ABSTRACT
DE SANCTIS, JOSE HENRIQUE SCARPARO. Confirmation, Characterization, and
Management of Paraquat-Resistant Italian Ryegrass in North Carolina. (Under the direction of

Drs. Charles W. Cahoon and Wesley J. Everman).

Italian ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot] is an herbaceous
winter annual grass species native to the Mediterranean region. In the United States (US), Italian
ryegrass was ranked as a the most troublesome weed species of wheat and among the 20 most
troublesome weeds in corn. Moreover, this weed has evolved resistance to 7 herbicides MoAs,
including HRAC/WSSA groups 1, 2, 5, 9, 10, 15, and 22. In the fall of 2020, multiple growers
reported unsatisfactory paraquat control of Italian ryegrass in the Southern Piedmont region of
the state. A greenhouse study was conducted to investigate the presence of three putative
paraquat-resistant (PR) Italian ryegrass biotypes in the state and to characterize the response of
Italian ryegrass accessions from the same region to commonly used burndown herbicides,
including clethodim, glyphosate, glufosinate, nicosulfuron, and paraquat. Dose-response
bioassays determined that all three biotypes exhibited a high level of paraquat resistance, with
resistance ratios ranging 19- to 58-fold compared to paraquat-susceptible (PS) biotypes.
Furthermore, the accessions study revealed distribution of multiple herbicide-resistant biotypes
were widespread, with 74% of accessions tested resistant to >2 modes of action, and one

population exhibiting resistance to clethodim, glyphosate, nicosulfuron, and paraquat.

Continuing the investigation on the newly discovered PR Italian ryegrass biotypes,

laboratory studies were conducted to investigate the mechanism of paraquat resistance through



absorption, translocation, metabolism, and cell electrolyte leakage studies as well as investigate
the presence of known target site mutations that confer resistance to glyphosate and ACCase-
inhibiting herbicides. The absorption study revealed that the rate of '*C-paraquat absorption and
total amount absorbed was similar between PR and PS biotypes, with maximum absorption
ranging from 90% to 95% of total '*C-paraquat applied. Reduced '*C-paraquat translocation was
observed by PR biotypes, with 3.7- to 6.1-fold reduction in translocation compared to PS
biotypes. There was no evidence of paraquat metabolism. In the cell electrolyte leakage study,
leaf segments were pretreated with electron transporter inhibitors to block potential plant systems
that reduce intracellular paraquat movement. All inhibitors tested increased the susceptibility of
PR biotypes to paraquat, with sodium orthovanadate resulting in the greatest response in R1 and
R2 biotypes. However, none of the treatments resulted in a response similar to the PS biotype.
No target site mutations were observed in the EPSPS enzyme and a total of five different amino

acid substitutions were evident in the ACCase enzyme of two biotypes.

To mitigate the evolution and/or spread of herbicide-resistant Italian ryegrass, alternative
control tactics must be implemented to successfully manage this weed. Therefore, a field study
was conducted to evaluate Italian ryegrass control with cover crops and fall-applied residual
herbicides and investigate the level of cover crop injury from residual herbicides. This study was
designed as a 3x5 split-plot, where the main plot consisted of three cover crop treatments (no-
cover, cereal rye, and crimson clover) and the subplots consisted of five residual herbicide
treatments (S-metolachlor, flumioxazin, metribuzin, pyroxasulfone, and no-pre). In 2021-22 at
Clayton, metribuzin injured cereal rye and crimson clover 65% and 55%, respectively.

Flumioxazin resulted in 50% and 38% crimson clover injury in 2021-22 and 2022-23 in Clayton



and 40% at Salisbury, respectively. At Salisbury, cereal rye without herbicides resulted in 82%
Italian ryegrass suppression and it was comparable to cereal rye plus pyroxasulfone (83%), S-
metolachlor (83%), and flumioxazin (75%). Italian ryegrass seed production at Clayton 2021-22
was the lowest when grown with cereal rye alone or without flumioxazin, S-metolachlor, and

pyroxasulfone (741 to 1356 seeds m™).
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Abstract

Italian ryegrass is widely cultivated as a turf and forage crop in temperate regions worldwide. It
is also an important and troublesome weed in these areas, particularly in small grain production.
Several factors contribute to its success as a weed, including its rapid growth rate, prolific seed
production, high genetic variability, and propensity to evolve herbicide resistance. The
worldwide presence of multiple herbicide-resistant biotypes creates a great challenge for
chemically managing this weed. This review aims to summarize the current knowledge regarding
Italian ryegrass biology, agricultural importance, herbicide resistance, and mechanisms of

resistance as previously reported.

Nomenclature: Italian ryegrass, annual ryegrass, Lolium perenne spp multiflorum

Key words: Biology, genetics, physiology, herbicide resistance, crop interference.



Introduction

The Lolium perenne species has a complex structure containing both important forage
and turf crops as well as weeds. Annual and perennial ryegrasses are considered important forage
and turf crops across the globe; however, weedy biotypes are commonly found in temperate
climates around the world. It is important to note that there is not a clear distinction between
weedy and crop individuals. Moreover, among growers and even in literature these names are
often used interchangeably. In this review, annual and perennial ryegrass (Lolium perenne L.)

will be designated as crops and Italian ryegrass as weedy.

Italian ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot] is an herbaceous
winter annual grass species native to the Mediterranean region (Hubbard 1968). It was assumed
to have been originally spread across the mediterranean in contaminated cereal crop seed
(Humphreys et al. 2009). Although human mediated dispersal might have played a role, more
recent studies reported Lolium dispersal across the mediterranean dates back to the Pliocene era
(pre-agricultural time) (Inda et al. 2014). Domestication of ryegrass species as a forage crop took
place in Italy in the 17th century (Beddows 1973), with reports of its use as forage appearing in
various European regions, including France, Switzerland, and England, by the early 1830s
(Lacefield et al. 2003; Braun 1834). Due to its popularity in Europe and favorable forage
characteristics, this species has been widely adopted as a crop worldwide (Humphreys et al.
2010). It has been introduced as a forage crop, turf, or cover crop in several temperate and
upland tropical zones across the globe, including North and South America, Oceania (Lacefield
et al., 2003), as well as in non-native areas of Asia (NIES[ISJ] 2023) and Africa (Seebens et al.

2017).



In the United States, ryegrass species were introduced during colonial times as a forage
crop, quickly becoming a major forage grass in the Southern region. Moreover, commercial
varieties are widely used in various turf grass systems across US (Shaddox et al. 2023) and they
are often sown as cover crops to enhance soil and water quality (Shipley et al. 1992). However,
due to its adaptability and fast growth rate (Ball et al. 1995), Italian ryegrass has become a
troublesome weed across most the US (Matzrafi et al. 2021). Italian ryegrass has ranked as the
most troublesome weed in small grains in 1994 and 2008 and among the 20 most troublesome
weeds in corn in 2008 (Elmore 1988; Webster and Nichols 2012). Apart from having a prolific
seed production and a vigorous growth rate (Ball et al. 1995; Bararpour et al. 2017), Italian
ryegrass is notorious for developing herbicide resistance. In the US, the weed has developed
resistance to 7 different modes of actions (Heap 2024; Liu et al. 2014) with numerous cases of
multiple-and cross-resistance (Suzukawa et al. 2021). Hence, the objectives of this review were
to provide an overview of the agronomic importance of Italian ryegrass and compile the most
recent and relevant information on the different mechanisms of herbicide resistance currently

reported in the literature.

Taxonomy, Biology, and Genetics

Taxonomy and Biology. The Lolium genus is derived from a closely related section,
Schedonorus, or the broad leaf fescues, of the genus Festuca (Inda et al. 2014), with some

taxonomic revisions including the broad leaf fescues within the Lo/ium genus (Darbyshire 1993).

This genus is relatively small composed of nine ryegrass species: Italian, perennial, rigid
(Lolium rigidum Gaudin), Dalmatian (L. subulatum Vis.), Canary Islands (L. canariense Steud.),
poison (Lolium temulentum L.), hardy (L. remotum Schrank.), L. edwardii Scholtz., and Persian

4



darnel (L. persicum Boiss. & Hohen ex Boiss.). Although all species are monoecious, they can be
divided into self-pollinating and cross-pollinating species. The self-pollinated species have
annual lifecycles and include: L temutelum, L. remotum, L. persicum, and L. canariense. The
cross-pollinating and self-incompatible species include Italian ryegrass, perennial, and rigid
ryegrass and have variable lifecycles, ranging from short-lived perennials to annual species (Cai
et al. 2011; Evans et al. 1972; Humphreys et al. 2010; Rees and Jones 1967). Within the
outcrossing Lolium ssp., two multi-allelic independent loci have been linked to gametophytic
self-incompatibility (Fearon et al. 1983). There have also been reports of an additional loci
linked to this process (Slatter et al. 2020), which highlights the genetic complexity of Lolium ssp.
Gametophytic self-incompatibility is based on the recognition of the genetic composition of the
haploid pollen by the stigma, which in turn drastically reduces the frequency of successful
fertilization of pollen with unmatched loci (Newbigin et al. 1993). While outcrossing Lolium ssp.
are mostly self-incompatible, warm weather conditions at the time of pollination may trigger
pseudo-self-compatibility response, resulting in as much as 31% of successful self-pollination

rate (Wilkins and Thorogood 1992).

In US, Italian ryegrass, perennial ryegrass, and poison ryegrass are the most prevalent
species in agronomic settings (Bararpour et al. 2017; Maity et al. 2021); however, reports
indicate the presence of rigid ryegrass and Persian ryegrass in scattered locations across the
country (Clayton et al. 2024). Italian ryegrass typically has an erect to decumbent growth habit
and can grow to 130 cm in height. The young leaves are rolled within the bud, while mature
leaves, which can grow up to 25 cm long and 10 mm wide, are either smooth or slightly rough,

with a shiny underside. The plant has clasping auricles, a short, blunt, and membranous ligule, is



abundantly tillering and fibrous root system (Beddows 1973; Terrell 1968). Although mostly an
annual species, biennial or short-lived perennial have been reported, especially if hybridized with
other ryegrasses (Polok 2007; Terrell 1968). Bararpour et al. (2017) observed that two-week old
seedings were erect with leaf blades ranging from 5 to 6 mm, glabrous, green stems, and red
nodes. In addition, Italian ryegrass has a distichous spike with up to 42 spikelets that are 8 to 31
mm long by 2 to 10 mm wide and contain up to 22 fertile florets per spikelet. Glumes are about
half as long as the spikelet (up to 18 mm); awns are rarely absent, straight, up to 15 mm long,
and tend to be longer in the upper florets of the spikelet (Bararpour et al. 2017; Terrell 1968). In
the US, Italian ryegrass usually flowers early to late spring and seed matures in early summer
followed by seed shattering (Mohler et al. 2021). Italian ryegrass has moderate to high seed
shattering, with previous research reporting 52% to 74% shattering at time of wheat harvest

(Maity et al. 2022; San Martin et al. 2021; Walsh et al. 2018).

While Italian ryegrass is often confused with other Lolium species, distinct characteristics
may aid its differentiation. For instance, perennial ryegrass typically features awns and has
shorter spikes and smaller spikelets and compared to Italian. The glume of poison ryegrass is
longer than its spikelet with awns up to four times longer than those of Italian ryegrass. In
contrast to Italian ryegrass, rigid ryegrass does not have awns (Bararpour et al., 2017; Terrell,

1968).

Italian ryegrass is a prolific seed producer even compared to perennial, rigid, and
perennial ryegrass. Bararpour et al. (2017) estimated that Italian ryegrass accessions from
Arkansas have greater seed production potential compared to the other Lolium species, with up

to 45,000 seeds plant™'. This is equivalent to 3.2, 5.0, and 10.4 times the number of seeds per



plant when compared to local accessions of perennial, rigid, and poison ryegrass, respectively.
Due to difficulties in identifying individual plants from tillers under field conditions, Italian
ryegrass seed production is often estimated based on number of spikes m™ (Bailey and Wilson
2003; Hoskins et al. 2005; Maity et al. 2022; Trusler et al. 2007) or in number of seeds m™
(Bararpour et al. 2020; Pedreros 2001; Scursoni et al. 2012). Reported spike densities range from
199 to 1600 spikes m™ with seed production ranging from 28,000 to 98,000 seeds min

nontreated control plots.

Although a prolific seed producer, previous literature reports Lolium species have
relatively low seed longevity in soil. Narwal et al. (2008) reported that 99% reduction in seed
viability of rigid ryegrass seeds after 16 months of burial. The same author also reported seed
viability in sandy soil was higher compared to clay soils after 8 months of burial and differences
were attributed to greater water holding capacity in clay soils likely favoring seed deterioration
processes, highlighting the importance of the environment for seed survival. Similarly, Cechin et
al. (2021) observed 95% reduction in Italian ryegrass seed viability after 18 months regardless of
burial depth. In the same study, the researchers reported a higher rate of deterioration at
shallower burial depths, with 95% of seeds lost 12 months after being buried at a depth of 0.5

cm.

Seed dormancy is another key adaptative feature exhibited by many weeds, including
ryegrass species. It allows plants to germinate throughout the growing season, escape herbicide
applications, and facilitate seed persistence in the soil seedbank (Baker 1974; Foley 2001). Seed
dormancy can be highly variable among and within weedy biotypes where genetics and the

environment conditions play a key role in the determination of primary dormancy (Batlla and



Luis Benech-Arnold 2007; Benech-Arnold et al. 2000). Multiple studies worldwide have
demonstrated that Italian ryegrass seeds exhibit high levels of primary dormancy at ripening,
which is lost relatively quickly due to temperature fluctuations and moisture availability (Cechin
et al. 2021; Gundel et al. 2008; Ichihara et al. 2009; Maity et al. 2021b; Rodriguez et al. 1998;
Schaefter et al. 2021). For instance, in Brazil, Cechin et al. (2021) reported 92% seed dormancy
at 0 months after burial compared to 5 to 17% 3 months after burial. In the US, while
investigating the correlation between seed traits and herbicide-resistant Italian ryegrass from
Texas across 56 biotypes, Maity et al. (2021b) observed highly variable seed dormancy levels at
both intra- and inter- populations levels. Initial measurements of seed dormancy ranged from
32% to 85%, with an average of 61%; shifting to 18% to 62%, with an average of 33%, at 9

months after seed harvest.

Genetics, Cytogenetics, and Hybridization. All species in the Lolium genus are diploid
with a chromosome number of 2n=2x=14 (Terrell 1968; Clayton and Renvoize 1986; Jauhar
1993), although tetraploid ryegrass (2n=4x=28) has been observed in commercial cultivars
(Kopecky et al. 2010; Nair 2004; Simonsen 1973). Similar to most grasses, Italian ryegrass has a
relatively large chromosome size, with haploid genome estimations ranging from 2.464 to 2.661
Gb (Copetti et al. 2021; Kopecky et al. 2010). As expected from a gametophytic and self-
incompatible species (Cornish et al. 1979), studies have reported high levels of heterozygosity
and genetic variability in Lolium sp. cultivars and weedy populations (Copetti et al. 2021;
Kolliker et al. 1999). However, other research reports variable levels of genetic variation within
and among populations. For instance, Wang et al. (2009) observed greater genetic variation

within (91.3%) populations of perennial ryegrass cultivars compared to genetic variation among



(8.7%) populations. Comparatively, Cresswell et al. (2001) reported higher genetic variation
within and among Lolium ssp. populations from Portugal. Normally, weed populations with a
high frequency of resistant individuals are expected to have lower genetic diversity. This is
because strong selection pressure from the herbicide leaves a few remaining individuals, that
survive due to heritable mechanisms, to restore the population (Maynard-Smith and Haigh 1974;
Menchari et al. 2007). However, Karn and Jasieniuk (2017) reported high genetic diversity
within glyphosate-resistant Italian ryegrass populations in California, regardless of the frequency
of resistant plants. Their findings suggest that resistance can spread through gene flow with

minimal loss of genetic diversity in Italian ryegrass.

Italian ryegrass also freely hybridizes with the other outbreeder species, like perennial
and rigid ryegrass (Jenkin 1954; Terrell 1968); natural hybrids are commonly found in areas
where these species coexist. Arcioni and Mariotti (1983), observed high levels of interspecific
hybridization when perennial ryegrass and Italian ryegrass are grown in proximity, ranging 40%
to 55%. Seeds produced are also highly viable. Deniz and Dogru (2007) observed >84%
germination from perennial ryegrass x Italian ryegrass hybrids. Such hybrids might impose a
greater invasiveness due to enhanced competitiveness. A study conducted in Japan reported that
51% of naturalized ryegrass populations collected from non-agricultural sites were Italian
ryegrass x perennial ryegrass hybrids (Tobina et al. 2008), authors of this study also
hypothesized that hybridization might serve as a stimulus for the evolution of invasiveness.
Furthermore, Italian ryegrass is also capable of freely crossing with a number Festuca species,
such as Festuca pratensis (2n = 2x = 14 or 2n = 4x = 28), F. arundinacea (2n = 6x = 42),

Festuca donax (2x = 2n = 14), and many others (Breese et al. 1981; Cao et al. 2000; Kopecky et



al. 2010; Morgan 1990; Morgan et al. 1988). Although most artificial and natural hybrids have
high levels of sterility (Ahloowalia 1965; Reusch 1960), such crosses have been widely explored
in breeding programs and denoted as Festulolium hydrids (Charmet et al. 1997; Kopecky et al.
2006). Dactylis glomerata has also been shown to hybridize with Italian ryegrass under artificial

conditions (Oertel et al. 1996).

Agronomic Importance of Italian ryegrass

Commercial Uses

Ryegrass species are the most important forage crops in temperate regions worldwide
(Humphreys et al. 2010; Pasquali and Barcaccia 2020) and are commonly cultivated for grazing,
hay and silage production, and in turf systems. Historically, annual ryegrass has been used for
pasture systems due to its high nutritional value, high productivity, and adaptability to different
environments (Heinrichs and Carson 1956; Lippke and Ellis 1997). It was only in the 1960s that
breeding programs in US began selecting annual and perennial ryegrasses cultivars for turf use
(Funk et al. 1969). In US, ryegrass species are used as a permanent turf in northern regions or
overseeding of dormant turf in the southern United States (Shaddox et al. 2023). Recently,
ryegrass species have gained in popularity due to their potential as a cover crop with high
biomass production (Ruis et al. 2019), soil carbon fixation capabilities (Poeplau et al. 2015), and

potential for heavy metal decontamination (Xun-Yang et al. 2021).

In the US, nearly 1.2 million ha are planted yearly with Lolium species, in which 90% is
directed for winter forages in the South (Steckel and Bond 2023). Oregon is the largest annual

ryegrass seed producer in the country with an estimated 46,558 ha planted in 2024 (USDA-
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NASS 2024). Ryegrass is also largely cultivated worldwide; in Europe, ryegrass species are the
most widely sown cool season turf (Sampoux et al. 2013). Furthermore, Humphreys et al. (2010)
estimated that nearly 12 million ha were planted with either perennial or annual ryegrass for
forage. In 2023, Europe produced approximately 43,177 ha of annual ryegrass for seed, equating
to 50,444 tons of seed (ESCAA 2023). Another way to highlight the commercial importance of
annual ryegrass is by the sheer number of cultivars. The Organization for Economic Cooperation
and Development recognizes 699 and 1691 different annual and perennial ryegrass cultivars,

respectively (OECD 2024).

Weediness and Competitiveness

Although largely cultivated as a forage crop or turf, Italian ryegrass has become a
challenging weed problem across the US. Italian ryegrass not only was ranked among the most
troublesome weeds in small grains and corn (Elmore 1988; Webster and Nichols 2012) but
multiple reports highlighted its potential impact across many other crops including cotton
(Gossypium hirsutum L.; Jordan et al. 2001), soybean (Glycine max (L.) Merr.; Nandula et al.
2020), winter canola (Brassica napus L.; Bushong et al. 2011; Shamaya et al. 2020), vineyards
(Anonymous 2021; Beddows 1973), rice (Oryza sativa L.; Handayani et al. 2017), tree crops
(Bobadilla et al. 2021; Brunharo and Hanson 2018; Moretti 2021), sugar cane (Saccharum
officinarum L.; Coco 2022), and vegetables crops (Bell 1995). Moreover, Italian ryegrass is also
commonly invades non-crop areas, such as roadsides and natural habitats (Humphreys et al.

2010).

Italian ryegrass is most notorious for interfering with small grains and multiple studies
have investigated the effect of its interference and associated yield loss. For instance, Liebl and
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Worsham (1987) reported that wheat yield was reduced 4.2% for every 10 Italian ryegrass plants
m~2. The same authors reported wheat yield loss was primarily driven by reduced tillers. Another
study reported wheat yield loss up to 92% with Italian ryegrass densities of 400 plants m>
(Hashem et al. 2000). In the same study, researchers observed that at vegetative stages wheat leaf
area was greater than Italian ryegrass at the top of the canopy. However, that balance shifted in
reproductive stages with Italian ryegrass having as much as 6.6 times greater leaf area at the top
of the canopy, reducing photosynthetically active radiation available to wheat by 68%. Ball et al.
(1995) observed that Italian ryegrass leaf production rates was greater than wheat (7riticum
aestivum L. 'Stephens’) and triticale (e, x Triticosecale 'Breaker). In addition, multiple studies
also have investigated Italian ryegrass competitiveness under variable fertility levels. For
instance, Cralle et al. (2003) reported that, although both wheat and Italian ryegrass had a
positive growth response to recommended phosphorus (P) fertilization compared to low P, Italian
ryegrass was more competitive than wheat under low P conditions, likely due to greater root
surface area of Italian ryegrass. Similarly, Stone et al. (1998) also reported greater competitive
advantage of Italian ryegrass roots when compared to wheat. Liebl and Worsham (1987)
observed faster NOs ™ uptake and greater growth response to increasing levels of NOs;~and K by

Italian ryegrass when compared to wheat under greenhouse conditions.

Italian ryegrass is a winter annual weed that typically establishes itself in the fall and
grows throughout the fall and spring months in the Southern U.S. This growth pattern can
jeopardize preplant burndown in reduced-tillage systems. Consequently, dense Italian ryegrass
stands impose a great challenge to crop establishment and, in extreme situations, growers may

have to delay planting until after Italian ryegrass naturally senesces (Bond et al. 2014). Corn is
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usually the first spring planted crop; and therefore prone to competition from established winter
annual weeds (Figure 1). Nandula (2014), while investigating the impact of Italian ryegrass
competition in corn, reported up to 72% corn stand reduction and 60% yield loss at a density of 4
Italian ryegrass plants meter row ~'. Even in crops traditionally planted later than corn, Italian
ryegrass, left uncontrolled, is reported to reduce cotton and soybean yield 85% and 37%,

respectively (Steckel and Bond 2023).

Allelopathic compounds released by Italian ryegrass may also cause deleterious
interaction with the cash crop. Italian ryegrass produces allelochemicals, such as
benzenepropanoic acid, protocatechuic, epicatechin and caffeic acid, and gallic acids (Li et al.
2008; Marchese et al. 2023; Vitalini et al. 2020), which are released as root exudates or by
decaying organic matter. In rice, Italian ryegrass decaying biomass can reduce rice tillers 44%
(Li et al. 2008). Furthermore, aqueous extracts of the weed reduced corn coleoptile length 2- to

3-fold compared to a nontreated control (Marchese et al. 2023).
Herbicide resistance

The Lolium genus is well known for its ability to evolve herbicide resistance with 136
cases reported globally (Heap, 2024); Italian ryegrass accounts for 54% of these reports. In the
US, there are numerous herbicide resistance biotypes, mostly concentrated in the mid-south and
western regions (Figure 2, Table 1), including resistance to acetyl CoA carboxylase (ACCase)-,
acetolactate synthase (ALS)-, photosystem II (PSII)-, 5-enolpyruvylshikimate-3-phosphate
synthase (EPSPS)-, glutamine synthetase (GS)-, very long chain fatty acid synthesis (VLFCA)-,
and photosystem I (PSI)-inhibiting herbicides belonging to HRAC/WSSA Groups 1, 2, 5, 9, 10,
15, 22, respectively (Bobadilla et al. 2021; Heap 2024; Liu et al. 2014).
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Herbicide resistance mechanisms can be divided into two broad categories: target site
resistance (TSR) and non-target site resistance (NTSR). The TSR can consist of point mutations
in the amino acid structure, leading to reduced herbicide affinity for its binding site, or increased
enzyme expression (Dayan et al. 2010, 2015; Gaines et al. 2010; Takano et al. 2021). Such
mutations often lead to cross-resistance to herbicides from the same chemical family or other

families with the same MOA (Tranel et al. 2024; Powles and Yu 2010).

Conversely, NTSR involves alteration of one or more physiological processes not directly
related to the targeted enzyme. It is generally accepted that NTSR evolves thorough a series of
small-effect alleles modifications and mechanisms including reduced herbicide
uptake/translocation, increased herbicide metabolism, decreased rate of herbicide activation, and
sequestration (Devine and Shukla 2000; Jugulam and Shyam 2019). Such alterations may confer
resistance or reduced susceptibility to other herbicides from the same and/or different MOAs
(Jugulam and Shyam 2019; Shyam et al. 2021). For instance, a NTSR rigid ryegrass biotype with
increased metabolism was observed to be resistant to herbicides from distinct MOAs, including
PSII-, ALS-, ACCase-, and microtubule-inhibiting herbicides (Preston and Powles 2001).
Moreover, Lolium ssp, populations have also been observed to accumulate both TSR and NTSR
mechanisms, conferring resistance to many MOAs (Han et al. 2016; Scarabel et al. 2020; Singh

et al. 2019; Tardif and Powles 1994).

Acetyl-CoA carboxylase (ACCase) inhibitors (HRAC/WSSA Group 1). ACCase inhibiting
herbicides have targeted activity towards grasses due to their selective inhibition of homomeric

plastidic ACCase, mainly found in monocots (Konishi and Sasaki 1994). By inhibiting ACCase
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activity these herbicides block fatty acid biosynthesis, preventing the formation of lipid and

secondary metabolites, essential for plant metabolic activities (Takano et al. 2021).

Diclofop-methyl was the first herbicide from this group to be introduced (Kaundun 2014)
and by 1980 it was registered for wild oat and Italian ryegrass control in wheat (Khodayari et al.
1983). Due to its effectiveness controlling these troublesome weeds, diclofop-methyl was
quickly adopted by wheat growers. In 1987, the first diclofop-resistant Italian ryegrass was
reported in Oregon (Stanger and Appleby 1989). Currently, resistance to ACCase-inhibiting
herbicides is widespread in the southern and western US (Figure 2, Table 1) and includes
resistance to many other herbicides from this group like clethodim, clodinafop-propargyl,
cyhalofop-butyl, fenoxaprop-ethyl, fluazifop-butyl, pinoxaden, quizalofop-ethyl, sethoxydim,
and tralkoxydim (Bobadilla et al. 2021; Heap 2024; Jones et al. 2021; Nandula et al. 2020; Salas
et al. 2013; Singh et al. 2020; Zuger and Burke 2020). Numerous studies have highlighted
populations resistant to two or more herbicides from this group. For example, Chandi et al.
(2011) reported Italian ryegrass populations resistant to both diclofop-methyl and pinoxaden in
North Carolina. In the Pacific Northwest, a survey to determine the distribution of Italian
ryegrass resistance reported nine populations were cross-resistant to all seven ACCase-inhibiting

herbicides tested (Rauch et al. 2010).

Target site mutations are the most widespread mechanism of ACCase resistance in Italian
ryegrass populations across the US (Takano et al. 2021). These mutations usually confer a high
level of resistance and may result in cross-resistance to other ACCase-inhibiting herbicides. For
instance, the Ile1781Leu substitution is reported to confer resistance to clodinafop, haloxyfop,

sethoxydim, pinoxaden, and clethodim whereas the Trp1999Cys substitution only confers
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resistance to fenoxaprop (Kukorelli et al. 2013; Powles and Yu 2010; Xu et al. 2014). Enhanced
metabolism has also been confirmed as a mechanism of diclofop-resistance in Italian ryegrass
(Cocker et al. 2001). In China, enhance metabolism was associated with clodinafop-propargyl

and fenoxaprop-P-ethyl resistance in Italian ryegrass populations collected from wheat farms

(Wu et al. 2022).

Acetolactate synthase (ALS) inhibitors (HRAC/WSSA Group 2): In wheat, there are limited
options for postemergence Italian ryegrass control and growers continue to rely on ACCase- and
ALS-inhibiting herbicides. This imposes great selection pressure on herbicides from these
groups, increasing the likelihood of resistant biotypes evolving. Similar to ACC-inhibitors, ALS-

resistant Italian ryegrass biotypes are widespread across the US (Figure 2, Table 1).

ALS inhibitors are the herbicide group with the largest number of reported resistant
population (Heap I 2024). Inhibition of ALS synthase, also referred to as acetohydroxyacid
synthase, leads to the depletion of essential amino acids, such as isoleucine, valine, and leucine
(Umbarger 1978), as well as the disruption of protein synthesis and photosynthate transport

(Shaner and O’Connor 1991).

In Lolium species, the most common ALS-resistance mechanism is target site mutations
that encode modifications or substitutions in the ALS enzyme. These mutations have been
extensively studied and are often present in both rigid and Italian ryegrass (Han et al. 2012; Liu
et al. 2014), and may confer resistant to other herbicides within the same chemical family or
same MOA (Tranel et al. 2024, Tranel and Wright 2002; Yu et al. 2008). Enhanced metabolism
has also been reported as an ALS resistance mechanism in [talian ryegrass (Mahmood et al.
2016; Scarabel et al. 2020; Yanniccari et al. 2020). While characterizing the resistant profile of
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Italian ryegrass populations from Oregon, Liu et al. (2016) observed that the addition of a P450

inhibitor increased mesosulfuron injury on the ALS-resistant populations tested.

Photosystem II (PSII) inhibitors (HRAC/WSSA Group 5): PSII herbicides are commonly
used for broadleaf weeds and select grass species. Herbicides from this group act by binding to
the D1 protein of the photosystem II complex, blocking the flow of free electrons, and thereby
stopping the production of ATP and NADPHo. Ultimately, plant death is due to overproduction of
reactive oxygen species (Devine et al. 1993). Resistance to these herbicides is commonly

attributed to mutations in the psbA gene, which encodes the D1 protein (Beckie and Tardif 2012).

In Oregon, an Italian ryegrass population was observed to be resistant to atrazine and
diuron (Liu et al. 2014), WSSA herbicide group 5, respectively. Upon further investigation,
researchers reported a Ser-264-Gly substitution which has been linked to triazine resistance

(Beckie and Tardif 2012).

5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) inhibitors (HRAC/WSSA Group 9):
Glyphosate is the only Group 9 herbicide and is the most widely used herbicide in the world.
Inhibiting the EPSPS enzyme, glyphosate interrupts the synthesis of aromatic amino acids, such
as phenylalanine, tyrosine, and tryptophan, essential for plant metabolism and production of
defensive compounds (Duke et al. 2018; Steinriicken and Amrhein 1980). In small grain
production, glyphosate has been historically used preplant burndown due to its efficacy against a
wide range of weeds and no residual activity. Currently, reports of glyphosate-resistant Italian

ryegrass have been reported throughout the southern and western US (Table 1).
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Glyphosate resistance has been extensively studied across multiple weed species and both
TSR and NTSR mechanisms have been reported (Preston et al. 2009; Suzukawa et al. 2021). A
well described glyphosate NTSR mechanism observed in Italian ryegrass is reduced
translocation, where glyphosate is largely retained in the apical portion of treated leaves
(Brunharo and Streisfeld 2022; Nandula et al. 2008; Pérez et al. 2004; Perez-Jones et al. 2007,
Shaner 2009). Mutations in the EPSPS enzyme have been described as TSR mechanisms
(Jasieniuk et al. 2008; Tehranchian et al. 2018). Such mutations reduce glyphosate affinity for its
targeted binding site; however, it confers a lower level of resistance compared to reduced
translocation (Gaines et al. 2010). Another glyphosate TSR mechanism observed in Italian
ryegrass from Arkansas (Salas et al. 2013) is overexpression of EPSPS through gene

amplification (Gaines et al. 2010).

Glutamine synthetase inhibitors (HRAC/WSSA Group 10): Glutamine synthetase is the
second most abundant protein in plant leaves and this enzyme plays a critical role in the
metabolization of ammonia (Bernard and Habash 2009; Takano et al. 2021). Glufosinate is a
potent inhibitor of this enzyme, and, even though the consequential ammonia accumulation is
phytotoxic to plants (Wild et al. 1987), recent studies have demonstrated that plant death occurs
by the rapid light-dependent production of reactive oxygen species (Takano et al. 2020).
Furthermore, glufosinate efficacy is highly dependent on weather conditions, where adequate
moisture, higher temperatures, and abundant sunlight are critical for optimal performance
(Coetzer et al. 2001; Kumaratilake and Preston 2005; Sellers et al. 2003). As a winter annual

weed species, [talian ryegrass is often targeted preplant burndown in late winter or early spring
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(Nandula 2014). Consequently, weather conditions during this timeframe may not be optimal for

glufosinate efficacy.

Currently, there are only two cases of glufosinate-resistant Italian ryegrass in the US
(Avila-Garcia and Mallory-Smith 2011; Karn and Jasieniuk 2017) with both originating from
orchards and vineyards. In Oregon, Avila-Garcia and Mallory-Smith (2011) hypothesized that a
single NTSR mechanism conferred resistance to both glyphosate and glufosinate. The
researchers also highlighted little to no use of glufosinate within the region where populations
were collected whereas glyphosate was the most prevalent herbicide used. Furthermore,
Brunharo et al. (2019) reported that although amino acid substitution was present in the
glutamine synthetase enzyme of the resistant populations, enhanced metabolism was the most

probable cause of resistance.

Very long-chain fatty acid (VLCFA) inhibitors (HRAC/WSSA Group 15). Very long-chain
fatty acids play a major physiological and structural role in plant growth and development. Most
notably, they are a primary component of cell membranes, waxes, and cuticles (Jhala et al. 2024;
Millar and Kunst 1997). Herbicide from this group only have preemergence activity and, in
susceptible plants, apical meristem and coleoptile growth is disrupted after germination, resulting
in plant death (Shaner et al. 2014). Even though group 15 herbicides are largely used across US,
to date, only flufenacet-resistant Italian ryegrass populations have been reported (Heap 2024)
(Table 1). Diicker et al. (2019) investigated the mechanism of flufenacet resistance in Italian
ryegrass populations from the U.S. and Europe and found that flufenacet degraded more quickly

in resistant plants; thus, concluding that the resistance was due to enhanced metabolism.
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Photosystem I (PSI) Electron Diverter (HRAC/WSSA Group 22). Paraquat is a non-selective,
soil-inactive herbicide extensively used preplant burndown, post-directed or in shielded/hooded
applications, and for pre-harvest crop desiccation (Fuerst and Vaughn 1990). Although paraquat
interacts with PSI, it is still unclear if paraquat has a specific binding site at the negatively
charged ferredoxin surface or to the PSI site where ferredoxin binds (Sétif et al. 2010) and if
electrons are accepted from ferredoxin, PSI or both (Vassiliev et al. 1998). Upon reaching its site
of action, this light-dependent herbicide inhibits the photoreduction of NADP* by accepting the
electrons generated in PSI (Babbs et al. 1989; Hawkes 2014). It catalyzes the production of
superoxide via photosynthetic electron transport (Farrington et al. 1973). Paraquat is then
reoxidized to its original form (paraquat dication) and then continues to generate superoxide.
This overwhelming production of reactive oxygen species leads to lipid peroxidation, which

devastates cell membranes and results in tissue desiccation (Nazish et al. 2022; Summers 1981).

In the US, paraquat-resistant Italian ryegrass populations were first reported in a prune
orchard in California during 2017. Additional resistant biotypes have been reported in Oregon,
North Carolina, and Louisiana (Bobadilla et al. 2021; Coco 2022; Heap 2024), with the North
Carolina populations being the first reported in an annual cropping system. It has been
hypothesized that resistance to paraquat may be due to NTSR mechanisms including enhanced
oxygen species detoxification, herbicide exclusion to apoplast, reduced translocation, or vacuolar
sequestration (Fuerst and Vaughn 1990; Hart and Di Tomaso 1994; Hawkes 2014; Jori et al.
2007; Shaaltiel and Gressel 1986). To this date, no biding-site mutations nor enhanced
metabolism have been reported as potential mechanisms of paraquat resistance (Hawkes 2014).

Brunharo and Hanson (2017), while investigating the mechanism of paraquat resistance in the
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Italian ryegrass populations from California, concluded that vacuolar sequestration was the
primary mechanism of resistance. In their studies, the researchers also observed nearly a 20-fold
reduction in paraquat translocation out of the treated leaf by the resistant populations compared

to the susceptible.

Although NTSR are generally believed to be polygenic (Jugulam and Shyam 2019;
Suzukawa et al. 2021), the genetic aspects of such mechanisms are still poorly understood. Yu et
al. (2009) reported that inheritance behaviors in paraquat-resistant rigid ryegrass populations
suggest the resistance trait was conferred by a single dominant or partially dominant nuclear
gene. In a more recent study, Brunharo et al. (2024) elucidated that two chromosomal regions
were associated with paraquat-resistance in Italian ryegrass thus suggesting a polygenic
mechanism. The researchers also reported that specific chromosomal regions contained candidate

genes that encoded a toxin exclusion protein and a cation transporter present in cell membranes.

Multiple herbicide resistance. There has been an alarming increase in multiple herbicide-
resistant Italian ryegrass populations worldwide. In China, a population collected from wheat
fields exhibited resistance to herbicides from groups 1, 2, and 5 (Zhu et al. 2023). Similarly,
Scarabel et al. (2020) reported widespread resistance in Italian ryegrass populations to herbicides
from groups 1 and 2 in Italy and Denmark. In the US, multiple herbicide-resistant biotypes have
been identified in various states, including Oregon, California, Texas, and North Carolina
(Bobadilla et al. 2021; Brunharo and Hanson 2018; Heap 2024; Chandi et al. 2011; Liu et al.
2014; Salas et al. 2013; Singh et al. 2020; Tehranchian et al. 2018). For example, in Oregon, a

population is resistant to herbicides from groups 1, 2, 9, and 15 (Bobadilla et al. 2021). More
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recently, a population resistant to herbicides from groups 1, 2, 9, and 22 was confirmed in North

Carolina (Heap 2024).

Upon further investigation of such populations, multiple studies have identified
accumulation of both TSR and NTSR mechanisms, conferring resistance to a wide range of
MOAs (Kaundun 2010; Liu et al. 2016; Mahmood et al. 2016; Scarabel et al. 2020; Tehranchian
et al. 2018; Yanniccari et al. 2020; Zhu et al. 2023). While TSR may confer cross-resistance to
other herbicides from the same MOA, NTSR mechanisms are poorly understood and may confer
resistance to herbicides from different MOAs to which populations have never been exposed.
These findings highlight the great potential of Italian ryegrass to evolve herbicide resistance,
which is likely due to high genetic diversity in this outcrossing weed species. Furthermore, the
distinct resistance mechanisms identified in these studies suggest that resistance to each
herbicide group appears to have evolved independently, likely linked to temporal pattern of
usage of these herbicides, such as the adoption of paraquat as a burndown option once

glyphosate efficacy reduced, leading to the evolution of multiple herbicide-resistant biotypes.

In summary, Italian ryegrass is a highly adaptable weed species that has successfully
colonized a wide range of agricultural and non-agricultural environments worldwide (Matzrafi et
al. 2021). In US, it is a pressing issue in the southern and western regions. Italian ryegrass
exhibits several weedy traits that contribute to its notoriety, including vigorous growth, prolific
seed production, wide range of seed germination, seed dormancy, outcrossing self-incompatible
species, and high genetic variability (Bararpour et al. 2017; Copetti et al. 2021; Cornish et al.
1979; Kolliker et al. 1999; Maity et al. 2022;). Furthermore, an alarming number of herbicide-

resistant biotypes have been reported across the globe (Heap 2024), with many of biotypes
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resistant to multiple herbicides from different MOAs. Consequently, Italian ryegrass threatens

the sustainability of agricultural systems where it is present.
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Table 1.1. Italian ryegrass resistance status in US.

Number of different MOAs WSSA Group
State with confirmed resistance Number Reference
Arkansas 3 1,2,9 Heap I (2024)
California 5 1,2,9,10,22 Heap I (2024)
Delaware 1 2 Heap I (2024)
Georgia 3 1,2,9 Heap 1 (2024)
Idaho 3 1,2,15 Heap I (2024)
Kentucky 3 1,2,9 Heap I (2024); (Herman 2022)
Louisiana 2 9,22 Heap I (2024)
Maryland 1 1 Heap 1 (2024)
Mississippi 3 1,2,9 Heap 1 (2024)
Missouri 2 1,2 Heap I (2024)
North Carolina 4 1,2,9,22 Heap 1 (2024)
Oklahoma 2 1,2 Heap I (2024)
Oregon 7 1,5,7,9,10,15,22 Bobadilla et al. 2021; Heap 2024; Liu et al. 2014
South Carolina 2 1,2 Heap I (2024)
Tennessee 2 1,9 Ellis et al. (2010); Heap 1 (2024)
Texas 3 1,2,9 Singh et al. (2020)
Virginia 2 1,2 Cahoon (2017); Heap I (2024)
Washington 3 1,2,15 Heap I (2024); Zuger and Burke (2020)
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Figure 1.1. Italian ryegrass (Lolium perenne ssp multiflorum) infestation in a commercial corn

field.
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Resistance to different MOAs
1 7

Figure 1.2. Number of modes of action (MOAs) that Italian ryegrass has developed resistance to

in US by state. References listed in Table 1.
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Confirmation and distribution of paraquat-resistant Italian ryegrass [Lolium perenne L.

ssp. multiflorum (Lam.) Husnot] in North Carolina

Jose H. S. de Sanctis', Charles W. Cahoon?, Wesley J. Everman®, Travis W. Gannon?, Katherine

M. Jennings*, Zachary R. Taylor’

!Graduate Research Assistant, Department of Crop and Soil Sciences, North Carolina State
University, Raleigh, NC,USA; 2Associate Professor, Department of Crop and Soil Sciences,
North Carolina State University, Raleigh, NC, USA; *Professor, Department of Crop and Soil
Sciences, North Carolina State University, Raleigh, NC, USA; *Associate Professor, Department
of Horticultural Science, North Carolina State University, Raleigh, NC, USA; *Research
Specialist, Department of Crop and Soil Sciences, North Carolina State University, Raleigh, NC,

USA. Corresponding author’s E-mail: jhscarpa@ncsu.edu

45


mailto:jhscarpa@ncsu.edu

Abstract

Italian ryegrass (Lolium perenne ssp. multiflorum) is a troublesome weed species commonly
found across the US. In North Carolina, biotypes resistant to herbicides from groups 1, 2, and 9
have been confirmed. In the fall of 2020, multiple growers reported unsatisfactory control of
Italian ryegrass after sequential burndown applications of paraquat in the Southern Piedmont
region of the state. The objectives of this study were to confirm the presence of a paraquat-
resistant Italian ryegrass biotype in the state through a whole-plant dose-response bioassay and to
characterize the response of Italian ryegrass accessions from the same region to commonly used
burndown herbicides. Greenhouse studies were conducted at the NCSU weed science
laboratories to evaluate the response of three putative paraquat-resistant Italian ryegrass biotypes
(R1, R2, R3) and four putative susceptible biotypes (S1, S2, S3, and S4) to paraquat rates
ranging from 52.5 to 26,880 g ai ha™!, and the response of 38 accessions to clethodim (271 g ai
ha!), glyphosate (1260 g ae ha™'), glufosinate (880 g ai ha!), nicosulfuron (63 g ai ha''), and
paraquat (840 g ai ha''), plus a nontreated control. Both trials were conducted as a RCBD, with
five replications and two runs, where each individual plant was considered a replicate. The
effective paraquat dose required to reduce biomass 50% (ED50) for the putative paraquat
resistant biotypes ranged from 570 to 1729 g ai ha’!, equivalent to 19- to 58-fold more resistant
to paraquat compared to the averaged ED50 of susceptible biotypes. This study confirms the
presence of paraquat-resistant Italian ryegrass in North Carolina. Results from the accessions

study revealed a wide distribution of multiple herbicide-resistant biotypes in the southern
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Piedmont region, with 97% and 74% of accessions tested were resistant to >1 and >2 modes of

action, respectively.

Nomenclature. Clethodim; glyphosate; glufosinate; nicosulfuron; paraquat; paraquat-resistant;
herbicide-resistance; Italian ryegrass; Lolium perenne L. ssp. multiflorum (Lam.) Husnot;

LOLMU.

Key words: Multiple herbicide-resistance; annual ryegrass
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Introduction

Italian ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot] is a herbaceous
winter annual grass species native to the Mediterranean region introduced as a forage crop, turf,
or cover crop in several temperate and upland tropical zones across the globe (Humphreys et al.
2010; Lacefield et al. 2003; NIES[ISJ] 2023; Seebens et al. 2017) due to its adaptability and fast
growth rate (Ball et al. 1995). Despite its forage and turf utility, Italian ryegrass has become a

problematic weed worldwide (Matzrafi et al. 2021).

In the United States (US), Italian ryegrass was ranked as a top 10 most troublesome weed
species of wheat in 10 of the 13 southern states (Webster and Nichols 2012). This weed has
prolific seed production of up to 45,000 seeds plant! (Bararpour et al. 2017) and vigorous
growth rate. For instance, Ball et al. (1995) observed that Italian ryegrass leaf production rates
were greater than wheat (7riticum aestivum L. 'Stephens’) and triticale (e, x Triticosecale
'Breaker). In addition, Bararpour et al. (2017) reported that Italian ryegrass produced more tillers
and more spikes per plant than rigid (Lolium rigidum Gaudin), perennial (Lolium perenne L.),
and poison (Lolium temulentum L.) ryegrass, which resulted in Italian ryegrass producing 3.2 to
10.4 times more seeds per plant than any of the other Lolium spp. Previous literature has reported
yield losses ranging from 3.8% to 4% in wheat for every 10 Italian ryegrass plants m™ (Liebl and
Worsham 1987). Bailey and Wilson (2003) reported up to 75% wheat yield loss when Italian
ryegrass was left uncontrolled. Furthermore, Nandula (2014) reported up to 60% of corn yield

loss from Italian ryegrass densities of 4 plants m™.

Italian ryegrass has a high out-crossing rate (Fearon et al. 1983) and high genetic

variability (Karn and Jasieniuk 2017) which may increase the chances of evolution of herbicide
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resistance and rapid spread of weedy traits. Currently in the US, this weed species has developed
resistance to acetyl CoA carboxylase (Group 1), acetolactate synthase (Group 2), photosystem II

(Groups 5 and 6), 5-enolpyruvylshikimate-3-phosphate synthase (Group 9), glutamine synthetase
(Group 10), very long chain fatty acid (Group 15), and photosystem I inhibiting herbicides

(Group 22) (Heap 2024; Liu et al. 2016).

Diclofop-methyl was introduced for Italian ryegrass control in wheat in 1980 (Khodayari
et al. 1983) and was largely adopted across all wheat growing regions (Stanger and Appleby
1989). However, its extensive use selected for diclofop-resistant biotypes in the southern US, of
which 25% exhibit cross-resistance to pinoxaden (Salas et al. 2013). The same study reported
approximately 80% of diclofop-resistant biotypes were also resistant to ALS inhibitors,
exhibiting complex resistance patterns to mesosulfuron, imazamox, and pyroxsulam. Recent
studies have demonstrated that Italian ryegrass has a high frequency of multiple- and cross-
herbicide-resistant biotypes (Brunharo and Hanson 2018). In addition, glyphosate-resistant

Italian ryegrass has also been widely documented across the country (Heap 2023).

In North Carolina, Italian ryegrass has been problematic in wheat and other small grain
crops since the late 1970s (Liebl and Worsham 1987). The first recorded case of herbicide-
resistant Italian ryegrass in the state was a biotype resistant to diclofop-methyl and sethoxydim
reported in 1990. Since then, biotypess resistant to acetolactate synthase inhibitors (Group 2) and
glyphosate (Group 9) have been reported across the state (Heap 2024). While investigating the
susceptibility of Italian ryegrass to diclofop, pinoxaden, mesosulfuron, and pyroxsulam across
North Carolina (NC), Jones et al. (2021) observed widespread distribution of herbicide-resistant

biotypes, with 100%, 5%, 11% and 19% of biotypes tested resistant to the aforementioned
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herbicides, respectively. In addition, the same study reported that the four biotypes resistant to all
the herbicides tested were collected in the Southern Piedmont region of NC. However, with
limited options for postemergence Italian ryegrass control in wheat, growers have continued to
rely on Group 1 and Group 2 herbicides (Carleo and Everman 2020), increasing selection
pressure. Moreover, Italian ryegrass biotypes resistant to glyphosate, which was typically used
for burndown applications, have quickly spread across NC (Cahoon and Everman, personal
communication). Consequently, growers shifted to paraquat for preplant burndown of multiple-
resistant Italian ryegrass. However, due to overreliance on paraquat and lack of alternative
postemergence options, multiple reports of suspected paraquat-resistant Italian ryegrass emerged
from the Southern Piedmont region of NC during the fall of 2020. Therefore, the objectives of
this study were to confirm the presence of a putative paraquat-resistant Italian ryegrass
population in the Southern Piedmont region and to investigate the distribution of multiple
herbicide-resistant biotypes within that region.
Materials and Methods
Plant material

In October of 2020, multiple farmers reported ineffective control of < 10 cm tall Italian
ryegrass by paraquat. Preliminary assessments at the reported locations was consistent with
observation by farmers. Italian ryegrass survived paraquat at rates up to 3,362 g ai ha™! or 4 times
the standard rate (data not shown). Surviving plants from each of the three original locations
(named R1, R2, and, R3) were collected, placed in separated greenhouses to avoid cross
pollination, and grown for seeds. When seeds reached maturity, seedheads were harvested, kept

at room temperature (20 C) for 10 days to reduce moisture while maintaining viability, manually

50



threshed, and stored at -10 C. Four putative paraquat-susceptible biotypes (named S1, S2, S3,
and S4) were obtained from an herbicide-resistant Italian ryegrass distribution study conducted

previously in NC (Jones et al. 2021).
Whole-plant dose-response bioassay

Progeny from each putative paraquat-resistant population were then seeded in 21 cm by
28 cm flats and transplanted at the coleoptile stage into plastic pots (a single plant per pot; 12-cm
diameter by 10-cm deep), containing potting soil mix (SunGro Fafard 4P Mix, Agawam, MA),
and approximately 1 g of Osmocote® Flower Food Granules (14-14-14; Scotts Company,
Marysville, OH, USA) for optimal growth. Greenhouse temperature was maintained at 25/15 C
diurnal fluctuation, irrigation was applied overhead to maintain field capacity, and supplemental
artificial lighting was provided (600 to 1,000 umol m 2 s™! PPFD) for a 14-h photoperiod. Each
experimental unit consisted of a single plant, and plants were treated once they reached 10 cm in

height.

The study was conducted as a randomized complete block design with 5 replications and
2 experimental runs. Seven biotypes (3 putative resistant and 4 putative susceptible) were tested,
and treatments consisted of 10 paraquat (Gramoxone® SL 3.0, Syngenta Crop Protection LLC,
Greensboro, NC, USA) rates plus a nontreated control. Paraquat rates were 0.0625x, 0.125x,
0.5x, 1x, 2x, 4x, 8x, 16x, and 32x of the label recommended rate (840 g ai ha™!); crop oil
concentrate at 1% vol vol ! was included with all treatments. Herbicide treatments were applied
with a CO2-pressurized backpack sprayer calibrated to deliver 187 L ha ! with Teejet

11002AIXR nozzles (TeeJet Technologies, Wheaton, IL, USA).
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At 28 days after application (DAA), aboveground biomass was collected by clipping
Italian ryegrass plants at soil surface; plants were individually packaged in paper bags, dried at

65 C for 10 days and weighted. Biomass reduction was calculated as:
T
BR = 100 x (1‘6) [1]

where BR is the biomass reduction relative to the nontreated plants, 7 is the treated plant

weight, and C is weight of nontreated plants.

Statistical analysis was performed in R (R Core Team 2019) utilizing the base packages
plus the drc: Analysis of Dose-Response Curves package (Ritz et al. 2015). The four-parameter
log-logistic model was used to describe the relationship between Italian ryegrass biomass

reduction and paraquat rates in g ai ha™' (Knezevic et al. 2007):

d-c
Y=c+ {1 +exp[b (log x-loge)]} [2]

where Y is the response variable (Italian ryegrass biomass reduction), c is the lower limit,
d is the upper limit, x is the paraquat rate in 840 g ai ha™!, e is the EDso (paraquat rate where 50%
response between lower and upper limit occurs; inflection point), and b is the slope of the line at

the inflection point.

Root mean square error (RMSE) and modeling efficiency (ME) were calculated to
evaluate goodness of fit for Italian ryegrass biomass reduction (Barnes et al. 2018, De Sanctis et

al. 2021).

RMSE = [1/n Y™ (Pi — 0i)?]'/? [3]

52



where Pi and Oi are the predicted and observed values, respectively, and n is the total
number of comparisons. The smaller the RMSE, the closer the model-predicted values are to the
observed values. The ME was calculated using the following equation (De Sanctis et al. 2021,

Mayer and Butler 1993).
ME =1 —[¥iL,(0i — Pi)?/XiL(0i — 0i)?] [4]

where Oi is the mean observed value and all other parameters are the same as equation

[3]. ME values closer to 1.00 means more accurate prediction.
Herbicide screening of whole plant dose-response biotypes

Biotypes utilized in dose-response bioassay study were also screened against five
commonly used POST herbicides from different modes of action (MOAs). Growing conditions
in the greenhouse, plant size, and application parameters were the same as aforementioned in the

dose-response bioassay study.

The study was conducted as a randomized complete block design with 5 replications and
2 experimental runs, each individual plant was considered an experimental unit. Treatments
consisted of 5 herbicides (clethodim, nicosulfuron, glyphosate, glufosinate, and paraquat) each
belonging to a different MOA plus a nontreated control. Rates, WSSA group number, and

adjuvants are described in Table 1.

Data collected consisted of weekly visual estimation of control (VEC) until 28 DAT.
Statistical analysis was conducted in R (R Core Team 2019) utilizing the base packages plus the
Ime4: Linear Mixed-Effects Models using 'Eigen' and S4 package. VEC data was subjected to
ANOVA to test for significance of fixed and random effects and means. Experimental run and
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replications were treated as random effects and herbicide treatment and biotypes as fixed.

Fisher’s least significant difference was used to separate means at o = 0.05.

Italian ryegrass accessions study

Over the course of the fall and winter of 2020/2021, additional reports of ineffective
paraquat control of Italian ryegrass in the same general area of initial putative resistant biotypes
were received (Figure 3). Due to the historical issues with herbicide-resistant Italian ryegrass in
the Southern Piedmont region of NC, the authors decided to conduct a local assessment of Italian
ryegrass response to POST herbicides from different MOAs. Italian ryegrass seeds were
collected in June 2021 when plants reached maturity. A total of 38 seed samples were randomly
collected from fields naturally infested with Italian ryegrass in Stanly, Union, Anson, Cabarrus,
and Rowan counties. Samples were kept at room temperature (20 C) for 10 days to reduce

moisture while maintaining viability and then manually threshed, cleaned, and stored at -10 C.

Treatments, experimental design, growing conditions in the greenhouse, plant size, and
application parameters were the same as the dose-response bioassay study. Data collected
consisted of weekly VEC and at 28 DAT, plant mortality was assessed visually as dead (no green
tissue; assessed value of 1) or alive (green tissue with evidence of regrowth, assessed value of 0).
Accessions with <50% mortality were classified as resistant to the specific herbicide treatment
(Faleco et al. 2022). Statistical analysis was conducted in R (R Core Team 2019) utilizing the
base packages plus the Ime4: Linear Mixed-Effects Models using 'Eigen' and S4 package. Italian
ryegrass VEC data were subjected to ANOVA to test for significance of fixed and random effects

and means, where experimental run and replications were treated as random effects and herbicide
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treatment and biotypes as fixed. Fisher’s least significant difference was used to separate means
at o= 0.05.
Results and Discussion
Whole-plant dose-response bioassay

Confirming susceptibility of the putative susceptible biotypes, paraquat ED50 and ED90
(paraquat rate where 90% required to reduce biomass by 90%) values ranged from 15 to 37 and
120 to 128 g ai ha™!, respectively. In addition, ED50 of putative paraquat-resistant Italian
ryegrass biotypes were 1729.5 (R1), 570.4 (R2), 899.9 (R3), and g ai ha™'. The ED90 for R2 and
R3 was 17609.0 and 6670.8 g ai ha™!, respectively; however, this value was not observed for the
R1 population. The calculated resistance ratio based on the ED50 was 58-, 19-, and 30-fold for
the R1, R2, and R3 biotypes when compared to the averaged values of susceptible biotypes,
respectively. Therefore, due to the high levels of differential susceptibility observed, paraquat-
resistant Italian ryegrass was confirmed in North Carolina. In the US, paraquat-resistant Italian
ryegrass was first observed in a California orchard (Brunharo and Hanson 2018) with an ED50
of 1089 g ai ha ! and a resistance ratio of 19-fold. Recently, another paraquat-resistant Italian
ryegrass population was confirmed in Louisiana sugar cane (Coco 2022), where paraquat is the

! with a

only labeled postemergence herbicide. For this biotype, the ED50 was 643 g ai ha™
resistance ratio of 15-fold. In both instances, biotypes were found in fields with perennial crops;

paraquat-resistant biotypes form NC would be the first observation in an annual crop setting. The
precise mechanism of resistance is yet to be determied, although restricted paraquat translocation

primarily caused by vacuolar sequestration have been observed in paraquat-resistant biotypes

from California (Brunharo and Hanson 2017). Enhanced reactive oxygen species detoxification
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has also been hypothesized as a potential mechanism of paraquat resistance (Hart and Di Tomaso
1994). To this date no biding-site mutations nor enhanced metabolism have been observed as

mechanisms of paraquat resistance in plants (Hawkes 2014).

Herbicide screening of dose-response biotypes

Because Italian ryegrass resistant to EPSPS-, ALS-, and ACCase-inhibiting herbicides
have already been confirmed in NC (Chandi et al. 2011, Heap 2023, Nandula et al. 2020), an
herbicide screening was established to investigate the resistance profile of biotypes used in the
dose response study. Clethodim was the most effective herbicide, with >91% control for all
biotypes. Moreover, glyphosate performed poorly for all paraquat-resistant biotypes, with <36%
control when compared to >98% control for the susceptible biotypes. Biotypes R2 and R3 had
the lowest nicosulfuron control, with 31% and 17%, respectively. Furthermore, no differences
among biotypes were observed in response to glufosinate, and control ranged from 52% to 69%.
This Italian ryegrass response to glufosinate was expected as this herbicide is generally more
effective on broadleaf weeds compared to grasses (Takano and Dayan 2020). California
researchers reported variable Italian ryegrass control by glufosinate ranging from 58% to 83%
(Moretti 2021). As expected, paraquat controlled susceptible biotypes 100% and resistant

biotypes <51%.

Italian ryegrass accessions study

It is important to note that the goal of the accessions study was to identify multiple-

resistant biotypes in the area. Therefore, plant samples were only collected from agronomic
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fields where Italian ryegrass seedheads were visible, which might indicate that these plants

survived preplant burndown and postemergence herbicides.

Among the herbicides tested, nicosulfuron and glyphosate resulted in the lowest mortality
rate; 97% and 60% of accessions exhibited <50% mortality, respectively, and thus were classified
as resistant (Figure 2). Furthermore, 29%, 13%, and 10% of biotypes were resistance to paraquat,
glufosinate, and clethodim, respectively. The same trend was observed for VEC and mortality
pooled over biotypes (Table 4), where glyphosate and nicosulfuron were the least effective
treatments, with both resulting in 73% VEC and 45% and 26% mortality, respectively. In
addition, clethodim was again the most effective with 98% VEC and 92% mortality. Bobadilla et
al. (2021), while investigating the frequency and distribution of herbicide-resistant Italian
ryegrass accessions from western Oregon, reported that 88% of accessions tested were resistant
to at least one herbicide while 84%, 43%, 11%, and 8% of biotypes were resistant to

mesosulfuron-methyl, glyphosate, clethodim, and paraquat, respectively.

Only one population (NC34) exhibited susceptibility to all herbicides whereas 74% of
accessions were classified as resistant to 2 or more herbicides. Furthermore, 58% of accessions
were resistant to both nicosulfuron and glyphosate (Figure 3; treatments applied separately).
Among the accessions resistant to paraquat, all also exhibited resistance to nicosulfuron and
glyphosate. One accession, NC16, was classified as resistant to clethodim, glyphosate,
nicosulfuron, and paraquat. The existence of a four-way resistant Italian ryegrass biotype is
concerning and poses a great challenge to farmers who may not have a viable postemergence
herbicide option to control this biotype. These results indicate majority of Italian ryegrass within

the Southern Piedmont region of North Carolina have resistance to at least one herbicide, such
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findings reflect the consequences of excessive reliance on a single approach to weed
management. Reports of Italian ryegrass populations resistant to multiple herbicides are
abundant in the literature. In California, Brunharo and Hanson (2018) reported a population
resistant to clethodim, fluazifop-P-butyl, glyphosate, paraquat, and pyroxsulam (WSSA herbicide
groups 1, 2, 9, and 22). Italian ryegrass biotypes from Washington and Idaho were reported to be
resistant to herbicides from groups 1, 2, and 15 (Rauch et al. 2010), in the same study, authors
reported that 12% and 25% of accessions were cross-resistant to all ACCase— and ALS—
inhibiting herbicides tested, respectively (Group 1: diclofop, clodinafop, quizalofop,
tralkoxydim, sethoxydim, and clethodim; Gro up 2: pinoxaden, triasulfuron, mesosulfuron,
flucarbazone, and imazamox). Bobadilla et al. (2018) reported that 75% of Italian ryegrass
populations screened were resistant to multiple herbicides and 20% were resistant to herbicides
from groups 1, 2, 9, and 15. A statewide survey of NC, Jones et al. (2021) reported Italian
ryegrass biotypes resistant to multiple ACCase— and ALS—inhibiting herbicides; in addition, the
authors also reported that all 155 populations evaluated were resistant to diclofop-methy].
Therefore, it is likely that the majority of the 38 populations in this study also exhibit diclofop-

resistance.

Practical Implications

Results from the whole-plant dose-response bioassay confirmed high levels of paraquat
resistance in all three biotypes tested, with resistance ratios of 19 to 58-fold. The confirmation of
paraquat-resistant Italian ryegrass in North Carolina further complicates management of a weed
NC farmers rank as one of the most troublesome in the state. More worrisome, the widespread

distribution of multiple-herbicide resistant biotypes in the Southern Piedmont region leaves
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farmers with limited postemergence herbicide options to effectively manage this weed. Biotypes
resistant to glyphosate and paraquat poses a challenge preplant burndown operations and growers
may have to rely on alternative methods to manage Italian ryegrass during the fall/winter
months, such as fall-applied residual herbicides, cover crops, and/or tillage. Furthermore, in
small grains systems, there are virtually no postemergence herbicide options available to
effectively manage four-way resistant Italian ryegrass. Preemergence herbicides, especially those
from group 15, remain an effective and reliable option but selection pressure will only increase

on this valuable MOA as postemergence options are lost.

To successfully manage multiple-resistant Italian ryegrass, a multi-faceted approach that
does not rely solely on herbicides is needed. Best management practices for mitigating the
evolution and/or spread of herbicide resistant weed biotypes includes using multiple effective
herbicide MOAs, keep fields as weed free as possible, prevent or reduced weed soil seedbank
replenishment, and incorporate cultural and mechanical practices (Norsworthy et al. 2012). Fall-
applied residual herbicides have been studied from fall/winter management of herbicide resistant
Italian ryegrass (Bond et al. 2014); however, residual herbicides activity is reduced over time and
additional preplant control tactics might be necessary. Cover crops can effectively suppress
troublesome winter annual weeds during the fall/winter/early spring months (Pittman et al. 2019;
Hayden et al. 2017) as long as an adequate level of biomass production is reached, with studies
estimating at least 5000 kg ha—1 for satisfactory weed suppression (Nichols et al. 2020). Cechin
et al. (2021) reported that 3 years of continuous use of fall/winter cover crops resulted in up to
96% Italian ryegrass control and up to 99% reduction in Italian ryegrass soil seedbank when

compared to nontreated check. Furthermore, windrow burning is a technique widely
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implemented in Australia to reduce seed bank replenishment of herbicide-resistant rigid ryegrass
(Walsh and Newman 2007); in the US, Lyon et al. (2016) reported that this tactic reduced Italian
ryegrass seed viability by 99%. Other harvest weed seed control tactics include impact mill seed
destruction, chaff lining, and chaff removal (Walsh et al. 2017; Beam et al. 2019). Although
multiple alternative and effective weed control tactics exist, further research is needed to
determine how to best integrate chemical and nonchemical tactics to better control multiple

herbicide-resistant Italian ryegrass.
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Table 2.1. Herbicide products and application rate for greenhouse experiments conducted at the North
Carolina State University Weed Science Laboratories.

Common name WSSA group Trade name Rate Manufacturer
number
g ai/ae
ha™!
Clethodim®® 1 Select Max® 272 Valent, San Ramon, CA
Nicosulfuron®® 2 Accent® Q 344 Du Pont, Wilmington, DE
Roundup Bayer Crop Science, St Louis,

Glyphosate 9 PowerMax® 3 1260 MO

. . BASF Ag Products, Research

b )

Glufosinate 10 Liberty® 880 Triangle Park, NC
Paraquat® 22 Gramoxone® SL 3.0 840 Syngenta Crop Protection,

Greensboro, NC

*Nonionic surfactant at 0.25% (vol/vol) as included as instructed by label directions.
®Ammonium sulfate at 3% (vol/vol) as included as instructed by label directions.
“Crop oil concentrate at 1% (vol/vol) as included as instructed by label directions.
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Table 2.2. Estimates of the model parameters, paraquat dose required to reduce the aboveground biomass of Italian ryegrass biotypes by
90% (ED9o), resistance ratio, and model goodness of fit at 28 days after paraquat treatments in a whole-plant dose—response bioassay
conducted in greenhouse at the North Carolina State University Weed Science Laboratories.

Model goodness of

Population Parameter Estimates® fit

Lower Upper

Limit limit Slope EDso® EDo° Resistance

(£SE) (£SE) (£SE) (£SE) (£SE) Ratio®? RMSE ME

EDso(R)/EDso(S)

S1 -0.1(1.5) 94.1(0.6) -2.5(0,4) 37.0 (2.7) 128.2 (19.2) 4.7 0.97
S2 0.0(1.4) 955(0.6) -2.1(0.3) 33.2(2.7) 120.1 (13.9) 4.4 0.98
S3 -0.1(1.4) 96.7(0.6) -1.3(0.2) 15.2 (4.4) 121.8 (18.3) 4.2 0.98
S4 -0.6(1.9) 95.6(0.8) -2.2(0.4) 34.6 (4.0) 124.5 (19.8) 5.9 0.96
R1 10.8 (2.5) 74.6(3.5) -5.3(4.3) 1729.5(130.7) - 58%* 18.1 0.72
R2 2.8(5.0) 90.7(4.2) -14(03) 570.4(99.3) 17609.0 (14090.0) 19* 18.0 0.79
R3 9.5(5.0) 95049 -1.4(04) 899.9(68.7) 6670.8 (3881.6) 30* 13.5 0.86

Four-parameter log-logistic model: Y =c + (d —c)/{1 + exp [b (log x —log e)]}; where Y is the response variable (biomass reduction), c is
the lower limit, d is the upper limit, x is the paraquat rate expressed in g ai ha™!, e is the EDso (paraquat rate where 50% response between
lower and upper limit occurs; inflection point), and b is the slope of the line at the inflection point.

bResistance ratio was determined by dividing the predicted value of the putative resistant (R) accession by the predicted value of the average
of the susceptible (S) accessions.

“Predicted paraquat rates are shown in g ai ha™'.

dSignificant R/S ratios based on 95% confidence intervals are indicated with an asterisk (*).
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Table 2.3. Italian ryegrass visual estimations of control at 28 days after herbicide application
on putative paraquat resistant and putative paraquat susceptible populations tested in whole-
plant dose-response essay study conducted in greenhouse at the North Carolina State University
Weed Science Laboratories.

Population Herbicide®®

Clethodim®® Glufosinate Glyphosate Nicosulfuron®  Paraquat®

_____________________ O e e

S1 100 53 100 a 100 a 100 a
S2 100 64 100 a 87 ab 100 a
S3 100 60 100 a 61 c 100 a
S4 100 52 98 a 91 a 100 a
R1 100 64 36 b 70 bc 13 c
R2 100 69 30 b 31 d 51 b
R3 91 64 36 b 17 d 29 c

iMeans presented within the same column and with no common letter(s) are significantly
different according to Fisher’s protected LSD. Significance levels: NS, nonsignificant at o =
0.05; *P <0.05; **P <0.01; ***P <0.001.

®Herbicide treatments: clethodim (272 g ai ha™'), glufosinate (880 g ai ha™'), glyphosate (1260
g ac ha™!), nicosulfuron (34.4 g ai ha™!), and paraquat (840 g ai ha™!).

“Nonionic surfactant at 0.25% (vol/vol) as included as instructed by label directions.
dAmmonium sulfate at 3% (vol/vol) as included as instructed by label directions.

°Crop oil concentrate at 1% (vol/vol) as included as instructed by label directions.
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Figure 2.1. Dose—response curves of three putative paraquat resistant biotypes (R1, R2, R3; solid lines) and four putative susceptible
biotypes (S1, S2, S4, S4; dashed lines) collected from North Carolina. Graph representing the effect of aboveground biomass
reduction of Italian ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot] biotypes harvested at 28 days after herbicide
treatment in the whole-plant dose—response bioassays conducted in the greenhouse at the North Carolina State University Weed

Science Laboratories. The red vertical line represents the standard paraquat rate (840 g ai ha™').
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Figure 2.2. Italian ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot] plant mortality (+ standard error) in response to

commonly used spring burndown herbicides. Accessions with mortality <50% (represented by the red line) were classified as resistant.
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Data from the 38 accessions evaluated for all herbicides applied postemergence are presented. This study was conducted in

greenhouse conditions at the North Carolina State University Weed Science Laboratories.
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Figure 2.3. Geographic distribution of Italian ryegrass [Lolium perenne L. ssp. multiflorum
(Lam.) Husnot] accessions collected from counties within the Southern Piedmont region of
North Carolina and the resistance profile of those populations. Data from the 38 accessions
evaluated for all herbicides applied postemergence are presented. Stacked resistance indicates the
number of herbicides from different MOAs that the specific populations exhibited mortality
<50% and paraquat sensitivity indicates whether or not the population exhibited mortality <50%

to paraquat.
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Abstract

Italian ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot] is a troublesome winter
annual weed species commonly found North Carolina. Recently, several paraquat-resistant
biotypes were confirmed in the Southern Piedmont region of the state; such biotypes were also
resistant to herbicides from groups 1, 2, and 9. The objectives of this study were to identify the
mechanism of paraquat resistance through absorption, translocation, metabolism, and cell
electrolyte leakage studies as well as investigate the presence of known target site mutations that
confer resistance to glyphosate and ACCase-inhibiting herbicides. A total of three known
paraquat-resistant (PR; R1, R2, and R3) and two paraquat-susceptible (PS; S1 and S2) biotypes
were used to investigate the mechanism of paraquat resistance. Furthermore, two biotypes (NC14
and NC16), confirmed to be resistant to clethodim, were included to investigate target site
mutations. The rate of '*C-paraquat absorption as well as the maximum absorbed was similar
between PR and PS biotypes, with maximum absorption ranging from 90% to 95% of total '*C-
paraquat applied. Translocation studies revealed the presence of a potential sequestration
mechanism, in which *C-paraquat translocation by PR biotypes was reduced 3.7 to 6.1 fold
compared to PS biotypes. There was no evidence of paraquat metabolism. In the cell electrolyte
leakage study, leaf segments were pretreated with electron transporter inhibitors to block
potential plant systems that reduce intracellular paraquat movement. All inhibitors tested
increased the susceptibility of PR biotypes to paraquat, with sodium orthovanadate resulting in
the greatest response in R1 and R2 biotypes. However, none of the treatments resulted in a
response similar to the PS biotype. Although no target site mutations were observed in the
EPSPS enzyme, a total of five different amino acid substitutions were evident in the ACCase

enzyme of the NC14 and NC16 biotypes.
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Nomenclature: Italian ryegrass, Lolium perenne L. ssp. multiflorum (Lam.) Husnot, paraquat-
resistant Italian ryegrass, '“C-paraquat, absorption, translocation, metabolism, electrolyte

leakage, ACCace-inhibitor, ALS-inhibitor.

Keywords: Multiple herbicide-resistance, target site mutation, reduced translocation, electron

transporter inhibitors, target site mutation, clethodim, trifloxysulfuron, glyphosate
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Introduction

Ryegrass (Lolium ssp.) species are composed of herbaceous annual or short-lived
perennials native to the Mediterranean region (Hubbard 1968). The first reports of its
domestication as a forage crop date back to 17th century in Italy (Beddows 1973), and by the
early 1830s, ryegrass species use had spread to various European agronomic regions, including
France, Switzerland, and England (Braun 1834; Lacefield et al. 2003). Favorable forage
characteristics, as well as its popularity in Europe, led to species within this genus being widely
adopted as a forage worldwide (Humphreys et al. 2010). Currently, ryegrass species are the most
important and widely grown turf and forage in temperate and upland tropical zones, being found
on all continents, with the exception of Antarctica (Lacefield et al. 2003; NIES[ISJ] 2023;

Pasquali and Barcaccia 2020; Seebens et al. 2017).

Humphreys et al. (2010) estimated that over 12 million ha are planted with Lolium ssp for
forage production in Europe. In the US, nearly 1.2 million ha are planted with Lolium ssp
annually, with 90% destinated for winter forage in the South (Steckel and Bond 2023). Oregon is
the largest ryegrass seed producing state in the country with approximately 66,800 harvestable ha
in 2024 (USDA-NASS 2024). In turf systems, ryegrass species are used as a permanent turf in
the northern US and Canada, and for overseeding in dormant turf in the southern US (Shaddox et

al. 2023).

Within the Lolium genus, the most widely distributed are perennial ryegrass (Lolium
perenne L.), rigid ryegrass (Lolium rigidum Gaudin), and Italian ryegrass [Lolium perenne L.
ssp. multiflorum (Lam.) Husnot]. Despite their popularity as forage crops, these species have

quickly adapted and become problematic weeds worldwide (Matzrafi et al. 2021).
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In the US, Italian ryegrass ranked as the most troublesome weed in small grains in 1994
and 2008 and among the 20 most troublesome weeds in corn (Zea mays L.) in 2008 (Elmore
1988; Webster and Nichols 2012). Numerous studies have highlighted significant wheat yield
loss associated with Italian ryegrass interference. For instance, Liebl and Worsham (1987)
observed a 0.4% wheat yield reduction for every Italian ryegrass plant m 2. Hashem et al. (2000)
reported a 92% wheat yield reduction if Italian ryegrass, at densities as high as 400 plants m 2,
was left uncontrolled. In corn, Italian ryegrass densities of 4 plants per meter row resulted in a

72% stand loss and up to 60% yield loss (Nandula 2014).

Italian ryegrass competitiveness with wheat and other crops can be attributed to its vigorous
growth rate. Previous research reports Italian ryegrass has greater leaf production rates than wheat
(Triticum aestivum L. 'Stephens’) and triticale (e, x Triticosecale 'Breaker) (Ball et al. 1995) with
Italian ryegrass having as much as 6.6 times greater leaf area at the canopy top (Hashem et al.
2000). Other studies have highlighted that Italian ryegrass has greater root surface area compared
to wheat, which resulted in a greater nutrient uptake and increased competitiveness ability under
low fertility conditions (Cralle et al. 2003; Liebl and Worsham 1987; Stone et al. 1998). Moreover,
Bararpour et al. (2017), while investigating Italian, perennial, rigid, and poison ryegrass (Lolium
temulentum L.) accessions from Arkansas, reported greater competitive ability of Italian ryegrass
compared to the other Lolium species. In their research, Italian ryegrass had more tillers, spikes,
spikelets, and seeds plant™ than perennial, rigid, and poison ryegrass. The aforementioned

researchers also reported Italian ryegrass may produce as much as 45,000 seeds plant ™.

Apart from having a vigorous growth rate and a prolific seed production, Italian ryegrass

is a self-incompatible and outcrossing species (Cornish et al. 1979) with high genetic diversity
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(Karn and Jasieniuk 2017; Matzrafi et al. 2021). Not surprisingly, this weed is also notorious for
evolving herbicide resistance. In the US it has evolved resistance to 7 different modes of actions
(MOAs) (Bobadilla et al. 2021; Heap 2024; Liu et al. 2014), including acetyl CoA carboxylase
(ACCase), acetolactate synthase (ALS), photosystem II (PSII), 5-enolpyruvylshikimate-3-
phosphate synthase (EPSPS), glutamine synthetase, very long chain fatty acid inhibitors, and
photosystem I (PSI) inhibiting herbicides belonging to HRAC/WSSA Groups 1, 2, 5, 9, 10, 15,
and 22, respectively. Moreover, there is an alarming number of multiple- and cross-resistance
Italian ryegrass biotypes reported in the literature (Heap 2024; Jones et al. 2021; Rauch et al.
2010; Salas et al. 2013; Suzukawa et al. 2021). For example, while investigating Italian ryegrass
populations from Northwestern Oregon, Bobadilla et al. (2021) reported that 86% of biotypes
tested were resistant to two or more MOAs. More recently, in North Carolina, an Italian ryegrass
biotype was confirmed to be four-way resistant to clethodim, glyphosate, nicosulfuron, and

paraquat (De Sanctis et al. 2023).

Paraquat is a PSI-inhibitor (WSSA group number 22) commonly used for burndown, crop
desiccation, and shielded spray application due to its non-selectivity and lack of soil residual
activity (Fuerst and Vaughn 1990). Upon entering the plant, paraquat cell uptake is mediated by
plasma membrane polyamine transporters (Hart et al. 1992). Once inside the cell, it is then
transported into the thylakoid membrane of the chloroplast to its site of action. Paraquat di-cation
then accepts electrons originating from PSI to form paraquat mono-cation; thus inhibiting the
production of NADPH and catalyzing a reaction that generates superoxide from divalent oxygen
(Farrington et al. 1973). This electron transfer returns paraquat to its original form (di-cation);

hence, perpetuating superoxide production until the electron supply from PSI is exhausted.
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Through a series of processes, superoxides produce various reactive oxygen species leading to
massive lipid peroxidation, rapid cell destruction, and ultimately, desiccation and necrosis of

plant tissue (Nazish et al. 2022; Summers 1981).

In the US, the first report of paraquat-resistant Italian ryegrass was in a prune orchard in
California in 2017 (Brunharo and Hanson 2017). Currently, other paraquat-resistant biotypes
have been reported in Oregon, North Carolina, and Louisiana (Bobadilla et al. 2021; Coco 2022;
Heap 2024), with the North Carolina biotypes being the only ones found in an annual row crop
system. In North Carolina, the rapid spread of glyphosate-resistant Italian ryegrass led growers to
rely on paraquat as the primary option for burndown (Cahoon and Everman, personal
communication). Consequently, the overreliance on paraquat to control this weed resulted in the
evolution of paraquat resistance. Resistance to paraquat has previously been associated with non-
target site mechanisms due to lack of a targeted enzyme associated with the herbicide. Therefore,
the objectives of this study were to investigate the mechanism of paraquat resistance in Italian
ryegrass biotypes from North Carolina through (1) absorption, translocation, and metabolism
studies utilizing radiolabeled paraquat, (2) investigate paraquat intracellular behavior when
including cell electron transporter inhibitors, and (3) to identify the presence of target site

mutations conferring resistance to glyphosate and ACCase-inhibiting herbicides.

Materials and Methods

Plant material

Paraquat-resistant (PR) and paraquat-susceptible (PS) biotypes were the same used in a
whole-plant dose-response experiment that originally confirmed the presence of PR Italian
ryegrass in North Carolina (de Sanctis et al. 2022). In the aforementioned experiment, three
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resistant biotypes were identified to be 19— to 58—fold resistant to paraquat compared to the
effective dose that reduced plant biomass 50% (EDso) of susceptible biotypes, which was
equivalent to 633 to 1887 g ai ha™'; the average EDso of susceptible biotypes was 31.5 g ai ha™'.
All biotypes tested were initially seeded in 21 cm by 28 cm flats and transplanted at the
coleoptile stage into plastic cone-tainers (a single plant per pot; 3.8-cm diameter by 15-cm deep),
containing a 3:1 mix of sand and potting soil (SunGro Fafard 4P Mix, Agawam, MA) plus
approximately 1 g of Osmocote® Flower Food Granules (14-14-14; Scotts Company,
Marysville, OH, USA) for optimal growth. Greenhouse temperature was maintained at 25/15 °C
day/night temperatures, irrigation was applied overhead to maintain field capacity, and
supplemental artificial lighting was provided (600 to 1,000 umol m 2 s! PPFD) for a 14-h
photoperiod. When plants reached 10 cm in height, they were transferred to a growth chamber in
the laboratory and allowed to acclimate for seven days. Temperature was constantly maintained
at approximately 24 °C, artificial lighting was provided for a 14 h photoperiod, and plants were

watered via a subirrigation system.
Absorption and translocation

Two PR (R1 and R2) and two PS (S1 and S2) Italian ryegrass biotypes were used in this
study. Under dim light conditions (no photosynthetic active radiation), the youngest fully
developed leaf was covered and commercial grade paraquat (Gramoxone® SL 3.0, Syngenta
Crop Protection LLC, Greensboro, NC, USA) was applied at 840 g ai ha™! with a CO>-sprayer
calibrated to deliver 140 L ha™'. Within 30 min of the initial application, plants were taken into
the laboratory, the youngest fully developed leaf was uncovered, and a 1 uL solution of '*C -

paraquat containing 10.8 kBq (94% purity, specific activity 136.9 uCi mg ') was placed on the
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adaxial surface of the leaf, approximately 2 cm away from the ligule. To maximize paraquat
translocation, plants were immediately returned to the growth chamber and kept under dark
conditions for 12 h, after which a 14 h photoperiod cycle was initiated. Plants were harvested at
0,4, 8, 12,24, 48, 96, and 192 hours after being exposed to '“C-paraquat. Harvest procedure
consisted of carefully separating the leaf treated with '*C -paraquat (treated leaf), immerging in a
solution containing deionized water plus 0.025% non-ionic surfactant (NIS), and slowly stirring
for 10 secs to capture the non-absorbed *C -paraquat. A 1-mL aliquot of the leaf-wash solution
was added to 20 mL of scintillation fluid (Caborn-14 Cocktail UN2924; Z Scientific, LLC., New
City, NY) and radioactivity was quantified by liquid scintillation spectrometry (LSS) using a
PerkinElmer Tri-Carb 2800TR Liquid Scintillation Analyzer (PerkinElmer Life and Analytical
Sciences, Inc., Waltham, MA). Plants were then further divided into non-treated leaves and roots
and dried for 48h at 60 °C. Dried samples were combusted for 2 min with a biological oxidizer
(OX-500 Biological Material Oxidizer, R.J. Harvey Instrument Co., Tappan, NY), *CO2 was
trapped in a specific CO: trapping solution (Carbo-Sorb E, Perkin Elmer, Waltham, MA, United

States), and radioactivity of the oxidized samples were quantified by LSS.

Absorption data was converted to a percent of total '*C-paraquat applied and fitted to a 3-

parameter log-logistic model [1]:

Y =0+(d- O)exp(— exp(b(log(x) — e))) [1]

where Y is the response variable (percent '*C-paraquat absorbed or percent '*C-paraquat
translocated out of treated leaf), d is the upper limit, x is hours after treatment, e is the ED50
(time in hours where 50% response between zero and upper limit occurs; inflection point), and b

is the slope of the line at the inflection point.



Translocation data was converted to a percent of total '“C-paraquat absorbed and fitted to
the most appropriate model. Data from PS biotypes were fitted to the same aforementioned 3-
parameter log-logistic model [1]. Due to lack of fit, data from PR biotypes was fitted to a linear
regression. Statistical analysis was performed in R (R Core Team 2019) utilizing the base

packages plus the drc: Analysis of Dose-Response Curves package (Ritz et al. 2015).
Metabolism

Italian ryegrass biotypes, plant growth conditions, and treatments were the same as
described in the absorption and translocation study. Plants were harvested at 0, 24, 48, 96, and
192 hours after treatment. The treated leaf was carefully separated and rinsed with the same
aforementioned procedures to quantify non-absorbed '“C-paraquat and plant parts were

immediately stored at -20°C until further analysis.

Plant material was homogenized by minutely cutting samples with a razor blade.
Processed samples were rinsed and vortexed with 5 mL of methanol in a multi-tube vortexer
(MultiTube Vortexer 120, Fisher Scientific., Waltham, MA) for 15 min to extract the analyte.
This step was repeated twice to ensure any remaining analyte was extracted. The captured
solution was combined and then evaporated to near dryness using a 12-position analytical
nitrogen evaporator (Model 111 Organomation N-EVAP; Berlin, MA). Samples were
reconstituted in acetonitrile and placed in an ultrasonic cleaner (Branson 2510 Ultrasonic
Cleaner; Branson., Brookfield, Connecticut) for 10 min to ensure all extracted analyte was in
solution. The reconstituted samples were then filtered with a 0.45-micron polytetrafluoroethylene
syringe filter (Whatman® 6874-1304 GD/X 13 mm syringe filter, PTFE filtration medium
0.45um; Whatman Inc., Clifton, NJ) and vialed for injection. Sample analysis was conducted via
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HPLC-DAD-Beta-RAM using Laura software by LabLogic States equipped with a Poroshell 120
EC-Cl18 silica column (75 mm length by 4.6 mm i.d. and pore size 2.7 micron, Agilent
Technologies, Inc., Wilmington, DE, USA) in line with a flow-through radioactivity detector
(FlowStar LB 513, Berthold Technologies, Bad Wildbad, Germany) and a flow rate of 1 ml m™".
Because paraquat metabolism has not been reported in plants, only parent material was

quantified.
Electrolyte leakage Study

An electrolyte leakage technique was conducted to compare paraquat intracellular
behavior in PR biotypes after inhibition of plasma membrane- and tonoplast-localized
transporters that would hypothetically block paraquat intracellular movement otherwise
(Brunharo and Hanson 2017). Paraquat is a fast acting herbicide that disrupts cell membrane
integrity by catalyzing an overwhelming production of reactive oxygen species (Hawkes 2014);
consequently, cell contents are leaked into the environment. The electrolyte leakage technique is
an indirect measurement of plant cell integrity in which higher conductivity measurement

translates to greater cell membrane disruption by the respective treatment (Dayan and Watson

2011).

When plants reached 10 cm in height, the youngest fully developed leaves were harvested
from three PR (R1, R2, and R3) and one PS biotype (S1). Harvested leaves were cut into 2 cm
long leaf segments, rinsed with deionized water to remove potential impurities from leaf surface,
and incubated in dark for 3 hours with one of five treatment solutions: (1) 100 uM putrescine
(98.5% purity, Sigma—Aldrich, St. Louis, MO, USA), (2) 100 uM sodium-orthovanadate (99.8%
purity, Sigma—Aldrich), (3) 50 uM verapamil (99% purity, Sigma—Aldrich), (4) 100 uM
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potassium nitrate (99% purity, Sigma—Aldrich), or (5) no inhibitor. Solutions also contained 2%
sucrose (wW/w, 95% purity, Thermo Fisher Scientific, Fair Lawn, NJ, United States), | mM 2-(N-
morpholino) ethanesulfonic acid with pH 6.5 (MES, Boston Bioproducts, Ashland, MA, United
States), and 0.1% non-ionic surfactant (Triton X-100, 95% purity, Fisher Scientific, Fair Lawn,

NJ, United States). Samples were stored at 24°C throughout the entire length of the experiment.

Following the dark incubation in the inhibitor solutions, leaf segments were rinsed with
deionized water and transferred to glass tubes containing 3 mL of solution [2% sucrose (w/w) +
1 mM MES] with or without paraquat at 50 uM. Samples were then moved to a growth chamber
and stored in the dark for 12 hours followed by 12 hours of light exposure. Conductivity
measurements were collected at 0, 8, 12, 16, 20, and 24 hours after exposure to paraquat. After
the final conductivity measurement, samples were submitted to four freeze-thaw cycles, which
consisted of freezing samples at -20°C followed by thawing in a 70°C oven for 30 min.
Following freeze-thaw cycles, a final measurement was taken to obtain the maximum
conductivity of the solution. Conductivity readings from each sample were converted to a
percentage of the maximum conductivity. Treatments containing paraquat were used to assess the
role of the transporters in the PR biotypes and treatments without the herbicide were use to

correct for background effects as described by Brunharo and Hanson (2017).

The experiment was designed as a 16 treatment x 6 measurement timing factorial RCB
design with five replications and 3 experimental runs. Treatments consisted of five inhibitor
solutions across three PR Italian ryegrass biotypes plus one PS biotype exposed to paraquat only.
Means plus standard errors were plotted in Figure 3 for illustrative purposes and a mean

separations were conducted with Fisher’s protected least significant difference at a = 0.05.
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Target site mutation

The three aforementioned PR biotypes (R1, R2, R3) plus two biotypes confirmed to be
resistant to clethodim (NC14 and NC16) were also used to this study. In 2022, the response of
multiple Italian ryegrass accessions to postemergence herbicides from different MOAs was
assessed and seed samples were collected from the same counties confirmed to have paraquat-
resistant Italian ryegrass biotypes. In this experiment, NC14 and NC16 were classified as
resistant to clethodim, glyphosate, and nicosulfuron and clethodim, glyphosate, nicosulfuron, and

paraquat, respectively (de Sanctis et al. 2023).

This study was conducted in Houma, LA at the US Department of Agriculture research
facilities. Plants were grown and maintained in a greenhouse under natural light and ambient
temperature from fall 2023 through winter 2024. Plants were grown in potting mix (BM6 All-
purpose mix, Berger Horticultural Products Ltd, Sulphur Springs, TX) and sub-irrigated. At the
three to five leaf stage plants were treated with clethodim (140 g ai ha™!; Section Three, Winfield
Solutions LLC, St Paul, MN, USA), glyphosate (5.60 kg ae ha™'; Roundup PowerMax® 3, Bayer
Crop Science, St Louis, MO, USA), or trifloxysulfuron-sodium (16 g ai ha™'; Envoke, Syngenta
Crop Protection LLC, Greensboro, NC, USA). Applications were made in a Generation 3
Research Track Sprayer (DeVries Manufacturing, Hollandale, MN) calibrated to deliver 140 L
ha™! at 124.1 kPa pressure with a Teejet 8002EVS nozzle. Plants that survived the herbicide were

maintained in the greenhouse and used for sequencing.

Three plants per biotype per herbicide treatment were selected for sequencing, with the
exception of clethodim, where a fourth was selected due to the number of resistance alleles in the
population. RNA was extracted from leaf tissue using the Plant RNEasy Mini Kit (Qiagen
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Sciences Inc, Germantown, MD, USA). All primers used and reference sources are described in
Table 1. For the ACCase and the EPSPS enzymes, PCR products were amplified using qScript
XLT One-Step RT-PCR kit (QuantaBio ©, Beverly, MA, USA) according to the manufacturer’s
instructions. Cycle conditions for both genes were 48°C for 20 min, 94°C for 3 min, 30 cycles of
94°C for 15 s, 55°C for 30 s, and 72°C for 1 min. PCR products were gel purified using the
GenElute Gel Extraction kit (Sigma-Aldrich, Burlington, MA, USA) and were cloned into the
PCR4 vector using the TOPO TA cloning kit coli (Thermo Fisher Scientific, Waltham, MA,
USA) for sequencing with One Shot Top10 Chemically Competent E. coli (Thermo Fisher
Scientific). Transformed bacteria were plated on LB-agar plates with 100 mg/mL amp. Colonies
were screened for presence of the insert by PCR using GoTaq G2 Hot Start Green Master Mix
(Thermo Fisher Scientific). Colonies with the insert were incubated overnight at 37°C in LB-
agar media with 50 mg/mL amp. Plasmids were extracted using the E.Z.N.A. plasmid mini kit II
(Omega Bio-Tek Inc, Norcross, GA, USA). Isolated plasmids were shipped to Genewiz (Azenta
Life Sciences, South Plainfield, NJ, USA) where a Sanger sequencing procedure was conducted.
Results and Discussion

14C-paraquat absorption and translocation.

The rate of '*C-paraquat absorption and the maximum absorbed was similar for both PR
and PS biotypes, where the maximum absorption was observed between 12 and 16 hours after
treatment (HAT) and ranged from 90% to 95% (Table 2; Figure 1). Brunharo and Hanson (2017)
observed that maximum '*C-paraquat absorption was similar in PR and PS Italian ryegrass
biotypes from California (98% to 99%), but PS plants absorbed paraquat faster than PR plants.

Translocation of '“C-paraquat out of the treated leaf was higher in PS biotypes, with

upper limits ranging from 9.3% to 12.1% (Table 3; Figure 2). In PR biotypes, '*C-paraquat

87



translocation followed a linear pattern, with maximum translocation observed at 192 HAT.
Paraquat-resistant plants translocated 2% to 2.5% of '*C-paraquat out of the treated leaf,
equivalent to a 3.7- to 6.1-fold reduction in translocation compared to PS plants. These findings
reveal that the vast majority of paraquat remains in the treated leaf of PR plants suggesting
paraquat sequestration is likely linked to the mechanism of resistance. Moreover, because little to
no symptoms were observed in the PR biotypes, it is reasonable to assume that paraquat is not
reaching the site of action. Similar results were observed in PR Italian and rigid ryegrass
(Tehranchian et al. 2018; Yu et al. 2004) in which the rate of paraquat translocation out of the
treated leaves was lower in PR biotypes compared to PS biotypes. Tehranchian et al. (2018)
reported up to 9% of *C-paraquat translocation out of the treated leaves in the PS biotype,
compared to 1% to 4% translocation observed in PR biotypes. In another study, plants were
subjected to longer dark-incubation periods to increase paraquat translocation, which resulted in
up to 56% '“C-paraquat translocation out of the treated leaf in PS biotype; however, movement
was still restricted in PR biotype with < 3% of translocation out of the treated leaf (Brunharo and
Hanson 2017).
“C-paraquat metabolism

Recovery of *C-paraquat ranged from 95% to 98% and elution of radioactive material
started at 1.3 min after sample injection and ended at 2 min; only a single '“C peak observed in
samples from PR and PS biotypes. This suggests no paraquat metabolism mechanism is present
in resistant biotypes. Multiple studies with different PR weeds have investigated paraquat
metabolism, but none have yet to observe paraquat metabolism in wild plants (Brunharo and
Hanson 2017; Harvey et al. 1978; Hawkes 2014; Norman et al. 1993). However, paraquat

metabolism was identified in an Arabidopsis mutant, where AtPQT11 (a P450 enzyme)
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detoxified paraquat via N-demethylation (Huang et al. 2021). It has been shown that paraquat is
degraded by soil bacteria through a similar N-demethylation and ring cleavage process
(Funderburk and Bozarth 1967).

Electrolyte leakage study

The treatment by time interaction was significant at the a=0.05 level. Therefore, a two-
way ANOVA table was used to evaluate differences between treatments at the various
measurement times.

Leaf segments of the S1 biotype had the highest conductivity with 83% of the maximum
(Table 4; Figure 3). Although none of the inhibitors assessed resulted in conductivity similar to
the S1 biotype, sodium orthovanadate conductivity readings were higher than the other inhibitors
in the R1 (70%) and R2 (69%) biotypes. Furthermore, all inhibitors tested increased paraquat
susceptibility in PR biotypes. As expected, PR biotypes exposed to paraquat only had the lowest
conductivity among treatments.

A similar study was conducted by Brunharo and Hanson (2017), where authors observed
that putrescine reversed paraquat resistance in Italian ryegrass to levels comparable to the PS
biotype. Putrescine has also been shown to inhibit paraquat uptake in corn (Zea mays L.) roots,
indicating that both compounds are transported via a similar carrier system (Hart et al. 1992).
Although putrescine did not completely reverse paraquat resistance, it increased susceptibility of
PR biotypes to paraquat, indicating that either plasma membrane or tonoplast bound polyamine
transporters are likely involved in the mechanism of resistance.

The vacuolar H'-ATPase pumps, located at the tonoplast membrane (also known as
vacuolar membrane) and other organelle membranes, are responsible for pumping protons into

the organelle lumen and is powered by energy originated from ATP hydrolysis (Finbow and
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Harrison 1997; Kabala and Janicka 2023). Potassium nitrate, which inhibits H"-ATPase pumps
activity (Sze 1984), increased susceptibility of the PR biotypes. This suggests paraquat
movement through organelle membranes, likely the vacuole, is potentially involved in the
mechanism of resistance.

Sodium-orthovanadate and verapamil are both inhibitors of plasma membrane ABS
transporters, with sodium-orthovanadate only affecting the P-type ABC transporters (Finbow and
Harrison 1997) whereas verapamil blocks all ABC transporter classes (Shitan et al. 2003). ABC
transporters are a family of proteins widely spread throughout all cell membranes and are mainly
responsible for ion movement across membranes, both inwards and outwards; moreover, they are
known for protecting cell integrity against toxic ions (Kiihlbrandt 2004; Rees et al. 2009). In
addition, sodium-orthovanadate is also known to inhibit plasma-membrane and tonoplast
ATPases (Cocucci et al. 1980; De Michelis and Spanswick 1986). ATPases are a group of
enzymes responsible for harnessing the energy released from ATP breakdown by catalyzing its
hydrolysis (Finbow and Harrison 1997). Consequently, its inhibition has a direct effect on a
plants ability to actively transport any substance through membranes. The fact that sodium-
orthovanadate had higher conductivity measurements in the R1 and R2 biotypes than the other
inhibitors is an indicator that the mechanism of paraquat resistance is dependent on the energy
supplied by ATP hydrolysis to actively transport this herbicide across cell membranes.

Target site mutations

Several studies investigating multiple herbicide-resistant Italian ryegrass reported that
such biotypes are accumulating both target site and non-target site resistance mechanisms
(Brunharo and Hanson 2018; Tehranchian et al. 2018; Lui et al. 2016). The distinct resistance

mechanisms identified in these studies suggest that resistance to each herbicide group appears to
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have evolved independently. This is most likely linked to temporal pattern of usage of these
herbicides, such as the adoption of paraquat as a burndown option once glyphosate lost its
efficacy, leading to the evolution of multiple herbicide-resistant biotypes.

Mutations in the 106 amino acid position of the EPSPS enzyme encoding a proline to
alanine or a proline to threonine substitution have been reported responsible for glyphosate
resistance in Italian ryegrass (Jasieniuk et al. 2008; Tehranchian et al. 2018). However, such
mutations were not observed within the tested biotypes. Other mechanisms of glyphosate
resistance have been observed in Italian ryegrass. For instance, EPSPS gene amplification,
reduced absorption, and reduced translocation have been reported as mechanism of glyphosate
resistance in different Italian ryegrass biotypes (Nandula 2014; Preston et al. 2009; Salas et al.
2013).

Amino acid changes in the ACCase enzyme were present in NC14 and NC16 where both
biotypes had 11781L and W2027C substitutions. Moreover, 12041N and D2078G mutations
were observed in the NC14 biotype. A previous study reported [1781L, [2041N, and D2078G
amino acid mutations in clethodim-resistant Italian ryegrass biotypes from North Carolina
(Nandula et al. 2020). The D2078G mutation confers resistance to ACCase-inhibitors from the
aryloxyphenoxypropionate (FOPS), cyclohexanedione (DIMS), and phenylpyrazoline (DEN)
chemical families (Yu et al. 2007). Additionally, the researchers also reported that this mutation
reduces the specific activity of the ACCase enzyme, which might translate into a fitness penalty.
In the aforementioned study, no loss of ACCase enzyme activity was observed in the [1781L
substitution which is known to confer resistance to FOPS, DIMS, and DEN herbicides. The
W2027C mutation has been reported to confer resistance to FOPS, DENS, and moderately to

DIMS whereas the 12041N mutation confers resistance to FOPS and moderately to DENs
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(Beckie et al. 2012; Kukorelli et al. 2013; Scarabel et al. 2011). Jones et al. (2021) reported that 8
and 155 accessions tested from NC were resistant to pinoxaden and diclofop-methyl,
respectively. It is likely that Italian ryegrass biotypes are accumulating target site mutations to
ACCase-inhibitors in response to intense selection pressure over many years.

Conclusions

North Carolina farmers have long battled herbicide-resistant Italian ryegrass, which poses
significant challenges in small grain production (Liebl and Worsham 1987). Due to limited
postemergence herbicide options, growers have continued to rely on ACCase- and ALS-
inhibiting herbicides to manage Italian ryegrass (Carleo and Everman 2020), increasing the
selection for herbicide-resistant plants. In addition, presence of glyphosate-resistant Italian
ryegrass pushed farmers to rely on paraquat to control multiple herbicide-resistant Italian
ryegrass. Consequently, paraquat resistance imposes a great challenge to preplant burndown
operations in North Carolina, leaving farmers with limited postemergence herbicide options to
control Italian ryegrass. The rate of '*C-paraquat absorption as well as the total absorbed was
similar for both PR and PS biotypes, with maximum absorption ranging from 90% to 95%.
However, '“C-paraquat translocation was reduced in PR biotypes by 3.7- to 6.1-fold when
compared to PS biotypes. Results from this study indicate that restricted paraquat translocation is
directly associated with the paraquat resistance mechanism. Although it was unclear whether
paraquat sequestration into the vacuole is the primary resistance mechanism, increased response
after exposing leaf segment to sodium-orthovanadate indicates that an energy-dependent
transport of paraquat through cell membranes, likely in the tonoplast, is partially involved. The
presence of multiple target site mutations conferring resistance to a wide range of ACCase

inhibitors, coupled with no evidence of EPSPS mutations, along with the results from the
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investigation of the paraquat resistance mechanism, indicates that Italian ryegrass biotypes from
North Carolina are developing complex mechanisms of herbicide resistance by accumulation

both target site and non-target site mutations.
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Table 3.1. Primers for gene cloning and sequencing of targeted fragments encoding EPSPS and ACCase enzymes.

Primer Name Sequence Gene Reference
AWG62 GCAGCACCAGCCAAGAAAT EPSPS Brunharo and Hanson 2018
AW63 GTCGTGCTGCAGCCCAT EPSPS Brunharo and Hanson 2018
CAGTGGCAGACAGATTATT
AWS580 GT ACCase Nandula et al. 2020
CAATTCAGCAAACCGTATC
AWS581 GC ACCase Nandula et al. 2020

ACCase, internal sequencing
AWS582 GCATACAGCGTGAAGATCA primer Nandula et al. 2020

ACCase, internal sequencing
AWS583 GAAGCCTCTCCAGTTAGCA primer Nandula et al. 2020
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Table 3.2. Estimates of three-parameter log logistic parameters for '*C-paraquat
absorption as a percentage of applied in paraquat-resistant and -susceptible Italian
ryegrass populations from North Carolina.

Population Parameter Estimates ? Model goodness of fit
Slope (+SE) Upper limit (+SE) EDS50 (+SE) RMSE ME

S1 1.9 (6.6) 91.3 (1.6) 3.2(2)5) 9.9 0.98

S2 0.7 (0.5) 89.6 (2.3) 2.1(1.2) 10.4 0.98

R1 0.6 (0.2) 94.6 (2.7) 1.9 (1.1) 14.1 0.96

R2 1.0 (0.8) 93.0 (2.7) 3.4 (0.8) 15.4 0.95

2 Three-parameter log-logistic model Y = 0+ (d — O)exp(— exp(b(log(x) — e)));

where Y is the response variable (percent of '*C-paraquat absorption), d is the upper

limit, x is the time in hours after '“C-paraquat exposure, € is the ED50 (paraquat rate

where 50% response between lower and upper limit occurs; inflection point), and b is
the slope of the line at the inflection point.
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Table 3.3. Estimates of three-parameter log logistic parameters for '*C-paraquat
translocation as a percentage of absorbed in paraquat-susceptible Italian ryegrass
populations from North Carolina. Due to lack-of-fit, paraquat resistant Italian ryegrass
populations were fitted to a linear regression.

Population Parameter estimates ? Model goodness of fit
Upper limit ED50

Slope (£SE) (+SE) (£SE) RMSE ME
S1 0.4 (0.1) 12.1 (2.4) 30.3 (26.6) 1.6 0.76
S2 1.1 (0.3) 9.3 (0.6) 28.8(5.9) 1.6 0.74
Population Intercept (£SE) Slope (+SE) RMSE ME
R1 0.8 (0.1) 0.01 (0.001) 0.5 0.6
R2 1.1(0.2) 0.01 (0.002) 1.0 0.4

@ Three-parameter log-logistic model Y = 0 + (d — 0)exp(— exp(b(log(x) — €))); where
Y is the response variable (percent of '*C-paraquat translocated out of treated leaf), d is the
upper limit, x is the time in hours after '*C-paraquat exposure, e is the ED50 (paraquat rate
where 50% response between lower and upper limit occurs; inflection point), and b is the
slope of the line at the inflection point.
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Table 3.4. Effect of electrolyte leakage of study three paraquat-resistant Italian ryegrass
[Lolium perenne L. ssp. multiflorum (Lam.) Husnot] biotypes (R1, R2, and R3) and one
paraquat susceptible (S1) biotype from North Carolina after pre-treatments with four electron
transporter inhibitors plus a paraquat-only treatment.

Time (Hours after treatment)

0 8 12 16 20 24
Conductivity (%) *
S1 + Pqt® 5 ¢ 6 ¢ 14 ¢ 40 Ab 51 Ab 83 Aa
R1 + Pqt 4 d 6 d 11 cd 21 Bbc 29 Eab 37 Fa
R1 +Pqt+ Pu 5 e 8 e 15 d 32 ABc 44 ABCb 59 Da
R1 +Pqt+Pn 5 e 7 de 15 d 33 ABc 47 ABb 60 Da
R1 + Pqt + So 6 e 7 e 17 d 40 Ac 49 ABb 70 Ba
R1 + Pqt + Ver 6 e 8 e 18 d 383 ABc 47 ABb 60 Da
R2 + Pqt 5 ¢ 6 ¢ 12 bc 22 Bb 35 DEa 48 Ea
R2 + Pqt + Pu 6 d 7 d 13 d 31 ABc 42 BCb 60 Da
R2 + Pqt + Pn 6 e 8 de 15 d 31 ABc 43 BCb 61 Da
R2 + Pqt + So 6 d 7 d 14 d 36 ABc 50 ADb 69 Ba
R2 + Pqt + Ver 6 ¢e 8 de 14 d 30 ABc 41 CDb 62 Da
R3 + Pqt 4 ¢ 5 ¢ 14 bc 24 Bb 37 CDa 46 Ea
R3 + Pqt + Pu 5 e 7 e 16 d 34 ABc 46 ABCb 62 Da
R3 + Pqt+ Pn 5d7 d 13 d 34 ABc 46 ABCb 63 CDa
R3 + Pqt + So 5 e 6 de 15 d 35 ABc 48 ABb 67 BCa
R3 + Pqt + Ver 5 d6 d 13 d 29 ABc 43 BCb 59 Da

 Different letters indicate significant differences (p < 0.05) according to Fisher’s protested
least-significant-difference test at 0=0.05. Uppercase letters represent differences between
treatments at the same measurement timing (vertical), and lowercase letters indicate
differences between measurement timings within the same treatment (horizontal).

b Abbreviations: pqt, paraquat; PN, potassium nitrate; PU, putrescine; VER, verapamil; SO,
sodium-orthovanadate.
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Table 3.5. Target site mutations in genes encoding ACCase and EPSPS enzymes from five herbicide-resistant
Italian ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot] biotypes from North Carolina.

ACCase EPSPS
Amino Acid Number 1781 2027 2041 2044 2078 106
Amino Acid I? w I A D P
Resistance
Consensus sequence Profile (WSSA ATA TGG ATT GCT GAT CCA
Group)
NC14 1,2,9 CTA(L) TGC(C) AAT(N) - GGT (G) -
NC16 1,2,9,22 CTA (L) TGT(C) - TCT (S) - -
R1 2,9,22 - - - - - -
R2 2,9,22 - - - - - -
R3 2,9,22 - - - - - -

# Amino acid one letter code: A = alanine; C= cystine; D = aspartic acid; G = glycine; 1= isoleucine; L =
leucine; N = asparagine; P = proline; S = serine; W = tryptophan.
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Figure 3.1. Dose-response curves representing the absorption of '*C-paraquat into treated leaf of paraquat-resistant (R, solid lines) and
-susceptible (S, dashed lines) Italian ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot] biotypes from North Carolina as a
percentage of total applied. Lines represent three-parameter log-logistic model: Y = 0 + (d — 0)exp(— exp(b(log(x) — €))); where

Y is the response variable (percent of '*C-paraquat translocated out of treated leaf), d is the upper limit, x is the time in hours after 1*C-
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paraquat exposure, ¢ is the ED50 (paraquat rate where 50% response between lower and upper limit occurs; inflection point), and b is

the slope of the line at the inflection point. Data points are means and bars represent standard errors.

§S1 --«- 82 —— R1 —— R2

121
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Hours after Treatment (h)

14C-paraquat Translocation (% of absorbed)

Figure 3.2. Translocation of radiolabeled paraquat out of the treated leaf of paraquat-resistant (R, solid lines) and -susceptible (S, dashed

lines) Italian ryegrass as a percent of total absorbed. Dashed lines represent three-parameter log-logistic model: ¥ =0 +
(d — 0)exp(— exp(b(log(x) — €))); where Y is the response variable (percent of “C-paraquat translocated out of treated leaf), d is the

upper limit, x is the time in hours after '4C-paraquat exposure, ¢ is the ED50 (paraquat rate where 50% response between lower and
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upper limit occurs; inflection point), and b is the slope of the line at the inflection point. Solid lines represent linear regression (Y = ax

+ b). Data points are means and bars represent standard errors.
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Figure 3.3. Electrolyte leakage of three paraquat-resistant Italian ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot]
biotypes from North Carolina after pre-treatment with five electron transporter inhibitors. Abbreviations: PR, paraquat-resistant; PS,

paraquat-susceptible; pqt, paraquat; PN, potassium nitrate; PU, putrescine; VER, verapamil; SO, sodium-orthovanadate.
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Abstract

North Carolina growers have long struggled to control Italian ryegrass [Lolium perenne ssp.
multiflorum (Lam.) Husnot], especially in the Southern Piedmont region, where no-till systems are
popular due to soil conservation practices. Also in the region, recent research confirmed Italian
ryegrass biotypes resistant to nicosulfuron, glyphosate, clethodim, and paraquat. To avoid the
spread of such biotypes and provide effective control of Italian ryegrass it is crucial to integrate
alternative management strategies. The objectives of this study were to evaluate Italian ryegrass
control with cover crops and fall-applied residual herbicides and investigate the level of cover crop
injury from residual herbicides. This study was conducted during the fall/winter of 2021-22 in
Salisbury and in the fall/winter of 2021-22 and 2022-23 at Clayton, NC. The study was designed
as a 3x5 split-plot, where the main plot consisted of three cover crop treatments (no-cover, cereal
rye at 80 kg ha’!, and crimson clover at 18 kg ha™') and the subplots consisted of five residual
herbicide treatments (S-metolachlor, flumioxazin, metribuzin, pyroxasulfone, and non-treated). In
the 2021-22 season at Clayton, metribuzin injured cereal rye and crimson clover 65% and 55%,
respectively. However, metribuzin injured both cover crops <6% in 2022-23. Flumioxazin resulted
in unacceptable crimson clover injury with 50% and 38% in 2021-22 and 2022-23 in Clayton and
40% at Salisbury, respectively. In the absence of preemergence herbicides, cereal rye controlled
Italian ryegrass 85% and 61% at 24 WAP in 2021-22 and 2022-23 at Clayton and 82% in Salisbury,
respectively. In 2021-22, Ttalian ryegrass seed production was lowest in cereal rye treatments at
both locations, except when cover crop was treated with metribuzin. For example, in Salisbury,
cereal rye plus metribuzin resulted in 39324 seeds m 2, compared to <4386 seeds m 2 from all

other cereal rye treatments. In the 2022-23, Italian ryegrass seed production in cereal rye was lower

112



when either metribuzin or pyroxasulfone were used PRE (2670 and 1299 seeds m 2, respectively)

when compared to cereal rye without herbicides (5600 seeds m2).

Nomenclature: Cereal rye, crimson clover, Italian ryegrass, Lolium perenne L. ssp. multiflorum
(Lam.) Husnot; residual herbicides, S-metolachlor, flumioxazin, metribuzin, pyroxasulfone, seed

production

Keywords: Integrated weed management, preemergence herbicides, PRE.
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Introduction

The world population is expected to reach 9.7 billion by 2050 and peak at approximately
10.4 billion people in 2086 (Ritchie et al. 2024). This prospect creates unprecedented demands for
more efficient and sustainable agriculture. Consequently, minimizing yield losses is a crucial step
to achieve optimal crop productivity. Weed management is a major challenge for agricultural
systems worldwide and substantial yield losses are expected if weeds are left uncontrolled. Oerke
(2006) identified weed competition as the biggest threat to the major commodities crops cultivated
worldwide, with an average of 34% potential yield loss. In the United States (US) and Canada,
researchers estimated 50% and 52% potential yield loss in corn (Zea mays L.) and soybean

(Glycine max L.) if weeds are left uncontrolled, respectively (Soltani et al. 2016, 2017).

Chemical weed management is the most adopted and cost-effective weed control method
in the US (Owen 2016); however, the rapid evolution of herbicide resistance threatens the long-
term sustainability of agricultural systems (Evans et al. 2016). Currently, there are 533 unique
cases of herbicide resistance documented worldwide across 273 species (Heap 2024). Italian
ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot] is a winter annual weed species
notorious for evolving resistance to herbicides with 75 unique cases of herbicide resistance across
8 distinct modes of action (MoAs) reported worldwide (Heap 2024). In the US, this weed has
evolved resistance to 7 herbicides MoAs, including HRAC/WSSA groups 1, 2, 5, 9, 10, 15, and

22 (Heap 2024; Liu et al. 2014).

Italian ryegrass has ranked as the most troublesome weed in small grains and among the
top 20 most troublesome weeds in corn (Webster and Nichols 2012). Previous studies have shown

significant yield losses in wheat (7riticum aestivum L. 'Stephens’) and corn if Italian ryegrass is
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left uncontrolled, with up to 92% and 60% yield loss, respectively (Hashem et al. 2000; Nandula
2014). Moreover, Italian ryegrass has vigorous growth, with greater leaf production rates and root
surface area than wheat (Ball et al. 1995; Cralle et al. 2003). Bararpour et al. (2017), while
investigating morphological characteristic of Lolium ssp. accessions from Arkansas, reported that
Italian ryegrass produced more tillers, more spikes plant™!, and more spikelets spike™! than rigid
(Lolium rigidum Gaudin), perennial (Lolium perenne L.), and poison (Lolium temulentum L.)
ryegrass, which resulted in Italian ryegrass producing 3.2 to 10.4 times more seeds per plant than

any of the other Lolium spp. and as much as 45,000 seeds plant .

In North Carolina, Italian ryegrass has been a problem in wheat and other crops since the
late 1970s (Liebl and Worsham 1987). A state-wide herbicide investigation of Italian ryegrass
accessions revealed widespread resistance to group 1 and 2 herbicides (Jones et al. 2021). Recently,
a biotype resistant to nicosulfuron, clethodim, glyphosate, and paraquat (HRAC/WSSA groups 1,
2,9, and 22, respectively) was identified in the Southern-Piedmont region of North Carolina (De
Sanctis et al. 2023), which is an important wheat production region of the state (NASS-USDA
2023). However, due to limited postemergence herbicide options labeled for small grains, growers
have continued to rely on ACCase- (Group 1) and ALS-inhibiting (Group 2) herbicides to manage
Italian ryegrass (Carleo and Everman 2020), increasing the selection for herbicide-resistant

biotypes.

To mitigate the evolution and/or spread of herbicide resistance biotypes, alternative control
tactics must be implemented to successfully manage multiple herbicide-resistant weed biotypes
(Norsworthy et al. 2012). Among alternative control tactics, tillage, fall-applied residual

herbicides, and cover crops have been studied for managing herbicide-resistant winter annual
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weeds across different US agronomic systems (Bond et al. 2014, 2022; Davis et al. 2010; Maity et
al. 2022; Pittman et al. 2019; Sherman et al. 2020; Trusler et al. 2007). Tillage can be an effective
practice for managing troublesome weeds when used in conjunction with a sound herbicide
program (Farmer et al. 2017). However, due to its topography and soil characteristics, the Southern
Piedmont region of North Carolina has an elevated risk of soil erosion, which may limit tillage in
this area (Daniel 1987; Trimble 1975). Furthermore, many NC farmers are enrolled in government
soil conservation programs that may restrict tillage practices (NRCS-USDA 2024; NCDACS
2024). Cover crops planted after cash crop harvest are a promising weed control tactic that may
suppress Italian ryegrass germination and growth during the late fall to early spring (Reeves 2022)
as well as reduce the risk of erosion and improve soil health (Dabney et al. 2001). However, Italian
ryegrass may germinate before or simultaneously to cover crops (Mohler et al. 2021), which can
reduce cover crops establishment and competitiveness. In addition, previous research reports
winter weed suppression to be driven by early-season cover crop establishment and growth
(Baraibar et al. 2018; Dorn et al. 2015). Fall-applied residual herbicides have proven to be an
effective tool to control Italian ryegrass during the late fall and early winter months; however,
Italian ryegrass control is expected to diminish over time, allowing it to repopulate the area as
residual herbicides lose their activity (Bond et al. 2014). We hypothesized that, by combining fall-
applied residual herbicides and cover crops, residual herbicides will limit early-season Italian
ryegrass interference with cover crops. Once established, the cover crops will be crucial for late-
winter and early-spring Italian ryegrass suppression, by which time residual herbicides would have
lost their activity. However, few studies have investigated fall-planted cover crop tolerance to
preemergence (PRE) herbicides applied at planting, while many studies have investigated potential

residual herbicides carryover from their use in a cash crop to a fall planted cover crop (Cornelius
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and Bradley 2017a; Palhano et al. 2018; Rector et al. 2020). Therefore, the objectives of this study
were to evaluate Italian ryegrass control and seed production as affected by cover crops and fall-
applied residual herbicides and investigate cereal rye (Secale cereale L.) and crimson clover

(Trifolium incarnatum L.) tolerance to different residual herbicides applied at planting.

Materials and Methods

Site Description

Experiments were conducted at the Piedmont Research Station near Salisbury, NC during
the fall/winter of 2021-22 and at the Central Crops Research Station near Clayton, NC during
2021-22 and 2022-23 fall/winter seasons. Soils included a Lloyd clay loam (fine-loamy, mixed,
active, thermic typic hapludalfs) with 5.4 pH and 0.4% humic matter at Salisbury and a Wagram
loamy sand (coarse-loamy, siliceous, active, acid, thermic cumulic humaquepts) with 5.6 pH and
0.8% humic matter at Clayton. At Salisbury, following the NC Department of Agriculture and
costumer Services soil test report recommendations, 336 kg ha™' of 10-20-20 fertilizer plus 2500
kg ha™! of lime were applied to optimize cover crop growth. Experiments were conducted in a no-
till system with cover crops planted on 20 October, 2021 at Salisbury. At Clayton, cover crops
were planted on 19 October, 2021 and 19 October, 2022 into soil prepared with conventional
tillage. Paraquat at 840 g ai ha ! was used just prior to cover crop planting to ensure fields were
weed-free at planting. Cover crops were drilled into 19 cm rows with cereal rye and crimson clover
seeded at rates of 80 and 18 kg ha™!, respectively. All research sites were naturally infested with

Italian ryegrass.
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Experimental Design and Treatments

The experiment was conducted as a split-plot design with four replications. Main plots
consisted of three cover crop treatments organized in a randomized complete block design.
Subplots consisted of five fall-applied residual herbicides. The three cover crop treatments
consisted of no cover crop (fallow), cereal rye, and crimson clover whereas the fall-applied residual
herbicides included no residual herbicides (No-PRE), and flumioxazin, metribuzin, pyroxasulfone,
and S-metolachlor applied PRE (Table 1). From hereinafter, the fallow treatment without residual
herbicides will be referred to as nontreated. Residual herbicides were applied immediately after
planting with a handheld CO»-pressurized backpack sprayer calibrated to deliver 140 L ha™!
equipped with six AIXR11002 flat-fan nozzles (TeeJet® Technologies, Spraying Systems Co.,

Wheaton, IL 60187) spaced 45 cm apart. Subplot dimensions were 4 m x 12 m.
Data collection

Data collection consisted of biweekly visual estimations of cover crop injury and Italian
ryegrass control, with 0% representing no control or injury and 100% representing complete
control or plant death. Italian ryegrass density was recorded at 8 weeks after planting (WAP), while
Italian ryegrass and cover crop biomass were collected at 24 WAP. Italian ryegrass seeds were

collected once the majority of plants reached maturity, occurring in early June during both years.

Density, above ground biomass and seed were collected using two 0.25 m? quadrants
randomly placed within the corresponding subplot. Data from each quadrant were averaged and
transformed to 1 m? basis. Cover crop and Italian ryegrass fresh biomass were placed in separate

paper bags and dried in an oven at 55 C for 14 days until constant mass and then weighed. Italian
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ryegrass seed samples were placed in paper bags and allowed to dry at 25 C for 21 days. Samples
were manually threshed, cleaned using a series of standard laboratory sieves, and then weighted.
Seed production was determined by weighing 50 seed subsamples to calculate 100 weights of

cleaned seed.

Statistical Analysis

Data were subjected to ANOVA to test for significance of fixed and random effects and
means separated using R base package (R Core Team 2019) and Agricolae package (Mendiburu
2019). Since only one year of data was collected from Salisbury, separate analyses were conducted
for each location. For Salisbury, replications were treated as a random effect, while cover crop and
residual herbicide as fixed effects. For data from Clayton, year was included as a fixed effect.
Moreover, for cover crop injury, fallow treatments and cover crops without herbicides were
excluded from the analyses; for cover crop biomass, only fallow treatments were removed. In
Italian ryegrass visual estimates of control at 8 and 24 WAP, fallow with no-PRE treatment was
considered the nontreated check and it was removed from the analysis. Fisher’s least significant

difference was used to separate means at oo = 0.05.

Results and Discussion

Cover crop injury and biomass production

At Clayton, there was a significant year-by-cover crop-by-residual herbicide interaction
for visual estimates of injury at 8 and 24 WAP and cover crop biomass. Therefore, to better
interpret results, data was analyzed separately between 2021-22 and 2022-23. At Salisbury, the

cover crop-by-residual herbicide interaction was significant for all variables at the a = 0.05 level.
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During 2021-22 at Clayton, all residual herbicides injured cereal rye and crimson clover
at 8 WAP (Table 2). However, at 24 WAP, metribuzin (65%) was the only injurious treatment to
cereal rye. Crimson clover was injured by flumioxazin and metribuzin, resulting in 55% and 50%
injury, respectively. Injury from all other residual herbicides was transient and resulted in <12%
crimson clover and cereal rye injury. Similarly, Wallace et al. (2017) reported minimal to no
injury from pyroxasulfone and S-metolachlor applied PRE in red clover (7rifolium pratense L.)
with biomass similar to the nontreated check. Surprisingly, in 2022-23, metribuzin injury in
cereal rye and crimson clover was 5% and 6%, respectively. Studies investigating metribuzin
movement in the soil report the herbicide is readily leached in coarse soils with low organic
matter (Shaner 2014; Kim and Feagley 1998). At Clayton 2022-23, 56 mm of rainfall was
received 10 days after planting (Figure 1), which could have caused metribuzin to leach beyond
the cover crop root zone. This may explain why cover crop injury by metribuzin was reduced in
2022-23. At the same time, flumioxazin (38%) was the most injurious herbicide to crimson
clover. Cover crop response to residual herbicides at Salisbury was similar to Clayton 2021-22.
All residuals were injurious at 8 WAP. At 24 WAP, metribuzin injured cereal rye 68% whereas

metribuzin and flumioxazin injured crimson clover 47% and 40%, respectively (Table 3).

Previous research reports 5000 kg ha™! of cover crop biomass is necessary to achieve
satisfactory weed suppression (Nichols et al. 2020). In 2021-22 at Clayton, only cereal rye plus
flumioxazin (5660 kg ha™!) or pyroxasulfone (5642 kg ha ') reached that threshold and yielded
significantly higher biomass than cereal rye plus metribuzin (1884 kg ha™!). Within crimson
clover treatments, all residual herbicides, except metribuzin (713 kg ha™), resulted in

comparable biomass ranging from 3198 to 4642 kg ha™'. However, at Clayton 2022-23, no
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biomass differences were observed between cover crop species or PRE herbicide treatments.
Overall, less cover crop biomass was produced at this location and no treatments reached the
5000 kg ha™! biomass threshold (2669 to 3995 kg ha™!). At Salisbury, cereal rye plots had the
highest biomass, ranging from 6036 to 7245 kg ha™!, except for metribuzin, which resulted in
1216 kg ha™'. Despite differences in residual herbicide injury, all crimson clover plots yielded
comparable biomass (947 to 2395 kg ha™!). Ribeiro et al. (2021), while investigating cereal rye
sensitivity to different PRE herbicides under greenhouse conditions, reported 70% biomass
reduction from metribuzin. The same researchers also reported that planting cereal rye 32 to 38
days after metribuzin was applied still decreased cereal rye biomass 35% compared to
nontreated. In the same study, flumioxazin, pyroxasulfone, and S-metolachlor reduced cereal rye
biomass at 30 days after planting 60%, 48%, and 61% respectively. Cornelius and Bradley
(2017), while investigating the risks of herbicide carryover to several cover crops, reported that
metribuzin and S-metolachlor applied 3 months before cover crop plating reduced crimson clover
biomass by 29%. Furthermore, these researchers concluded that crimson clover was the most
sensitive cover crop to herbicide carryover among 8 cover crop species including Australian
winter pea (Pisum sativum L); cereal rye, hairy vetch (Vicia villosa Roth), Italian ryegrass, oats
(Avena sativa L.), soybean, and wheat. In this research, flumioxazin, due to significant injury
across both sites and years, was considered injurious to crimson clover. Although environmental
conditions likely reduced metribuzin injury at Clayton 2022-23, this herbicide still poses a risk to
cereal rye and crimson clover; therefore, metribuzin was considered an injurious herbicide for

both cover crops.
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Italian ryegrass control, biomass, and seed production

At Clayton, the year-by-cover crop-by-residual herbicide interaction was significant for
Italian ryegrass visual estimates of control at 8 and 24 WAP, biomass, and seed production.
Therefore, data for Clayton 2021-22 and 2022-23 were analyzed separately. At Salisbury, the

cover crop-by-residual herbicide interaction was significant for all variables at the o = 0.05 level.

At Clayton 2021-22, Italian ryegrass control 8 WAP in plots receiving both a cover crop
and residual herbicides were similar. In cereal rye plots, residual herbicides controlled Italian
ryegrass 83% to 92% whereas herbicides used in combination with crimson clover controlled the
weed 74 to 81% 8 WAP (Table 4). By 24 WAP, Italian ryegrass control in cereal rye without
herbicides (85%) was similar to cereal rye plus herbicides (80% to 85%), except for metribuzin,
which resulted in 47% control due to cereal rye injury. Moreover, Italian ryegrass control in
fallow reduced over time regardless of residual herbicide use; for instance, S-metolachlor
without cover crops controlled Italian ryegrass 84% at 8 WAP and, by 24 WAP, control was
reduced to 27%. At Clayton 2022-23, all cereal rye plus residuals herbicide treatments resulted in
similar Italian ryegrass control at 8 WAP (60% to 83%) and were more effective than cereal rye
without a residual herbicide (28%). In the fallow system, all residual herbicides used resulted in
comparable Italian ryegrass control (60% to 75%). At 24 WAP, Italian ryegrass control in cereal
rye plots differed from the previous season. Where cereal rye plus pyroxasulfone (88%) or
metribuzin (85%) resulted in greater Italian ryegrass control than cereal rye plots without a
residual herbicide (61%). Additionally, flumioxazin (73%) and S-metolachlor (66%) applied to

cereal rye controlled Italian ryegrass similar to cereal rye without a residual herbicide.

122



In Salisbury, Italian ryegrass control at 8 WAP with pyroxasulfone was similar across all
cover crop treatments, ranging from 86% to 96%. Furthermore, cereal rye plus metribuzin (93%)
or pyroxasulfone (96%) resulted in greater Italian ryegrass control than cereal rye without
herbicides (68%). A similar trend was observed in crimson clover, in which the presence of
metribuzin (70%) or pyroxasulfone (86%) resulted in greater control than crimson clover without
herbicides (55%). At 24 WAP Italian ryegrass control in cereal rye no-PRE was 82% and was
comparable to cereal rye plus pyroxasulfone (83%), S-metolachlor (83%), and flumioxazin
(75%; Table 5). However, when metribuzin was used, Italian ryegrass control reduced to 37%. In
2021-22 at both locations, metribuzin injury to cereal rye reduced cover crop competitiveness;
consequently, Italian ryegrass was able to repopulate the plot once residual activity of the

herbicide diminished.

There is limited information on the combined activity of cover crops plus residual
herbicides for Italian ryegrass control; however, fall-applied residual herbicides have been
studied for Italian ryegrass management. Bond et al. (2014) reported that pyroxasulfone (165 g ai
ha™!) and S-metolachlor (1420 g ai ha™') controlled Italian ryegrass 61% and 52% 24 WAP which
equated to 79% and 82% reductions in biomass, respectively. The researchers also observed that
Italian ryegrass control reduced over time. For example, pyroxasulfone applied at 50 g ai ha™!
controlled Italian ryegrass 84% 14 WAP but control decreased to 55% 24 WAP. Similarly, Burrell
(2024) reported that fall-applied pyroxasulfone controlled Italian ryegrass 63% at 18 WAP
whereas S-metolachlor at the same time resulted in 74%. From a cover crop standpoint, cereal
rye and crimson clover may suppress other troublesome winter annual weeds. Pittman et al.

(2019) reported >88% horseweed density reduction in cereal rye or crimson clover cover crops
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when compared to fallow. In contrast, Cornelius and Bradley (2017b) reported that cereal rye and
crimson clover reduced winter annual weed density by 68% and 25%, respectively. Therefore,
under ideal conditions, cover crops alone may provide excellent winter annual weed suppression.
However, cover corps productivity is affected by many factors, such as species selection, seeding
rates, water availability, soil fertility, planting date, and tolerance to herbicides (Balkcom et al.
2018; Brennan and Boyd 2012; Cornelius and Bradley 2017b; Florence et al. 2019; Nielsen et al.
2015). These adverse conditions can reduce cover crop competitiveness and, under these
circumstances, the presence of a non-injurious fall-applied residual herbicide might be necessary

to maintain satisfactory weed control levels.

In general, Italian ryegrass biomass reflected visual estimates of control. For example, at
Clayton 2021-22, among cereal rye plots, metribuzin resulted in the highest Italian ryegrass
biomass at 94 g m2, compared to <23 g m2 for all other cereal rye treatments including the No-
PRE treatment (Table 4). At the same location, within crimson clover treatments, pyroxasulfone
and S-metolachlor resulted in the lowest Italian ryegrass biomass with 43 g m2 and 30 g m 2,
respectively. Furthermore, throughout the entire study, Italian ryegrass biomass in cereal rye
without a herbicide was comparable to cereal rye plus pyroxasulfone, S-metolachlor, and
flumioxazin. In Salisbury, cereal rye without a herbicide resulted in 13 g m? Italian ryegrass,
whereas biomass when pyroxasulfone, S-metolachlor, or flumioxazin were used PRE was 15, 11,
and 33 g m 2, respectively, and cereal rye plus metribuzin resulted in 203 g m2. Similarly to
Clayton 2012-22, pyroxasulfone (70 g m2 ) or S-metolachlor (78 g m2) had the lowest Italian
ryegrass biomass among crimson clover plots. Cechin et al. (2022) observed that, in the first year

of cover crop implementation, cereal rye reduced Italian ryegrass biomass by 65% compared to
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nontreated fallow. By the third year of cereal rye, the cover crop reduced Italian ryegrass 97%.
The researchers also reported significantly greater Italian ryegrass suppression was obtained by
cover crops that produced more than 8,000 kg ha ha™! of biomass. In a different study, the
presence of a cereal rye cover crop reduced Italian ryegrass density 95% compared to nontreated

plots at soybean planting (Reeves 2022).

Italian ryegrass seed production at Clayton 2021-22 was the lowest when grown with
cereal rye alone or without an injurious herbicide (741 to 1356 seeds m2); up to 98% reduction
in Italian ryegrass seed production were achieved by these treatments compared to nontreated
plots (31058 seeds m2). Similarly, Cechin et al. (2022) reported up to 90% reduction in the
Italian ryegrass soil seedbank when cereal rye was used as a cover crop. Italian ryegrass seed
production in crimson clover was higher than what was observed in aforementioned cereal rye
treatments; however, weed seed produced in crimson clover without a herbicide (20428 seeds m™
2) was comparable to all crimson clover plus herbicide treatments (13404 to 27446 seeds m™2). At
Clayton 2022-23, Italian ryegrass seed production in cereal rye was lower when either
metribuzin or pyroxasulfone were used PRE (2670 and 1299 seeds m, respectively) when
compared to cereal rye without a herbicide (5600 seeds m2). These differences were attributed to
lower cover crop injury by metribuzin and reduced cereal rye biomass in the 2022-23. This
highlights the importance of integrated weed management and the need to hedge against
unfavorable cover crop growing conditions with a residual herbicide applied at or after cover
crop planting. Moreover, even though Italian ryegrass was more prolific at the Salisbury
location, with 100743 seeds m2 in the nontreated, lower seed production was observed in cereal

rye plots. Cereal rye without a herbicide reduced Italian ryegrass seed production by 99% (1396
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seeds m~2) and it was comparable to cereal rye plus pyroxasulfone (4389 seeds m2), S-
metolachlor (2053 seeds m2), and flumioxazin (1830 seeds m2). Similarly, within crimson
clover plots, Italian ryegrass seed production was lower in the absence of an injurious residual
herbicide, which consisted of pyroxasulfone, S-metolachlor, or No-PRE, ranging from 24529 to
27123 seeds m 2. These results highlight the importance of selecting a residual herbicide that
effectively controls Italian ryegrass without reducing the cover crop biomass. Safe residual
herbicides, if activated, will control Italian ryegrass and enhance early season cover crop growth,

which will maximize late season cover crop competition with the weed.
Practical implications

Widespread distribution of multiple-herbicide resistant Italian ryegrass biotypes in North
Carolina in alarming (Jones et al. 2021). Additionally, the presence of a biotype resistant to
herbicides from groups 1, 2, 9, and 22 limits postemergence herbicides options. Integrated weed
management is crucial to mitigate the evolution and spread of herbicide resistant weed biotypes.
Results from this study highlight the importance of utilizing a diversified approach for Italian
ryegrass management by combining fall-applied residual herbicides and cover crops. At both
locations in 2021-22, greater control of Italian ryegrass, as well as lower biomass and seed
production were observed where cereal rye was used as a cover crop. Additionally, cereal rye
without residual herbicides was as effective in suppressing Italian ryegrass as cereal rye plus a
non-injurious herbicide, with up to 5660 and 7245 kg ha™! of biomass produced at Clayton and
Salisbury, respectively. However, at Clayton 2022-23, cereal rye biomass was not as prolific with
an average of 2890 kg ha™!, far below the 5000 kg ha™! threshold for ideal weed suppression

(Nichols et al. 2020). Facing less cover crop biomass, the presence of a non-injurious residual
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herbicide was crucial to maximize Italian ryegrass suppression. Similarly, crimson clover biomass
was <4642 kg ha™! across locations, and higher Italian ryegrass control at 24 WAP was observed
when pyroxasulfone or S-metolachlor were applied PRE to crimson clover. In general, fall-applied
residual herbicides alone resulted in adequate Italian ryegrass control at § WAP. However, as time
progressed, residual herbicide efficacy diminished and by 24 WAP Italian ryegrass control was
<60% by all herbicides. In conclusion, we observed that a diversified weed management approach,
utilizing both a cover crop and residual herbicide, may reduce Italian ryegrass seed production by
as much as 98%. Furthermore, previous research reports Italian ryegrass seed viability is reduced
>95% following 18 months of burial (Cechin et al. 2021; Narwal et al. 2008). The ability of cover
crops plus residual herbicides to reduce Italian ryegrass seed production employed over multiple
seasons, coupled with the weed’s lack of seed viability after extended burial, may better position

growers for managing this troublesome weed in the long-term.
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Table 4.1. List of herbicide products, rates, manufacturers, and WSSA herbicide group numbers used in field experiments
conducted in 2021-22 and 2022-23 seasons.

Common WSSA group

Name Number Rate Trade Name Manufacturer

gaiha!
Flumioxazin 14 61 Valor® Valent, San Ramon, CA
Metribuzin 5 470 Tricor® 75 DF UPL, King of Prussia, PA
S-Metolachlor 15 1420 Dual Magnum® Syngenta Crop Protection, Greensboro, NC
Pyroxasulfone 15 119 Zidua® BASF Ag Products, Research Triangle Park, NC
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Table 4.2. Cereal rye and crimson clover visual estimations of injury at 8 and 24 weeks after planting (WAP)
and biomass production as influenced by residual herbicide treatments in the 2021-22 and 2022-23 seasons at

the Central Crops Research Station, located near Clayton NC.

2021-22 @ 2022-23 @
Visual Estimates of Visual Estimates of
Injury Injury
Residual herbicide 8 WAP 24 WAP Biomass 8 24 WAP  Biomass
Cover crop WAP

------- 1 — kg ha! e . R kg ha!

Flumioxazin 47 DE 2B 5660 A | 44 AB 19B 2669

Metribuzin 91 A 65 A 1884 CD | 31 BC 5B 2975

Cereal Rye S-metolachlor 70 BC 12 B 3299 BC | 15CD 15B 2759

Pyroxasulfone 42 DE 3B 5642 A 7D 9B 2693

No-PRE --- -—- 4388 AB --- --- 3358

Flumioxazin 85 AB 50 A 3198 BC 5T A 38 A 3036

Crimson Metribuzin 67 BC 55A 713D 42 AB 6B 3523

Clover S-metolachlor 52CD 2B 4639 AB | 16 CD 19B 3638

Pyroxasulfone 30E 12B 4352 AB 8D 4B 3995

No-PRE --- - 4642 AB --- --- 3159

? Means presented within the same column and with no common letter(s) are significantly different according
to Fisher’s Protected Least Significant Difference test at o = 0.05 level.
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Table 4.3. Cereal rye and crimson clover visual estimations of injury at 8
and 24 weeks after planting (WAP) and biomass production as
influenced by cover crop and residual herbicide treatments in the 2021-
22 season at the Piedmont Research Station, located near Salisbury NC.

Visual Estimates of

Injury ?

Cover crop Residual herbicide =~ 8 WAP 24 WAP  Biomass
------- Y R — kg ha™!

Flumioxazin 25C 10B 6508 A

Metribuzin 94 A 68 A 1216 B

Cereal Rye S-metolachlor 60 B 7B 6567 A
Pyroxasulfone 50BC 5B 6036 A

No-PRE --- -—- 7245 A

Flumioxazin 53 BC 40 A 1632 B

Crimson Metribuzin 65 AB 47 A 947 B
Clover S-metolachlor 45 BC 12B 1842 B
Pyroxasulfone 25C 10B 2395 B

No-PRE --- -—- 1194 B

# Means presented within the same column and with no common
letter(s) are significantly different according to Fisher’s Protected Least
Significant Difference test at o = 0.05 level.
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Table 4.4. Italian ryegrass visual estimates of control, biomass, and seed production as influenced by cover crop and
residual herbicide treatments in the 2021-22 and 2022-23 seasons at the Central Crops Research Station, located in Clayton

NC.
2021-22% 2022-23 2
Cover Residual Visual estimates Biomass Seed Visual estimates of Biomass Seed
crop herbicide of control (%) Production control (%) Production
W8AP V\?:P gm? scedsm > | 8 WAP 24 WAP gm? seeds m 2
Flumioxazin 83 AB 84 A 23D 1356 G 60 AB 73 AB 32 EF 7985 EF
Cereal Metribuzin 84 A 47CD 94 C 23799 CDE 75 A 85 A 13F 2670 HI
Rye S-metolachlor 91 A 80 A 8D 873 G 69 AB 66 ABC 55 DEF 3887 GHI
Pyroxasulfone 85 A 85 A 9D 1271 G 83 A 87 A 14 F 1299 1
No-PRE 69AB 85A 7D 741 G 28CD 61 BC 44 DEF 5600 FG
Flumioxazin 81 AB 55 BC 95 C 17181 EF 50 BC 32D 54 DEF 13185 C
Crimson Metribuzin 74 AB 38 CD 109 C 27446 BCD | 35CD  47CD 124 AB 9876 DE
Clover S-metolachlor 85A 78 AB 30D 13842 F 78 A 74 AB 16 F 4276 GH
Pyroxasulfone 80 AB 80 A 43D 13404 F 75A 67 ABC 44 DEF 9049 E
No-PRE 37C 45CD 113 C 20428 DEF 12D 47 CD 144 A 7632 EF
Flumioxazin 61B 37CD 248 A 34452 B 60 AB 30D 102 ABC 19969 B
Metribuzin 81 AB 35CD 158 B 42205 A 63 AB 52 BCD 69 CDE 11994 CD
Fallow S-metolachlor 84 A 27D 94 C 25481 CD 69 AB 36 D 117 AB 24166 A
Pyroxasulfone 90A 50 CD 87C 42107 A 75 A 60 BC 84 BCD 14170 C
No-PRE --- --- 198 B 31058 BC --- - 134 A 22514 B

? Means presented within the same column and with no common letter(s) are significantly different according to Fisher’s
Protected Least Significant Difference test at a = 0.05 level.
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Table 4.5. Italian ryegrass visual estimates of control, biomass, and seed production as
influenced by cover crop and residual herbicide treatments in the 2021-22 season at the
Piedmont Research Station, located in Salisbury NC.

Cover crop Residual herbicide Vlsclgi tig??;;ef of Biomass Pro?i?li(tlion
8 WAP 24 WAP gm? seeds m 2
Flumioxazin 80 A-E 75 A 33 GH 1830 G
Metribuzin 93 AB 37BCD 203 BCD 39324 EF
Cereal Rye S-metolachlor 85 BCD 83 A 11 H 2053 G
Pyroxasulfone 96 A 83 A 15 H 4389 G
No-PRE 68 D-G 82 A 13 H 1396 G
Flumioxazin 75 B-F 37 BCD 133 E 83562 BC
Crimson Metribuzin 70 C-G 28 DE 254 B 142704 A
Clover S-metolachlor 65 EFG 50 BC 78 FG 27046 F
Pyroxasulfone 86 ABC 54 B 70 G 27123 F
No-PRE 55H 30 CDE 162 DE 24529 F
Flumioxazin 60 GH 35 B-E 326 A 55455 DE
Metribuzin 90 AB 25 DE 238 BC 128593 A
Fallow S-metolachlor 89 AB I15E 188 CD 85884 BC
Pyroxasulfone 94 A 37BCD 123 EF 67410 CD
No-PRE --- --- 232 BC 100743 B

4 Means presented within the same column and with no common letter(s) are significantly
different according to Fisher’s Protected Least Significant Difference test at o = 0.05

level.
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Figure 4.1. Cumulative rainfall at the Piedmont Research Station near Salisbury, NC during the fall/winter of 2021-22 (orange) and at

the Central Crops Research Station near Clayton, NC during 2021-22 (blue) and 2022-23 (green) fall/winter seasons.
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