ABSTRACT
ALSDORF, JACKON WADE Survey ofHerbicideResistanPalmer amaranttAfnaranthus
palmer) and Italian ryegras4.¢lium perenne L spp. multiflorgnPopulations in North Carolina.
(Under the direction of Dr. Wesley Bverman)

North Carolina farmers are constantly dealing with competition from various weeds on a
yearly basis. The most problematic of these wéade become Italian ryegrass and Palmer
amaranth, which have both been proven to significantly reducey@ioppiwhen gone
uncontrolled. Another rising issue among growers is the evolution of herpesdtant weed
populations. One statewidarveyfor Italian ryegrass has previously taken place across North
Carolina in 2012013,as well as one statewide and two regiaaveys for Palmer amaranth
populations ir2010,2005, and 2015espectively These historical surveys have been helpful in
understanding the distribution of known herbierdsistant weed populations. Updated surveys
are needed to track the spread of these resistant populations, along with being used to detect
putativeresistanpopulations previously unconfirmed in the state.

In the summer of 2022, 115 samples of Italian ryegrass were collectedrioorars'
fields, then seeds were grown in the greenhouse to saneeleterminghe efficacy of
herbicides: mesosulfuron, pinoxaden, glyphosate, paraquat, and glufaRaatgs were taken
weekly on a scale of @ 100 for each individual plant, withr@presentingno control, and 100
representingplant death. Populations wib0% control with a specific herbicide are considered
to be potentiallyesistantTen populations weredund to beputativeresistanto mesosulfuron,

17 to pinoxaderntwo to glyphosatepneto paraquat, and 44 to glufosinate. One faay
resistanpopulation was found, along with two thremy resistanpopulations.

In the fall of 2022137 samples of Palmer amaranth were collected fgoonversfields

and similar to the Italian ryegrass, were screened to determine the efficacy of herbicie®s: 2,4



dicamba, fomesafen, and glufosinate. Additionally, 101 Palmer amaranth samples that were
collected in 2015 were screened with the same herbicides as thP&@2% amaranth
populationsNo resistance was found in 2 dicamba, or glufosinate with both the 2015 and
2022 populations. Reduced control (<50% control) was found, with seven populations in 2015,
and 40 populations in 2022. Results from both surveys will be used as extensda tep

growers and agents make informed decisions when choosmegacontrol program.
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Italian ryegrass

Wheat(Triticum aestivuni.) is commonly grown in North Carolina, with almost 195,000
hectares planted in 202 USDA/ NASS 2022 State Agriculture
n.d.) In North Carolina, wheat is grown in rotation with other focnwps commonly grown across
the state. Wheat provides essential feed grain for poultry and hog production which rank first and
second in the state as well as fourth and third nationally, resglgUSDA 2023a) As the crop
grows reproductively during the spring, it must compete with winter annual weeds such as Italian
ryegrasgLolium perennd.. ssp.multiflorum(Lam.) Husndt which have been known to cause
yield loss in wheafWilson and Wright 1990) Italian ryegrass is known to be a problematic weed
in the southeastern United Statesebl and Worsham 1987; Grey and Bridges 2003; Grey et al.
2012; Jones et al. 2021)

Appleby et al (1976) observed interactions between Italian ryegrass and wheat over
several years under different field conditions in the Northwestern United States. Different wheat
cultivars yielded 32 and 40% lower, relative to untreated checks under high Italianss/eg
competition densities over a ogear study. Similarly, a twgear study was performed where
Italian ryegrass was seeded at various rates into a wheat crop the first year and split into two
treatments the following yean@n-treated check and diuropglication). Treatments where Italian
ryegrass was not controlled the second year showed up to 60% vyield loss in wheat compared to
those which received treatment, showing how significantly Italian ryegrass populations can affect
a field planted into whedle following growing seasofppleby et al. 1976)

Field studies performed in North Carolina demonstratathgields were reduced 3.8 and
4.5% at Clayton and Kinstamsearch stationsgspectively, for every 10 Italian ryegrass plants/m

within the range of 0 to 100 Italian ryegrass plantsithe greatest proportion of wheat yield loss



causedoy lItalian ryegrass was attributed to decreased crop tillétiedpl and Worsham 1987)

Liebl and Worsham (1987) concluded that their findings in yield loss were similar to yield losses
in wheat observed bfAppleby et al. 1976)In a separate North Carolina study observing weed
control with various herbicides, wheat yields were reduced lip #5%in untreated checks due

to competition with Italian ryegrag€rooks et al. 2004)

Greenhouse studies determined that Italian ryegrass interference with wheat was the result
of greater Italian ryegrass root density, relative to the crop, which creates excess competition for
moisture and nutrient§Stone et al. 1998; Grey et al. 2012yith respect to aboveground
developmentBall et al. (19953 etermined that leaf production rate was greater for Italian ryegrass
than it was for wheatGrey et al. 2012)Further greenhouse studies concluded that wheat and
Italian ryegrass biomass both decrease when grown in competition and under soil moisture stress
(Granadino et al. 2018)

There are very few labeled herbicide options for weed control postemergence (POST) in
wheat, with acetyl CoA carboxylaséACCase) and acetolactate syntha&LS) inhibiting
herbicides primarily relied upon for controlling grass weed species such as ltgégrass.
Preemergence (PRE) herbicides used in wheat include, Ali€rotubule synthesis, photosystem
[I- (PSII), protoporphyrinogen oxidas@PO) and very long chain fatty ac{¥LCFA) inhibiting
herbicides.

Due to the heavy reliance on these few select chemistries; herbicide resistaolenmn
species has been a major issue worldwide over the last five decades. Rigid ryegiiass (
rigidum), a grass weed pervasive to cereal grain production closely related to Italian ryegrass
which isfoundin Australia, was confirmed to have resistance to diclofop which was a commonly

used ACCasanhibiting herbicide(Heap and Knight 1982; Heap 202Zhis came within just 10



years of diclofop being labeled for use in wheat. By 2001, herbresgistant rigid ryegrass
populations were more common than susceptible populations across much of the Western
Australian wheat belfLlewellyn and Powles 2001)

Italian ryegrass resistance to diclofop is now distributed world\{iB#dts et al. 1992;
Bravin et al. 2001; De Prado et al. 1999; Eberlein et al. 1999; Grey and Bridges2608hly
has ACCase resistance developed in Italian ryegrass worldwide, but also resistance to ALS, PSII,
VLCFA, microtubule synthesisb-enolpyruvylshikimate3-phosphate synthaséEPSP), and
glutamine synthetase across 15 countries on 5 different cont{ireap 2024)

The first case oherbicideresistantitalian ryegrass in North America was observed in
Oregon in 1987 to ACCase herbicide dicloftppleby et al. 1976; Heap 2024Diclofop
resistancevas subsequently reported in the southeastern United Statey and Bridges 2003;

Kuk et al. 2000) ALS and ACCase resistant Italian ryegrass populations have been confirmed in
Southern states Arkansas, Georgia, Louisiana, Mississippi, North Carolina, South Carolina, and
Virginia (Heap 2024)

Italian ryegrass resistance to ACCase inhibiting herbicides was first documented in North
Carolina in 199QHeap 2024) ALS resistance in Italian ryegrass was confirmed in 2007, also
having multiple resistance to both ALS and ACCase herbi¢idkrandi et al. 2011; Heap 2024)

A statewide screen was performed in the summers of 2012 and 2013 to determine the distribution
of the resistance to two ACCase herbicides (diclofagihyl and pinoxaden) and two ALS
herbicides (pyroxsulam and mesosulfuron) across the state of Nodlin@ésones et al. 2021)

All 155 populations survived full labeled rates of diclofop; eight populations survived full labeled
rates of pinoxaden; 18 populations survived full labeled rates of mesosulfuron; 29 populations

survived full labeled rates of pyroxsulgidones et al., 2021Additionally, Jones et. al reported



21 populations had multiple resistance to several families of both ACCase anthiAhiEng
herbicides.

In North Carolina, confirmation of herbicidesistant Italian ryegrass to a single mode of
action includes ACCase, ALS, and EPSP; two cases with multiple resistance have been confirmed,
one with ACCase and ALS, and one with ACCase, ALS, PSI, and ERfiAdi et al. 2011; Heap
2024; de Sanctis et al. 2024)his fourway resistant population wdsund in the Southern
Piedmont region of the state, where a large majority of wheat production takeqp&icA
2023b) One issue which growers in this area of the state are faced with is limited options for
mechanical methods of weed control. The Piedmont region of the state tends to produce extreme
erosion when combined with moderate to intense tillage practices,deaast of these growers
with no-till as their only viable option. Consistent-tith practices lead to a much greater reliance
on herbicides to manage weed populations, increasing the selection pressure on an already limited
pool of herbicides.

Understanding the distribution of resistant Italian ryegrass populations across North
Carolina is essential to inform growers of how to effectively manage their crop protection
strategies. Eleven years of heavy herbicide use has left opportunity foreaseir@mount of
selection pressure on Italian ryegrass populations, so a faliostatewide survey is necessary to
understand where resistant populations are located around the state. Many new cases of herbicide
failure have been reported since the laatestide survey, including confirmation of paraquat
resistant populations, so a new survey will help understand where resistance occurs across the
state. Large screens identify where resistance is a concern and allow for preemptive measures to

be taken andet ahead of the resistance issue in neighboring areas.



Palmer amaranth

Palmer amaranthAmaranthus palmefiis a summer annual weed native to trea
encompassing northwestern Mexico and southern California to New Mexico and Asxas
summer annual weed, it competes with many widely grown row crops. It is consistently ranked
the most common as well as most troublesome weed across the United States and Canada in
broadleaf crops such as cottgaossypium hirsutuinpeanufArachis hypogada and soybeans
[Glycene malx among otherévan Wychen 2022)As a doecious plant with very high fecundity,
it can grow at a rapid rate of 10 to 15 centimeters per day, and produce large amounts of seeds
over a short period of time. These characteristics lead to this plant being extremely competitive
with surrounding cropsBensch et al. (2003)eported that soybean yield could be reduced up to
79% in the presence of competing Palmer amaranth populations in Kansas. A separate soybean
study in Arkansas saw a linear correlation between yield loss and increasing levels of weed
infestation(Klingaman and Oliver 1994)n dryland cotton, studies determined high levels of
Palmer amaranth infestation lead to a 28% reduction in lint yield while also increasing harvest
time up to 3.5 fold due to mechanical stoppage from stalks clogging the stripper head which also
led to bsses in 2.4% of harvestable yi¢&mith et al. 2000)Rowland et al. (1999xlso reported
a significant yield loss in cotton relative to the presence of Palmer amaranth biomass. In North
Carolina, studies identified a 28% reductiorpganut yield loss from the presence of one plant
per meter of cropWard et al. 2013; Burke et al. 200A)Jthough corfZea maizgis a much more
competitive crop with its upright growth, research still shows up to a 91% yield loss when Palmer
amaranth plants compete with crops beginning at germindfiassinga et al. 2001Massinga et
al. (2001), did however find that when weed emergence was much later in the growing season,

yield loss was decreased. The use of preemergent herbicides is vital when trying to control any



problematic weeds, especially Palmer amar@Whitaker et al. 2011; Toler et al. 2002; Reddy
2001; Culpepper and York 1998; Inman et al. 2016; Everman et al. 2009; Cahoon et alln2015)
sweepotato[Ipomoea batatgsexperiments performed in North Carolina resulted in losses up to
94% when Palmer amaranth plants were preset@t plants per meter of rofiMeyers et al. 2010)

The intense competitive nature of Palmer amaranth has led to many efforts to attempt to
control this weed in row crops. While presence was not widespread during a 1974 survey of
troublesome weeds across the Southern United States; Palmer amaranth hee drexof the
most troublesome weeds specifically in cotton, soybean, and peanut bjI&8&er and Coble
1997) During this time frame, the first cases of herbicide resistance were confirmed in Palmer
amaranth populations to herbicides in the dinitroaniline family located in South Carolina where
weeds were surviving after applications to each of six group 3dmb{Heap 2024; Ward et al.

2013; Gossett et al. 199Fubsequently, other resistant populations were soon to follow by 1995
including: ALS [Kansas, Arkansas, Tennessee, and North Carolina], and HBelas and
Kansas)Ward et al. 2013; Heap 2024)

In 1996, glyphosatéolerant soybeans came onto the market allowing glyphosate to be
appliedoverthetop to soybeans, followed by the same traits in cotton (1997) and corn (1998).
This led to an immediate increase in the use of glyphosate, according to the USDA, with
glyphosateresistant crops consisting of 68%, 71%, and 91% of corn, cotton, and soybednyacre
201Q respectively(Shaw et al. 2011aProblems quickly arose with the first case of glyphosate
resistance being reported in Georgia in 2004, when glyphosate failed to control Palmer amaranth
i n a gr owe r(Beap 2024t Culpepperfet ab 2088y 2010, 17 cases of glyphosate
resistance had been documented across 13 US states, predominantly in the South€Hheaggion

2024; Norsworthy et al. 2008; Steckel et al. 2008; Culpepper et al..2808)ge factor in this



rapid development of resistance was most likely due to intense selection pressure from growers.
Many grower's herbicide programs consisted of multiple applications of glyphosate year after year
with little to no rotation or use of other preemergence oteposrgence herbicidg®uke and

Powles 2008a, 2008b; Foresman and Glasgow 2008; Poirier et al. 2014)

Glyphosate resistant Palmer amaranth was first documented in North Carolina in 2006,
which led to a large statewide screen to determine the distribution of resistant weed populations
(Heap 2024; Whitaker 2009; Culpepper et al. 20@8)S- resistance, which was confirmed in
North Carolina in 1995, had also become increasingly common across the United Hxates
2024; Horak and Peterson 1995; Sprague et al. 1997; Whitaker. 20@9D5, 290 samples were
collected, with 17% and 18% having resistance to glyphosate and thifensulfuron, respectively,
includingfive populations exhibiting multiple resistance to both herbicides. A feillpwtatewide
screen in 2010 concluded that of 134 sampled populations, 98% and 97% showed resistance to
glyphosate and thifensulfuron, respectivépirier et al. 2014)Poirier et al. (2014) also reported
93% of the populations to have multiple resistance to both thifensfulfuron as well as glyphosate
with all of them scattered across the entire coastal plains and piedmont regions of North Carolina.
These results are aastic increase from the few populations reported irstli¢heastern coastal
plains by Whitaker justive years prior. A third sample collection performedMghoney et al.

(2020) reported similar numbers as Poirier et al (2014) with 99% and 96% of the populations
showing resistance to glyphosate and thifensufuron, respectively. Mahoney also reported low
levels of plant survival from select populations after fie¢e rate applicains of mesotrione and
fomesafen. Survivors of the mesotrione screenings were used to confirm Palmer amaranth
resistance to mesotrione in North Carolina, the first confirmatidhFRDinhibiting herbicides

(Heap 2024; Mahoney et al. 202Q@ow levels of survival following snetolachlor and 2;0



applications were reported, from the same populations collected by Mahoney i(\VRiiiré et
al. 2021) Moore et al. also reported 18 of the populations to have survivors to-bwtokachlor
and 2,4D.

Soybeans, corn, cotton, peanuts, and sweetpotato arerop® grown in North Carolina;
comprising of 1.3 million hectares planted in 2QR2ESDA 2023a) Herbicideresistant Palmer
amaranth has become a serious issue for many of these growers, with confirmation of resistance
to chlorimuronethyl, glyphosate, mesotrione, atrazine, and glufosinate; along with complaints
from lack of control with a varietyfoother herbicides across the stéteeap 2024; Jones et al.

2022) Herbicideresistant Palmer amaranth populations have been reported to infest entire fields
in as little as three yeatblorsworthy et al. 2008)Updated surveys are necessary to proactively
obtain an updated understanding of the distribution of Palmer amaranth response from herbicides
where failure has been reported, but resistance has not yet been officially confirmed. Determining
low levels ofresistance early can be beneficial for growers, by encouraging them to accept more

stringent herbicide@esistance management practices.
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Abstract

Italian ryegrass populations were collected from around the state of North Carolina in June of
2022. A statewide grid sample resulted in 115 samples collected from wheat fields, with observed
Italian ryegrass escapes. The objective of this study is tostadd the frequency and distribution

of resistance to multiple herbicides. Seeds were germinated in flats, and then transplanted into
individual conetainers witlfour replications treated with one eix treatments: untreated check,
mesosulfuron, pinoxade glyphosate, paraquat, and glufosinate. Ratings were taken weekly on a
scale of 8100 for each individual plant, with O being no control, and 100 being plant death.
Populations withc50% control with a specific herbicide are considered to be potentsiistant

10 populations were found to lpeitativeresistantto mesosulfuron, 17 to pinoxadefwo to
glyphosatepneto paraquat, and 44 to glufosinate. One faay resistanpopulation was found,

along with two threavay resistantpopulations. These salts are helpful tools for growers and
county agents as they put together effective weed control programs. Populations from a similar
statewide sample in 2012 were also screened for response to glyphosate, paraquat, and glufosinate.
Zero populations werundto be resistartb glyphosate and paraquat, while 91 populations were

determined to show resistance towards glufosinate.

Nomenclature: Glufosinate; glyphosate; mesosulfuron; paraquat; pinoxaden; Italian ryegrass,

Lolium perenne L.ssp. Mulifloruusnot; wheatT riticum aestivuni..

Key words: Herbicide resistance, multiple resistance, Resistance survey
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Introduction

Italian ryegrass[Lolium perennd.. ssp.multifiorum(Lam.) Husnot] has become a
problematic weed for North Carolina growers, especially in winter wheaicOm aestivuni..).
Research has shown that Italian ryegrass is highly competitive with wheat and other cereal crops,
leading to significant yield loss€&ppleby et al. 1976; Liebl and Worsham 1987; Ball et al. 1995;
Stone et al. 1998Few chemistries are labeled for use in postemergence (POST) applications in
wheat. The lack of diverse herbicide options has led to high selection pressure for herbicide
resistance in Italian ryegrass populations (Everman, personal communic8gtegtion pressure
occurs when an herbicide is applied to any population containing plants that naturally have a gene
allowing that plant to survive and continue its life cy¢Rowles et al. 1996)Repetitive
applications of the same herbicides select for these resistant weeds, which produce seed and pass
on the resistance trait leading to entire populations having resistdtitmigh resistance develops
at different speeds, resistance has been observed in as little as three consecutive herbicide
applications inLolium rigidum populations(Tardif et al. 1993; Gill 1995; Powles et al. 1996)
Herbicide resistance iholium species has been well documented worldwide, becoming a
significant issue predominantly across Australia and first being confirmed in the United States in
the Northwes{Heap and Knight 1982; Stanger and Appleby 1989; Llewellyn and Powles 2001,
Tardif et al. 1993; Gill 1995; Grey and Bridges 2003; Heap 2024)

Herbicide resistance in Italian ryegrass has been confirmed in 17 U.S. states, including
North Carolina. Diclofop resistance was first reported in North Carolina wheat fields in 1990
(Heap 2024)After diclofop, which is an acetyl CoA carboxylase (ACCash)biting herbicide,
resistance became prominent across the state, many growers turned to acetolactate synthase (ALS)

inhibiting herbicides to controACCase resistant wee@d€handi et al. 2011)Resistance tthe
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ALS herbicide mesosulfuremethyl was reported in 2004, just three years after product
registration(Heap 2024) That same year, multiple resistance was fondCCase: diclofop

methyl, pinoxaden; and ALS: imazamox, mesosulfemgathyl, pyroxsulam; herbicidedieap

2024) With all POST options no longer completely effective, North Carolina growers had to rely

on nonselective herbicides such as glyphosate and paraquat in ratatiops. Glyphosate
resistance was confirmed in North Carolina in 2Q@88ap 2024)The Southern Piedmont region

of North Carolina is where a significant port
In 2022, an Italian ryegrass population in the Southern Piedmont was found to have confirmed
four-way multiple resistance to ACEa, ALS-, EPSP, and PSiinhibiting herbicides; clethodim,
nicosulfuron, glyphosate, and paraq(téeap 2024; de Sanctis 2024)

A statewide survey was performed in the springs of 2012 and 2013 to better understand the
distribution of herbicideesistant Italian ryegrass populations across the (Staygor 2015; Jones
et al. 2021) 155 populations were collected across North Carolina and screened for resistance to
ACCase Inhibitors diclofop and pinoxaden, and AhBibitors mesosulfuromnd pyroxsulam
which resulted in the discovery of 155, eigh®, and29 populationsresistanto the herbicides,
respectively. Diclofop was the only herbicide in which no susceptible populations were found
(Jones et al. 2021)

An updatedstatewide survey is necessary, as continued reports of herbicide failures are
being reported across the stdte addition to concerns about the spread of resistance to POST
herbicides in wheat productionPhotosystem | Electron Diversion (PSI) ang
enolpyruvylshikimate3-phosphate synthagePSP) herbicides hawecreased in usage for spring
burndown. Additionally, screening the 2012 populations with thesesal@ative herbicides will

show us if any reduced control existéd years ago before it was morecently detected. An
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updated survey is also necessary to see how and where previously screened herbicides have shown
an increase in resistance across the state over the past decade of heavy usage. Understanding where
areas of resistance are located will aid in making bettemmenendations for growers experiencing
issues withresistantveeds. Data collected and accumulated over time may also aid in predicting
where resistance might develop and allow for decisions to be made to prevent that from happening
before it is too late.
Materials and Methods

Greenhouse Screening of 2012 Samples withS&dactive Herbicides

Seeds used for this study were selected from a previous survey, which took place in 2012
2013, with samples and collection as described by Jones et al. 2021. Populations were collected
from 155 different fields during this survey (Figure 2.1), however d@B/of the populations were
screened due to poor germination. Studies were conducted in two separate greenhouses at North
Carolina State University Method Road Greenhouse (Raleigh, North Carolina 27607). Italian
ryegrass populations were sown in 10 cmasgupots filled with SunshiffeMix #1 (Sun Gro
Horticulture, Agawam, MA, USA) and allowed to germinate and grow until the emergence of the
first true leaf before a single seedling was transplanted into individuaitamess measuring 3.8
in diameter by 2tm in depth. Supplemental greenhouse lighting consisting of 38@\grow
lights (Total Grow Control, Alvin, TX, USA) producing 800 pumol/ # s **. Greenhouse
conditionsincludedh our photoperiods with day/eplagsht f | u
reached the4eaf stage (about 23 cm), applications were made w@ldasprayercalibrated to
deliver 140 L/h& of solution at 207 kPa using Te€J&R 11002 VS nozzles (Teelwtzzles;
Spraying Systems Co., Wheaton, IL). Treatments incluaeohdreated check, glyphosate at 1350

g ai hal, paraquat at 562 g ai haand glufosinate at 596 g ai-héError! Reference source not
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found.). Rates were selected based onrfdfmommendedateaccording to the labelreatments
were organized into a completetgndomized block design with four replications, and visual
ratings were recorded weekly at 14, 21, and 28 daystedtemeniDAT). At each rating time,
each individual plant was given a control rating on a scaletofl®0 where O represented no
control and 100 represented plant death.
2022 Sample Collection

Italian ryegrass populations were selected at random by way of observation while
surveying fields from the road during June 2022. A sampling grid was chosen using an atlas [North
Carolina Atlas & Gazetteer. Ninth Edition. Yarmouth, Maine: Delorme, 201@}evpointsvere
chosen on a longitudinal spacing of every 13 degree min, and a latitude spacing of every 10 degree
min (Jones et al. 2021; Poirier et al. 2014; Whitaker 2009; Culpepper et al. 20@8al of 202
potential sample locations were distributed across the Piedmont and Coastal Plain regions of North
Carolina (Figure 2.2). Each sample point was visited, and an effort was made to collect Italian
ryegrass seedheads out of a wheat field iwigroximity to that point. If driving down several
roads proved unfruitful in a collection near a given point, that point was dropped, and travel
continued to the next pr@etermined point. A total of 115 individual populations of Italian ryegrass
were cdlected figure3). According to the USDA194,250hectaresof wheat were planted in
2022 with 151,760 of those hectaresbeing harvestedUSDA 2023b) These numbers are
significantly reduced from 2012 whe311,610hectareswvere harvesteqUSDA 2012) which
explains the reduction in number of sample points between 2012 andNé@ds used for
collection involved stopping after spotting a field with Italian ryegrass seedheads present in the
wheat, recording the sample location and field information on a brown paper sack, and placing the

seed heads insid&n effort was made to go at least B@tersinto the field to avoid collecting
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from the end rows, with at least 20 seed heads collected from different plants while walking in a
zig-zag pattern. Seed collections were taken to Method Road Weed Control Laboratories (Raleigh,
North Carolina 27607) where they were left in the paper sackffectively dry down to aid in
the threshing process. After threshing, seed samples were stored in a seed rgoomt{b
greenhouse trial initiation.
Greenhouse Screening of 2022 Samples

Greenhouse studies for this survey were conducted at Alexandria Launchlabs at the
Alexandria Center for AgTech Research Triangle (Durham, North Carolina 27709), dodh
Carolina State University Method Road Greenhouse (Raleigh, North Carolina 27607). Greenhouse
lighting consisted of NXT light fixtures (P.L. Light Systems, Hamilton, ON, Canada) producing
800 umol/ m-?/ s -1 containing alternating 1000 watt high pressure sodium and 1000 watt metal
halide bulbs. Light length of day was 10 hours with dmt temperature fluctuations 86/20

t hroughout t he e Kkatiaeanydgrass $amplels wereesawnm & 10 cm squdre

pots filled with Sunshirfé Mix #1 (Sun Gro Horticulture, Agawam, MA, USA). After the
emergence of the first true leaf, one plant was transplanted to an individugahowre(3.8 in
diameter by 2tm in depth) filled with SunshiffeMix #1 potting mixture (Sun Gro Horticulture,
Agawam, MA, USA).Plants were grown to thetd 5 leaf stagg18 cm) when herbicides were
applied46 cm above plant height. Treatments were applied using a research track booth sprayer
(Devries Gen4 Research Track Sprayer) with TéeJ& 8002 VS nozzles (Teelebzzles;
Spraying Systems Co., Wheaton, IL) at 140 tYbbsolution at 207 kPa. The trial consisted of six
treatments including a nemeated check, mesosulfuron at 15 g at,hginoxaden at 61 g ai Ha
glyphosate at 1350 g ai haparaquat at 562 g ai haand glufosinate at 596 g ai-haNonionic

surfactaniNIS) (Helena AgriEnterprisesColloerville, TN, USA at0.5% v/v plus 1,683 g ha
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ammonium sulfate (AMS) were included with mesosulfussihherbicide rates (Table 2.2) were
based on the recommended labeled rates for application in wheat cropping systemsyesther
the-top or for preplant burndow(Anonymous 2014, 2020, 2021a, 2021b, 20%33ual control
ratings were taken weekly at 7, 14, 21 and28 . At each rating time, each individual plant was
given a control rating on a scale afodL00 where 0 represents no control and 100 represents plant
death. Treatments were arranged as a completely randomized design with four replications and
was repeated in time. Statistical analysis was performed 8satigtical Analysis Software, SAS
9.4 (SAS Institute, Inc., NC, USAAnalysis of variance was determined using PROC GLIMMIX.
There was neariability between runs, so runs were combined for analysis.

Resultsand Discussion
2012 Statewid®lon-selective Herbicide Survey

Italian ryegrass control was averaged across replications and runs for each treatment and
herbicide. Populations with an average<60% control are considered resistant. Out of the 102
populations, no resistant populations can be reported for glyphosate and paraquat. However, 91
populations were found to be resistant to glufosinate (Table 2.3).

No populations ha&75% overall control when treated with glyphosate (Table 2.4). One
population was controlleg80% while six populations were controlled betwétnto 89% 95
populations were controllee90%. These numbers suggest that while glyphosate resistance was
confirmed prior to 2012, it was still effectively controlling a majority of Italian ryegrass
populations across the state of North Carolina in 2012.

Paraquat demonstrat& to 100%control for nearly every population surveyed. Two
populations were controlled betwe8f to 89%while 100 of the populations were controlled

>90% (Table 2.4). These results are not surprising, given glyphosate was still an effective option
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for growers in 2012, therefore they had not switched to paraquat for burndown control of Italian
ryegrass. Additionally, for both glyphosate and paraquat, sample selection was skewed away from
those which may survive burndown application, as samplesissuhvey were primarily selected

from fields where wheat was present.

Glufosinate did not demonstrate effective control for the majority of the Italian ryegrass
populations evaluated. Out of 102 populations, 91 were below the 50% control threshold and
would be considered resistant (Table 2H).populations were controllefll to 69%and one
population was controlled 70%. No populations were controtié@Po with glufosinate. While
additional studies would be needed to determine actual resistance, this survey highlights the
challenges observed when trying to control Italigggrass with glufosinate. In fact, glufosinate is
not recommended for control of grass weed species, but a survey was needed to obtain a baseline
for control. Surveying these historical populations with thesesatective herbicides allows for
a compariso of resistance profiles for both sets of Italian ryegrass collections.

2022 Statewide Survey

Italian ryegrass control was averaged across replications and runs for each treatment and
herbicide. Populations with an average<&0% control are considered resistant. Of the 115
populations surveyed,0 are resistant to mesosulfurah/ are resistant to pinoxaden, two are
resistant to glyphosate, one is resistant to paraquagsinave putative resistance to glufosinate
(Table 2.5).

Results for control with each herbicide can further be broken down into five different
control levels90 to 100%control, 80 to 89%control, 70 to 79%control,51 to 69%control, and
<50%. These control levels are helpful in interpreting the variability of control for populggons

to be confirmedesistant.
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Tenpopulations were found to have resistance to mesosulfuron (Figure 2.4). This is a lower
number of resistant populations than reported by Jones et al. (2021) 1®hesistant populations
were found in the 2012 survey (Figure 2.5). Resistant populations from the 2022 survey were
found inCabarrus, Davidson, Guilford, Orange, Pitt, Randolph, Rowan, and Union counties (Table
2.5). Two resistant populations were found in both Cabarrus and Union counties. Nine of these
counties are considered to be in thedRfent region of North Carolina, while Pitt County is located
in the central Coastal Plains region. A key explanation as to why fewer resistant populations were
observed between the two surveys is that nearly half as heotgresof wheat were planted in
2022 when compared to 2012 (USDA, 2023), leading to a reduction in the likelihood of selecting
fields with resistant populations in the survey. Aside fromlihessistant populations, treatment
with mesosulfuron resulted 10 and 11 populations demonstiag 51 to 69%and 70 to 79%
control, respectively (Figure 2.6). Mesosulfuron provid@édo 89%control of30 populations and
90 to 100%control of54 populations.

The number of populations determined to be resistant to pinoxaden also increased from
2012 to 2022 Seventeemopulations were controlled50% by pinoxaden (Figure 2.7). This
increase over the lagD years, as Jones et al. (2021) reported eight populations with pinoxaden
resistance (Figure 2.8), is likely due to reduced control with-A&ibhiting herbicides in 2012
and a widespread switch to pinoxadéfhile there has been a decrease in control with pinoxaden,
resistant populations are distributed vemitarly from 2012 to 2022 with most of the resistant
populations being found in the Southern Piedmont and parts of the Central/Northern Piedmont.
Counties with resistant populations includleson, Chatham, E@gombe, Granville, Guilford,

Hoke, Johnston, Martin, Person, Randolph, Rowan, UwiotY adkin (Table 2.5).
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Control with pinoxaden can be further broken down to show which populations were within
each control range (Figure 2.9). Pinoxaden treatment resulté&d ito 69% control of 44
populations,70 to 79%control of26 populations, an@0 to 89%control of26 populations. Only
three populations were controll®@ to 100%by pinoxaden. While only 14% of the populations
are considered resistant, 75% of the populations had a control rati6@of The three locations
where>90% control was obtained were collecteain Martin, Vance, and Wake counties. Vance
and Wake counties both ha®10 hectare®f wheat planted in 2022 according to the USDA
(USDA 2023b)

Although there has been an increase in reported failures of Italian ryegrass control with
glyphosate (Everman, personal communication), only two populations were found to have
resistance in the 2022 survey (Figure 2.10). While surprising, this is encayesit shows that
glyphosate may still be effective when used properly. These two resistant populations were found
in Anson, and Edgecombe counties (Table 2.5). Glyphosatéshad 69%control on three
populations70 to 79%control on six populationsnd80 to 89%control on26 populations (Figure
2.11). Seventnine populations were controllé&®d to 100%with glyphosate. Glyphosate is not
labeled for POST applications in wheat, but is common for spring and fall burndown applications
andoverthetop of glyphosateolerantcrops. The use of other POST herbicides in wheat might
be reducing the selection pressure placed on ltalian ryegrass populations leading to effective
control with glyphosate. Paraquat provided0% control on 90% of the populationstied (Figure
2.12). One population in Anson County was determined to be resistant to paraquat (Figure 2.13).
This is the samareawhere paraquat resistant Italian ryegrass was first confirmed in North
Carolina and is located in the Southern Piedmont. One other population in Alamance County

showedb1 to 69%control (Table 2.5). Th&0 populations demonstratirkp to 79%control show
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that paraquat is no longer completeffective Paraquat is also a herbicide that is not used POST
in wheat, but is an effective burndown product. Results differ from a more localized survey in
Union and Stanly counties in 2022, which reported 11 and 23 populations surviving maximum
labeled rates ofgraquat and glyphosate, respectivéle Sanctis 2024 5urvey populations were
collected in the same region as the glyphesatd paraquatesistant population was found in the
2022 statewide survey. This evidence supports that a largenstEtesurvey may not encompass
every resistant population found ass the entire state, however, it is still useful in identifying
regions where resistance might be more prevalent.

Glufosinate is not widely considered to be an effective herbicide on grasses, and is not
recommendd for control ofltalian ryegrass. However, growers often utilize glufosinate in areas
where glyphosate or paraquat give unfavorable results in their burndown application, or where
weeds persist in emerged crops. This survey included glufosinate as a benchmark tchio\entify
well it controls Italian ryegrass. Forfive populations were controlled50% by glufosinate
(Figure 2.14). Fortyseven populations we controlled51 to 69% and 19 populations were
controlled 70 to 79%(Table 2.5). Only five of the 115 populations were controt80% by
glufosinate (Figure 2.15). Based on these results, growers should not rely on glufosinate as a
primary control method for Italian ryegrass.

Multiple herbicideresistance was found in a variety of combinations. There was one
combination ofthreeway resistance, and four combinations tefo-way resistance. Two
populations were found to hattereeway resistance to mesosulfuron, pinoxaden, and glufosinate
(Figure 2.16). These populations were found in Guilford and Rowan counties. Five populations
were found to have multiple resistance to both mesosulfuron and pinoxaden (Figure 2.17). These

populatons were found in Guilford, Rowan, and Randolphrdies as well as two populations
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found in Union County. Jones et al. (2021) reported four populations that had multiple resistance
to both ALS and ACCasmhibiting herbicides however, those four populations were concentrated

in the Southern Piedmont region. While only one more populates found in the 2022 survey,

three of the populations were found two and three counties North of where they were reported in
2012 showing a spread in distribution of multiple resistance to ALS and ACCase inhibiting
herbicides. Additional multiple resatt combinations included five populations to mesosulfuron
and glufosinate, nine populations to pinoxaden and glufosinate, and one population to glyphosate
and glufosinate.

One population was found to have multiple resistance to herbjild@saden, glyphosate,
paraquat, and glufosinate (Figure 2.13). LocatedAmson County, this fowway resistant
population was collected in the samegionas the population that was confirmed to have-four
way resistance to clethodim, nicosulfuron, paraquat, and glyphosate (Heap, 2024). The Southern
Piedmont, specifically Union and Anson Counties, is a predominate \gtr@aing region of the
state (USDA, 202), therefore it is reasonableat more resistant populations can be found there
compared to other regions of the state. This increased resistance could be due to high selection
pressure, and little chemistry rotation. Additionally, the large emphasis-bih cropping across
the Piednont leaves farmers to rely more heavily on burndown herbicide applications, adding to
the selection pressure.

This research is important as it can be used as an educational tool for growers to know what
does not work, and what may still be working in terms of effective weed control in wheat. With
this survey being a followp study,10years since the last survey adds value as resistance profiles
can be tracked over time. This allows for a better understanding of developing resistances in

different weed populations to aid in a more informed decision when it comes to herbicide
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recommendations. Although herbicides such as glyphosate and paraquat are still effective in
controlling Italian ryegrass, it is vital to incorporate other chemistries into a rotation to create a
well-rounded herbicide program. Glufosinate is not recomntmdeases where Italian ryegrass
control is needed. The increased resistance to all herbicides, shows that a strong PRE program is
necessary to reduce weed competition. Alternative weed control methods should also be
considered, such as using cover cropsombination with residual herbicides which can suppress
Italian ryegrass growth and seed production in North Car(die&anctis, 2024Jurther research
can help broaden the understanding of the effectiveness of herbicides across the state of North
Carolina. Additional confirmation of resistance in PRE herbicides is needed to demonstrate
effectiveness of those important herbicides, dpadly very long chain fatty acidand PPO
inhibitors. Additional research includes screening for cross resistance to multiple herbicides within
the same mode of action, mainly observing the differences of control among different ACCase
families dims, des and fops.
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Tables and Figures

Table 2.1Herbicide information fottalian ryegrasgopulationgrom North Carolina surveyed
in 2012 and 2013.
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Table 2.2Herbicide information fottalian ryegrasgopulationdrom North Carolina surveyed
in 2022.
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aNIS at 0.5% v/v as well as ammonium sulfate at 1,683%g ha
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Table 2.3Total number oftalian ryegrasgopulationsrom North Carolinavhere average
control falls in to thresholds &f50%, 51%-69%, 70%79%, 80%89%, and 90%100%.

Treatment Threshold 2012 2022
--------------- Number of populations------------
Mesosulfuron  <50% 18 10
51%- 69% - 10
70%- 79% - 11
80%- 89% - 30
90%- 100% - 54
Pinoxaden <50% 82 17
51%- 69% - 44
70%- 79% - 26
80%- 89% - 26
90%- 100% - 3
Glyphosate <50% 0 2
51%- 69% 0 3
70%- 79% 1 6
80%- 89% 6 26
90%- 100% 95 78
Paraquat <50% 0 1
51%- 69% 0 1
70%- 79% 0 10
80%- 89% 2 30
90%- 100% 100 73
Glufosinate <50% 91 44
51%- 69% 10 47
70%- 79% 1 19
80%- 89% 0 4
90%- 100% 0 1

ANumbersderived from Jones et al. (2021). Only populatigri®% were reported.
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Table 2.4Total percent control dtalian ryegrass populatiorisom North Carolinacollected in
2012treated with norselectiveherbicides.

Italian ryegrass control

Population County Glufosinate  Glyphosate Paraquat
----------------------- % controt-------------------

18-6 Alamance 56 100 100
595 Anson 30 95 94
72-3 Anson 34 95 100
753 Bladen 56 93 100
754 Bladen 42 99 98
756 Bladen 40 96 99
84-1 Bladen 48 92 99
84-4 Brunswick 48 98 96
84-6 Brunswick 36 93 100
58-2 Cabarrus 40 97 100
583 Cabarrus 51 91 100
191 Caswell 31 91 96
384 Chatham 48 99 100
386 Chatham 40 97 99
654 Craven 70 100 100
65-6 Craven 45 98 100
62-5 Cumberland 44 96 100
751 Cumberland 64 97 100
37-1 Davidson 31 100 100
37-5 Davidson 38 98 100
63-6 Duplin 48 97 100
76-4 Duplin 30 99 100
77-1 Duplin 41 91 100
77-2 Duplin 46 95 99
77-3 Duplin 32 98 100
77-4 Duplin 31 91 99
42-2 Edgecomb 37 95 100
17-5 Forsyth 39 98 100
21-6 Franklin 31 99 100
41-1 Franklin 44 95 100
41-2 Franklin 40 93 97
20-2 Granville 30 85 98
20-4 Granville 30 80 93
185 Guilford 45 96 100
381 Guilford 43 98 86
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Table 2.4(continued)

22-4
61-4
62-3
62-4
74-1
41-5
41-6 A
41-6 B
63-2
63-3
655
61-2
64-4
64-6
65-3
43-2
434
60-1
60-2
60-3
42-1
42-3
22-2
195
196
76-6
77-6
84-2
19-2
194
20-1
20-3
436
651
65-2
37-4
385
59-6

Halifax
Harnett
Harnett
Harnett
Hoke
Johnston
Johnston
Johnston
Johnston
Johnston
Jones
Lee
Lenior
Lenior
Lenior
Martin
Martin
Moore
Moore
Moore
Nash
Nash
Northampton
Orange
Orange
Pender
Pender
Pender
Person
Person
Person
Person
Pitt

Pitt

Pitt
Randolph
Randolph
Richmond

39
31
41
30
54
38
56
39
30
40
30
30
30
43
38
30
58
39
33
37
48
30
41
39
37
31
28
34
54
42
48
36
39
34
39
30
30
28

93
97
96
95
98
94
95
96
94
91
97
99
97
98
97
94
99
96
96
98
99
99
97
98
95
92
89
94
93
90
89
93
99
99
96
95
75
93

100
100
91
100
100
100
99
100
89
100
100
100
100
100
100
100
100
100
100
100
99
99
100
100
100
100
100
100
100
97
99
93
100
100
100
100
98
100
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Table 2.4(continued)

60-5
12-4
74-3
74-4
74-6
17-4
62-6
63-5
752
76-1
76-2
76-3
733
734
735
584
59-3
171
58-6
71-2
21-1
21-3
41-3
21-2
21-4
63-4
64-1
64-3
42-6

Richmond
Richmond
Robeson
Robeson
Robeson
Rockingham
Sampson
Sampson
Sampson
Sampson
Sampson
Sampson
Scotland
Scotland
Scotland
Stanley
Stanley
Stokes
Union
Union
Vance
Vance
Wake
Warren
Warren
Wayne
Wayne
Wayne
Wilson

30
48
30
47
30
34
41
33
30
48
29
60
37
56
31
30
44
30
33
39
33
50
34
30
30
30
40
39
39

97
95
99
92
97
100
90
97
94
97
99
100
100
99
99
99
89
99
93
83
94
93
96
99
99
96
96
96
94

100
100
100
100
100
91
100
99
100
100
97
100
100
93
100
100
100
100
93
93
100
100
100
100
100
100
96
100
100
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Table 2.5Total percent control of each populativam North Carolinacollected in 2@2 with

each herbicide.

Italian ryegrass control

Population  County  Glufosinate Glyphosate Mesosulfuron Paraquat Pinoxaden
----------------------------------- % CcONtro--------=mmmmmmmm e
38-2 Alamance 40 87 74 66 77
595 Anson 48 45 68 45 47
72-2 Anson 56 91 77 97 57
236 Bertie 46 77 81 86 61
24-5 Bertie 54 95 96 91 70
24-6 Bertie 59 98 99 91 73
84-1 Bladen 65 98 94 100 81
832 Bladen 73 100 98 100 88
84-4 Brunswick 64 94 89 91 83
581 Cabarrus 35 63 19 79 51
58-3 Cabarrus 46 68 43 85 51
582 Cabarrus 47 99 57 87 71
191 Casswell 43 99 96 86 63
184 Caswell 55 86 88 95 87
384 Chatham 44 90 93 78 38
393 Chatham 50 100 98 88 65
751 Cumberland 40 79 75 82 51
74-2 Cumberland 50 89 96 89 68
62-5 Cumberland 55 100 98 100 75
D-4 Davidson 41 85 27 88 56
D-3 Davidson 54 88 61 91 72
D-2 Davidson 55 90 85 91 76
D-1 Davidson 79 96 98 100 81
36-3 Davie 58 99 76 99 57
76-4 Duplin 33 82 84 75 53
64-5 Duplin 41 86 88 86 66
77-3 Duplin 47 88 91 93 69
63-6 Duplin 48 89 93 93 69
77-1 Duplin 50 91 98 99 71
77-2 Duplin 56 92 99 99 74
77-4 Duplin 61 98 100 100 84
20-5 Durham 57 88 93 83 66
42-4 Edgecombe 41 30 83 84 50
431 Edgecombe 44 78 86 91 63
42-2 Edgecombe 49 88 91 91 64
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Table 2.5(continued)

433
17-5
21-6
20-4
20-6
20-2
185
22-6
235
22-4
62-4
61-4
62-1
62-3
24-4
741
62-2
41-5
63-2
41-5B
631B
631
61-1
61-2
64-6
64-4
653
434
432
59-2
59-1
60-3
60-4
42-3
41-4
42-1
22-5
195

Edgecombe
Forsyth
Franklin
Granville
Granville
Granville
Guilford
Halifax
Halifax
Halifax
Harnett
Harnett
Harnett
Harnett
Hertford
Hoke
Johnston
Johnston
Johnston
Johnston
Johnston
Johnston
Lee

Lee
Lenoir
Lenoir
Lenoir
Martin
Martin
Montgomery
Montgomery
Moore
Moore
Nash
Nash
Nash
Nash
Orange

60
44
55
44
54
76
49
38
54
56
49
53
70
73
31
59
46
51
61
63
73
88
54
63
48
49
79
53
70

78
46
83
41
49
68
79
41

91
96
96
90
90
100
100
96
96
99
85
85
88
94
99
100
93
94
96
98
98
99
98
98
81
96
98
99
99
87
93
94
97
71
92
99
100
82

94
98
85
79
85
91
49
86
89
100
85
88
99
99
88
93
80
88
92
92
94
98
92
99
88
98
100
93
93
85
100
78
98
86
94
98
99
49

100
91
81
89
91
99
82
93
99

100
81
88
91
91
96
88
82
89
91
91
91

100
99

100
83

100

100
93

100
79
89

100

100
79
89
91

100
73

74
74
63
33
64
73
39
58
85
88
63
63
72
74
67
44
48
65
69
70
83
84
63
71
61
75
84
45
91
75
77
60
87
57
66
83
89
59
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Table 2.5(continued)

39-1
39-2
19-6
766
19-4
19-2
20-1
20-3
651
435
436
652
385
37-6
17-4
181
366
365
76-1
62-6
763
752
762
734
733
736
16-3
586
585
71-3
71-1
71-4
71-2
21-1
21-3
41-3
22-3
64-1

Orange
Orange
Orange
Pender
Person
Person
Person
Person
Pitt

Pitt

Pitt

Pitt
Randolph
Randolph
Rockingham
Rockingham
Rowan
Rowan
Sampson
Sampson
Sampson
Sampson
Sampson
Scotland
Scotland
Scotland
Surry
Union
Union
Union
Union
Union
Union
Vance
Vance
Wake
Warren
Wayne

94
94
97
96
94
97
99
100
60
86
86
96
83
96
96
99
81
94
76
78
93
96
100
96
99
100
100
82
91
94
95
96
97
98
100
100
81
82

78
93
98
93
56
65
79
83
17
80
86
96
20
91
91
99
28
67
72
85
89
93
99
83
89
91
78
21
36
51
68
68
89
87
99
91
82
75

83
88
99
99
83
89
100
100
74
81
91
98
73
95
91
96
92
96
91
94
99
100
100
90
91
100
99
76
86
89
90
96
99
80
100
100
91
79

62
70
71
83
a7
61
62
83
63
63
66
83
38
65
67
81
32
53
64
64
79
83
83
63
78
81
83
28
30
35
37
38
59
76
92
96
75
80
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Table 2.5(continued)

64-3
42-6
42-5
16-5

Wayne
Wilson
Wilson
Yadkin

53
56
59
42

99
85
100
100

91
95
96
64

98
96
99
99

81
85
89
42
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Figure 24 Distribution ofmesosulfurosresistanttalian ryegrass populatiorisom North Cardiinddentified in the 2023urvey
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Figure 2.5 Distribution of mesosulfuroresistanttalian ryegrass populatiorisom North Carolinadentified in the 2012 survey.

58



- =

\L..A.. )

- . .y . Iﬁa\\ ,_x
M N Hv,.
A D [\
7 \ _..} ~. _ \\)p /

\N\\ \ mL_/_ _ .\J .\\__ p /,\.V

! L fuJ .,_/ ” ._.

10 9 ..;- ( .u,
R ACK 5 L.n.._rﬁ.n.ﬁ ﬁ\«/
+40/1+Q_+0w++ b
gd/...l.df*é}!@aj |
o), 4% 3.5 Y
,,&_,j Y

.,.,.I_LH wolow| ~ )

A 51-69% control
{) 70-79% control
O 80-89% control
= 20-100% control

59

Figure 2.6Heat map showing mesosulfuron conwbltalian ryegrass populations from North Carolina surveyed in.2Bg2bols
demonstrate resistant (red octag&i)to 69%(pink triangle),70 to 79%(orange diamondgB0 to 89%(blue circle), an®0 to 100%

(dark blue cross) control levels.



Figure 2.7 Distribution of pinoxaden resistatalian ryegraspopulationdrom North Carolinadentified in the 2022 survey.
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Figure 2.9Heat map showing pinoxaden contoblitalian ryegrass populations froorth Carolinasurveyed in 2022Symbols

demonstrate resistant (red octag&i) to 69%(pink triangle),70 to 79%(orange diamondgB0 to 89%(blue circle), an®0 to 100%
(dark blue cross) control levels.
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Figure 2.11Heat map showing glyphosate contodlitalian ryegrass populatiofisom North Carolinasurveyed in 2022Symbols
demonstrate resistant (red octag&i)to 69%(pink triangle),70 to 79%(orange diamondgB0 to 89%(blue circle), an®0 to 100%
(dark blue cross) control levels.
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Figure 2.12Heat map showing paraquat contbltalian ryegrass populations froNorth Carolinasurveyed in 2022Symbols

demonstrate resistant (red octag&i)to 69%(pink triangle),70 to 79%(orange diamondB0 to 89%(blue circle), an®0 to 100%
(dark blue cross) control levels.
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Figure 2.13Distribution of paraquat resistaltalian ryegrass populatiorisom North Carolinadentified in the 2022 survey. This
population is also resistant to pinoxaden, glyphosate, and gluisina
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Figure 2.14Distribution of glufosinate resistattlian ryegrass populatiorisom North Carolinadentified in the 2022 survey. These
populations are also resistant to pinoxaden, glyphosate, and glufosinate
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Figure 2.15Heat map showing glufosinate contaflitalian ryegrass populations fraorth Carolinasurveyed in 2022Symbols

demonstrate resistant (red octag&i)to 69%(pink triangle),70 to 79%(orange diamondgB0 to 89%(blue circle), an®0 to 100%
(dark blue cross) control levels.
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Figure 2.16Distribution of 3way multiple resistanttalian ryegrass populatiorisom North C
survey. These populations are resistant to mesosulfuron, pinoxaden, and glufosinate.

arolina identifieduring the 2022
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Figure 2.17Distribution of 2way multiple resistanitalian ryegrass populatiorisom North Cérolinddentified in the 2022 survey.
These populations are resistant to mesosulfuron, and pinoxaden
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Abstract

Palmer amaranth populations were collected from the Coastal Plains and Piedmont regions of
North Carolina in the fall of 2015 and 2022, resulting in 101X8Wsamples, respectively. Seed

samples were collected from fields with an observed population of mature Palmer amaranth
seedheads. Populations were treated to determine their responsétodiidmba, fomesafen,

and glufosinate applied at the rate labdledin field use when Palmer amaranth plants were at

the 57 leaf stage. Ratings were taken wegdhr 28 days following treatment. Populations were
determined to be resistant when the average c
control <50% following treatments of 2[3, dicamba, or glufosinate were found in the 2015

survey; howeversevenpopulations demonstrated potential resistance to fomesafen. The survey

of the 2022 populations found the same results foiD2,dicamba, and glufosinate as 2015,

however 40 populations showed reduced control (<50%) following fomesafen treatment.

Nomenclature: 2,4-D; dicamba; glufosinate; fomesafen; Palmer amaratigranthus palmeri

Key words: Herbicide resistan¢dresistance survey,
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Introduction

Palmer amaranttAmaranthus palmefis consistently one of the most troublesome weeds
in the United States and Canada, competing with commonly growscnaps (Van Wychen
2022) Resistance in Palmer amaranth to different herbicide modes of action has become an
increasingly important issue over the past four decades, since the first documented case of
herbicide resistance was identified in South Carolina in X@@&sett et al. 1992; Heap 2024;
Ward et al. 2013)The first documentation of glyphosate resistance was significant, as it was the
most common herbicide used to control Palmer amaranth in fields planted with glygloteyaiet
crops(Culpepper et al. 2006; Heap 2024)

Glyphosateresistant Palmer amaranth was first documented in North Carolina in 2006,
which led to a large statewiderseyto determine the distribution of resistant weed populations
(Heap 2024; Whitaker 2009; Culpepper et al. 20B&gistance tocetolactate synthase (AL®)

Palmer amaranttwhich was confirmed in North Carolina in 1995, had also become increasingly
common across the stgtdeap 2024)Out 0f 290 samplesollected in the 2006 surve¥7% and

18% demonstratedesistance to glyphosate and thifensulfuron, respectively, inclufieg
populationswith multiple resistance to both herbicides. A follayw statewide wvey in 2010
concluded that of 134 sampled populations, 98% and 97% showed resistance to glyphosate and
thifensulfuron, respectivelyPoirier et al. 2014)Poirier et al. (2014) also found 93% of the
populationgestedtio have multiple resistance to both thifensulfuamalglyphosate. These results
representedn increase from theife populations found in the Southeastern coastal plains by
Whitaker justfive years priorln 2016, 110 populations were collected in a targeted screen of the
Coastal Plains region of North Caroli(Mahoney et al. 2020Mahoneyeported similar numbers

as Poirier with 99% and 96% of the populations showing resistance to glyphosate and
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thifensufuron, respectivelyMahoney also found low levels of plant survival from select
populations after fieldise rate applications of mesotrione and fomesa®emvivors of the
mesotrione screenings were used to confirm Palmer amaranth resistance to mesotrione in North
Carolina, the first confirmatioaf HPPDresistance in the statileap 2024; Mahoney et al. 2020)

Low levels of survival followingS-metolachlor and 2:4 applications were reported, from the
same populations collected by Mahoney in 2(6ore et al. 2021)Moore also reported 18 of

the populations to have survivors to b&metolachlorand 2,4D.

In 2019, a nationwide survey concluded 71% of farmers expressed concernthmver
migrationof herbicideresistant weedmto their fields yet only 56% made any efforts to discuss
these issues with farmensth neighboring fieldgErvin et al. 2019)In the same study, only 40 to
50% of growers admitotating modes of action to help combat the development of herbicide
resistant weeds. Ervet al. (2019palso concluded that growers who relied on extension educators
were more likely to be concerned when presented with resistance issues, leading to better
management practices. A separate study in 2016 found that while incorporating different practices
to manage herbicideesistant weeds was common among farmers, there is still room for more
growers to adopt better management stratd@esg et al. 2016)It has been hypothesized that
growers do not take resistance management as seriously on rented acres due to a host of factors
such as shoiterm use of that property and not wanting to put too much money into it, however,
studies show ndifferencein weed management across rented versus ownedHasdold et al.

2020) Growers are becoming more aware of the widespread resistance problem at hand, but
continued teaching and extension work is necessary to provide them with proper information

concerning the best herbicide use strategies.
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The last documented Palmer amaranth survey including the piedmont region occurred in
2010 by Poirier et al. (2014%creening of the 2015 populations, as well as an updated survey
incorporating both the Piedmont and Coastal Plains regions is needed to determine the
development of herbicide resistance across the entire state over the past decade. These results will
provide information on the distribution of herbicide resistance, and more importantly where
postemergence herbicides commonly used in North ©arebw cropping systems are still
efficacious.

Materials and Methods

Sample Collection

Palmer amaranth populations were selected at random by way of observation while
surveying fields from the road during thedl of 2015 and®022. A sampling grid was chosen using
an atlas [North Carolina Atlas & Gazetteer. Ninth Edition. Yarmouth, Maine: Delorme, 2010]
where points were chosen on a longitudinal spacing of every 13 degree min, and a latitude spacing
of every 10 degree mi@ones et al. 2021; Poirier et al. 2014; Culpepper et al. 280@)al of
296 potentiasample locations were distributed across the Piedmont and Coastal Plains regions of
North Carolina(Figure 3.1) Each sample point was visited, andedfort was made to collect
female Palmer amaranth seedheads out of ecropvfield within proximity to that point. If driving
down several roads proved unfruitful in a collection near a given point, that point was dropped,
and travel continued to the nepte-determined point. Methods used for collection included
stopping after vigal observation of a field infested with Palmer amaranth plants, then recording
the sample location with GPS reference points and field information including the crop on a brown
paper sack and placing the seed heads inside. An effort was made to go3&trieztersinto the

field to avoid collecting from the end rows, with at least 20 seed heads collected from different
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plants while walking in a zigag pattern across the field. In 2015, 101 populations were collected
(Figure 3.2)from various cropping systems includiegmmon row cropscotton [Gossypium
hirsuturm (9), peanut[Arachis hypogada(1l), soybean[Glycine mak (84); specialty crops: lima
bean[Phaseolus lunatuks.] (1) andtobacco]Nicotianatabacunj (1); no crop data was recorded
for five populationsin 2022,137 populations were collected (Figure 3.@pllection sitesn 2022
consisted ofzarious cropping systems including common row crapsn[Zea mayk(2), cotton
(12), peanut (1), and soybean (L1§jecialty cropsweetpotatdlpomoea batatdq2); andfallow
ground (1) Seed collections were taken to Method Road Weed Control Laboratories (Raleigh,
North Carolina 27607) where they weget out to drythenprocessedby separating seeds from
the seedhead. Seed samples gteed in freezers until screening.
Greenhouse screening

Greenhouse studies were conducted at Method Road Weed Control Laboratories (Raleigh,
North Carolina 27607Populations collected in 2015 were screened separately from populations
collected in 2022Palmer amaranth seeds were sewn directly intonipots containing Sunshihe
Mix #1 potting mixture (Sun Gro Horticulture, Agawam, MA, USA). Once the seeds germinated,
one plant was transplanted into eachcfrbpot containing a 4:1 mix of SunsHidix #1 potting
mixture (Sun Gro Horticulture, Agawam, MA, U$Aand sand including & of slowrelease pellet
fertilizer (1414-14). Daily overhead irrigationwas provided throughout the course of each
experimentSupplemental greenhouse lighting consisting of 530W total grow lights (Total Grow
Control, Alvin, TX, USA) producing 800 pmol/ i/ s-* was provided with 15 hour photoperiods
consisting of35/2 9 (day/nigh) temperature fluctuations respectiveBlants grew until they
reached an average of i15cm (5to 7 leaves). Applications were made with aZp@&ssurized

sprayerequipped withTeeJet TTI 11002VS nozzles (TeeJ@ibzzles; Spraying Systems Co.,

76



Wheaton, IL)for auxin treatments antleeJet XR 11002 VS nozzles (Teelwtzzles; Spraying
Systems Co., Wheaton, If9r all other treatmentqroducing 140 L/héof solution at 207 kPa.
Treatments included: neneated check, fomesafen [281 g ath2,4-D [1064 g ae h4, dicamba
[562 g ae hd], and glufosinate [596 g ai f{h(Table 3.1)Nonionic surfactant (NISHelena Agri
Enterprises, Colloerville, TN, USAat 1% v/v was added to fomesaféul. rateswere based on
labelrecommendation®r an overthe-top row crop applicatior/isual ratings were taken weekly
until 28 days after treatme(DAT), whereeach ndividual plant was assessed a control rating on
a scale of @o 100with O represeiimg no controland100 represents plant death. Treatments were
arrangedn a completely randomized block desigith four replicationsof eachtreatment by
population combination This study was repeatemh another greenhouse with the same
management practiceStatistical analysis was performed using Statistical Analysis Software, SAS
9.4 (SAS Institute, Inc., NC, USA). Analysis of variance was determined using PROC GXIMMI
There was no variability between runs, so runs were combined for analysis.
Resultsand Discussion

2015 Survey of Palmer amaranth Populations

Palmer amarantbontrol was averaged across all replications rand for each treatment
and herbicide. Populations with an average<®®% control are considered to have putative
resistance. Out of lipopulations evaluated, fomesafen was the only herbicide where populations
exhibited O50% control, with a total of seven
putative resistant. No populations were found to have cor&6Po for 2,4D, dicamba, or
glufosinate (Table 3.2).

Results for control with each herbicide can further be broken down into five different

control levels<50%, 51 to 69% 70 to 79%80 to 89% and90 to 100% These control levels are

1



similar totypical herbicide efficacy ratings ahelp brealdown the overall contrebngefor those
populations whickhhave reduced control but would not fall below the 50% thresHAdic is of
interest since herbicide resistance continues to spread in the Coastal Plain and Piedmont regions
of North Carolina. By identifying areas where reduced control is observed in the survey, extension
messagingan be targetetb explain the areas of concern across the.g&@vers who rely on
extension educators faraining and information tend to be more concerned when presented with
various cases of resistance, leading to more acceptance of resistance management weed control
programs(Ervin et al. 2019) This evidence further supports the use of this information and the
importance of extension to raise awareness among growers.

Palmer amaranth collected in 2015 did not have any populations below the 50% threshold
when treated with 2;. Additionally, only two populations were controlled betw&anto 69%
These two populationsriginated fromCumberland and Johnston counties (Table EBven
populations were controlled betweé@ to 79% 21 populations were controllé&D to 89% and
61 populations were controlleeb0% (Figure 3.4). These results are similar to those reported by
Moore et al. (2021) where plant survival (observew growth 28AT) was observed for most
populations, however, most populations were still controlled betwed®®%. No populations
were<70% with dicamba (Table 3.3). Only five populations were contrall@do 79% Ninety
populations of Palmer amaranth were contro#88%, with 74 of them being controlled90%.
Overall, dicamba demonstrated excellent control across the entire state of North Carolina (Figure
3.5). Moore et al. (2021) reported no differences in survival among any of the populations collected
in the Coatal Plains. Enlist and Xtend traited crops, which allow for postemeegmplications
of 2,4D and dicambaespectively, were not available to growers until 2016. The Palmer amaranth

populations in both Moore et al. (2021) and our survey in 2015 were collected before the use of
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2,4-D and dicamba ovehetop in soybean and cotton. The lack of selection pressure with these
herbicides could explain why no synthetic aus@sistant weed populations were found in this
survey.

Seven populations of Palmer amaranth collected in 2015 were con«déd after an
application of fomesafen (Figure 3.6). These putatasistant populations were distributed mostly
across the southern tier counties. The counties with putasrstant fomesafen populations
include Anson, Cleveland, Nash, Richmond, andl8cad with two of the populations each being
found in Anson and Cleveland counties (Table 3.3). Only 18 populations were cors@iid
with the rest of the populations being coli#d between 5B9% (Figure 3.7). Populations of
Palmer amaranth from 2010 were completely controlled with fomesafen across the entire state
(Poirier et al. 2014)Mahoney et al. (2020) reported much higher control with fomesafen in their
populations collected in 2015. One explanation is the distribution of samples collected, as none of
the seven putativeesistant populations from this survey were located in #meesarea as the
reported 2015 Coastal Plains sur¢®ahoney et al. 2020)

While no putative resistance can be reported with glufosinate, some reduced control was
observed in some populations tested. No populations of Palmer amaranth were controlled <50%
with glufosinate, however one population in Pitt County and one popul&tieenior county
showed control betweesll to 69%(Table 3.3). Four more of the populations were contrail@d
to 79% Sixteen populations were controlled 80 to 90%, while 73 populations were controlled
>90% by glufosinate (Figure 3.8). Poirier et al. (2D&nd Mahoney et al. (2020) both reported
100% control across all populations, which is much higher control than what can be reported with

these populations.
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2022 Survey of Palmer amaranth Populations

Control will be discussed using the same control levels as those used for the 2015
populations. Out 0137 of the populations, fomesafen was the only herbicide where control was
observed <50%, witd0 populations showing reduced control. -R4dicamba, and glufosinate
controlled all populations >50% (Table 3.3).

The majority of Palmer amaranth populations from 2022 were controlled >90% when
treated with 2,4D. Two populations in Sampson and Warren counties were controlled bétveen
to 69% six betweery0 to 79% and28 betweerB0 to 89%(Table 3.4). Populations with reduced
control were all located in the Coastal Plains region of North Carolina (Figure 3.9). These results
are similar tathe 2015 populations as well as the results of Moore et al. (2021). No populations
were controlledk70% by dicamba (Table 3.4pnly one population was controll&@ to 79% 80
to 89%control achieved in three populations, a&®0% control in 126 populations (Figure 3.10).

The reduced susceptibility in certain populations is cause for some concern, especial.in 2,4
However, results between 2015 and 2022 demonstrate that resistance development of auxin
herbicides is not on aapid trajectory in North Carolina, but should still be used in rotation
coinciding with proper resistance management strategies.

Forty populations of Palmer amaranth were controlled <50% with fomesafen, marking
them each as putative resistant populations. These populations were distributed predominantly
across the Coastal Plains region of North Carolina (Figure 3.11). Furthesléonlnded51 to
69%control in thirty-five populations70 to 79%control in sixteen population80 to 89%control
in twenty-four populations, while twenttwo populations were controllegB0% (Figure 3.12).

This number is much greater than those regabily Poirier et al. (2014), Moore et al. (2021), and

in the screened 2015 populations.
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Glufosinatewas the most effective herbicide in controlling Palmer amaranth populations.
Every population evaluated from the 2022 survey was contra88éo (Table 3.4). These results
are similar to numbers reported by Poirier et al. (2014) and Mahoney et al. (2020), where every
population was controlled 100%. Widespread control of Palmer amaranth with glufosinate (Figure
3.13) is very beneficial for Nort@arolina growers. While still effective, glufosinate should still
be used in rotation with other herbicides teyant resistance, which has been confirmed in North
Carolina as recently as 20{8eap 2024; Jones et al. 202i) a recent study surveying growers
in North Carolina about their use of glufosinate, 56% of respondents reported using glufosinate to
someextent(Jones et al., 2022)n 2020, Jones et al. (2022) reported that 13 to 17% of North
Carolina growers rely exclusively on glufosinate for weed control. Additionally, 4 to 10% reported
using glufosinate as a late postemergence application, which has the potential for edtape wit
larger weeds. Overall, Jones et al. (2022) determined that glufosinate was being stewarded well by
growers with few reported escapes of weeds after the use of glufosinate. Glufosiante is dependent
on weather conditions for proper effectiven@Seetzer et al. 2001; Sellers et al. 20@@cause
of these environmental factors, continuous education of growers should be the mission of the
extension program to ensure proper application timings and usage of glufosinate.

Control of Palmer amaranth with 2 and dicamba remains steady between 2015 and
2022. In 2015>80% was achieved in 86% of the populations with-2,4and 94% of the
populations with dicamba. In 202280% control was achieved in 95% of the populations with
2,4D, and 99% of the populations with dicamba. Fomesafen resistance has increased over the
past 7 years, from Poirier et al. (2014) and Mahoney et al. (2020) reporting no resistant populations,
our 2015 screen identifying seven putatiesistant ppulations and a large increase in 2022 to 40

putativeresistant populations. Only 16% of the populations in the 2022 screen were controlled
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>90% with fomesafen>90% glufosinate control was demonstrated for all populations in 2022,
similar to Poirier et al. (2014) and Mahoney et al. (2020), who also reported zero populations
surviving after an application of glufosinate.

Putative resistance was only found with one herbicide in this survey so no cases of multiple
resistance can be reported to these herbicides. While glyphosate and ALS herbicides were not
used, they have been thoroughly documented over the last two decatiesstate of North
Carolina(Mahoney et al. 2020; Poirier et al. 2014; Whitaker 2088)veys from Palmer amaranth
collections in 2010 and 2016 reporte®b% of populations being resistant to both glyphosate and
an ALS herbicide, so multiple resistance is highly likely with the populations surviving fomesafen,
should resistance be confirmed in the future.

This research is important for North Carolina growers to make informed decisions when
structuring effective herbicide programs. The maps provided can be excellent extension and
educational tools to show where the pockets of resistance may be locatedtfaerstsgte so
recommendations can be made on the best control options to growers in a county. Having almost
two decades' worth of data on herbicrésistant Palmer amaranth populations helps visualize the
reality of resistance and how it takes relativitie time for resistant populations to infest an entire
field (Nichols 2009; Norsworthy et al. 2014jhe most important tool when it comes to chemical
weed control is a diverse weed management program. Consistently using the same herbicides with
the same mode of action will lead to a higher selection pressure and increased evolution of
herbicide resistace(Poirier et al. 2014; Shaw et al. 2011Rptation of different chemistries along
with the use of multiple modes of action will reduce the likelihood of developing herbicide
resistance in a particular populatidnman et al. 2016; Merchant et al. 201A)good program

including multiple modes of action and the use of preemergence herbicides is strongly
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recommende@Cahoon et al. 2015; Everman et al. 2009; Whitaker et al. 2bitéyrating cultural

weed control methods into a program, such as cover cropping and row spacing might also aid in
decreased selection pressure against potentially resistant popul@msencon et al. 2017,
Essman et al. 2023; Loux et al. 2017; Schultz et al. 2015)

The method of a statewide survey may not provide the most accurate representation of
resistance across the state, as it may favor resistant populations by only collecting data from fields
with observed escapes. While this screen does not confirm resistaneach population, it
provides a general understanding of responses for each population with each herbicide. Future
research should include dose responses or genetic tests to confirm resistance to specific herbicides
such as fomesafen, which has not geen confirmed in North Carolina. Additional screening
work could be done to determine the control levels of other common herbicides, such as very long
chain fatty acid, PSIF and HPPD inhibiting herbicides.
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Tables and Figures

Table 3.1Herbicide information for Palmer amaranth populations from North Carolina surveyed
in 2015 and 2022.
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Table 3.2Total number of Palmer amaranth populations from North Carolina where average
control falls in to thresholds &f50%, 51%69%, 70%79%, 80%89%, and 90%100%.

Treatment  Threshold 2015 2022
------------- Populations---------------
2,4D <50% 0 0
51%- 69% 2 2
70%- 79% 11 6
80%- 89% 21 28
90%- 100% 61 101
Dicamba <50% 0 0
51%- 69% 0 0
70%- 79% 5 1
80%- 89% 16 3
90%- 100% 74 126
Fomesafen <50% 7 40
51%- 69% 27 35
70%- 79% 26 16
80%- 89% 22 24
90%- 100% 18 22
Glufosinate <50% 0 0
51%- 69% 2 0
70%- 79% 4 0
80%- 89% 16 0
90%- 100% 73 137
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Table 3.3Palmer amarantbontrol withpopulationscollected in 2015

Palmer amaranth control

Population County Crop 2,4D Dicamba Fomesafen Glufosinate

_____________________________ L RS
195 Alamance Soybean 93 100 80 89
72-3 Anson Soybean 78 86 23 83
Anson 5 Anson Soybean 93 78 90 100
Anson 7 Anson Butter Bean 100 100 40 100
Anson 8 Anson Soybean 86 100 100 100
Anson 9 Anson Soybean 100 100 81 91
Anson 11  Anson Soybean 86 93 71 99
Anson 13  Anson Soybean 100 100 85 92
66-2 Beaufort Soybean 91 96 80 85
834 Bladen Soybean 93 100 64 100
84-1 Brunswick Cotton 93 93 55 100
581 Cabarrus Soybean 91 81 71 100
582 Cabarrus Soybean 92 99 69 100
34-3 Catawba Soybean 96 93 81 86
354 Catawba Soybean 93 93 91 90
552 Cleveland Soybean 86 100 23 82
55-3 Cleveland Cotton 100 91 41 83
55-3a Cleveland Cotton 93 99 89 100
55-3b Cleveland Soybean 100 92 63 100
833 Columbus Soybean 93 100 71 92
835 Columbus Soybean 88 89 60 100
836 Columbus Soybean 76 100 94 100
62-5 Cumberland Soybean 68 100 80 92
364 Davidson Soybean 93 86 90 99
22-4 Edgecombe Cotton 78 93 63 100
22-5 Edgecombe Soybean 88 100 63 82
42-2 Edgecombe Soybean 93 70 58 83
351b Forsyth Soybean 100 96 80 92
20-6 Franklin Tobacco * * 100 *
56-3a Gaston Soybean 93 94 72 100
56-3b Gaston Soybean 93 93 81 100
46-5 Greene Soybean 100 100 76 100
64-1 Greene Soybean 92 93 70 99
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Table 3.3(continued)

64-3
651
351a
20-5
231
234
24-1
24-4
61-4
62-6
251
25-3
82-3
62-1
62-2
62-3
62-4
631
63-3
76-1
64-6
65-2
65-6
82-2
585
385
393
61-2
60-3
61-3
21-5
22-6
235
23-6
24-5
431

Greene
Greene
Guilford
Halifax
Halifax
Halifax
Halifax
Halifax
Harnett
Harnett
Hertford
Hertford
Horry
Johnston
Johnston
Johnston
Johnston
Johnston
Johnston
Johnston
Lenoir
Lenoir
Lenoir
Marlboro
Mecklenburg
Montgomery
Montgomery
Montgomery
Moore
Moore

Nash

Nash

Nash

Nash

Nash

Nash

Soybean
Soybean
Soybean
NA
Soybean
Soybean
Peanut
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Cotton
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Cotton
Soybean
Soybean
Soybean

93
91
90
100
88
100
93
83
72
86
85

83

66
71
92
94
95
87
100
100
74
78
98
100

100
100
100
93
93
92
84
93
89

93
100
100
100
100
100
100

86

84

97

92

93

100
93
93
93

100
91
96
86

100
93

100

100

92
100
94
87
96
93
100
100
91

62
90
71

83
91
100
91
80
63
61
89
80
62
69
53
75
55
70
80
92
83
83
81
70
90
100
51
61
71
79
65
73
73
77
73

85
99
91
100
100
99
100
92
100
100
100

74

93
100
100

82

91

83

74

68

92

93

91

91

100
100
93
93
99
90
99
99
92

97



Table 3.3(continued)

43-2
46-1
26-4
47-1
256
46-3
64-2
64-4
65-3
66-3
383
384
60-4
72-2
734
74-2
755
356
63-6
743
74-4
745
74-6
59-1a
16-3
71-2
71-4
41-2
42-3
1-1
1-2
1-3

Nash

Nash
Pasquotank
Pasquotank
Perquimans
Pitt

Pitt

Pitt

Pitt

Pitt
Randolph
Randolph
Richmond
Richmond
Richmond
Richmond
Robeson
Rowan
Sampson
Scotland
Scotland
Scotland
Scotland
Stanly
Stokes
Union
Union
Wake
Wilson

NA

NA
NA

Soybean
Cotton
Soybean
Soybean
NA
Cotton
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Cotton
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
NA

NA
NA

94
100

78
100
91
100
89
94
99
93
93
99
86
83
85
100
92
84
78
71
100
91
85
86
78
89
100
91
93

100

93
100

93
100
100

91

93

99

93

78

93

94

99
100

93

78

86

93

86

83

78

85

99

86

88
100

86

99
100

85

46
71
90
63
100
73
81
63
79
71
89
81
53
60
55
39
69
90
73
41
72
81
74
54
90
79
79
61
75
100

83
63

91
93

100
82
100
93
78
55
76
91
100
99
91
89
99
100
100
92
85
99
100
98
82
100
100
92
89
100
100

100

98



Table 3.4Palmer amarantbontrol withpopulations collected iR022.

Palmer amaranth control

Population County Crop dicamba 2,4D fomesafen glufosinate

_____________________________ O/ mmm e
186 Alamance Soybean 100 100 100 100
72-4B Anson Soybean 99 93 67 100
46-2 Bertie Soybean 100 100 86 100
24-6 Bertie Soybean 100 93 91 100
23-6 Bertie Soybean 99 99 100 100
755 Bladen Soybean 100 93 71 100
831 Bladen Soybean 100 100 76 100
804 Carteret Soybean 100 100 91 100
193 Caswell Soybean 100 100 73 100
393 Chatham N/A 100 * * 100
384 Chatham Soybean 100 100 100 100
55-2 Cleveland Soybean 100 100 100 100
554 Cleveland Soybean 100 93 100 100
554 B Cleveland Soybean 100 99 73 100
833 Columbus Cotton 100 100 100 100
82-3 Columbus Soybean 100 100 39 100
8318 Columbus Soybean 98 88 69 100
835 Columbus Soybean 100 100 82 100
836 Columbus Soybean 99 100 91 100
65-6 Craven Soybean 100 100 82 100
65-6 Craven Soybean * 100 90 100
62-5 Cumberland Cotton 100 77 76 100
751 Cumberland Soybean 99 88 48 100
74-2 Cumberland Soybean 100 91 81 99
36-3 Davie Soybean 99 86 72 100
364 Davidson Soybean 99 100 91 100
64-5 Duplin Cotton 99 92 91 100
77-4 Duplin Peanut 99 93 81 100
77-3 Duplin Soybean 100 93 24 100
76-4 Duplin Soybean 100 87 61 100
77-2 Duplin Soybean 99 82 73 100
77-1 Duplin Soybean * 85 83 100
20-5 Durham Soybean 100 100 75 100
42-4 Edgecombe Soybean 70 85 24 100
42-2 Edgecombe Soybean 100 91 38 100



Table 3.4(continued)

431
433
41-1
21-6
21-5
41-2
251
64-2
185
22-6
235
62-4
61-4
62-1
62-3
24-3
74-1
352
63-3
63-2
63-1
41-6
41-5

62-2

655
781
61-2
61-1
653 B
64-4
65-3
56-1
56-1
434
60-3
61-3
60-2
60-1

Edgecombe
Edgecombe
Franklin
Franklin
Franklin
Franklin
Gates
Greene
Guilford
Halifax
Halifax
Harnett
Harnett
Harnett
Harnett
Hertford
Hoke
Iredell
Johnston
Johnston
Johnston
Johnston
Johnston

Johnston

Jones
Jones
Lee
Lee
Lenior
Lenoir
Lenoir
Lincoln
Lincoln
Martin
Moore
Moore
Moore
Moore

Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Cotton
Soybean
Cotton
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Cotton
Soybean
Soybean
Soybean
Soybean
Sweet
potato
Soybean
Soybean
Fallow
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Corn
Soybean
Soybean
Soybean

100
91

100
99
99

100

100

100
99
99

100

100
99

95
99
99

100
99
100
99

100

100
99
99

100
99

100
99

100
100

99
99
100

91
86
100
86
93
100
85
100
92
85
99
93
93
93
81
91
93
94
100
100
100
91
98

100

93
86
100
93
83
100
100
100
91
100
100
100
100
90

43
56
85
65
80
68
84
55
74
55
64
60
56
58
73
83
44
73
83
25
63
71
91

30

33
36
83
48
45
46
62
36
90
54
33
43
46
62

91
100
100
100
100

99

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

100

100

96
100
100
100
100
100
100
100
100
100
100
100
100

100



Table 3.4(continued)

60-4
22-5
42-1
42-3
41-4
195
196
254
26-5
256
20-3
20-1
194
19-2
654 B
435
43-5B
651
43-6
37-4 B
37-4
383
12-4
74-5
82-1B
74-4
82-2
745 B
82-1
74-6
74-3
76-1 B
76-1
62-6
62-6 B
76-1B
63-5
752

Moore
Nash
Nash
Nash
Nash
Orange
Orange
Pasquotank
Pasquotank
Perquimans
Person
Person
Person
Person
Pitt

Pitt

Pitt

Pitt

Pitt
Randolph
Randolph
Randolph
Richmond
Robeson
Robeson
Robeson
Robeson
Robeson
Robeson
Robeson
Robeson
Sampson
Sampson
Sampson
Sampson
Sampson
Sampson
Sampson

Soybean
Cotton
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Cotton
Cotton
Cotton
Cotton
Soybean
Soybean
Soybean
Soybean
Soybean
Corn
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Cotton
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean

96
98
100
100
100
94
99
93
90
100
81
99
97
99
93
100
98
99
100
88
100
87
99
100
97
100
92
100
99
99
99
99
99
100
93
94
99

100
93
100
100
100
100
100
86
100
93
85
88
100
100
78
93
100
93
100
100
100
93
92
100
93
86
85
93
100
85
100
99
68
100
79
100
83
93

83
54
73
83
91
82
89
59
89
53
44
83
91
100
31
33
45
65
80
68
91
100
56
83
18
24
32
40
46
49
61
63
39
41
43
44
46
52

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

94
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

101



Table 3.4(continued)

762 B
76-3
76-2
762 B
732
734
736
584
154
71-2
585
71-3
21-1
21-3
21-4
22-1
21-2
47-4
47-3B
47-3
64-3
64-1
634
42-5
42-6
156
165 B

Sampson
Sampson
Sampson
Sampson
Scotland
Scotland
Scotland
Stanly
Surry

Union
Union
Union
Vance
Vance
Warren
Warren
Warren
Washington
Washington
Washington
Wayne
Wayne
Wayne
Wilson
Wilson
Yadkin
Yadkin

Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean
Soybean

99
99
98
98
98
99
99
100
100
92
99
99
100
100
99
98
98
99
93
99
99
99
100
100
99
99
100

94
100
100

96
100
100

86
100
100

81
100

88

93
100

79

86

63
100

92
100

76

85

85

93

78

84
100

59
12
79
89
41
61
84
100
91
62
81
81
53
90
44
59
65
46
52
61
41
62
78
45
56
31
43

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

99
100
100
100
100

93
100
100

94
100
100
100
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Figure 3.1Location of 296 praletermined sample locations #@almer amaranthopulations across North Carolina for 2022 survey.
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Figure 3.2Distribution of 102 Palmemmaranttpopulations from North Carolina collected in 2015.
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Figure 3.3Distribution of137Palmer amaranth populations from North Carolina collected in 2022.
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£\ 51-69% control
() 70-79% control

Q© 80-89% control
£ 90-100% control

Figure 3.4Heat map showing 2sB control of Palmer amaranth populations from North Carolina surveyed in 2015. Symbols
demonstrat®l to 69%(pink triangle),70 to 79%(orange diamondB0 to 89%(blue circle), an®0 to 100%dark blue cross) control

levels.
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Figure 3.5Heat map showing dicamba control of Palmer amaranth populations from North Carolina surveyed in 2015. Symbols
demonstrat&0 to 79%(orange diamondB0 to 89%(blue circle), an®0 to 100%(dark blue cross) control levels.
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@ 50% or less control
/\ 51-69% control
{ 70-79% control

QO 80-89% control
o 90-100% control

Figure 3.7Heat map showing fomesafeantrol of Palmer amaranth populations from North Carolina surveyed in 2015. Symbols

demonstrate putativeesistant (red octagorgl to 69%(pink triangle),70 to 79%(orange diamondB0 to 89%(blue circle), an®0
to 100%(dark blue cross) control levels.

109



A\ 51-69% control
O 70-79% control

© 80-89% control
&= 90-100% control

Figure 3.8Heat map showing glufosinatentrol of Palmer amaranth populations from North Carolina surveyed in 2015. Symbols
demonstrat®1 to 69%(pink triangle),70 to 79%(orange diamondB0 to 89%(blue circle), an®0 to 100%dark blue cross) control
levels.
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£\ 51-69% control
(O 70-79% control

O 80-89% control
== 90-100% control

Figure 3.9Heat map showing 2B control of Palmer amaranth populations from North Carolina surveyed in 2022. Symbols
demonstrat®&1 to 69%(pink triangle),70 to 79%(orange diamondB0 to 89%(blue circle), an®0 to 100%dark blue cross) control
levels.
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© 80-89% control
=  90-100% control

Figure 3.10Heat map showing dicamba control of Palmer amaranth populations from North Carolina surveyed in 2022. Symbols
demonstrat®&1 to 69%(pink triangle),70 to 79%(orange diamondB0 to 89%(blue circle), an®0 to 100%dark blue cross) control
levels.

112



Figure 3.11Distribution offomesafen putativeesistant Palmer amaranth populations from North Carolina in the 2022 survey.
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@ 50% or less control
/\ 51-69% control
Q) 70-79% control

O 80-89% control
4k 90-100% control

Figure 3.12Heat map showing fomesafeanntrol of Palmer amaranth populations from North Carolina surveyed in 2022. Symbols
demonstrate putative resistant (red octagbh}o 69%(pink triangle),70 to 79%(orange diamondB0 to 89%(blue circle), an®0
to 100%(dark blue cross) control levels.
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Figure 3.13Heat map showing glufosinate control of Palmer amaranth populations from North Carolina surveyed in 2022. Symbols
demonstrat®0 to 100%{dark blue cross) control levelsumbers
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