It is distributed throughout all regions of the 

United States due to its adaptability to a wide range of soil types and temperatures (USDA 

NRCS 2017). However, this cool-season species thrives greatly in temperate, mild climates with 

rich soils [pH of 6.0 to 7.0] and cannot endure large temperature fluctuations such as severely 

wet, cold or abnormally hot, dry weather conditions (USDA NRCS 2017; Lacefield et al. 2003). 

For example, Italian ryegrass in Australia is grown under non-irrigated and irrigated conditions 

within temperate regions (Bolland et al. 2001).  Under normal growing conditions, Italian 

ryegrass seedlings will mature in the fall, use a vegetative state to overwinter, and resume active 

development in the spring (McCullough 2015). 

Italian ryegrass’ aggressive growth pattern is characterized by several distinguishing 

features. This plant has an extensive fibrous root structure that allows for quick establishment 

over many other grass species (Bryson and DeFelice 2009; SARE 2007; Ball et al. 1995). Due to 

its root structure, Italian ryegrass can reach approximately 1.3 m in height (Bryson and DeFelice 

2009; USDA NRCS 2017), which allows it to protrude above wheat canopies and interfere with 

light uptake by the crop (Ball et al. 1995). With respect to above-ground development, a single 

mature plant can produce multiple tillers extending from 6.0 to 36.0 cm long and 4.0 to 10.0 cm 

wide with long, clasping auricles. Multiple seed heads with awned seeds are also produced 

(Bryson and DeFelice 2009).   
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As an obligate out-crosser (Lacefield et al. 2003; Inoue et al. 2014) that reproduces by 

abundant seed production [102,000 seed kg-1] (Lacefield et al. 2003), Italian ryegrass is 

particularly prone to evolving resistance to herbicides (Heap 2017; Terrell 1968). Wild-type 

(Powles et al. 1998) and commercial Italian ryegrass populations can contain a multitude of gene 

variations, which allow these individuals to possess inter-population variability (Inoue et al. 

2014). When Lolium biotypes cross-pollinate, offspring can form genetically diverse individuals 

that potentially contain inherent resistance mechanisms within their genome (Preston and Powles 

2002; Powles et al. 1998).  

Its abundant seed production and growth pattern contribute to Italian ryegrass being the 

most troublesome and the fourth most common weed in small grains in Georgia, Alabama, and 

Arkansas (Webster 2012), where approximately 14,000 ha of rye and 392,000 ha of wheat were 

harvested in 2012 (USDA 2012). Italian ryegrass infestations of 29 to 118 plants m-2 have been 

documented to reduce overall wheat yields from 7 to 50% (Appleby et al. 1976). Since 

competition from Italian ryegrass can reduce wheat yields by 4.2% for every 10 plants m-2 (Liebl 

and Worsham 1987), the need for adequate Italian ryegrass control is vital for maximum yield 

production in small grain crops (Hively and Cox 2001; Reddy 2001; Cralle et al. 2003). 

 

 Documented Cases of Resistance  

Herbicides are the most efficient and economical means of control for Italian ryegrass in 

small grains (Appleby et al. 1976; Justice et al. 1994; Kuk et al. 2008). However, with increased 

herbicide and herbicide-resistance crop usage (Owen and Zelaya 2005; Young 2006) and a range 

of resistance mechanisms already identified in Italian ryegrass (Betts et al. 1992), resistance  
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probability increases. With respect to small grain cropping systems in Georgia, ACCase-resistant 

Italian ryegrass was first documented in 1995 in canola and wheat, resistance to ACCase- and 

ALS-inhibiting herbicides was reported in wheat in 2009, and resistance to yet another ACCase 

herbicide was documented in 2010 (Heap 2017).  

Ryegrass is resistant to 7 herbicide mechanisms of action (Heap 2017) with resistance 

documented in post-emergence use pattern herbicides (Grey and Newsom 2017), except for one 

report in Australia (Busi et al. 2014). Resistance within Lolium rigidum, a similar species of 

annual ryegrass, was confirmed to the pre-emergence use herbicide pyroxasulfone (Busi et al. 

2014). Pyroxasulfone is a relatively new pesticide [2000s] that is considered an excellent 

selective herbicide in small grain crops for the control of both broadleaf and grass weed species 

(Busi et al. 2014; Tanetani et al. 2009). The herbicide inhibits very long chain fatty acid 

elongases by blocking lipid biosynthesis processes, which in turn inhibits shoot elongation in 

germinated weed seedlings (Busi et al. 2014; Porpiglia et al. 2006; Kobayashi et al. 2007; Böger 

et al. 2000). Although this pesticide has shown great potential, an experiment conducted on 

Lolium rigidum prior to pyroxasulfone’s commercialization found that resistance had evolved 

within three generations after re-current low doses (Busi et al. 2014). A previous study 

conducted by Busi et al. (2014) confirmed that the resistance mechanism in Lolium rigidum was 

a semi-dominant allele that segregated from a major locus within the genome.  
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ACCase-resistance. The first documented herbicide resistance of Italian ryegrass was to 

diclofop-methyl, an ACCase-inhibiting herbicide, in Oregon in 1987 (Heap 2017; Stanger and 

Appleby 1989). ACCase, or acetyl Coenzyme-A carboxylase, is the key enzyme in the 

biosynthesis of fatty acids in plants, and ACCase-inhibiting herbicides block the production of 

phospholipids used in building new membranes required for cell growth (Shimabukuro 1990; 

Vencill 2002).  

Evidence suggests that the appearance of herbicide resistance within a weed population is 

due to the pressure exerted by repeated herbicide applications of the same mechanism of action 

(Hirschberg and McIntosh 1983; Roux and Reboud 2007). Repeated use of ACCase-inhibiting 

herbicides belonging to the chemical subfamilies cyclohexanedione (CHD) and aryloxyphenoxy 

propionate (AOPP), such as diclofop-methyl, has resulted in resistant biotypes (Eleni et al. 2000; 

Kuk et al. 2008). Italian ryegrass resistant to ACCase-inhibiting herbicides like diclofop-methyl 

has been confirmed in Oregon, Arkansas, Louisiana, Tennessee, Georgia, Virginia, Maryland, 

Kentucky, North and South Carolina, and Idaho (Heap 2017; Kuk and Burgos 2007). Diclofop-

methyl resistance is due to a mutation of aspartate-to-glycine or isoleucine-to-asparagine 

substitutions at positions 2078 and 2041, respectively, within the acetyl CoA carboxylase 

genome (Kuk et al. 2008). 

Resistance to other ACCase chemistries such as clodinafop-propargyl, quizalofop-p-

ethyl, clethodim, and sethoxydim has been confirmed in Idaho Italian ryegrass populations (Heap 

2017; Rauch et al. 2010). Fenoxaprop-p-ethyl (Heap 2017) and pinoxaden resistance (Kuk et al. 

2008) have been confirmed in Arkansas and Missouri, respectively. 
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ALS-resistance. Within ten years of documenting ACCase resistance (Heap 2017), ALS 

resistant Italian ryegrass was confirmed throughout the US (Kuk et al. 2008). ALS, or 

acetolactate synthase, is the first enzyme in biosynthesis of branched chain amino acids such as 

valine, leucine, and isoleucine and the inhibition of these amino acids can disrupt protein 

synthesis and inhibit plant growth (Yu et al. 2003). Italian ryegrass resistance has been 

confirmed for various ALS herbicides like triasulfuron in Idaho (Heap 2017) and sulfometuron-

methyl in Mississippi (Taylor and Coats 1996).  

Resistance to other ALS herbicides such as mesosulfuron-methyl in Georgia, Delaware, 

and Missouri, and to mesosulfuron-methyl and pyroxsulam in Kentucky have been confirmed 

(Heap 2017; Rauch et al. 2010); sulfometuron-methyl, mesosulfuron-methyl, chlorsulfuron, and 

imazamox in Arkansas indicating that these populations have cross-resistance to other ALS 

chemistries (Heap 2017; Kuk and Burgos 2007); within the Carolina region, North Carolina 

Italian ryegrass populations exhibited ALS resistance to mesosulfuron-methyl, imazamox, and 

pyroxsulam (Chandi et al. 2011; Heap 2017); and in South Carolina resistance to mesosulfuron-

methyl and pyroxsulam (Heap 2017). ALS resistance in Italian ryegrass was discovered to be a 

type of target site resistance due to a mutation in the acetolactate gene at proline 197 (Yu et al. 

2003).  

EPSP-resistance. Due to the effectiveness and extensive long-term use of glyphosate, 

inherent resistance mechanisms within certain weed species have rapidly expressed themselves 

(Perez-Jones et al. 2005). Glyphosate is a nonselective, broad-spectrum herbicide that inhibits 

the enzyme 5-enolpyruvlshikimate-3-phosphate synthase [EPSPS], which results in the inhibition 

of aromatic amino acids and protein biosynthesis (Nandula et al. 2008; Franz et al. 1997). Within 

the US, glyphosate resistant Italian ryegrass has been confirmed in Oregon, Louisiana, 
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Mississippi, Arkansas, Tennessee, North Carolina, and California (Bond et al. 2014; Dickson et 

al. 2011; Heap 2017; Perez-Jones et al. 2005). It was determined that resistance to glyphosate 

occurred as a result of metabolic mechanisms influencing the amount of shikimic acid produced 

and the translocation and absorption of the glyphosate in the plant (Nandula et al. 2008; Perez-

Jones et al. 2005).  

One notable case of glyphosate resistance abroad is that of confirmed Lolium resistance 

in Spain, in which 97% of the resistant biotype survived the field use rate (720 g ae ha-1). Within 

this study, it was noted that the accumulation and translocation of glyphosate was much lower [2 

to 5 times] in the resistant biotype than the susceptible biotype (Fernández-Moreno et al. 2017).  

Cross-resistance. As previously discussed, some Italian ryegrass populations can select 

for resistance to two or more herbicides with a single mechanism of action which gives them the 

ability to survive herbicide applications from different chemical families (Kuk et al. 2008; 

Vencill et al. 2012). Cross-resistance among the ACCase herbicides is a common issue in Italian 

ryegrass populations (Michitte et al. 2003; Rauch et al. 2010; Heap 2017), but is more often 

observed after diclofop-methyl resistance has been selected for (Tardif et al. 1993). However, 

cross-resistance is not limited to ACCase chemistries as it has been documented to occur with 

ALS chemistries in some Italian ryegrass populations (Kuk and Burgos 2007; Rauch et al. 2010; 

Heap 2017).  

Multiple-resistance. In some incidences, Italian ryegrass biotypes resistant to ALS- 

inhibiting herbicides can develop resistances to herbicides that affect different target sites such as 

ACCase and vice versa (Holtum and Powles 1991; Eleni et al. 2000; Kuk et al. 2008; Salas et al. 

2013). These populations are said to develop multiple resistance, which occurs when a weed 

species develops multiple resistance mechanisms (Powles and Prestion 1995) to two or more  
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herbicides with multiple mechanisms of action (Vencill et al. 2012). Multiple resistance has 

occurred with other chemistries such as glyphosate wherein resistance has been reported in many 

of the same populations that are either ACCase-resistant, ALS-resistant, or resistant to both 

mechanisms of action (Heap 2017).  

 

Objectives  

Concerns have been expressed to researchers that ryegrass cultivars sown for forage may 

consist of resistance to various herbicides used for control in small grain production and may 

eliminate production if resistance traits are spread during pollination. Therefore, it is vital that 

research be conducted to address this subject. The first objective of this research is to determine 

the response of commercialized Italian ryegrass cultivars to small grain herbicides. 

Few herbicide surveys have been conducted to determine the extent of potential Italian 

ryegrass herbicide resistance within the state of Georgia, which accounts for limited information 

being available. In addition, a complete screening of the different herbicide mechanisms of 

action with confirmed resistance has not been conducted. Therefore, the second objective of this 

research is to determine the response of Georgia Italian ryegrass populations to small grain 

herbicides.   
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CHAPTER 3 

HERBICIDE EFFECTS ON ITALIAN RYEGRASS [LOLIUM PERENNE L. SSP. 

MULTIFLORUM (LAM.) HUSNOT] CONTROL: 2015 and 2016 COMMERCIAL CULTIVAR 

TRIALS1  

                                                 
1 Simmons, D.B., T.L. Grey, W.K. Vencill, and A.S. Culpepper. To be submitted to Weed Technology. 
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Abstract 

Greenhouse experiments evaluated the response of commercially grown forage cultivars 

of Italian ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot] to small grain herbicides. 

Experiments were conducted from fall 2015 through spring 2017 in Athens, and Tifton, Georgia. 

In 2015 twenty-six cultivars were evaluated while fifty-nine cultivars were included in 2016. 

Pyroxasulfone or flufenacet plus metribuzin were applied PRE to Italian ryegrass cultivars at 59 

and 477 g ai ha-1, respectively. Diclofop-methyl (841 g ai ha-1), glyphosate (875 g ae ha-1), 

pinoxaden (61 g ai ha-1), or pyroxsulam (19 g ai ha-1) were applied to ryegrass cultivars at 

Feekes’ stage 1.0 (1 to 2 leaf). A non-treated control for each cultivar and herbicide use pattern 

was included for comparison. For both experimental years, all commercial cultivars were 

controlled by the applications of pyroxasulfone or flufenacet plus metribuzin. Initial biomass 

displayed that all cultivars were controlled by the POST applications. Data analysis for the 2015 

experiments demonstrated that a lack of control in Italian ryegrass cultivars has occurred for the 

diclofop-methyl, glyphosate, or pyroxsulam applications amongst certain regrowth data 

measurements. A similar response in control has occurred across the regrowth data for the 

diclofop-methyl, glyphosate, pinoxaden, or pyroxsulam applications in the 2016  

experiments. A continuation of these experiments within the field setting would better determine 

the response of commercially available cultivars to small grain herbicides. Further analyses 

should be conducted to determine if lack of control is developing in experimental Italian ryegrass 

seed lots.   
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Nomenclature: Diclofop-methyl; flufenacet plus metribuzin; glyphosate; pinoxaden; 

pyroxasulfone; pyroxsulam; Italian ryegrass, Lolium perenne L. ssp. multiflorum (Lam.) Husnot 

 

Key Words: Commercialized cultivars, greenhouse experiments, ryegrass control, small grain 

herbicides  
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Introduction 

Italian ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot], also known as 

annual ryegrass, is a vigorous erect winter annual grass species found in temperate regions 

throughout the world (SARE 2007; McCullough 2015; Bryson and DeFelice 2009). Within small 

grain cropping systems and spring seeded forage fields, Italian ryegrass is considered an 

aggressive weed species that can cause significant yield loss and stand reduction (McCullough 

2015). According to McCullough (2015), Italian ryegrass can reduce bermudagrass [Cynodon 

dactylon L.] or tall fescue [Lolium arundinaceus (Schreb.) Darbysh] hayfield yields by as much 

as 50% or more in some areas. Despite the weedy aspect of this species, Italian ryegrass is a 

highly recommended cool-season forage crop for livestock production within Georgia (Hancock 

2013).   

Originating in Europe, the migration of Italian ryegrass to the US occurred in Colonial 

times for use as a forage crop for livestock production (Lacefield et al. 2003). Today, there are 

more than fifty commercially available cultivars that range from early, late, and season-long 

grazing varieties (Hancock 2013; Hancock 2014). Under normal growing conditions, Italian 

ryegrass seedlings will mature in the fall, use a vegetative state to overwinter, and resume active 

development in the spring (McCullough 2015).  

Researchers have noted that the high quality (Lacefield et al. 2003; Hancock 2013) and 

prolific seed production of Italian ryegrass make it an ideal forage crop (Hancock 2014; 

McCullough 2015; Terrell 1968). With respect to its below-ground development, Italian ryegrass 

has an extensive fibrous root structure (Bryson and DeFelice 2009; SARE 2007) which increases 

uptake of water and nutrients (Stone et al. 1998) allowing for it to flourish even under non-

irrigated conditions (Bolland et al. 2001). This well-adapted species is easily established and 
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tolerates poor drainage conditions unlike other forage crops such as clovers [Trifolium repens, 

incarnatum, vesiculosum L.] and bermudagrass [Cynodon dactylon L.] (Hancock 2013). As 

many as three high yield silage cuttings can be obtained from a single season of annual ryegrass 

production (Wilkins and Humphreys 2003). Italian ryegrass allows for an extended grazing 

period as compared to other forage crops, which means livestock can graze until May in South 

Georgia and as late as early June in North Georgia (Hancock 2013).   

The earliest US commercial cultivars released were ‘Gulf’ by the USDA-ARS in Texas 

in 1958, ‘Florida Rust Resistant’ by the Florida AES in 1965, and ‘Marshall’ by the Mississippi 

AES in 1980 (Blount and Prine 2016). Today’s varieties recommended for Georgia forage 

production such as ‘Attain’, ‘Big Boss’, ‘Diamond T’, ‘Fria’, ‘Nelson’, etc. (Hancock 2014) are 

from newer breeding germplasms [yr. 2000 +] (Blount and Prine 2016). The total number of 

germplasms, or genetic resource collections, for Italian ryegrass breeding is 2,660 which can be 

attributed to its allogamous reproductive pattern. The purpose of these breeding procedures is to 

improve the palatability, digestibility, nutritional value, disease resistance, yield potential, and 

winter hardiness of Italian ryegrass (Inoue et al. 2014).    

Commercially available cultivars are classified by their ploidy level as either diploid [2x] 

or autotetraploid [4x] (Lacefield et al. 2003; Anonymous 2015; Inoue et al. 2014). The original 

commercial cultivars were diploid cultivars that are recommended for sowing and grazing as a 

stand-alone forage crop. These varietal types are described as having larger tiller density than 

tetraploid types which allows for lower seeding rates and the ability to overcome potential weed 

suppression (Anonymous 2015). Tetraploid commercial cultivars are newer varieties that are 

recommended for fodder conservation practices and legume forage mixtures. Tetraploid types  
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have larger seeds, larger leaves, and higher fresh yields than diploid types. Even though this 

varietal type establishes faster than diploid varieties, it requires a 25 to 40% higher seeding rate 

(Anonymous 2015).  

Ryegrass cultivars are further classified by maturation levels such as early-mid, mid-late, 

and season-long [late maturing] varieties (Hancock 2013; Anonymous 2015). Early-mid season 

varieties are short season varieties recommended for quick feedings in the winter and in early 

spring fodder conservation practices. These varieties are suited for low rainfall areas or areas 

where high rainfall and summer forage crops are sprayed and sowed (Anonymous 2015). Mid-

late season varieties are recommended for medium to high rainfall areas where a second cut of 

fodder or late grazing can occur. Late maturing, or season-long, varieties are recommended for 

long growing season areas that produce feed for 1 to 2 years after sowing. This varietal type is 

good for heavy rainfall areas and can produce higher quality feed later into the grazing season 

(Anonymous 2015).   

However during spring emergence of warm-season forages, Italian ryegrass is the most 

challenging winter annual weed species (McCullough 2015). To control escaped Italian ryegrass, 

a combination of pre-plant incorporated [PPI], pre-emergence [PRE], and post-emergence 

[POST] herbicides are recommended in non-ryegrass forage fields (McCullough 2017). These 

recommended herbicides have several different mechanisms of action including acetyl 

Coenzyme-A carboxylase [ACCase], acetolactate synthase [ALS], photosystem I [PSI], 5-

enolpyruvlshikimate-3-phosphate synthase [EPSPS], growth regulators, and mitotic inhibitors 

(McCullough 2015). The consecutive, repeated application of herbicides with these mechanisms 

of action has created instances where Italian ryegrass populations are suspected of selecting for 

herbicide resistance (Busi et al. 2014).  
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Previous research has shown ryegrass populations in the US Pacific Northwest, where a 

majority of Italian ryegrass seed is grown and harvested for retail, have confirmed resistance to 

multiple herbicide mechanisms of action that include ACCase (graminicides like diclofop-

methyl), ALS (sulfonylureas and imidazolinones), EPSP synthase (glyphosate), very long chain 

fatty acid [VLCFA] (pyroxasulfone), Photosystem II [PSII] (triazines), and glutamine synthetase 

[GS] (glufosinate) (Mallory-Smith et al. 2015; Heap 2017). Overall, there is currently limited 

information available on herbicide screenings of commercial cultivars. The purpose of this 

research is to determine the response of commercially available Italian ryegrass cultivars grown 

in Georgia to small grain herbicides.  

   

Materials and Methods 

Seed Collection.  Twenty-six and fifty-nine commercially available Italian ryegrass 

cultivars, commonly used in forage production, were obtained from the University of Georgia 

Variety Testing in 2015 and 2016, respectively. No specific information about cultivars was 

made available. Subsamples of seed from each cultivar accession were stored at 6 C until tested. 

To ensure adequate germination, seed were allowed to acclimate to 20 C over a 7 d period prior 

to planting.  

Greenhouse Experiment (2015). An experiment was conducted twice from winter 2015 

to spring 2016 at the College Experiment Station, Athens, Georgia, and Coastal Plains 

Experiment Station, Tifton, Georgia. Ryegrass seeds were sown into 237 mL cups at both 

locations. In Athens, cups were filled with a 1:3 ratio of steam sterilized Cecil sandy loam  
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[72% sand, 12% silt, 16% clay; fine, kaolinitic, thermic Typic Kanhapludults] with pH of 5.5 and 

2.1% organic matter to pure sand. Adding sand allowed for the overall soil structure to more 

closely resemble the structure of the soil used at the Tifton location which included a steam-

sterilized Tifton loamy sand [90% sand, 6% silt, 4% clay; fine-loamy, kaolinitic, thermic Plinthic 

Kandiudults] with pH 5.6 and 1.0% organic matter. 

For both experimental locations, a teaspoon was used to sprinkle 20 to 30 seed of each 

cultivar over the soil surface within each cup. A quarter inch of the respected soil was placed on 

top of the sown seeds. Each teaspoon of seed had an average weight of 0.13 g. Each 237 mL cup 

had five holes poked randomly into the bottom with a 16 penny nail for drainage purposes. For 

the duration of these experiments, the cups were placed into greenhouses prior to and after 

completion of herbicide applications.  

All plants within the Athens greenhouse were fertilized weekly with a common 5-10-15 

granular fertilizer and watered twice a day for 2 minutes until field capacity. In Tifton, plants 

were fertilized weekly with 24-8-16 Miracle-Gro liquid fertilizer1 and watered once a day for 5 

minutes until field capacity. Supplemental light of 500 μmol m-2 s-1 light intensity was provided 

when necessary, and heaters kept the temperature between 25 to 29 C. These maintenance steps 

were taken to ensure that any symptomology, displayed by the Italian ryegrass seedlings, was 

due to the efficacy of the herbicide and not environmental stressors [i.e. lack of water, nutrients, 

etc.].  

Pyroxasulfone or flufenacet plus metribuzin were applied PRE within 0 to 1 d of planting 

at 59 and 477 g ai ha-1, respectively. Diclofop-methyl (841 g ai ha-1), glyphosate (875 g ae ha-1), 

or pyroxsulam (19 g ai ha-1) were applied to emerged ryegrass at Feekes’ stage 1.0 (Wise et al. 

2011) or 7 d after planting. Recommended adjuvants COC (1% v/v) and UAN (2% v/v) were 
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included in the pyroxsulam application. Herbicide rates corresponded to the recommendations 

for labeled uses in wheat [Triticum aestivum L.] cropping systems (Culpepper 2017). All 

herbicide application rates were made with a compressed air spray chamber at both locations. In 

Athens, the compressed air chamber delivered 200 L ha-1 volume of water at 241 kPa at 5 kph 

[nozzle unknown]. Meanwhile at the Tifton location, the chamber delivered 187 L ha-1 volume of 

water at 138 kPa at 3 kph using a XR Teejet 11002 VS nozzle. A non-treated control for each 

cultivar and each herbicide application scenario [PRE vs. POST] was included in the experiment.  

For locations receiving the PRE treatments, ryegrass seedlings that emerged after 

application were harvested 21 DAT by clipping the shoots at soil level and taking a fresh weight 

biomass measurement. All collected samples were placed into a drier at 32 C for 168 hours 

[Athens] and 95 C for 72 hours [Tifton], after which dry weight biomass measurements were 

recorded.  

For the POST herbicide treatments, all above-ground biomass was harvested 21 DAT by 

clipping all necrotic and non-necrotic shoots at soil level. A fresh weight biomass measurement 

was taken for each sample. All collected samples were placed into a drier at 32 C for 168 hours 

[Athens] and 95 C for 72 hours [Tifton]. Dry weight biomass measurements were then recorded 

for each of the samples.  

Following the initial 21 DAT harvest at the Tifton location, Italian ryegrass seedlings of 

POST treatments were allowed to regrow for 14 d. After this regrowth period, stand counts or 

counts of emerged shoots in each cup were recorded. Emerged shoots were harvested and 

biomass data was collected using similar methodology from the initial harvest at 21 DAT. Roots 

from each cup were also washed free of soil and drained of excess water. Each of the root  
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samples had a fresh weight biomass measurement recorded before placing them into a drier at 95 

C for 72 hours, after which dry weight biomass measurements were documented. Due to high 

variability between cultivars, this additional harvest was not performed at the Athens location.   

Greenhouse Experiment (2016). An experiment was conducted twice from the winter 

2016 to spring 2017 at the Coastal Plains Experiment Station, Tifton, Georgia. For PRE 

herbicide treatments, ryegrass was planted into 18 cell plastic flats [51cm x 26cm x 6cm] 

following the same procedures as noted with the 2015 PRE treatments. The experimental 

container was altered due to space constraints in the greenhouse, wherein each flat contained 18 

of the tested cultivars allowing for less space to be occupied. To ensure similar amounts of seeds 

were planted, a teaspoon was used to sprinkle 30 to 40 seed of each cultivar over the soil surface 

within each of the cells. A quarter inch of the respected soil was placed on top of the sown seeds. 

Each teaspoon of seed had an average weight of 0.19 g.  

For the POST herbicide treatments, seeds were sown using the same methodology as the 

PRE treatments except a 1:1 ratio of steam-sterilized Tifton loamy sand to potting soil [45 to 

55% composted bark fines, reed sedge, peat, other composited wood products and perlite]2 was 

used. Adding potting soil allowed for less soil leaching and increased soil retention in the flats, 

which ensured that all POST herbicide chemistry applied was readily available for uptake. Due 

to the influence of organic matter on the chemistries of PRE herbicides, it was not recommended 

that potting soil be added as it reduces the efficacy potential of the herbicides. Greenhouse 

procedures including temperature, watering, and fertilization followed methods noted for the 

2015 experiments.  
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Pyroxasulfone or flufenacet plus metribuzin were applied PRE within 0-1 d of planting at 

59 and 477 g ai ha-1, respectively. Diclofop-methyl (841 g ai ha-1), glyphosate (875 g ae ha-1), 

pinoxaden (61 g ai ha-1), or pyroxsulam (19 g ai ha-1) were applied to emerged ryegrass at 

Feekes’ stage 1.0 (Wise et al. 2011) or 7 d after planting. Recommended adjuvants COC (1% 

v/v) and UAN (2% v/v) were included in the pyroxsulam application. Herbicide rates 

corresponded to the recommendations for labeled uses in wheat [Triticum aestivum L.] cropping 

systems (Culpepper 2017). All herbicide application rates were made with a compressed air 

spray chamber that delivered 187 L ha-1 volume of water at 138 kPa at 3 kph using a XR Teejet 

11002 VS nozzle. A non-treated control for each cultivar and each herbicide application scenario 

[PRE vs. POST] was included in the experiment.  

For locations receiving the PRE treatments, ryegrass seedlings that emerged after 

application were harvested 21 DAT by clipping the shoots at soil level and taking a fresh weight 

biomass measurement. All collected samples were placed into a drier at 95 C for 72 hours, after 

which dry weight biomass measurements were recorded.  

For the POST herbicide treatments, all above-ground biomass was harvested 21 DAT by 

clipping all necrotic and non-necrotic shoots at soil level. A fresh weight biomass measurement 

was taken for each sample. All collected samples were placed into a drier at 95 C for 72 hours. 

Dry weight biomass measurements were then recorded for each of the samples.  

Following the initial 21 DAT harvest, Italian ryegrass seedlings of POST treatments were 

allowed to regrow for 14 d. After this regrowth period, stand counts or counts of emerged shoots 

in each individual cell were recorded. Emerged shoots were harvested and biomass data was 

collected using similar methodology from the initial harvest at 21 DAT. Roots from each  
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cup were also washed free of soil and drained of excess water. Each of the root samples had a 

fresh weight biomass measurement recorded before placing them into a drier at 95 C for 72 

hours, after which dry weight biomass measurements were documented. 

 

Experimental Design 

There were two site locations for the 2015 commercial cultivars, Athens and Tifton, 

Georgia, and one location, Tifton, Georgia, for the 2016 commercial cultivars. Experiments were 

arranged as a split-plot design with four replications of 6 herbicide treatments for the 2015 

commercial cultivars. In 2016, the increase in cultivars planted allowed only three replications of 

each of the 7 herbicide treatments arranged as a split-plot design. Experiments were repeated 

twice at each location. Within the split-plot arrangement, the herbicide treatments represent the 

whole plot and the cultivars represent the subplot.  

Analyses of all recorded data was combined across experiments, replications, and 

locations [2015] and subjected to a mixed-model analysis with an alpha of P ≤ 0.05 in SAS 9.4 

®. Initial, fresh shoot biomass obtained from all PRE treatments and the respective non-treated 

controls was analyzed via a PROC GLM procedure. Additionally, initial, fresh shoot biomass 

and regrowth shoot emergence, fresh shoot biomass, and fresh root biomass data recorded for all 

POST treatments and the respective non-treated controls were analyzed via a PROC GLM 

procedure. For the PROC GLM procedure, the main effects were the herbicide treatments and 

ryegrass cultivars, the two-way interaction of interest was the herbicide treatment by cultivar, 

and the error term was determined to be the two-way interaction of herbicide treatment by 

experiment. This analysis procedure was chosen due to the large number of cultivars tested per 

experiment.  
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Results and Discussion 

Due to differences in experimental design already established, each experimental year is 

discussed individually. Upon analysis, data indicated that the two-way interaction of treatment 

by cultivar varied amongst the experimental years in significance. There were no significant 

interactions for treatment by cultivar, except for the initial, fresh shoot biomass of the POST 

applied herbicides in the 2015 analysis. However for the 2016 analysis, there were more 

significant treatment by cultivar interactions than not. For these reasons, the main effects of 

treatment and cultivar and the two-way interaction of treatment by cultivar P-values are 

documented. Dry biomass data will not be presented for these experiments because the trends in 

data correspond to those displayed by the fresh biomass data.   

2015. For the PRE treatments flufenacet plus metribuzin or pyroxasulfone and their 

respective non-treated controls, the initial, fresh shoot biomass analysis indicated that there were 

no differences for the two-way treatment by cultivar interaction (P = 0.8943) (Table 3.1). 

However, the treatment variable response was significant at P = 0.0002 (Table 3.1) with an LSD 

of 556 mg exp unit-1 (Table 3.2). The non-treated control had the largest mean at 1623 mg exp 

unit-1, while flufenacet plus metribuzin had the smallest mean shoot biomass at 75 mg exp unit-1 

(Table 3.2). These conclusions differ from results of previous experiments completed by Busi et 

al. (2014) that confirmed lack of control of the Australian ryegrass cultivar SLR31 to 

pyroxasulfone, but correspond with previous research that applications of flufenacet plus 

metribuzin at PRE or early POST provide 80% or greater control of Italian ryegrass (Grey and 

Bridges 2003; Ritter and Menbere 2002). 
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Analysis of the cultivar response (P = 0.6822) to the PRE treatments displayed that there 

were no differences between the twenty-six cultivars when combined across treatments (Table 

3.1). Yet with an LSD of 377 mg exp unit-1, there were differences in shoot biomass between the 

commercialized Italian ryegrass cultivars. Mean shoot biomass across cultivars ranged from 657 

to 1301 mg exp unit-1 with the ‘Marshall’ cultivar and the ‘Credence (IS-LWT 14)’ cultivar 

having the smallest and largest biomasses, respectively (Table 3.3). Varying shoot biomass 

between cultivars concurs with previous performance tests on commercialized ryegrass cultivars 

conducted by UGA Statewide Variety Testing (Anonymous 2017).  

Across the POST treatments of diclofop-methyl, glyphosate, or pyroxsulam and their 

respective non-treated controls, the analysis of the initial, fresh shoot biomass displayed that 

there were significant differences in treatment variable response with P = 0.0110 (Table 3.4) and 

an LSD of 0.37 g exp unit-1 (Table 3.5). The two-way treatment by cultivar interaction with P = 

0.0028 was also significant (Table 3.4). For the treatment variable, the diclofop-methyl 

application had the smallest mean shoot biomass at 0.21 g exp unit-1, whereas the non-treated 

control’s mean was the largest at 1.15 g exp unit-1 (Table 3.5). Previous research on Italian 

ryegrass accessions indicated similar control of ryegrass with glyphosate applications (Kuk and 

Burgos 2007), but differ from previous experiments conducted by Chandi et al. (2011) and Salas 

et al. (2010) on variable and decreased control of Italian ryegrass with diclofop-methyl and 

pyroxsulam, respectively.  
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The analysis concluded that there was a significant cultivar response (P < 0.0001) when 

cultivars were combined across treatments for the shoot biomass (Table 3.4). With an LSD of 

0.13 g exp unit-1, the commercial cultivars had a mean range of 0.38 to 0.73 g exp unit-1. Similar 

to the results of the PRE experiments, the ‘Credence (IS-LWT 14)’ cultivar had the largest 

biomass and the ‘Marshall’ cultivar had the smallest for the POST treatments (Table 3.6).   

For the regrowth shoot emergence data of the POST treatments and their respective non-

treated controls, there were no differences for the two-way treatment by cultivar interaction (P = 

0.4230) (Table 3.4). Yet, there were significant differences for the treatment response (P = 

0.0262) (Table 3.4) which had an LSD of 8 shoots (Table 3.5). The largest and smallest mean 

shoot emergence counts were 19 plants for the non-treated control and 3 plants for the diclofop-

methyl treatments, respectively, which resembled the results of the initial, fresh shoot biomass 

analysis (Table 3.5). On closer analysis of the treatments, the difference in shoot emergence 

means for glyphosate and the non-treated control was less than the LSD. This concurs with 

previous experiments indicating lack of control of Italian ryegrass populations by applications of 

glyphosate (Perez-Jones et al. 2005; Jasieniuk et al. 2008). Results differ however from research 

conducted by Salas et al. (2010) that documented lack of control by pyroxsulam and research by 

Chandi et al. (2011) that stated ryegrass control was variable when diclofop-methyl was applied.   

There were no differences for the cultivar variable (P = 0.0755) for shoot emergence 

counts of the POST treatments (Table 3.4). Although the analysis displayed no differences, the 

LSD of 3 plants exhibited differences amongst the cultivars. The ‘Jumbo’ cultivar had the 

smallest mean shoot emergence count at 7 plants, while the ‘Flying A’, ‘GO-15-LN2’, 

‘Lonestar’, and ‘Nelson Tetraploid’ cultivars all had the largest mean of 12 plants (Table 3.6).  
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Analysis on the regrowth shoot biomass for the POST treatments displayed that there 

were no differences in treatment response (P = 0.7075) or the two-way treatment by cultivar 

interaction with P = 0.4198 (Table 3.4). Even though the treatment LSD was determined to be 

100 mg plant-1, the diclofop-methyl and pyroxsulam applications had mean shoot biomass of 55 

and 37 mg plant-1, respectively, as compared to the non-treated control mean of 27 mg plant-1 

(Table 3.5). This data suggest that the diclofop-methyl (Chandi et al. 2011) and pyroxsulam 

(Kuk and Burgos 2007; Salas et al. 2010) applications lacked control of the Italian ryegrass 

cultivars which would concur with previously conducted experiments using these herbicides. 

However, the regrowth shoot biomass data agrees with experiments conducted by Kuk and 

Burgos (2007) in which glyphosate applications adequately controlled Italian ryegrass 

populations.  

With P = 0.5861, there were determined to be no differences in cultivar response for the 

regrowth shoot biomass, but there were differences in regrowth shoot biomass between the 

cultivars (Table 3.4). Regrowth shoot biomass means were the largest at 54 mg plant-1 for the 

‘Prine’ cultivar and the smallest for the ‘Winterhawk’ cultivar at 22 mg plant-1. With respect to 

the regrowth shoot biomass means, the LSD was 25 mg plant-1(Table 3.6).   

The regrowth root biomass analysis, of the POST treatments and their respective non-

treated controls, resulted in no differences for the treatment variable response (P = 0.1886) and 

the two-way treatment by cultivar interaction (P = 0.5660) (Table 3.4). The glyphosate mean 

regrowth root biomass was the smallest at 90 mg plant-1, while the non-treated mean was the 

largest at 158 mg plant-1 (Table 3.5). Even though the LSD was 73 mg plant-1, it was concluded 

that the diclofop-methyl application mean was within 16% of the non-treated control (Table 3.5). 

This conclusion suggests that there is variable control of Italian ryegrass with diclofop-methyl 
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similar to results presented by Chandi et al. (2011). The conclusions of the glyphosate (Kuk and 

Burgos 2007) and pyroxsulam (Wells 2008) applications on regrowth root biomass correspond 

with previous research on controlling Italian ryegrass populations.  

Data analysis of the regrowth root biomass indicated that there were differences between 

the twenty-six cultivars (P = 0.0001) across the POST herbicides (Table 3.4) with an LSD of 52 

mg plant-1 (Table 3.6). The mean regrowth root biomass ranged from 82 to 171 mg plant-1. The 

smallest and largest root biomass means belonged to the ‘Winterhawk’ and ‘Big Boss Tetraploid 

Annual’ cultivars, respectively (Table 3.6).  

Differences in cultivar response to the herbicide application scenarios across the data 

measurements was the result of genotypic variations such as ploidy level (Inoue et al. 2014) and 

maturation timing (Redfearn et al. 2002). In addition, the stability or continual relative 

performance across years and locations of some ryegrass cultivars can vary between excellent to 

poor (Anonymous 2017; Redfearn et al. 2005). The stability factor varies because it depends 

upon the cultivar and its response to the surrounding environment (Redfearn et al. 2005). With 

respect to newer ryegrass cultivars, specific yield-limiting traits such as disease resistance, winter 

hardiness, nutritional value, etc. (Inoue et al. 2014) have been targeted for development over 

yield improvement (Redfearn et al. 2005). Therefore, this focused development could affect the 

overall biomass and yield potential of the currently available cultivars.  

2016. Data analysis on initial, fresh shoot biomass indicated that there were no 

differences in treatment response (P = 0.2820) or the two-way treatment by cultivar interaction 

(P = 0.9929) for PRE herbicides flufenacet plus metribuzin or pyroxasulfone and their respective 

non-treated controls (Table 3.1). Regardless of the LSD of 4267 mg exp unit-1, there were 

differences in the shoot biomass means between the treatments. The non-treated control had the 
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largest mean biomass at 2252 mg exp unit-1, whereas the flufenacet plus metribuzin and 

pyroxasulfone means were 63 and 71 mg exp unit-1, respectively (Table 3.2). These findings 

concur with previous research that pyroxasulfone controlled 83 to 100% of Italian ryegrass over 

two years, while flufenacet plus metribuzin applications provided 80% or greater control of 

Italian ryegrass (Grey and Bridges 2003; Ritter and Menbere 2002).  

 Likewise, the data analysis determined that there were no differences between the fifty-

nine Italian ryegrass cultivars and their responses to the PRE treatments (P = 0.9946) (Table 3.1). 

However with an LSD of 736 mg exp unit-1, there were shoot biomass differences between the 

cultivars similar to those for the 2015 experiments. The mean shoot biomass was the largest for 

the ‘BAR LM 14167-4’ cultivar at 1938 mg exp unit-1 and the smallest for the ‘Wax Marshall’ 

cultivar at 586 mg exp unit-1 (Table 3.7).  The differences between shoot biomass correspond 

with the previously discussed UGA Statewide Variety Testing performance research on 

commercial Italian ryegrass cultivars (Anonymous 2017).  

The analysis of the initial, fresh shoot biomass exhibited no differences in treatment 

variable response with P = 0.1058, but the two-way treatment by cultivar interaction was 

significant (P < 0.0001) across the diclofop-methyl, glyphosate, pinoxaden, or pyroxsulam 

applications and their respective non-treated controls (Table 3.8). For the treatment variable with 

an LSD of 1.46 g exp unit-1, the pinoxaden application had the smallest mean shoot biomass at 

0.40 g exp unit-1, while the non-treated control mean had the largest at 2.31 g exp unit-1 (Table 

3.9). Previous research on Italian ryegrass populations documented similar control of ryegrass 

with glyphosate (Kuk and Burgos 2007). These conclusions differ from experiments conducted 
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by Kuk and Burgos (2007) and Ellis et al. (2008) that lack of control of ryegrass by diclofop-

methyl and pinoxaden applications occurred. However, lack of Italian ryegrass control with an 

application of pyroxsulam was not recorded which concurs with previous findings by Wells 

(2008).   

The analysis concluded that there was a significant cultivar response (P < 0.0001) when 

cultivars were combined across treatments for the shoot biomass (Table 3.8). With an LSD of 

0.21 g exp unit-1, the commercial cultivars had a mean range of 0.29 to 1.70 g exp unit-1. The 

‘BAR LM 15426’ cultivar and the ‘FLC4X’ cultivar had the largest and smallest biomasses, 

respectively, for the POST treatments (Table 3.10).   

For the regrowth shoot emergence data of the POST treatments and their respective non-

treated controls, there were significant differences for the two-way treatment by cultivar 

interaction with P = 0.0030 (Table 3.8). However, there were no differences for the treatment 

response (P = 0.1629) (Table 3.8) which had an LSD of 15 shoots (Table 3.9). The smallest and 

largest mean shoot emergence counts were 3 plants for the pinoxaden and 20 plants for the non-

treated control, respectively (Table 3.9). These results are similar to those recorded for the initial, 

fresh shoot biomass and for previous research that documented 90+ % control of Italian ryegrass 

with pinoxaden (Hofer et al. 2006). A closer analysis of the treatments displayed that the shoot 

emergence count differences between the diclofop-methyl, glyphosate, and pyroxsulam 

applications and the non-treated control were less than the LSD, which concurs with previous 

experiments indicating lack of control of Italian ryegrass populations by applications of diclofop-

methyl (Chandi et al. 2011), glyphosate (Perez-Jones et al. 2005; Jasieniuk et al. 2008), and 

pyroxsulam (Salas et al. 2010).  
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There were significant differences for the cultivar variable (P < 0.0001) (Table 3.8) with 

an LSD of 3 plants for shoot emergence counts of the POST treatments (Table 3.10).  The 

‘TAMTBO’ cultivar has the smallest mean shoot emergence count at 3 plants. Meanwhile, the 

‘Becva’ cultivar had the largest mean of 21 plants (Table 3.10).  

Regrowth shoot biomass analysis for the POST treatments displayed no differences in 

treatment response (P = 0.7065), even though the two-way treatment by cultivar interaction was 

significant with P < 0.0001 (Table 3.8). The treatment LSD was determined to be 25 mg plant-1, 

and the diclofop-methyl and non-treated applications had the smallest and largest mean shoot 

biomasses of 22 and 34 mg plant-1, respectively (Table 3.9). These results contradict with 

research by Chandi et al. (2011) that documented cultivar control was variable when diclofop-

methyl was applied. Pinoxaden and pyroxsulam application biomass means were within 15% of 

the non-treated control. Nonetheless, previous research conducted by Salas et al. (2010) that 

stated lack of control of ryegrass populations with pyroxsulam applications differed from the 

documented results. The regrowth shoot biomass data agrees with experiments in which 

glyphosate (Kuk and Burgos 2007) and pinoxaden (Hofer et al. 2006) applications controlled 

Italian ryegrass populations.  

With P < 0.0001 (Table 3.8) and an LSD of 9 mg plant-1, there were determined to be 

differences in cultivar response for the regrowth shoot biomass (Table 3.10). Regrowth shoot 

biomass means were the largest at 43 mg plant-1 for the ‘GA102A’ cultivar and the smallest for 

the ‘GALM 1513’ cultivar at 14 mg plant-1. Sixty-nine percent of all cultivars were between 20 

to 35 mg plant-1 (Table 3.10). 
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For the regrowth root biomass analysis of the POST treatments and their respective non-

treated controls, no differences were recorded for the two-way treatment by cultivar interaction 

(P = 0.9688) or the treatment variable response (P = 0.2773) (Table 3.8). The glyphosate mean 

regrowth root biomass was the smallest at 77 mg plant-1, while the pinoxaden and non-treated 

control means were the largest at 170 mg plant-1 (Table 3.9). With an LSD of 111 mg plant-1 

(Table 3.9), it was concluded that the pinoxaden treatment lacked control of Italian ryegrass as 

previously documented in Lolium rigidum (Boutsalis et al. 2012). Parallel to the regrowth root 

biomass of the 2015 experiments, diclofop-methyl control of Italian ryegrass was variable 

amongst the cultivars which is similar to conclusions presented by Chandi et al. (2011). The 

glyphosate application’s (Kuk and Burgos 2007) and the pyroxsulam application’s (Wells 2008) 

control of the cultivars agree with previous research on controlling Italian ryegrass populations 

using these herbicides.  

Data analysis of the regrowth root biomass (P = 0.0061) indicated that there were 

differences between the cultivars across the POST herbicides (Table 3.8) with an LSD of 90 mg 

plant-1 (Table 3.10). The mean regrowth root biomass ranged from 75 to 328 mg plant-1. The 

smallest root biomass mean belonged to the ‘FLC4X’, whereas, the largest mean is associated 

with the ‘ME94 Exp’ cultivar (Table 3.10).  

As previously discussed for the 2015 experiments, the differences in cultivar response 

across the data measurements for the herbicide application scenarios are due to genetic variations 

within the cultivars (Anonymous 2017; Inoue et al. 2014; Redfearn et al. 2002; Redfearn et al. 

2005).  
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Conclusions 

Greenhouse experiments demonstrated that control of commercially available Italian 

ryegrass cultivars was variable across experimental years and data measurements. For both 

experimental years, flufenacet plus metribuzin or pyroxasulfone control of the tested Italian 

ryegrass cultivars was in agreement with previously conducted research (Hulting et al. 2012; 

Grey and Bridges 2003; Ritter and Menbere 2002).  Initial, fresh shoot biomass displayed that all 

cultivars tested were controlled by the diclofop-methyl, glyphosate, pinoxaden [2016], or 

pyroxsulam applications.   

Regrowth data across all parameters exhibited differences in cultivar response to the 

POST herbicide applications. As shown by the shoot emergence counts, control of the tested 

ryegrass cultivars was lacking for the glyphosate application for the 2015 experiments. However, 

the 2016 experiments demonstrated a lack of control by diclofop-methyl, glyphosate, or 

pyroxsulam applications. For the shoot biomass data, diclofop-methyl and pyroxsulam lacked 

control of the Italian ryegrass cultivars tested for the 2015 experiments, whereas, all POST 

applications for the 2016 experiments controlled the tested cultivars. In the 2015 experiments, 

diclofop-methyl control was variable for the root biomass data, but all cultivars were considered 

controlled by the POST treatments. Yet in the 2016 experiments, there was a lack of control 

amongst the cultivars for the pinoxaden application.  

A continuation of these experiments within the field setting could better determine the 

response of commercially available cultivars to small grain herbicides. Dose-responses 

evaluating additional rates of small grain herbicides should be completed. Further analyses on 

other commercially available Italian ryegrass cultivars could determine if lack of control to all 

small grain herbicides is developing in experimental seed lots.   



33 

Table 3.1: Analysis of variance for Cultivar and Treatment effects on 2015 and 2016 Georgia commercialized 
Italian ryegrass cultivars for flufenacet plus metribuzin or pyroxasulfone applications.a 

Experiment Effect F-value Pr >R 
2015b Cultivar 0.85 0.6822 NSd 

 Treatment 26.10 0.0002 *** 
 Treatment x Cultivar 0.75 0.8943 NS 
     
2016c Cultivar 0.58 0.9946 NS 
 Treatment 1.99 0.2820 NS 
 Treatment x Cultivar  0.68 0.9929 NS 
aInitial, fresh shoot biomass data was combined across PRE herbicide treatments and their respective non-treated 
controls.  
bLocations were Athens and Tifton, GA conducted in 2015-2016. Twenty-six cultivars were used. MIXED 
model analyses in SAS 9.4® were performed.  
cLocation was Tifton, GA conducted in 2016-2017. Fifty-nine cultivars were used. MIXED model analyses in 
SAS 9.4® were performed.  
dAbbreviations: NS, not significant; * = level of probability at P = 0.05 to 0.01, respectively; ** = level of 
probability at P = 0.01 to 0.001, respectively; *** = level of probability at P < 0.001. 
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Table 3.2: Initial, fresh shoot biomass means of the 2015 and 2016 Georgia commercialized Italian ryegrass 
cultivars for the individual PRE treatments and the respective non-treated control.a  
Experiment Treatment  Mean  
  mg exp unit-1d 

2015b Flufenacet + metribuzin 75 
 Pyroxasulfone 150 
 NTCe 1623 
LSD (0.05)  556 
2016c Flufenacet + metribuzin 63 
 Pyroxasulfone 71 
 NTC 2252 
LSD (0.05)  4267 
aData was recorded 21 DAT (days after treatment) for each of the treatments.  
bLocations were Athens and Tifton, GA conducted in 2015-2016. Twenty-six cultivars were used. MIXED model 
analyses in SAS 9.4® were performed. 
cLocation was Tifton, GA conducted in 2016-2017. Fifty-nine cultivars were used. MIXED model analyses in 
SAS 9.4® were performed. 
dmg exp unit-1 = mg per experimental unit, a 237 mL cup (2015); a cell in plastic flat [51 cm x 26 cm x 6cm] 
(2016). 
eAbbreviations: NTC, non-treated control. 
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Table 3.3: Initial, fresh shoot biomass mean for each of the 2015 Georgia commercialized Italian ryegrass 
cultivars 21 DATc after PRE applications of flufenacet plus metribuzin or pyroxasulfone.a 

Cultivar Name  _______mg exp unit-1b______ 
Andes (IS-LWT 13) 981 
Attain Tetraploid Annual 1146 
Big Boss Tetraploid Annual 1145 
Credence (IS-LWT 14) 1301 
Diamond T 1113 
Earlyploid 1034 
Flying A 743 
Fria 840 
GO-15-LN2 827 
Grasshancer 100 1204 
Jackson 682 
Jumbo 735 
KoSpeed Diploid Annual 770 
KoWinearly Diploid Annual 698 
Lonestar 737 
Marshall 657 
Maximus 1054 
Meroa Tetraploid Italian 939 
Nelson Tetraploid 1110 
PS12 938 
PS15 1188 
Passerel Plus 720 
Prine 708 
TAMTBO 830 
Tetrastar 787 
Winterhawk 945 
LSD (0.05)                                                                                                     377 
aLocations were Athens and Tifton, GA conducted in 2015-2016. Twenty-six cultivars were used. 
MIXED model analyses in SAS 9.4® were performed 
bmg exp unit-1 = mg per experimental unit, or a 237 mL cup. 
cAbbreviations: DAT, days after treatment.  
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Table 3.4: Analysis of variance for Cultivar and Treatment effects on 2015 Georgia commercialized Italian 
ryegrass cultivars for diclofop, glyphosate, or pyroxsulam applications. a,b 

Variable Effect F-value Pr >R 
Fresh shoot biomass Cultivar 3.79 < 0.0001 ***c 

 Treatment 27.59 0.0110 ** 
 Treatment x Cultivar 1.81 0.0028 ** 
Regrowth shoot emergence Cultivar 1.52 0.0755 NS 
 Treatment 14.91 0.0262 * 
 Treatment x Cultivar  1.04 0.4320 NS 
Regrowth shoot biomass Cultivar 0.91 0.5861 NS 
 Treatment 0.50 0.7075 NS 
 Treatment x Cultivar  1.04 0.4198 NS 
Regrowth root biomass Cultivar 2.82 0.0001 *** 
 Treatment 3.10 0.1886 NS 
 Treatment x Cultivar  0.96 0.5660 NS 
aData measurements were combined across POST herbicide treatments and their respective non-treated controls.  
bLocations were Athens and Tifton, GA conducted in 2015-2016. Twenty-six cultivars were used. MIXED model 
analyses in SAS 9.4® were performed.  
cAbbreviations: NS, not significant; * = level of probability at P = 0.05 to 0.01, respectively; ** = level of 
probability at P = 0.01 to 0.001, respectively; *** = level of probability at P < 0.001. 
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Table 3.5: Initial, fresh shoot biomassa and regrowth emergence and biomassb means of the 2015 
Georgia commercialized Italian ryegrass cultivars for the individual POST treatments and the 
respective non-treated control.c  
Variable Treatment Mean  
Fresh shoot biomass  g exp unit-1d 

 Diclofop-methyl 0.21 
 Glyphosate 0.51 
 Pyroxsulam 0.29 
 NTCg 1.15 
LSD (0.05)  0.37 
Regrowth shoot emergence  #-1e 

 Diclofop-methyl 3 
 Glyphosate 12 
 Pyroxsulam 6 
 NTC 19 
LSD (0.05)  8 
Regrowth shoot biomass  mg plant-1f 

 Diclofop-methyl 55 
 Glyphosate 19 
 Pyroxsulam 37 
 NTC 27 
LSD (0.05)  100 
Regrowth root biomass  mg plant-1f 
 Diclofop-methyl 133 
 Glyphosate 90 
 Pyroxsulam 114 
 NTC 158 
LSD (0.05)  73 
a Initial, fresh biomass data was recorded 21 DAT (days after treatment) for each of the cultivars.  
bRegrowth shoot emergence counts, fresh shoot biomass, and fresh root biomass data was 
recorded 35 DAT (days after treatment) for each of the cultivars.  
cLocations were Athens and Tifton, GA conducted in 2015-2016. Twenty-six cultivars were 
used. MIXED model analyses were performed.  
dg exp unit-1 = g per experimental unit, or a 237 mL cup. 
e# = number of plants.  
fmg plant-1 = mg per ryegrass plant. 
gAbbreviations: NTC, non-treated control. 
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Table 3.6: Initial, fresh shoot biomassa and regrowth emergence and biomassb means of the 2015 Georgia 
commercialized Italian ryegrass cultivars for POST applications of diclofop, glyphosate, or pyroxsulam.c 

Cultivar Name    Shoot Root 
 __g exp unit-1d__ __#-1e__ _________ mg plant-1f_________ 
Andes (IS-LWT 13) 0.48 8 38 105 
Attain Tetraploid Annual 0.61 10 34 160 
Big Boss Tetraploid Annual 0.63 9 32 171 
Credence (IS-LWT 14) 0.73 10 41 141 
Diamond T 0.61 9 36 156 
Earlyploid 0.66 11 34 149 
Flying A 0.51 12 30 110 
Fria 0.47 11 27 97 
GO-15-LN2 0.42 12 28 91 
Grasshancer 100 0.54 10 25 83 
Jackson 0.41 10 50 96 
Jumbo 0.53 7 46 180 
KoSpeed Diploid Annual 0.48 11 32 109 
KoWinearly Diploid Annual 0.41 10 24 83 
Lonestar 0.52 12 38 126 
Marshall 0.38 10 30 102 
Maximus 0.60 10 25 139 
Meroa Tetraploid Italian 0.56 9 33 87 
Nelson Tetraploid 0.66 12 29 129 
PS12 0.55 9 42 165 
PS15 0.54 9 46 153 
Passerel Plus 0.50 10 28 112 
Prine 0.52 8 54 157 
TAMTBO 0.57 10 40 138 
Tetrastar 0.54 10 27 94 
Winterhawk 0.41 10 22 82 
LSD (0.05)  0.13 3 25 52 
a Initial, fresh biomass data was recorded 21 DAT (days after treatment) for each of the cultivars.  
bRegrowth shoot emergence counts, fresh shoot biomass, and fresh root biomass data was recorded 35 DAT 
(days after treatment) for each of the cultivars.  
cLocations were Athens and Tifton, GA conducted in 2015-2016. Twenty-six cultivars were used. MIXED model 
analyses in SAS 9.4® were performed. 
dg exp unit-1 = g per experimental unit, or a 237 mL cup. 
e# = number of plants.  
fmg plant-1 = mg per ryegrass plant. 
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 Table 3.7: Initial, fresh shoot biomass mean for each of the 2016 Georgia commercialized Italian 
ryegrass cultivars 21 DATc after PRE applications of flufenacet plus metribuzin or pyroxasulfone.a 
Cultivar Name   _______mg exp unit-1b______ 
Andes (IS-LWT 13) 1102 
Attain Tetraploid Annual 1247 
BAR LM 14167-1 1699 
BAR LM 14167-4 1938 
BAR LM 15426 1161 
BAR LM 16488 1264 
BAR LM 16498 1670 
Becva 1514 
Big Boss Tetraploid Annual 1244 
Credence 964 
Diamond T 1290 
Earlyploid 948 
FL 4X Marmid 1015 
FL 4X Marona 1449 
FLAT-1 1139 
FLAT-3 1786 
FLC4X 1126 
FLP166RB2X 1501 
FLPE 2X 714 
FLR164X 1312 
FLRED 4X 1750 
FLRSN4X 1742 
Flying A 856 
Fria 981 
GA101M 1893 
GA102A 933 
GALM1401 1110 
GALM1402 903 
GALM1403 1191 
GALM1501 1268 
LSD (0.05)                                           736 
aLocation was Tifton, GA conducted in 2016-2017. Fifty-nine cultivars were used. MIXED model 
analyses in SAS 9.4® were performed.  
bmg exp unit-1 = mg per experimental unit, or a cell in plastic flat [51 cm x 26 cm x 6cm].  
cAbbreviations: DAT, days after treatment.  
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Table 3.7 Ctd:  Initial, fresh shoot biomass mean for each of the 2016 Georgia commercialized Italian 
ryegrass cultivars 21 DATc after PRE applications of flufenacet plus metribuzin or pyroxasulfone.a 
Cultivar Name   _______mg exp unit-1b______ 
GALM1502 1176 
GALM1503 1322 
GALM1513 882 
GALM1514 1107 
GALM1515 1012 
Grazer 1061 
Hostyn 1248 
Jackson 924 
Jumbo 887 
Kodiak 1477 
Lonestar Annual Ryegrass 1378 
M2CVS Exp 910 
ME4 Exp 842 
ME94 Exp 1581 
Maximus 1242 
McKinley 1367 
Nelson Tetraploid  1098 
PS12 784 
PS15 1022 
Passerel Plus 907 
Prine 1193 
RMexp2013B 1407 
SARG-FL 1152 
Striker 1225 
TAMTBO 1581 
Tetrastar Tetraploid Annual Ryegrass 1573 
Wax Marshall 586 
Winterhawk 1140 
WMWL Exp 1662 
 LSD (0.05)                                                                                                                    736 
aLocation was Tifton, GA conducted in 2016-2017. Fifty-nine cultivars were used. MIXED model 
analyses in SAS 9.4® were performed.  
bmg exp unit-1 = mg per experimental unit, or a cell in plastic flat [51 cm x 26 cm x 6cm].  
cAbbreviations: DAT, days after treatment.  
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Table 3.8: Analysis of variance for Cultivar and Treatment effects on 2016 Georgia commercialized Italian 
ryegrass cultivars for diclofop, glyphosate, pinoxaden, or pyroxsulam applications. a,b 

Variable Effect F-value Pr >R 
Fresh shoot biomass Cultivar 21.26 < 0.0001 ***c 

 Treatment 3.95 0.1058 NS 
 Treatment x Cultivar 3.62 < 0.0001 *** 
Regrowth shoot emergence Cultivar 10.42 < 0.0001 *** 
 Treatment 2.91 0.1629 NS 
 Treatment x Cultivar  1.41 0.0030 ** 
Regrowth shoot biomass Cultivar 4.97 < 0.0001 *** 
 Treatment 0.56 0.7065 NS 
 Treatment x Cultivar  1.70 < 0.0001 *** 
Regrowth root biomass Cultivar 1.61 0.0061 ** 
 Treatment 1.88 0.2773 NS 
 Treatment x Cultivar  0.79 0.9688 NS 
aData measurements were combined across POST herbicide treatments and their respective non-treated controls.  
bLocation was Tifton, GA conducted in 2016-2017. Fifty-nine cultivars were used. MIXED model analyses in 
SAS 9.4 ® were performed.  
cAbbreviations: NS, not significant; * = level of probability at P = 0.05 to 0.01, respectively; ** = level of 
probability at P = 0.01 to 0.001, respectively; *** = level of probability at P < 0.001. 
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Table 3.9: Initial, fresh shoot biomassa and regrowth emergence and biomassb means of the 2016 
Georgia commercialized Italian ryegrass cultivars for the individual POST treatments and the 
respective non-treated control.c 
Variable Treatment Mean  
Fresh shoot biomass  g exp unit-1d 

 Diclofop-methyl 0.74 
 Glyphosate 0.94 
 Pinoxaden 0.40 
 Pyroxsulam 0.84 
 NTCg 2.31 
LSD (0.05)  1.46 
Regrowth shoot emergence  #-1e 

 Diclofop-methyl 12 
 Glyphosate 15 
 Pinoxaden 3 
 Pyroxsulam 17 
 NTC 20 
LSD (0.05)  15 
Regrowth shoot biomass  mg plant-1f 

 Diclofop-methyl 22 
 Glyphosate 23 
 Pinoxaden 29 
 Pyroxsulam 29 
 NTC 34 
LSD (0.05)  25 
Regrowth root biomass   mg plant-1f 
 Diclofop-methyl 156 
 Glyphosate 77 
 Pinoxaden 170 
 Pyroxsulam 139 
 NTC 170 
LSD (0.05)  111   
a Initial, fresh biomass data was recorded 21 DAT (days after treatment) for each of the cultivars.  
bRegrowth shoot emergence counts, fresh shoot biomass, and fresh root biomass data was 
recorded 35 DAT (days after treatment) for each of the cultivars.  
cLocation was Tifton, GA conducted in 2016-2017. Fifty-nine cultivars were used. MIXED 
model analyses  in SAS 9.4 ® were performed. 
dg exp unit-1 = g per experimental unit, or a  cell in plastic flat [51 cm x 26 cm x 6cm]. 
e# = number of plants.  
fmg plant-1 = mg per ryegrass plant. 
gAbbreviations: NTC, non-treated control. 
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Table 3.10: Initial, fresh shoot biomassa and regrowth emergence and biomassb means of the 2016 Georgia 
commercialized Italian ryegrass cultivars for POST applications of diclofop, glyphosate, pinoxaden, or 
pyroxsulam.c 

Cultivar Name   Shoot Root 
 _g exp unit-1d_ __#-1e__ __________mg plant-1f___________ 

Andes (IS-LWT 13) 0.58 12 16 108 

Attain Tetraploid Annual 1.36 18 41 212 

BAR LM 14167-1 1.22 16 34 144 

BAR LM 14167-4 1.10 15 38 178 

BAR LM 15426 1.70 14 31 189 

BAR LM 16488 1.12 18 37 180 

BAR LM 16498 1.27 16 33 136 

Becva 0.99 21 37 170 

Big Boss Tetraploid Annual 1.35 19 38 192 

Credence 1.28 17 22 106 

Diamond T 1.15 16 24 133 

Earlyploid 1.23 18 33 147 

FL 4X Marmid 0.99 14 32 121 

FL 4X Marona 0.89 18 27 101 

FLAT-1 0.68 16 29 118 

FLAT-3 0.47 16 20 97 

FLC4X 0.29 14 18 75 

FLP166RB2X 0.60 9 19 97 

FLPE 2X 0.56 14 23 115 

FLR164X 0.79 16 31 114 

FLRED 4X 0.73 16 21 101 

FLRSN4X45 0.34 13 24 105 

Flying A 1.01 15 35 141 

Fria 0.88 8 21 131 

GA101M 1.40 8 25 140 

GA102A 1.01 6 43 155 

GALM1401 0.79 14 18 122 

GALM1402 1.18 11 25 114 

GALM1403 1.40 14 34 166 
GALM1501 0.70 13 23 87 
GALM1502 0.94 14 31 88 
GALM1503 0.68 17 22 108 

LSD (0.05) 0.21 3 9 90 
aInitial, fresh biomass data was recorded 21 DAT (days after treatment) for each of the cultivars.  
bRegrowth shoot emergence counts, fresh shoot biomass, and fresh root biomass data was recorded 35 DAT 
(days after treatment) for each of the cultivars. 
cLocation was Tifton, GA conducted in 2016-2017. Fifty-nine cultivars were used. MIXED model analyses in 
SAS 9.4 ® were performed.  
dg exp unit-1 = g per experimental unit, or a cell in plastic flat [51 cm x 26 cm x 6cm]. 
e# = number of plants.  
fmg plant-1 = mg per ryegrass plant. 
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Table 3.10 Ctd: Initial, fresh shoot biomassa and regrowth emergence and biomassb means of the 2016 Georgia 
commercialized Italian ryegrass cultivars for POST applications of diclofop, glyphosate, pinoxaden, or 
pyroxsulam.c 

Cultivar Name   Shoot Root 
 _g exp unit-1d_ __#-1e__ __________mg plant-1f__________ 
GALM1513 0.60 16 14 91 
GALM1514 0.89 10 29 168 
GALM1515 0.66 14 20 103 
Grazer 1.11 13 19 106 
Hostyn 0.95 12 28 163 
Jackson 1.05 13 22 159 
Jumbo 1.00 7 23 190 
Kodiak 1.25 17 20 113 
Lonestar Annual Ryegrass 0.99 14 22 148 
M2CVS Exp 0.74 10 29 152 
ME4 Exp 0.66 13 18 112 
ME94 Exp 1.54 11 28 328 
Maximus 1.25 15 26 134 
McKinley 1.37 13 24 158 
Nelson Tetraploid  1.37 14 30 198 
PS12 1.48 11 34 160 
PS15 1.38 10 39 170 
Passerel Plus 0.99 18 25 149 
Prine 1.30 20 33 199 

RMexp2013B 0.96 13 29 154 

SARG-FL 1.55 15 28 139 

Striker 1.38 13 35 165 

TAMTBO 1.41 3 36 190 

Tetrastar Tetraploid Annual Ryegrass 1.65 6 36 156 

Wax Marshall  0.63 11 23 148 

Winterhawk 1.21 8 22 135 

WMWL Exp 1.54 6 23 125 

LSD (0.05) 0.21 3 9 90 
aInitial, fresh biomass data was recorded 21 DAT (days after treatment) for each of the cultivars.  
bRegrowth shoot emergence counts, fresh shoot biomass, and fresh root biomass data was recorded 35 DAT 
(days after treatment) for each of the cultivars. 
cLocation was Tifton, GA conducted in 2016-2017. Fifty-nine cultivars were used. MIXED model analyses in 
SAS 9.4 ® were performed.  
dg exp unit-1 = g per experimental unit, or a cell in plastic flat [51 cm x 26 cm x 6cm]. 
e# = number of plants.  
fmg plant-1 = mg per ryegrass plant. 
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CHAPTER 4 

HERBICIDE EFFECTS ON ITALIAN RYEGRASS [LOLIUM PERENNE L. SSP. 

MULTIFLORUM (LAM.) HUSNOT] CONTROL: FARM-COLLECTED BIOTYPE TRIALS2 

                                                 
2 Simmons, D.B., T.L. Grey, W.K. Vencill, and A.S. Culpepper. To be submitted to Weed Technology. 
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Abstract 

Greenhouse experiments were conducted from winter 2016 to spring 2017 in Tifton, 

Georgia, to better understand the distribution of herbicide resistant Italian ryegrass in small grain 

production across Georgia. Samples from 51 small grain production fields were taken during the 

fall of 2016; 34 of these samples consisted of high quality seed and were studied. Pyroxasulfone 

or flufenacet plus metribuzin treatments were applied to Italian ryegrass biotypes PRE at 59 and 

477 g ai ha-1, respectively. Diclofop-methyl (841 g ai ha-1), glyphosate (875 g ae ha-1), or 

pinoxaden (61 g ai ha-1), or pyroxsulam (19 g ai ha-1) were POST applied to ryegrass biotypes at 

Feekes’ stage 1.0 (1 to 2 leaf). All farm-collected biotypes were controlled by the applications of 

pyroxasulfone or flufenacet plus metribuzin. Initial biomass displayed that all biotypes were 

controlled by the POST applied herbicides. Data analysis demonstrated that a lack of control in 

Italian ryegrass biotypes has occurred for the glyphosate and pyroxsulam applications for the 

regrowth shoot emergence counts and regrowth shoot biomass, respectively. A continuation of 

these experiments within the field setting would better determine the response of GA farm-

collected biotypes to small grain herbicides, and further analyses should be conducted to 

determine if lack of control is developing in currently available populations. 

 

Nomenclature: Diclofop-methyl; flufenacet plus metribuzin; glyphosate; pinoxaden; 

pyroxasulfone; pyroxsulam; Italian ryegrass, Lolium perenne L. ssp. multiflorum (Lam.) Husnot 

 

Key Words: Farm-collected biotypes, greenhouse experiments, ryegrass control, small grain 

production, small grain herbicides   
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Introduction 

Originally from Europe (Lacefield et al. 2003), Italian ryegrass [Lolium perenne L. ssp. 

multiflorum (Lam.) Husnot] is listed as the fourth most common and most troublesome weed in 

Georgia small grain production (Webster 2012). Italian ryegrass is an erect winter annual grass 

species that can infest both winter and spring cropping systems (Lacefield et al. 2003; SARE 

2007), particularly those in the southeastern United States (Betts et al. 1992). Due to the 

adaptability and extensive root structure of Italian ryegrass (Bryson and DeFelice 2009; SARE 

2007; Ball et al. 1995), this species is distributed throughout all temperatures and soil types 

within the US especially those found in temperate regions (USDA NRCS 2017).  

Italian ryegrass can grow to 1.3 m in height, allowing this species to protrude above 

wheat canopies (Bryson and DeFelice 2009; USDA NRCS 2017). As a result of this protrusion, 

light uptake by the crop is reduced allowing Italian ryegrass to have a greater leaf production rate 

(Ball et al. 1995). Previous experiments documented that wheat yield loss was attributed to 

decreased crop tillering due to the density of Italian ryegrass (Appleby et al. 1976; Leibl and 

Worhsam 1987), which becomes a stronger competitor when densities are at or above 150 plants 

m-2 (Acciaresi et al. 2001). However, semi-dwarf wheat cultivars such as ‘Nugaines’ and 

‘Hyslop’ can have yield reductions from 37 to 39% when ryegrass densities are less than 100 

plants m-2 (Appleby et al. 1976).  

A mature Italian ryegrass plant can produce numerous tillers extending from 4.0 to 10.0 

cm wide and 6.0 to 36.0 cm long with long, clasping auricles. As an obligate out-crosser 

(Lacefield et al. 2003; Inoue et al. 2014), multiple seed heads with awned seeds [102,000 seed 

kg-1] (Lacefield et al. 2003) are produced by ryegrass plants (Bryson and DeFelice 2009).  
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Italian ryegrass can be found infesting small grain cropping systems throughout Georgia, where 

it can reduce yield by 4.2% for every 10 m-2 (Liebl and Worsham 1987). Previous experiments 

by Appleby et al. (1976) documented that wheat production can decrease by 60% as densities of 

Italian ryegrass increase.  

In order to decrease ryegrass populations, herbicide applications are an efficacious and 

economical management method (Appleby et al. 1976; Justice et al. 1994). However, the 

consecutive application of herbicides to control Italian ryegrass has created instances where 

ryegrass populations seem to escape one or more of these herbicide applications. These 

populations are suspected to be herbicide resistant, or possess the heritable ability to survive and 

reproduce after an application of herbicide that normally would have been fatal to all wild type 

individuals (Johnson et al. 2009; Vencill et al. 2012). Previous research on collected ryegrass 

biotypes (Heap 2017) has confirmed Italian ryegrass resistance to mechanisms of action such as 

acetolactate synthase [ALS] (Kuk et al. 2008), acetyl Co-A carboxylase [ACCase] (Stanger and 

Appleby 1989), and 5-enolpyruvlshikimate-3-phosphate synthase [EPSPS] (Bond et al. 2014). 

Several instances of Italian ryegrass resistance display how small grain producers 

generated herbicide resistance scenarios by alternating and overusing one chemistry after the 

other. When diclofop-methyl was first registered in 1982 for wild oat and annual grass [ryegrass] 

control in wheat and barley (EPA 2000), it was reported to have 90+ % control and applications 

resulted in higher yields than non-treated areas (Kirkland and O’Sullivan 1984; Brewster et al. 

1977). However the repeated use of the ACCase-inhibiting herbicide diclofop-methyl, has 

resulted in resistant Italian ryegrass biotypes (Eleni et al. 2000; Kuk et al. 2008). As diclofop 

resistance increased, other chemistries such as ALS-inhibiting herbicides mesosulfuron-methyl 

[2004] (EPA 2004) and pyroxsulam [2008] (EPA 2008) became viable control options for Italian 
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ryegrass populations in wheat (Crooks and York 2002; Wells 2008). Yet, resistance and cross-

resistance to these ALS chemistries quickly developed soon after registration and release (Kuk 

and Burgos 2007; Ellis et al. 2008; Salas et al. 2010; Chandi et al. 2011). Likewise, pinoxaden 

was thought to be an outstanding ACCase-inhibiting herbicide (Hofer et al. 2006) that was 

registered for grass control [ryegrass] in wheat in 2005 (EPA 2005). This herbicide was 

documented to control Lolium species by 90+ % (Hofer et al. 2006), but within a few years of its 

release, resistance had developed in Arkansas populations (Kuk et al. 2008) and Tennessee 

populations (Ellis et al. 2010).  

In Georgia Italian ryegrass populations, resistance to diclofop-methyl [ACCase], 

mesosulfuron-methyl [ALS], and sethoxydim [ACCase] have been confirmed (Heap 2017). Due 

to multiple resistance cases already documented, there is a limited amount of chemistry that is 

recommended for Italian ryegrass control in small grains. Among the list herbicides that could be 

applied are diclofop-methyl, flufenacet plus metribuzin, flumioxazin plus pyroxasulfone, 

mesosulfuron-methyl, pinoxaden, pyroxasulfone, and pyroxsulam (Culpepper 2017). Of the 

herbicides recommended, many have similar mechanisms of action to those already confirmed 

for resistance (Culpepper 2017). Therefore, some ryegrass populations could have reduced 

control or total lack of control.  Since limited herbicide screenings have been conducted on 

Georgia Italian ryegrass accessions, the purpose of this research is to determine the response of 

currently available Italian ryegrass populations to small grain herbicides.  
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Materials and Methods 

Seed Collection. Seeds of Italian ryegrass were collected from 51 small grain production 

farms in 12 Georgia counties in the spring of 2016 (Table 4.1). In cooperation with University of 

Georgia Extension Agents, ryegrass samples of mature seed heads escaping the herbicide system 

were harvested by hand. To collect samples, researchers walked random tracts in zig-zag 

motions across the collection fields. Collected samples came from representative areas so that the 

diversity of the ryegrass population within that field was well characterized. Ryegrass seed heads 

were snapped at the meeting point of the inflorescence and the stem. Depending on the size of 

the field and time constraints, multiple large, brown paper bags were collected per field. Each 

paper bag was filled ½-way to full. Hand-harvested samples were stored at 20 C for 3 to 4 wk to 

allow adequate drying time before thrashing.  

After drying, ryegrass inflorescences were hand-thrashed and then placed into a motor-

driven thrasher (UGA)3. Seeds were separated from the chaff using a series of 20 gauge 

aluminum sieve plates [0.33 m diameter x 0.06 m deep] (Seedburo Equipment Company ®)4. 

Cleaned seeds were separated into mature and immature seeds using an Almaco Seed Cleaner 

with forced air (Allan Machine Company ®)5. Once the thrashing process was complete, seeds 

of each accession were collected and stored at 6 C until tested. To ensure adequate germination, 

seed were allowed to acclimate to 20 C over a 7 d period prior to planting.  

Viability Experiment. A percent viability experiment was conducted on the fifty-one 

farm-collected biotypes prior to evaluation. Twenty seed from each field sample were sown into 

plastic flats [51cm x 26cm x 6cm] filled with steam-sterilized Tifton loamy sand [90% sand, 6% 

silt, 4% clay; fine-loamy, kaolinitic, thermic Plinthic Kandiudults] with pH 5.6 and 1.0% organic 

matter. Five days after planting [DAP] the number of emerged ryegrass seedlings were counted 
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allowing the calculation for percent seed germination. This experiment was replicated twice and 

the average percent viability for each farm-collected biotype was used in determining which 

biotypes were used in greenhouse experiments (Table 4.2).  

Seventeen cultivars displayed poor germination of 10 to 50%. It is believed these samples 

were not fully mature when harvested and were discarded, with the exception of ‘MoC1’ to 

‘MoC3’. Thirty-four samples of farm-collected ryegrass seed were used in the greenhouse 

experiment.   

Greenhouse Experiment. A greenhouse experiment was conducted twice from winter 

2016 to spring 2017 at the Coastal Plains Experiment Station, Tifton, Georgia. For PRE 

treatments, ryegrass seeds were sown into 18 cell plastic flats [51cm x 26cm x 6cm] filled with 

steam-sterilized Tifton loamy sand [90% sand, 6% silt, 4% clay; fine-loamy, kaolinitic, thermic 

Plinthic Kandiudults] with pH 5.6 and 1.0% organic matter. For the POST treatments, seeds were 

sown into similar flats filled with a 1:1 ratio of steam-sterilized Tifton loamy sand to potting soil 

[45 to 55% composted bark fines, reed sedge, peat, other composited wood products and 

perlite]2. Adding potting soil allowed for less soil leaching and increased soil retention in the 

flats, which ensured that all POST herbicide chemistry applied was readily available for uptake. 

Due to the influence of organic matter on the chemistries of PRE herbicides, it was not 

recommended that potting soil be added as it reduces the efficacy potential of the herbicides.  

For all experiments, a teaspoon was used to sprinkle 30 to 40 seed of each biotype over 

the soil surface within each of the 18 cells of the flat. A quarter inch of the respected soil was 

placed on top of the sown seeds within each cell. Each teaspoon of seed had an average weight 

of 0.15 g. This measurement was used to ensure similar amounts of seed were planted into each 

cell within the flat regardless of the germination percentage.   
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Pyroxasulfone or flufenacet plus metribuzin at 59 and 477 g ai ha-1, respectively, were 

applied PRE within 0 to 1 d of planting. Diclofop-methyl (841 g ai ha-1), glyphosate (875 g ae ha-

1), pinoxaden (61 g ai ha-1), or pyroxsulam (19 g ai ha-1) were applied to emerged ryegrass at 

Feekes’ stage 1.0 (Wise et al. 2011) or 7 d after planting. Recommended adjuvants COC (1% 

v/v) and UAN (2% v/v) were included in the pyroxsulam application. Herbicide rates 

corresponded to the recommendations for labeled uses in wheat [Triticum aestivum L.] cropping 

systems (Culpepper 2017). All herbicide application rates were made with a compressed air 

spray chamber delivering 187 L ha-1 volume of water at 138 kPa at 3 kph using a XR Teejet 

11002 VS nozzle. A non-treated control for each cultivar and each herbicide application scenario 

[PRE vs. POST] was included in the experiment. 

All plants within the greenhouse were fertilized weekly with 24-8-16 Miracle-Gro liquid 

fertilizer1 and watered once a day for 5 minutes until field capacity. Supplemental light of 500 

μmol m-2 s-1 light intensity was provided when necessary, and heaters kept the temperature 

between 25 to 29 C. These maintenance steps were taken to ensure that any symptomology, 

displayed by the Italian ryegrass seedlings, was due to the efficacy of the herbicide and not 

environmental stressors [i.e. lack of water, nutrients, etc.].  

For locations receiving the PRE treatments, ryegrass seedlings that emerged after 

application were harvested 21 DAT by clipping the shoots at soil level and taking a fresh weight 

biomass measurement. All collected samples were placed into a drier at 95 C for 72 hours, after 

which dry weight biomass measurements were recorded.  
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For the POST herbicide treatments, all above-ground biomass was harvested 21 DAT by 

clipping all necrotic and non-necrotic shoots at soil level. A fresh weight biomass measurement 

was taken for each sample. All collected samples were placed into a drier at 95 C for 72 hours. 

Dry weight biomass measurements were then recorded for each of the samples.  

Following the initial 21 DAT harvest, Italian ryegrass seedlings of POST treatments were 

allowed to regrow for 14 d. After this regrowth period, stand counts or counts of emerged shoots 

in each individual cell were recorded. Emerged shoots were harvested and biomass data was 

collected using similar methodology from the initial harvest at 21 DAT. Roots from each cell 

were also washed free of soil and drained of excess water. Each of the root samples had a fresh 

weight biomass measurement recorded before placing them into a drier at 95 C for 72 hours, 

after which dry weight biomass measurements were documented.  

 

Experimental Design 

There was one site location for the 2016 farm-collected biotypes. Greenhouse 

experiments were arranged in a split-plot design with two replications of treatments. Within the 

split-plot arrangement, the herbicide treatments represent the whole plot and the biotypes 

represent the subplot. Experiments were repeated twice from the winter of 2016 to the spring of 

2017.      

Analyses of all recorded data was combined across experiments and replications and 

subjected to a mixed-model analysis with an alpha of P ≤ 0.05 in SAS 9.4 ®. Initial, fresh shoot 

biomass obtained from all PRE treatments and the respective non-treated controls was analyzed 

via a PROC GLM procedure. Additionally, initial, fresh shoot biomass and regrowth shoot 

emergence, fresh shoot biomass, and fresh root biomass data recorded for all POST treatments 
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and the respective non-treated controls were analyzed via a PROC GLM procedure. For the 

PROC GLM procedure, the main effects were the herbicide treatments and ryegrass biotypes, the 

two-way interaction of interest was the herbicide treatment by biotype, and the error term was 

determined to be the two-way interaction of herbicide treatment by experiment. This analysis 

procedure was chosen due to the large number of biotypes tested per experiment. 

 

Results and Discussion 

Upon analysis, data indicated that the two-way interaction of treatment by biotype varied. 

There were significant and non-significant interactions for treatment by biotype across the 

recorded measurements. For this reason, the main effects of treatment and cultivar and the two-

way interaction of treatment by cultivar P-values are documented. Dry biomass data will not be 

presented for these experiments because the trends in data correspond to those displayed by the 

fresh biomass data.   

Data analysis on initial, fresh shoot biomass indicated that there were no differences in 

treatment response (P = 0.4112) or the two-way treatment by biotype interaction (P = 0.9085) for 

PRE herbicides flufenacet plus metribuzin or pyroxasulfone and their respective non-treated 

controls (Table 4.3). Although the LSD was 1162 mg exp unit-1, the non-treated control had the 

largest mean at 766 mg exp unit-1, while flufenacet plus metribuzin and pyroxasulfone had shoot 

biomass means of 21 and 72 mg exp unit-1, respectively (Table 4.4).  These findings concur with 

previous research that pyroxasulfone controlled 83 to 100% of Italian ryegrass over two years, 

while flufenacet plus metribuzin controlled 100% of all Italian ryegrass (Hulting et al. 2012).   

  



55 

Analysis of the biotype response (P = 0.8853) to the PRE treatments displayed that there 

were no differences between the thirty-four biotypes when combined across treatments (Table 

4.3). Yet with an LSD of 333 mg exp unit-1, data displayed that there were differences in shoot 

biomass between the farm-collected Italian ryegrass biotypes. Mean shoot biomass across 

biotypes ranged from 82 to 728 mg exp unit-1 with the ‘JC2’ biotype and the ‘WC5’ biotype 

having the smallest and largest biomasses, respectively (Table 4.5). Differences in biotype 

response are a result of genetic variations that are known to develop in Italian ryegrass 

populations (Inoue et al. 2014).  

Across the POST treatments of diclofop-methyl, glyphosate, pinoxaden, or pyroxsulam 

and their respective non-treated controls, the analysis of the initial, fresh shoot biomass displayed 

that there were significant differences in treatment variable response with P = 0.0022 (Table 4.6) 

and an LSD of 0.19 g exp unit-1 (Table 4.7). However, there were no differences for the two-way 

treatment by biotype interaction with P = 0.1027 (Table 4.6). For the treatment variable, the 

pinoxaden application had the smallest mean shoot biomass at 0.31 g exp unit-1, whereas the 

non-treated control’s mean was the largest at 1.05 g exp unit-1 (Table 4.7). Previous research on 

Italian ryegrass accessions indicated similar control of ryegrass with glyphosate (Kuk and 

Burgos 2007) and pinoxaden (Hofer et al. 2006) applications, but differ from previous 

experiments conducted by Chandi et al. (2011) and Salas et al. (2010) on variable and decreased 

control of Italian ryegrass with diclofop-methyl and pyroxsulam, respectively.  
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The analysis concluded that there was a significant biotype response (P < 0.0001) when 

biotypes were combined across treatments for the shoot biomass (Table 4.6). With an LSD of 

0.20 g exp unit-1, the farm-collected biotypes had a mean range of 0.15 to 1.02 g exp unit-1. 

Similar to the results of the PRE experiments, the ‘JC2’ biotype had the smallest biomass but the 

‘WC7’ biotype had the largest biomass for the POST treatments (Table 4.8).   

For the regrowth shoot emergence data of the POST treatments and their respective non-

treated controls, there were differences for the two-way treatment by biotype interaction (P < 

0.0001) and the treatment response (P = 0.0337) (Table 4.6) which had an LSD of 6 shoots 

(Table 4.7). The largest and smallest mean shoot emergence counts were 14 plants for the 

glyphosate treatment and 3 plants for the pinoxaden treatment, respectively (Table 4.7). On 

closer analysis of the treatments, the shoot emergence counts for glyphosate were larger than the 

non-treated control at 13 plants, which concurs with previous experiments indicating lack of 

control of Italian ryegrass populations by applications of glyphosate (Perez-Jones et al. 2005; 

Jasieniuk et al. 2008) (Table 4.7). Also, these results concur with previous experiments that 

indicated high levels of control of Italian ryegrass populations with a pinoxaden application 

(Hofer et al. 2006). Results differ however from research conducted by Salas et al. (2010) that 

documented lack of control by pyroxsulam and research by Chandi et al. (2011) that stated 

ryegrass control was variable when diclofop-methyl was applied.   

There were differences for the biotype variable (P < 0.0001) for shoot emergence counts 

of the POST treatments (Table 4.6). For this variable, the LSD was 4 plants between the 

biotypes. The ‘JC2’ biotype had the smallest mean shoot emergence count at 3 plants, while the 

‘WC1’ biotype had the largest mean of 16 plants (Table 4.8).  
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Analysis on the regrowth shoot biomass for the POST treatments displayed that there 

were no differences in treatment response (P = 0.8460) or the two-way treatment by biotype 

interaction with P = 0.8971 (Table 4.6). Even though the treatment LSD was determined to be 39 

mg plant-1, the pyroxsulam application had mean shoot biomass of 31 mg plant-1 which was 

larger than the non-treated control mean of 30 mg plant-1 (Table 4.7). This data suggested that 

the pyroxsulam application lacked control of the Italian ryegrass biotypes which would concur 

with previously conducted experiments using this herbicide (Kuk and Burgos 2007; Salas et al. 

2010). The collected data contradicted previous research that documented the variability in 

control of Italian ryegrass after applications of diclofop-methyl (Chandi et al. 2011). However, 

the regrowth shoot biomass data agrees with experiments in which glyphosate (Kuk and Burgos 

2007) and pinoxaden (Hofer et al. 2006) applications controlled Italian ryegrass populations.   

With P = 0.0001, there were determined to be significant differences in biotype response 

for the regrowth shoot biomass (Table 4.6). Regrowth shoot biomass means were the largest at 

52 mg plant-1 for the ‘JC3’ biotype and the smallest for the ‘WC4’ and ‘WC9’ biotypes at 13 mg 

plant-1. With respect to the regrowth shoot biomass means, the LSD was 17 mg plant-1 (Table 

4.8).   

The regrowth root biomass analysis, of the POST treatments and their respective non-

treated controls, resulted in no differences for the two-way treatment by biotype interaction (P = 

0.7162) or the treatment variable response (P = 0.5466) (Table 4.6). The glyphosate mean 

regrowth root biomass was the smallest at 98 mg plant-1, while the non-treated control mean was 

the largest at 194 mg plant-1. With an LSD of 154 mg plant-1 (Table 4.7), it was concluded that 

the diclofop-methyl application mean was within 8% of the non-treated control (Table 3.5).  
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This conclusion suggests that there is variable control of Italian ryegrass with diclofop-methyl 

similar to results presented by Chandi et al. (2011). The conclusions of the glyphosate (Kuk and 

Burgos 2007), pinoxaden (Hofer et al. 2006), and pyroxsulam (Wells 2008) applications on 

regrowth root biomass correspond with previous research on controlling Italian ryegrass 

populations.  

Data analysis of the regrowth root biomass (P = 0.0085) indicated that there were 

differences between the thirty-four biotypes across the POST herbicides (Table 4.6) with an LSD 

of 89 mg plant-1 (Table 4.8). The mean regrowth shoot biomass ranged from 52 to 229 mg plant-

1. These smallest and largest root biomass means belonged to the ‘JC2’ and ‘WC5’, respectively 

(Table 4.8). These conclusions are similar to those reported for the initial, fresh shoot biomass 

for the PRE treatments.  

Varying shoot biomass between biotypes and herbicide application scenarios is due to the 

highly heterozygous nature of Italian ryegrass (Inoue et al. 2014). Through allogamous 

reproduction, each individual within the Italian ryegrass population characterizes a different 

genotype. However, inbreeding of ryegrass populations can lead to a loss of fertility and vigor 

overtime (Inoue et al. 2014). Previous research has concluded that perennial ryegrass (Lolium 

perenne L.) populations from different ecotypes [locations] had differences in biomass and 

overall yield potential (Widdup and Ryan 1992). Although not confirmed, this could be similar 

to occurrences in Italian ryegrass biotypes.    
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Conclusions 

Experiments demonstrated that control of Georgia farm-collected biotypes was variable 

across data measurements. Flufenacet plus metribuzin or pyroxasulfone control of the tested 

Italian ryegrass biotypes was in agreement with previously conducted research (Hulting et al. 

2012; Grey and Bridges 2003; Ritter and Menbere 2002). Initial, fresh shoot biomass displayed 

that all farm-collected biotypes tested were controlled by the diclofop-methyl, glyphosate, 

pinoxaden, or pyroxsulam applications.   

Regrowth data across all parameters exhibited differences in biotype response to the 

POST herbicide applications. As shown by the shoot emergence counts, control of the tested 

ryegrass biotypes was lacking for the glyphosate application. For the shoot biomass data, 

pyroxsulam lacked control of the farm-collected biotypes tested. Diclofop-methyl control was 

variable for the root biomass data, but all biotypes were considered to be controlled by the four 

POST treatments. 

A continuation of these experiments in field settings is needed to determine if the 

documented results can be replicated. Dose-responses evaluating additional rates of small grain 

herbicides should be completed. Further analyses on other farm-collected biotypes in Georgia 

could determine if lack of control to all small grain herbicides is developing in currently 

available populations.   
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Table 4.1: GPS coordinates and herbicide use history of fields where Italian ryegrass biotypes originated.  
Biotype Name GPS Coordinates County  Herbicide use historya  

 °N °W   
BC1 32.56 82.09 Burke 2,4-D; Gramoxone, 2,4-D 
BC2 33.07 82.01 Burke Prefix, Prowl, Roundup; Osprey, Harmony 
BC3 32.56 82.08 Burke Atrazine, Roundup, Gramoxone; Roundup, 2,4-D, 

Powerflex 
BC4 32.56 82.07 Burke Atrazine, Roundup, Gramoxone; Roundup, 2,4-D, 

Powerflex 
DC1 32.16 83.45 Dooly No Info; Zidua 
DC2 32.08 83.51 Dooly Glyphosate; Axial, Powerflex, Harmony  
DC3 32.16 83.45 Dooly No Info; Zidua 
DC4 32.04 83.49 Dooly No Info; Roundup + AMS, Gramoxone, 2,4-D 
EC1 31.29 84.54 Early No Info; 2,4-D 
EC2 31.24 84.52 Early No Info; 2,4-D 
EC3 31.25 84.54 Early No Info; 2,4-D 
EC4 31.29 84.55 Early No Info; 2,4-D 
HC1 32.33 83.34 Houston No Info; Pastora, Roundup 
HC2 32.32 83.34 Houston No Info 
JC1 32.52 82.26 Jefferson No Info; Powerflex 
JC2 32. 82. Jefferson No Info; Roundup, Fierce  
JC3 33.05 82.29 Jefferson No Info 
JG1 . . . No Info 
JG2 . . . No Info 
MC1 32.24 83.55 Macon No Info; Axial, Harmony  
MC2 32.18 84.06 Macon No Info 
MC3 32.24 84.05 Macon No Info; 2,4-D, Harmony, Extra 
MC4 32.26 83.56 Macon  No Info; Fierce, Harmony, Axial  
MC5 32.21 83.56 Macon No Info 
MiC1 31.08 84.47 Miller No Info; MCPA, Harmony  
MiC2 31.08 84.44 Miller No Info; MCPA, Harmony  
MiC3 31.08 84.45 Miller No Info; MCPA, Harmony  
MiC4 31.11 84.41 Miller No Info; MCPA, Harmony  
MiC5 31.11 84.41 Miller No Info; 2,4-D, Roundup  
MoC1 33.44 83.30 Morgan No Info; Axial, Powerflex 
MoC2 33.36 83.28 Morgan No Info 
MoC3 33.40 83.32 Morgan No Info 
MoC4 33.40 83.32 Morgan No Info; Harmony, Powerflex, Treflan, Axial  
PC1 32.17 83.23 Pulaski No Info; Fierce, 2,4-D, Harmony  
PC2 32.18 83.35 Pulaski No Info; Roundup, Gramoxone  
RC1 31.75 84.73 Randolph No Info; Axial 
RC2 31.69 84.82 Randolph No Info 
RC3 31.68 84.72 Randolph No Info; Axial  
WC1 32.56 82.47 Washington Axial, Harmony, Extra; Powerflex 
WC2 32.58 82.52 Washington Axial, Harmony, Extra; No Info 
WC3 32.54 82.47 Washington Axial, Harmony, Extra; Powerflex 
WC4 32.52 82.48 Washington No Info; 2,4-D 
WC5 32.52 82.46 Washington No Info; 2,4-D 
WC6 32.54 82.47 Washington No Info; 2,4-D 
WC7 32.53 82.47 Washington Powerflex; 2,4-D 
WC8 32.54 82.44 Washington Axial, Harmony, Extra; Powerflex  
WC9 32.50 82.38 Washington Axial, Harmony, Extra; Powerflex 
aHerbicides used for Italian ryegrass control for 2015 and 2016 with the years separated by a semicolon.  
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   Table 4.2: Percent viability of collected 2016 Georgia Italian ryegrass biotypes. 
Biotype Name Germinationa 

 % 
BC1 50 
BC2 75 
BC3 50 
BC4 25 
DC1 75 
DC2 80 
DC3 75 
DC4 40 
EC1 90 
EC2 50 
EC3 40 
EC4 50 
HC1 90 
HC2 60 
JC1 50 
JC2 40 
JC3 75 
JG1 100 
JG2 100 
MC1 50 
MC2 50 
MC3 50 
MC4 40 
MC5 90 
MiC1 75 
MiC2 90 
MiC3 90 
MiC4 90 
MiC5 40 
MoC1 25 
MoC2 40 
MoC3 50 
MoC4 75 
PC1 75 
PC2 25 
RC1 90 
RC2 100 
RC3 10 
WC1 100 
WC2 100 
WC3 100 
WC4 100 
WC5 100 
WC6 100 
WC7 100 
WC8 100 
WC9 100 
aVariability in germination is attributed to collection date and timing.  
bFor location of each biotype refer to Table 4.1.  
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Table 4.3: Analysis of variance for Cultivar and Treatment effects on Georgia farm-collected 
biotypes for flufenacet plus metribuzin or pyroxasulfone applications.a,b 
Effect F-value Pr >R 
Cultivar 0.70 0.8853 NSc 

Treatment 1.21 0.4112 NS 
Treatment x Cultivar 0.73 0.9085 NS 
aInitial, fresh shoot biomass data was combined across PRE herbicide treatments and their respective 
non-treated controls.  
bLocation was Tifton, GA conducted in 2016-2017. Thirty-four biotypes were used. MIXED model 
analyses were in SAS 9.4® were performed. 
cAbbreviations: NS, not significant.  
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 Table 4.4: Initial, fresh shoot biomass means of the Georgia farm-collected biotypes for the 
individual PRE treatments and the respective non-treated control.a,b 
Treatment  Mean  
 mg exp unit-1c 

Flufenacet + metribuzin 21 
Pyroxasulfone 72 
NTCd 766 
LSD (0.05) 1162 
aData was recorded 21 DAT (days after treatment) for each of the treatments.  
bLocation was Tifton, GA conducted in 2016-2017. Thirty-four biotypes were used. MIXED 
model analyses in SAS 9.4® were performed. 
cmg exp unit-1 = a cell in plastic flat [51 cm x 26 cm x 6cm].  
dAbbreviations: NTC, non-treated control. 
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  Table 4.5:  Initial, fresh shoot biomass mean for each Georgia farm-collected biotype 21 DATc after 
PRE applications of flufenacet plus metribuzin or pyroxasulfone .a 
Biotype Name _______mg exp unit-1b______ 
BC1 555 
BC2 330 
DC1 579 
DC2 478 
DC3 663 
EC1 709 
HC1 462 
HC2 352 
JC1 342 
JC2 82 
JC3 374 
JG1 566 
JG2 406 
MC1 489 
MC2 510 
MiC1 345 
MiC2 624 
MiC3 505 
MiC4 365 
MoC1 183 
MoC2 204 
MoC3 256 
MoC4 222 
RC1 551 
RC2 571 
WC1 536 
WC2 626 
WC3 513 
WC4 358 
WC5 728 
WC6 422 
WC7 608 
WC8 419 
WC9 566 
LSD(0.05)                                                                                                  333 
aLocation was Tifton, GA conducted in 2016-2017. Thirty-four biotypes were used. MIXED model 
analyses were in SAS 9.4® were performed. 
bmg exp unit-1 = mg per experimental unit, or a cell in plastic flat [51 cm x 26 cm x 6cm]. 
cAbbreviations: DAT, days after treatment.  
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Table 4.6: Analysis of variance for Cultivar and Treatment effects on Georgia farm-collected biotypes for 
diclofop-methyl, glyphosate, pinoxaden, or pyroxsulam applications.a,b 

Variable Effect F-value Pr >R 
Fresh shoot biomass Cultivar 9.60 < 0.0001 ***c 

 Treatment 35.65 0.0022 ** 
 Treatment x Cultivar 1.23 0.1027 NS 
Regrowth shoot emergence Cultivar 7.50 < 0.0001 *** 
 Treatment 8.08 0.0337 * 
 Treatment x Cultivar  2.00 < 0.0001 *** 
Regrowth shoot biomass Cultivar 2.46 0.0001 *** 
 Treatment 0.33 0.8460 NS 
 Treatment x Cultivar  0.81 0.8971 NS 
Regrowth root biomass Cultivar 1.81 0.0085 ** 
 Treatment 0.88 0.5466 NS 
 Treatment x Cultivar  0.91 0.7162 NS 
aData measurements were combined across POST herbicide treatments and their respective non-treated controls.  
bLocation was Tifton, GA conducted in 2016-2017. Thirty-four biotypes were used. MIXED model analyses in 
SAS 9.4 ® were performed.  
cAbbreviations: NS, not significant; * = level of probability at P = 0.05 to 0.01, respectively; ** = level of 
probability at P = 0.01 to 0.001, respectively; *** = level of probability at P < 0.001.  
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 Table 4.7: Initial, fresh shoot biomassa and regrowth emergence and biomassb means of the Georgia 
farm-collected biotypes for the individual POST treatments and the respective non-treated control.c  
Variable Treatment Mean  
Fresh shoot biomass  g exp unit-1d 

 Diclofop-methyl 0.35 
 Glyphosate 0.54 
 Pinoxaden 0.31 
 Pyroxsulam 0.52 
 NTCg 1.05 
LSD(0.05)  0.19 
Regrowth shoot emergence  #-1e 

 Diclofop-methyl 6 
 Glyphosate 14 
 Pinoxaden 3 
 Pyroxsulam 8 
 NTC 13 
LSD(0.05)  6 
Regrowth shoot biomass  mg plant-1f 

 Diclofop-methyl 26 
 Glyphosate 20 
 Pinoxaden 19 
 Pyroxsulam 31 
 NTC 30 
LSD(0.05)  39 
Regrowth root biomass  mg plant-1f 
 Diclofop-methyl 178 
 Glyphosate 98 
 Pinoxaden 143 
 Pyroxsulam 158 
 NTC 194 
LSD(0.05)  154 
aInitial, fresh biomass data was recorded 21 DAT (days after treatment) for each of the biotypes.  
bRegrowth shoot emergence counts, fresh shoot biomass, and fresh root biomass data was recorded 35 
DAT (days after treatment) for each of the biotypes. 
cLocation was Tifton, GA conducted in 2016-2017. Thirty-four biotypes were used. MIXED model 
analyses in SAS 9.4® were performed. 
dg exp unit-1 = g per experimental unit, or a cell in plastic flat [51 cm x 26 cm x 6cm]. 
e# = number of plants.  
fmg plant-1 = mg per ryegrass plant. 
gAbbreviations: NTC, non-treated control. 
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Table 4.8: Initial, fresh shoot biomassa and regrowth emergence and biomassb means of each Georgia farm-
collected biotype for POST applications of diclofop, glyphosate, pinoxaden, or pyroxsulam.c 
Biotype Name   Shoot Root 
 _g exp unit-1d_ __#-1e__ __________mg plant-1f__________ 
BC1 0.48 7 27 134 
BC2 0.43 7 23 143 
DC1 0.62 8 19 147 
DC2 0.45 6 33 188 
DC3 0.54 7 24 141 
EC1 0.53 8 14 158 
HC1 0.53 9 24 119 
HC2 0.35 4 45 145 
JC1 0.30 5 35 125 
JC2 0.15 3 29 52 
JC3 0.35 5 52 248 
JG1 0.83 13 24 167 
JG2 0.69 13 22 153 
MC1 0.65 9 22 121 
MC2 0.39 6 20 120 
MiC1 0.53 7 29 148 
MiC2 0.46 11 17 111 
MiC3 0.52 8 26 168 
MiC4 0.45 7 20 79 
MoC1 0.33 5 41 122 
MoC2 0.27 4 39 86 
MoC3 0.21 4 31 126 
MoC4 0.30 5 34 148 
RC1 0.54 9 28 209 
RC2 0.59 12 25 147 
WC1 0.93 16 18 176 
WC2 0.93 15 20 156 
WC3 0.84 11 18 209 
WC4 0.64 10 13 197 
WC5 0.70 12 14 229 
WC6 0.70 12 17 177 
WC7 1.02 14 17 216 
WC8 0.73 13 17 177 
WC9 0.91 14 13 188 
LSD(0.05) 0.20 4 17 89 
aInitial, fresh biomass data was recorded 21 DAT (days after treatment) for each of the biotypes.  
bRegrowth shoot emergence counts, fresh shoot biomass, and fresh root biomass data was recorded 35 DAT (days 
after treatment) for each of the biotypes. 
cLocation was Tifton, GA conducted in 2016-2017. Thirty-four biotypes were used. MIXED model analyses in 
SAS 9.4® were performed. 
dg exp unit-1 = g per experimental unit, or a cell in plastic flat [51 cm x 26 cm x 6cm]. 
e# = number of plants.  
fmg plant-1 = mg per ryegrass plant. 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

Results from preliminary greenhouse experiments indicate that a lack of control, in 

Georgia commercialized Italian ryegrass cultivars and farm-collected biotypes, has occurred for 

small grain herbicides. Initial, fresh shoot biomass and regrowth emergence and fresh biomass 

data exhibited that some of the tested Italian ryegrass populations had decreased control for 

acetyl Co-A carboxylase [ACCase]-, acetolactate synthase [ALS]-, and 5-enolpyruvlshikimate-3-

phosphate synthase [EPSPS]-inhibiting herbicides. Since these mechanisms of action are 

prominent components of Italian ryegrass control programs in Georgia small grains, changes to 

these programs may be warranted. However, no lack of control was documented for the very-

long-chain-fatty acid [VLCFA] or photosystem II [PSII] mechanisms of action.  

Continuations of this study are needed to replicate these results in the field setting before 

any Georgia commercialized cultivars or farm-collected biotypes are classified as a potential 

issue. Further research is needed to test all commonly used herbicides in small grain production 

systems as well as non-chemical Italian ryegrass control options. It is suggested that suppliers 

should consider testing experimental Italian ryegrass cultivars for commercial use against all 

labeled herbicides to test the response of these cultivars. These assessments are needed to ensure 

that these cultivars are not inherently lacking control to the mechanisms of action which are 

currently being applied.   
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SOURCE OF MATERIALS 

1Miracle-Gro Fertilizer®, Scotts Miracle-Gro, Marysville, OH 43040 

2Robin Hood Potting Soil®, Timber and Landscape Products Inc., Adel, GA 31620 

3Thrasher, University of Georgia, Tifton, GA 31793 

4 Sieve Plates, Seedburo Equipment Company, Chicago, IL 60607 

5Almaco Seed Cleaner®, Allan Machine Company, Ames, GA 50010  
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APPENDIX A 

TRINEXAPAC-ETHYL WINTER WHEAT (TRITICUM AESTIVUM L.) CULTIVAR 

EVALUATIONS WITH VARIABLE RATES OF NITROGEN3  

                                                 
3 Simmons, D.B., T.L. Grey, W. Faircloth, W.K. Vencill, and T.M. Webster. 2017. Journal of Experimental 
Agriculture International. 16:1-9. 

Reprinted with permission of the publisher. 



83 

Abstract 

In the southeastern region of the United Sates, soft red winter wheat (Triticum aestivum 

L.) is grown in double-crop production systems. The plant growth regulator (PGR) trinexapac-

ethyl is applied to improve wheat morphology by reducing height and increasing stem wall 

diameter, which can promote maximum yields. An experiment was conducted from 2014 to 2015 

to evaluate the effects of trinexapac-ethyl with varying N rates on growth, lodging, and yield of 

five soft red winter wheat cultivars. Soft red winter wheat was treated with trinexapac-ethyl at 

233 or 256 g ai ha-1at 60 d after planting, or as a split application of 128 g ai ha-1 60 and 108 d 

after planting. Nitrogen fertilizer at 112 or 168 kg ha-1 was applied at Feekes’ stage 3-4. Crop 

heights, spike counts per m2, and node length from the flag leaf to the base of the floral spike 

were collected 144 d after planting, with final yields, grain moisture, and test weight determined 

after harvest. There were no interactions for the main effects of PGR by nitrogen rate, PGR by 

cultivar, or cultivar by nitrogen rate. Trinexapac-ethyl at 256 at Feekes 4, or split applied at 128 

g ha-1 at Feekes’ 4 and 7, significantly reduced soft red winter wheat height, and distance from 

the flag-leaf node to base of the floral spike as compared to the non-treated control. While there 

were no yield differences for trinexapac-ethyl treatments, height reductions and improved stem 

strength would reduce lodging that can often lead to crop failure. 

 

INDEX WORDS: N fertilizer, Plant growth regulators, Soft red winter wheat cultivars, 

Trinexapac-ethyl 
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Introduction 

 Soft red winter wheat (Triticum aestivum L.) is an autumn-seeded crop in the 

southeastern United States utilized for grain and forage. Soft red winter wheat is a secondary 

crop in multiple-cropping systems that can provide an economical way for farmers to produce 

two crops in one year [1,2]. From 2013 to 2016, 17 million ha year-1 of soft red winter wheat 

were harvested across the United States [3]. Due to the significance of wheat in many double-

crop production systems, there has been a greater interest in wheat production practices, 

especially those that encourage high crop yield [4,5]. Primary requirements for high yields are 

uniform stand establishment followed by even tiller production which can be influenced by crop 

additives such as plant growth regulators and N fertilization [5].  

Plant growth regulators (PGRs) are phytohormones that mimic or modify one or more 

specific physiological processes within a plant [6]. Organ development or photosynthetic 

properties are not negatively affected by PGRs but allow the crop to continue developmental 

sequence with retarded growth [7,8,9]. In small grain and forage production, PGRs reduce stem 

internodes and length (13-28%) and improve grain set, grain quality, development, and harvest 

ability [10,11,12,13]. PGRs have been reported to increase seed yields in tall fescue, creeping red 

fescue, perennial ryegrass, and annual ryegrass seed crops as much as 50% or greater 

[14,15,16,13,17]. Previous studies on Kentucky bluegrass displayed that trinexapac-ethyl 

reduced heat tolerance, total height, average clipping yield 30-45%, and growth rate but 

increased chlorophyll concentration [18,19,20,21].  
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Trinexapac-ethyl is a plant growth regulator for turf grass seed production and small 

grains in the southeast [22,15,10]. Trinexapac-ethyl is a unique Type II PGR in that it interferes 

with the production of gibberellins (GAs) later in gibberellin biosynthetic pathway with respect 

to other Type II PGRs [23,24,25]. Trinexapac-ethyl is an acyl cyclohexanedione derived from 

cyclohexanecarboxylate. It inhibits the hydroxylation of GA20 to the physiologically active GA1 

by inhibiting 3-β-hydroxylase, a regulatory enzyme [26,27,28]. The inhibition of this key 

enzyme prevents cell elongation (i.e. expansion) which causes a shortening of internodes, a 

strengthening of the stem, an increase in stem diameter, and reduction in lodging [11,29,13].  

Trinexapac-ethyl applications interact with other management practices including canopy 

closure date, crop residue destruction, and nitrogen application [13,30,15,31]. There has always 

been interest in using timing and rate of N fertilizer application for intense soft red winter wheat 

management that maximize yield [5,32,33,34,35,36]. One study evaluated N uptake and use 

efficiency prior to and during the grain filling period in soft red winter wheat [37]. Another 

previous study noted that there was a strong correlation between grain protein/yield and N uptake 

under non-limiting N conditions [37]. Multiple research has shown that grain yield has been 

directly linked with the uptake of N [38,39,40,41]. 

University of Georgia recommendations for a N application are 90 to 112 kg ha-1 in a 

season for small grains production. In the autumn season, the cropping rotation strategy and 

previous crop can affect the amount of N fertilizer applied [42,43]. During the winter season, 

several applications of N can be made prior to stem elongation in wheat. Once tillers are being 

promoted, excessive N fertilization can lead to lodging and reductions in flour quality and  
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milling properties, so applications are not recommended after Feekes’ growth stage 4-5 [44,42]. 

Soft red winter wheat cultivars are continuously changing due to breeding programs that seek to 

improve disease tolerance, quality, and grain yield [45,46,47,48,49].  

There is limited information available on trinexapac-ethyl effects on wheat cropping 

systems in the southeastern US. Given variability in wheat cultivar response to plant growth 

regulators and N fertilization [50,51,38,52,37,36], a field study was designed to evaluate the 

effects of trinexapac-ethyl and varying N rates on winter wheat lodging and yield to five 

different wheat cultivars. 

 

Materials and Methods 

 A field trial was conducted from 2014 to 2015 at the Southwest Georgia Branch 

Experiment Station (SWGREC) located in Plains Georgia (Latitude 32.036638; Longitude -

84.397595). Soil type was a Faceville sandy loam (clayey, kaolinitic, thermic, Typic 

Kandiudults) with < 1% organic matter and pH of 6.1. The soil was conventionally prepared by 

disk harrowing, moldboard plowing 25 to 30 cm deep, then rotary tilling. Single plots were 1.8 m 

wide and 9.1 m long.  

Soft red winter wheat cultivars AGS 2026, AGS 2060, Coker 9553, Coker 9700, and 

Cypress were sown at 323-377/m2into seedbeds on 5 Dec 2014 at 101 kg ha-1 [53,54,55]. Higher 

seeding rates are not recommended for standard cultural practices because of the increased 

potential for disease and lodging [33]. Main effect of cultivar was blocked by replication. Within 

each cultivar block, N fertilizer rate and PGR applications were randomized.  
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Nitrogen fertilizer at 112 or 168 kg ha-1 was applied with a Gandy TM Spreader (The 

Gandy Co., Mankato, MN) on 22 Jan 2015 when wheat was in Feekes’ growth stage 3-4. 

Trinexapac-ethyl was POST applied to wheat at 233 or 256 g ai ha-1 60 d after planting, or as a 

split application of 128 g ai ha-1 each time at 60 and 108 d after planting. The PGR treatments 

were applied with a CO2-pressurized broadcast sprayer with FF11002 nozzles calibrated to 

deliver 187 L ha-1 volume of water. Standard culture practices for wheat production were 

followed using University of Georgia recommendations for pest control [56].  

At Feekes’ stage 10.5 data for crop heights from soil to apex of the spike (cm), along 

with apical stem length from the flag-leaf node to the base of the floral spike (cm), was measured 

on 5 random plants for each variable. Data for spike counts per m2 were also recorded. These 

data were collected 144 d after planting. Grain was harvested at Feekes’ growth stage 11 after 

natural desiccation, using a small plot combine, grain was mechanically cleaned, and then for 

each plot grain moisture, yield, and test weight determined. Final grain yield was based on 13% 

moisture.  

The experimental design was a three-way factorial arranged in a randomized complete 

block with four replications. Data was subjected to mixed-model ANOVA analysis in SAS 9.4®, 

and all two-way interactions were subjected to GLM procedures. Means were separated using an 

LSD at the P = 0.05 level.   
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Results and Discussion 

 The two-way interactions for crop height, head count, yield, and test weight for cultivar 

(C) x fertilizer (F), C x trinexapac-ethyl treatment (TE), and F x TE were not significant for any 

variable (Table 1). For flag-leaf to apex, C x F was significant (P = 0.0099), but not for C x TE 

or F x TE. As cultivars will vary for height due to genotype differences, the C x F difference is 

an indication of this variability [47]. Therefore, data for all variables for the main effects for TE 

were combined across N fertilizer treatment and cultivars, main effects of F were combined 

across TE and cultivars, and main effects of cultivars were combined across TE and F for 

analysis. 

 

3.1 Trinexapac-ethyl: Wheat height varied amongst the four different PGR treatments. 

There were significant height reductions when TE was applied at 256 g ai ha-1, and for the split 

application of 128 g ai ha-1 at Feekes’ stage 4 and 7 (Table 2). Data indicated that the single TE 

application of 256 g ai ha-1 and split application of 128 g ai ha-1, reduced plant heights to 80 and 

76 cm, respectively as compared to the NTC with 83 cm. Similarly, there was a significant 

reduction in length of the stem for flag-leaf to the base of the floral apex, ranging from 9 to 11 

cm, for any TE application treatment as compared to the NTC with 12 cm (Table 2). These 

findings correspond with previous research results that applications of trinexapac-ethyl at later 

wheat growth development stages reduce plant height [12]. There were no differences for any 

treatment for wheat head count per m2 or grain test weight (Table 2). These results confer with 

previous research that reported PGR interactions were nonsignificant for test weight 

measurements [50].  
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Trinexapac-ethyl treatments had similar yields as compared to the non-treated control, 

3,470 kg ha-1 and 3,660 kg ha-1(Table 3). None of the TE treatments impacted these soft red 

winter wheat yields, indicating the crop safety for this PGR. It can be used to effectively reduce 

plant height, which could reduce potential for lodging. Previous research noted no differences in 

yield for TE applied to wheat in an experiment in South America, however they did not indicate 

the type of wheat [47]. Similar results have been reported with ethephon [50, 57]. 

 

3.2 N Fertilizer: Significant differences for wheat head count per m2 were observed 

between the two N fertilizer applications. The 168 kg N ha-1 fertilizer treatment produced more 

wheat heads than the 112 kg N ha-1 application (Table 2). Previous research noted reduced spike 

number plant-1 and grain number spike-1 when lower nitrogen levels were present [36]. Crop 

height measurements displayed a similar response to the 112 and 168 kg N ha-1 applications in 

which the larger application rate produced a larger plant (Table 2). Previous research on dryland 

winter wheat indicated higher nitrogen rates result in larger plants with greater above-ground 

biomass than with lower application rates [58]. However, a taller height could potentially lead to 

lodging issues later in the growing season. With respect to crop height, the results differ from a 

previous study in which researchers reported no influence over wheat height due to nitrogen 

application rates [47]. For flag-leaf to the base of the floral apex measurements and grain test 

weights, no differences were detected between the 112 or 168 kg ha-1 treatments (Table 2).   

For N application rates, there were significant differences in yield. The 168 kg N ha-1 

application yielded 3,670 kg ha-1, while the 112 kg N ha-1 rate yielded 3,440 kg ha-1 (Table 3). 

Previous research on soft red winter wheat indicated similar results and concluded that a positive 
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linear correlation exists between the increase in yield and increase in amount of N fertilizer 

applied [32]. More recent research noted that increases in nitrogen fertilizer applications had a 

positive influence on wheat grain protein and yield [36,59]. Furthermore, one researcher reported 

that a split fall and spring application of high nitrogen rates may be important for maximizing 

grain yield in soft red winter wheat [34]. 

 

3.3 Cultivar: Between all five cultivars, there were differences for each of the 

measurements recorded. With respect to wheat height, there were no differences between the 

Cypress and AGS 2026 cultivars but all other cultivars were significantly different (Table 2). 

AGS 2060 was the shortest of the cultivars at 75 cm while Coker 9553 was the tallest at 87 cm. 

However, previous research reported no difference in crop height across all seven winter wheat 

cultivars tested [50]. AGS2060, which had the smallest average with 382 heads, was the only 

significant cultivar for head count per m2. All five cultivars were significantly different from one 

another for flag-leaf to the base of the floral apex measurements, with Cypress as the tallest and 

Coker 9700 as the shortest (Table 2). Wheat cultivar was the only significant (P < 0.0001) main 

effect observed for test weight. Amongst the cultivars, Coker 9700 and Cypress were statistically 

similar at 68 and 69 kg hL-1. These cultivars differed from Coker 9553, AGS 2026, and AGS 

2060 in which wheat cultivars AGS 2026 and Coker 9700 had the lowest and highest average 

test weights, respectively (Table 2).  

With respect to yield, PGRs are designed to allow the full yield potential of wheat to be 

realized due to interfering with plant development [60]. It is the reduction in lodging of the 

cultivar that allows for the yield potential to be increased over other scenarios [61]. There were 

significant differences in yield among the cultivars, with Coker 9553 (3,290 kg ha-1) having the 
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greatest yield and AGS 2060 having the least (2,960 kg ha-1). Coker 9700 was similar to both 

AGS 2026 and Cypress, even though AGS 2026 yielded greater at 3,720 kg ha-1 (Table 3). 

Variable cultivar yield response corresponds with previous research using ethephon on seven 

winter wheat cultivars [50]. 

 

Conclusions 

 In conclusion, the split application of trinexapac-ethyl at Feekes’ stage 4 and 7 

significantly reduced overall stem length. While it did not improve wheat yield, trinexapac-ethyl 

could assist growers by preventing lodging from occurring which would improve harvest 

efficiency promoting greater yield. Each of the five cultivars had a varying degree of response to 

fertilizer and trinexapac-ethyl treatments. AGS 2060 had the least amount of response to all 

treatments and produced the lowest yield as compared to all other cultivars. Higher N fertilizer 

rates resulted in larger and higher yielding wheat as was expected. Future research will focus on 

repeating this study.  
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Appendix A.1: Analysis of variance for TE and N effects on wheat cultivars in Georgiaa 

Variable Effect F-value Pr > R 
Crop height (cm) Cultivar x Fertilizer 2.09 .11 NSb 
 Cultivar x TE 1.46 .30 NS 
 Fertilizer x TE 0.43 .79 NS 
Flag-leaf to base of floral spike (cm) Cultivar x Fertilizer 3.47 .01 ** 
 Cultivar x TE 0.83 .62 NS 
 Fertilizer x TE 1.31 .27 NS 
Head count/m2 Cultivar x Fertilizer 1.90 .09 NS 

 Cultivar x TE 1.19 .15 NS 
 Fertilizer x TE 0.35 .73 NS 
Test weight (kg hL-1) Cultivar x Fertilizer 1.45 .22 NS 
 Cultivar x TE 0.91 .54 NS 
 Fertilizer x TE 0.44 .72 NS 
Yield (kg ha-1) Cultivar x Fertilizer 0.61 .65 NS 
 Cultivar x TE 0.85 .63 NS 
 Fertilizer x TE 0.25 .86 NS 

aLocation was Plains, GA conducted in 2014-2015. Cultivars were AGS 2026, AGS 2060, Coker 9553, Coker 9700, 
and Cypress. MIXED model analysis was performed. 
bAbbreviation: NS, not significant; ** = level of probability at P = 0.01 to 0.001, respectively.  
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Appendix A.2: Crop height, head count, and flag-leaf to apex as influenced by cultivar, fertilizer application, and 
growth regulator application conducted for 2014-2015.a 

Variable Rate Timing Crop 
height 

Flag-leaf to 
base of floral 

spike 

Head 
count 

Test 
weightb 

Main effect of growth regulator g ha-1 Feekes’ 
stage 

cm cm # m2 kg hL-1 

Nontreated   83 a 12 a 412 a 67 a 
Trinexapac-ethyl  233 4 81 ab 11 b 423 a 67 a 
Trinexapac-ethyl  256 4 80 b 11 b 425 a 66 a 
Trinexapac-ethyl  128 + 128 4 + 7 76 c 9 c 415 a 67 a 
Main effect of fertilizer kg ha-1  
Nitrogen fertilizer 112  3-4 79 b 11 a 408 b 67 a 
Nitrogen fertilizer 168 3-4 81 a 11 a 430 a 67 a 
Main effect of cultivar  
Coker 9553   87 a 12 b 420 a 67 b 
Coker 9700   82 b 9 e 442 a 69 a 
Cypress   78 c 13 a 427 a 68 a 
AGS 2026   78 c 11 c 427 a 64 d 
AGS 2060   75 d 10 d 382 b 65 c 

aThe two-way interactions of cultivar x fertilizer and fertilizer x trinexapac-ethyl were not significant; therefore, data 
were combined across variables. However, the two-way interaction of cultivar x fertilizer was significant for flag-
leaf to base of floral spike measurements. 
bMeans with a variable followed by the same letter are not significant according to Fisher’s protected LSD test at P 
≤ 0.05  
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Appendix A.3: Yield as influenced by cultivar, fertilizer treatments, and growth regulator 
 applications conducted for 2014-2015.a 

Variable Rate Yieldb 
Main effect of growth regulator g ha-1 kg ha-1 
Nontreated  3660 a 
Trinexapac-ethyl  233 3570 a 
Trinexapac-ethyl 256 3470 a 
Trinexapac-ethyl 128 + 128 3520 a 
Main effect of fertilizer kg ha-1   
Nitrogen fertilizer 112  3440 b 
Nitrogen fertilizer 168 3670 a 
Main effect of cultivar     
Coker 9553  3920 a 
Coker 9700  3660 bc 
Cypress  3590 c 
AGS 2026  3720 b 
AGS 2060  2960 d 

aThe two-way interactions of cultivar x fertilizer, fertilizer x trinexapac-ethyl, and  
cultivar x fertilizer were not significant for yield; therefore, data were combined across variables. 
bMeans with a variable followed by the same letter are not significant according to Fisher’s  
protected LSD test at P ≤ 0.05  
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