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Abstract

Pinoxaden is an acetyl coenzyme A carboxylase (ACCase) inhibiting heripitite
phenylpyrazoline chemical family. Recently, pinoxaden was labelled for turfgrass use with a
limited number of labelled susceptible weeds. Variable susceptifol®CCase inhibiting
herbicides between grassy weeds is common. For this reason, greenhouse trials were conducted
in order to better understand grassy weed susceptibility to pinoxaden. A rate response screen was
carried out using ten rates of pinoxademaore grassy weed species. Plant visual injury and
aboveground biomass data were taken. Nonlinear regressions were run to estimate the rates of
pinoxaden that injury and reduce the biomass of each species 50 andd&9d bb).

According to the datahe nine species tested can be ranked from most to least susceptible as
such,perennial ryegragd.olium perennd..) > yellow foxtail (Setaria pumilaPoir.) > dallisgrass
(Paspalum dilatatun®oir.) > southern sandby€enchrus echinatus.) > large crabgrass
(Digitaria sanguinalisL.) > roughstalk bluegrag®oa trivialisL.) > bahiagras¢Paspalum
notatumFleugg.)> goosegrasgEleusine indicd.. Gaertn.)> annual bluegrag®oa annud..).
ACCase inhibiting herbicides are often called graomies because they are active on grasses
only. Because of this limited selectivity, graminicides are often tank mixed with herbicides
targeting broadleaf weed species. Many of these tank mixtures have an antagonistic response on
the ACCase inhibitor. Expenents were conducted in order to test different-taik

combinations for antagonistic responses. According to the data, metsulfuron, halosulfuron,
chlorothalonil and propiconazole antagonize pinoxaden injury of St. Augustinegrass
(Stenotaphrum secundat(Walter) Kuntzg. Metsulfuron, halosulfuron and chlorothalonil

antagonize pinoxaden control of smooth crabgragstaria ischaemunschreb.). The data



indicate that metsulfuron antagonizes pinoxaden to a greater extent than the other chemicals
tested Mixtures with chlorothalonil were also observed to induce unexpected injury similar to a

contact herbicide.
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|. Literature Review

Lipid Biosynthesid.ipids are water insolubleiomolecules that are an essential component of all
plant cells. Within the plant cell, |l ipids se
They also form the sites wheraecamadoytsuahbs t he pl
light havesting and electron transport. Externally, they form a protective covering, called the
cuticle, on the surface of leaves. Lipids are a diverse class of compounds, and as a whole are
made up of the products of several distinct biosynthetic pathways. ldovilee most abundant
types of lipids are those that are derived from the glycerolipid and fatty acid biosynthesis
pathways (Ohlrogge and Browse 1995).
The fatty acid biosynthesis pathway is considered a primary metabolic pathway because
it is found in @ery plant cell and is also essential to growth. The fatty acids of plants generally
have chain lengths of 16 to 18 carbons aritla@intain between one and thi@edouble bonds.
Fatty acids make up roughly 90% of the acyl chains of structural lipis®&t plant membranes
(Ohlrogge and Browse 1995). For this reason, inhibition of the biosynthesis of these fatty acids
typically results in plant death.
Acetyl-CoA is the product of respiration that occurs after pyruvic acid loses a carbon as
COz. Acetyl-CoA can then either participate in the Krebs citric acid cycle or go towards the
formation of other essential plant compounds, including fatty acids. The first step in the synthesis
of fatty acids is the conversion of aceGbA into malonyiCoA. This conversion is catalyzed by
the enzyme acetyfCoA carboxylase (ACCase) in combination with ATP anc.(®om there,

malonytCoA undergoes numerous transformations to become a completed fatty acid (Burton et



al. 1989; Stoltenberg et al. 1989; Hopkins &huhter 2004). There are two forms of ACCase, a
prokaryotic and a eukaryote form. Both the eukaryotic and prokaryotic ACCase is made up of
three catalytic domains, the biotin carboxyl carrier, biotin carboxylase, and carboxyl transferase
(CT) domains (Guclhdit et al. 1974; Tanabe et al. 1975). The ACCase enzyme is inhibited by
three chemical families of herbicides (Shaner 2@ti#) theCT domain of the ACCase enzyme
beingthe specific site of action for these herbicides (Collavo et al. 2011). Between the
prokaryotic and eukaryotic forms, only the eukaryotic form is susceptible to current ACCase

inhibiting herbicides (Konishi and Sasaki 1994).

ACCase Inhibiting Herbicides
ACCase inhibiting herbicidesThere are three families of ACCase inhibiting herbicidésse
are: the aryloxyphenoxypropionates (fops), cyclohexanediones (dims) and the phenylpyrazolins
which consists only of pinoxaden (Shaner 2014). These herbicides are collectively known as the
Agraminicidesd because alldgradsispedds may densdsceptibld.g e s
It is for this reason that ACCase inhibiting herbicides are commonly used in broadleaf crops to
selectively control annual and perennial grassy weed species.

ACCase inhibiting herbicides are absorbed through eitheotts and foliage or just the
foliage depending on the specific chemistry. They are rapidly translocated throughout the plant
and they accumulate in the meristems, where they are primarily active. Inside the plant, the
inhibition of fatty acid productiowill lead to cell membrane dysfunction, amino acid leakage,
and eventually cell and plant death in susceptible species (McCarty et al. 2010). Externally,
susceptible plants will usually stop growing within a few days of application. Leaf chlorosis will

follow within one to three weeks with older leaves oftentimes turning purple, orange or red



before becoming necrotic. Leaf sheaths will become brown and flaccid near the point of
attachment to the node and the plant eventually dies (Swisher and Corbin 1982).

Basis of selectivityGrass species are generally susceptible to ACCase inhibiting herbicides
while dicot species are all tolerant. This difference in susceptibility is due to the two different
forms of the ACCase enzyme. Dicot species have both thergatikaand eukaryotic forms of
ACCase. Dicot species tolerance stems fronatted gene that resides in the prokaryotic form

of ACCase that is found in the cytoplasm (Konishi and Sasaki 1994). Grasses however lack the
accDgene in their chloroplast genonléhey only have the susceptible eukaryotic form that is
nuclear encoded (Konishi et al. 1996). The eukaryotic form that grasses possess are the only
form of ACCase that ACCase inhibiting herbicides bind to.

Oftentimes, a differential response is obseivetiveen two grassy species to the same
ACCase inhibiting herbicide. This allows for selective control of grasses within another grass
species with an ACCase inhibiting herbicide. McCarty et al. (1990) found that in centipede grass
(Eremochloa ophiuroidgssix hours after an application of sethoxydim, only trace amounts
(<1%) of the herbicide was observed in the centipede grass tissue. In contgs% 81 the
sethoxydim was detected in goosegr&dsisine indicy a susceptible grass, tissue. From this
study, it was determined that the basis of selectivity between the two grasses was a difference in
metabolismThis type of resistance is considered inherent as opposed to plants that become
resistant which is referred to as acquired resistance.

AcquiredResistanceThe first case of acquired resistance to ACCase inhibiting herbicides was
reported in 1982 in a rigid ryegradso(ium rigidum population from an Australian wheat field
(Heap and Knight 1982). Since then, 24 different genera across six different continents have

developed resistance to ACCase inhibiting herbicides (Heap 2019). The most common weed



species to show resistance to @&3e herbicides is wild oat with 38 reported cases of resistance
(Heap 2019). Currently, only two cases of ACCase resistance have been reported in turfgrass
systems. Derr (2002) identified a population of smooth crabgbageafia ischaemurjon a

southen New Jersey golf course that was resistant to fenoxgpropis population did not

show cross resistance to cyclohexanediones but did show lesser resistance to other
aryloxyphenoxypropionates. The resistance mechanism for this population was an idtered s
action (Derr 2002). McCullough et al. (2016) reported the first case of ACCase herbicide
resistant goosegrass in the United States. This population was resistant to sethoxydim and was
found in a centipedegrass sod field in Georgia. The proposedmsghof resistance was also

an insensitive ACCase enzyme (McCullough et al. 2016).

Nontargetsite resistance (NTSR) is recognized as being the predominant resistance
mechanism for ACCase resistance (Delye et al. 2011). NTSR encompasses a rangeesof divers
mechanisms that include, reduced penetration, translocation, and enhanced metabolism of
herbicides (Powles and Yu 2010). In most cases of NTSR to ACCase herbicides, the mechanism
of resistance is increased ability of the plant to degrade ACCase irfpiimimpounds into
nontoxic products (Powles and Yu 2010). Increased metabolic enzyme production can confer
resistance not only to herbicides that have been frequently applied to a population, but also to
chemical families and modes of action previously trootuced to a resistant population. One
example of this is a population of rigid ryegrass that evolved resistance towards ACCase
inhibiting herbicides after several years of continued use. The same population was also found to
have resistance to ALS inhibig herbicides as well, despite the population never being

previously exposed to ALS herbicides (Preston et al. 1996).



Cytochrome P45Q<Cytochrome p450s are membrane bound enzyme systems that are often
associated with herbicide insensitivity within prepecies (Riviere and Cabanne 1987; Durst and
Benveniste 1993). They have been shown to metabolize diclofop within wheat conferring natural
tolerance (Zimmerlin and Durst 1990). Metabolic resistance has been inferred indirectly from the
use of synergistthat inhibit detoxifying cytochrome p450 enzymes that are known to be
involved in ACCase resistance (Kaundun 2014). Two common cytochrome p450 inhibitors are
the insecticides malathion and chlorpyrifos which have the ability to inhibit cytochrome p450 in
plants (Kreuz and Fonrefister 1992). Malathion plus chlorsulfuron controls a resistant ryegrass
biotype suspected of NTSR (Christopher et al. 1994). Whenntaxéd with pinoxaden,
malathion enhanced pinoxaden efficacy on a resistant population of wal@Bmkie et al.
2012). Chliropyrifos can also enhance injury to corn whenmamled with herbicides (Beckie et
al. 2012).
Use in turfgrass system&ince their commercial introduction in 1977, ACCase inhibiting
herbicides have been used in a wide varaétcrops for control of a broad range of grassy
weeds. Virtually every broadleaf crop has an ACCase inhibitor that is labelled for use within that
crop (Maneechote et al. 2005). However, ACCase inhibiting herbicides are also frequently used
in turfgrasssituations due to differential response between grasses and the relative difficulty of
controlling a grass weed within another grass. In generaksaasion grasses (C3) are more
tolerant to these herbicides than waseason (C4) (Dernoeden 1987). Howetleere are
several examples of differential susceptibility between grass species even amongst
physiologically similar species.

Diclofop, an aryloxyphenoxypropionate, controls goosegrass within bermudagrass

without injury the bermudagrass. It is safe pplg to putting greens as well. McCarty (1990)



found that the best goosegrass control with diclofop occurs when the goosegrass has been
mowed to putting green heights (~1.3cm).

Sethoxydim, a cyclohexanedione, is very active against bentgrgsss{is sttonifera)
and tall fescueKestuca arundinacggHosaka 1984; Hugh et al. 1986). Red fes¢tesi{uca
rubra), and centipede grass have shown very high tolerance to sethoxydim, with tolerance being
observed in rates as high as 1.12 kg (McCarty et al. 186; Hugh et al. 1986). Goosegrass
control (>90%) with sethoxydim can be accomplished with a rate of 0.44-kha&rnicky et
al. 1984).

Fenoxaprop is a member of the aryloxyphenoxypropionate chemical family. Although
fenoxaprop is labelled for use in panial ryegrasd.lium perenng tall fescue, fine fescue,
Kentucky bluegrassPpa pratensisand creeping bentgrass, the relative tolerance between these
species varies greatly. In turfgrass situations, it is effective at removing craligigtsia
spp.) and goosegrass from newly established perennial ryegrass and tall fescue (Dernoeden
1987). In Kentucky bluegrass, there have been differing reports on turfgrass injury. Neal et al.
(1990) reported no reduction in turfgrass quality at rates betweea@d2D.40 kg ha
However, Johnson (1994) and Bhowmik (1986) observed yellowing and stunting at rates of 0.14
and 0.28 kg ha Unacceptable levels of injury have been observed in creeping bentgrass mown
at fairway heights at rates as low as 0.05 kg (@arroll et al. 1992). However, velvet bentgrass
(Agrostis caninamown at putting green heights showed good tolerance at rates of 0.07 kg ha
(Henry and Hart 2004). Fenoxaprop has also been shown to control bermudagnasio
dactylon in zoysiagras§Zoysiaspp.) and in coeseason turfgrass (Johnson 1992; Cudney et al.
1997). When fenoxaprop is applied alone, injury to zoysiagrass occurs and bermudagrass control

requires multiple applications over the course of multiple years (Johnson 1992). Howesrer,



fenoxaprop is tank mixed with triclopyr, zoysiagrass injury is reduced and bermudagrass control
is increased (McElroy and Breeden 2006; Lewis et al. 2010).

Timing Considerations with ACCase Inhibitor§iming of applications with ACCase

inhibitors @n be an important factor in control. Plowman et al. (1980) found that fluazifop

control of barnyardgras&¢hinochloa cruggalli) andbroadleaf signalgras8fachiaria

platyphyllg was reduced when applications were made at the tillering stages when

applications were made ptilering. Fluazifop control of large crabgrad3igitaria sanguinalig

and giant foxtail $etaria fabeli is significantly affected by application timing. Derr et al.

(1985a) found that fluazifop controls large credss 84% when an application is made pre

tillering. This is compared to 55, 40, and 7 percent control when applications were made at early
tillering, mid-tillering and late tillering, respectively. Giant foxtail control was reduced from

79% pretillering to 58, 38, and 17 percent at early, mid and late tillering, respectively. Reduced
control of large crabgrass at later growth stages with fluazifop has also been recorded by Ferreira
and Coble (1994). Sethoxydim control was unaffected by application timagpefor

goosegrass and large crabgrass applied at the late tillering stage (Derr et al. 1985a). Derr et al.
(1985b) proposed that the reason for reduced efficacy at later growth stages was a reduction in
translocation of fluazifop within the plant atéaigrowth stages. Askew et al. (2000) recorded
clethodim efficacy on red ricéfyza sativiwas reduced when applications were made at

tillering stages versus ptélering stages. Reduction in clethodim efficacy as growth stage

increased was also notedgoosegrass (Burke et al. 2002).



Antagonism of ACCase Inhibiting Herbicides

Tank mixtures Simultaneous applications of two or more agrochemicals such as pesticides,
adjuvants and fertilizers are often made. Oftentimes, herbicides are combinadkmax or
prepackaged mixtures in order to: broaden the spectrum of weeds controlled, reduce production
costs, or to reduce compaction by eliminating the number of times that a sprayer goes over an
area (Anderson 1983). Generally, when two herbicideagyked at the same time, they act
independently of each other. This interaction is generally referred to as the herbicide
combination having and additive effect. On occasion, herbicide mixtures will be synergistic
when the combination results in highetiaty than expected based off of the rates of each
herbicide in the combination. The opposite can also happen. When the net result of an herbicide
combination is a reduction in activity of one or more of the herbicides in the mixture, that result
is defired as being antagonistic (Akobundu et al. 1975).
Antagonism between various herbicidesntagonisms a common type of interaction between
herbicides (Cedergreen et al. 200&)tagonismhas been observed between a variety of
different herbicides. In 197Beste and Schreiber reported antagonism between EPTC and 2,4
D. Glyphosate is antagonized by )4 dicamba and bromoxynil in wild oat&\{ena fatud..)
and wheatTriticum aestivurk. . ) ( O6 Sul |l i van and O6Donovan 198
simazine (Apleby and Somabhi 1978). Diquat has been shown to antagonize penoxsulam in
water hyacinthEichhornia crassipefMart.] Solms) (Wersal and Madsen, 2010). Diquat was
also shown to antagonize the letggm efficacy of glyphosate (Whetje et al. 2008).

Thebasis for herbicide antagonism can vary between herbicide combinations. RNA
synthesis disruption within the plant causes antagonism between EPTC -&h(Badte and

Schreiber 1972). Simazine, atrazine,-R,Adicamba and bromoxynil antagonism of glyphesat



is the result of a physical binding of the herbicides to glyphosate within the spray tank (Appleby
and Somabhi 1978; O6Sullivan and O6Donovan 19
antagonized 2;DB by reducing the translocation of the-B)8. Diquat antagonizes glyphosate

by inhibiting translocation as well (Wehtje et al. 2008).

Graminicide specific antagonisnOftentimes, a mixture of grassy and broadleaf weeds is found

in the same area. For economic reasons, producers/managers will tnyrtd t@se weeds with

as little input as possible. In situations where broadleaf and grassy weeds are present, it becomes
advantageous to use a tank mixture of broadleaf herbicides and graminicides. Frequently,

broadleaf herbicides will antagonize gramides rendering many tank mixtures ineffective

(Brommer et al. 2000).

Bentazon is a contact herbicide, usedtifiercontrol of broadleaf weeds, that inhibits
photosystem Il (McCarty et al. 2010). It has been found to antagonize several different
graminiddes on several different target weeds. Bentazon antagonizes sethoxydim control of
goosegrass, fall panicurRgnicum dichotomiflorupnand large crabgrass (Rhodes and Coble
1981; Holshouser and Coble 1990) by reducing goosegrass absorption of sethoxyaties(Rh
and Coble 1984; Holshouser and Coble 1990). Bentazon also prevented quaékgmass (
repen$ absorptiorof quizalofop resulting in antagonism (Wilhm et al. 1986). Barnyardgrass
control with clefoxydim was also antagonized by bentazon (Brommer2Q2@0). Bentazon also
prevented the absorption and translocation of haloxgiefhyl in sorghumforghum bicoloyx
(Croon et al. 1989).

Bromoxynil is a photosystem Il inhibitor that controls many broadleaf weeds with little to
no grass activity (Culpepper et al. 1998; Gentsch 1986). Culpepper et al. (1998) found that

bromoxynil reduced control of large crabgrass with fluazifop, fluazifégnexaprop and



quizalofop 53, 55 and 69 percent respectively. Bromoxynil was less antagonistic when mixed
with clethodim and sethoxydim (21 and 23% respectively). Bromoxynil induced antagonism is
not consistent across grass species. Bromoxynil reduceffitaey of fluazifop, fluazifop +
fenoxaprop and quizalofop more on large crabgrass and yellow f&eddr{a glaucathan on
Texas panicumRanicum texanujrand goosegrass (Culpepper et al. 1999b). The basis of
bromoxynil antagonism of quizalofop ire§ow foxtail has been shown to be a reduction in
guizalofop absorption into yellow foxtail leaf tissue (Culpepper et al. 1999a).

Acifluorfen is a protoporphyrinogen oxidase (Protox) inhibiting herbicide that is
primarily used for postemergence selectveadleaf control (McCarty et al. 2010). Acifluorfen
has been shown to antagonize fluazifop control of annual grass weeds (Dortenzio et al. 1984;
Hopkins et al. 1984). Godley and Kitchen (1986) found that acifluorfen antagonized fluazifop
control of largecrabgrass. Wilhm et al. (1986) found that the basis for acifluorfen antagonism of
graminicides was a reduction in translocation throughout the plant.

Acetolactate synthase (ALS) inhibition is a common herbicide mode of action. These
herbicides inhibithe ALS enzyme which is required for the biosynthesis of the branched chain
amino acids valine, leucine and isoleucine (McCarty et al. 2010). ALS inhibiting herbicides
generally have a broad spectrum of broadleaf weed control activity making them aivattract
tank mixture for graminicides. However, they are often associated with antagonism towards
ACCase inhibiting herbicides. Imazaquin and chlorimuron antagonizes haloxyfop and fluazifop
herbicidal activity on sorghum, reducing injury by 26% (Croon and M&r888). Croon et al.
(1989) found that this antagonism was a result of decreased absorption and translocation of the
graminicides within the sorghum plant. Chlorimuron and imazaquin have also been shown to

antagonize sethoxydim control of fall panicuarge crabgrass and goosegrass. Chlorimuron

1C



reduces sethoxydim control of fall panicum 68%, large crabgrass 29%, and goosegrass 30%.
Imazaquin reduces sethoxydim control of fall panicum 88%, large crabgrass 29% and goosegrass
74% (Holshouser and Coble 199B¢rreira and Coble (1994) found that pyrithiclsadium

would antagonize fluazifop, sethoxydim and quizalofop, but that antagonism could be avoided if
the pyrithiobaesodium was applied at least three days before or three days after the graminicide
application. This antagonism is due to a reduction of herbicide translocation and not a reduction
in uptake (Ferreira et al. 1995). Chlorimuron is also shown to antagonize clefoxydim control of
barnyardgrass reducing injury 22%. Pyrazolsulfuetimyl also antagnizes clefoxydim control

of barnyardgrass reducing injury 16% (Brommer et al. 2000). Trifloxysulfuron antagonizes
clethodim control of broadleaf signalgrass, fall panicum, large crabgrass and goosegrass (Burke
et al. 2002). Imazapic antagonizes clethodontrol of goosegrass, fall panicum and large
crabgrass (Burke et al. 2001). Burke and Wilcut (2003) found that the basis for imazapic
antagonism of goosegrass control was not a reduction in translocation and uptake, neither did it
increase clethodim metalism, but it appeared to be a reduction in goosegrass photosynthesis by
imazapic that lead to decreased efficacy of clethodim. Cyhalofop control of barnyardgrass and
broadleaf signalgrass is antagonized by halosulfuron, with a reduction of barnyardgrass a
broadleaf signalgrass control 57 and 69 percent respectively (Scherder et al. 2005).
Barnyardgrass control with fenoxaprop is also antagonized by halosulfuron and bensulfuron
(Zhang et al. 2005). Quizalofop is antagonized when mixed with several diffdt& inhibiting
herbicides. Quizalofop tank mixed with bensulfuron, bispyribac, halosulfuron, orthosulfuron +
halosulfuron, penoxsulam, and penoxsulam + triclopyr had reduced control of barnyard grass by

10, 63, 12, 14, 59, and 64 percent respectivelis{®&n et al. 2018).
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Synthetic auxin herbicides have also been shown to antagonize graminicide applications.
Diclofop-methyl activity on wild oats is severely antagonized byl2,4licamba and MCPA
(O6Sullivan et al. 1 9 7 6 ; to Queeshdandavandien 8arro(10€9), 1 9 8 0 )
the basis of MCPA antagonism of diclofop is not occurring within the tank mixture, but within
the plant. MCPA reduces the translocation of diclefegthyl within wild oats resulting in
antagonism (Olson and Nalewaja 198P9dd and Stobe (1980) found that-B)4educed
translocation of diclofopnethyl to the meristematic sites of action within wild oats. Triclopyr
antagonizes fenoxaprop control of barnyardgrass (Zhang et al. 2005) and also antagonizes
cyhalofop activity orbroadleaf signalgrass and barnyardgrass (Scherder et al. 2005).
Occasionally, synthetic auxin herbicides will increase the efficacy of graminicides. For example,
triclopyr antagonizes fenoxaprop activity on zoysiagrass species, but has a synergistic effec
when applied to bermudagrass. This makes tank mix combinations of fenoxaprop and triclopyr a
realistic bermudagrass control strategy within zoysiagrass turf (McElroy and Breeden 2006;

Lewis et al. 2010).

Pinoxaden
Pinoxaden is an ACCagghibiting herbicide that belongs to the phenylpyrazolin
chemical family. Pinoxaden was introduced in 2006 to control annual and perennial grassy
weeds postemergence within wheat and baHeyrdeumspp.) (Hofer et al. 2006; Muehlebach
et al. 2011). Pinoxden controls a wide variety of grassy weeds including ryegtadisiih spp.)
and foxtails Setariaspp.). Pinoxaden has a clean acute toxicological profile with rapid
degradation in soil with no risk of persistence or accumulation. It requires a specajaeant

in order for optimal spread and translocation of the spray solution into grass weeds. Pinoxaden
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generally has excellent rainfastness with performance not being negatively affected by rainfall in

as little as 30 minutes after application. Pine@d not considered an alternative to other

ACCase herbicides when resistance to ACCase inhibition is a problem (Hofer et al. 2006).
Pinoxaden is formulated with the safener cloquintmeexyl in a 4:1 herbicide : safener

ratio (Anonymous 2015). Cloquimcetmexyl accelerates the metabolism of pinoxaden into

inactive metabolites within wheat and barley, but not in susceptible ryegrass and wild oats

(Muehlebach et al. 2011).

In turfgrass, pinoxaden was labelled for use in the United Kingdom until {di9e 2
was labelled for removal of ryegrass species in maintained fine fdsestei¢aspp.) and annual
bluegrassFPoa annuaturf (Anonymous 2015). Currently, pinoxaden is labelled in the United
States for use on bermudagrass, zoysiagrass and St. Aeguasis $tenotaphrum secundatyum
It is restricted to use only on bermudagrass and zoysiagrass fairways, roughs, tee boxes, athletic
fields, sod farms and home lawns. Pinoxaden cannot be applied to putting greens and in St.
Augustinegrass, it is restrict¢o sod farm use only. Pinoxaden has labelled control of tropical
signalgrassyrochloa subquadriparg tropical carpetgrasg\konopus compresspisarge and
smooth crabgrass, bahiagraBagpalum notatudallisgrassRaspalum dilatatu and canoe
gras (Paspalum vaginatunPinoxaden must be applied with Adigosurfactan{methyl ester

of fatty acids, alcohol ethoxylate, and petroleum distillates) (Anonymous 2018).

Thesis objectives

The objective of this thesis study is to better understand pinoxadehow it can have a
use in turfgrass situations. Differential response of grass species will be examined as well as

potential antagonism concerns. The main objectives can be broken down into four parts as such:
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1). Establish a greenhouse rate respaeseen in order to test the susceptibility of different
grassy weed species. The current pinoxaden label has a limited number of weed species listed.
Label expansion may be possible in order to more accurately display potential for pinoxaden use

in turfgrass systems.

2). Explore potential herbicides or other agrochemicals that may increase pinoxaden safety for

more effective and economical usage of pinoxaden in St. Augustinegrass sod production.

3). Identify possible antagonism issues pinoxaden may hage mixed with other

agrochemicals in order to prevent ineffective applications.

4.) Exploration of possible herbicidal synergism with pinoxaden and tank mixtures to provide

end users with better control methods and to help reduce the risk of ACCagelimbiistance.
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Chapter 2. Rate Response of Select Grassy Weeds to Pinoxaden

Introduction

Pinoxaden is an ACCase inhibiting herbicide that belongs to the phenylpyrazolin
chemicalfamily. It was introduced commercially in 2006 to provide postemergence control of
annual and perennial grassy weeds within barley and wheat (Hofer et alMigf8ebach et al.
2011). Until 2019, pinoxaden was registered in the United Kingdom for turfgrass use for the
removal of ryegrass specidso{ium spp.) in maintained fine fescuégstucaspp.) and annual
bluegrassFoa annud..) turf (Anonymous 2015)n 2018, pinoxadenvaslabelled in the United
States for use on bermudagraSgr{odon dactyloh. Pers.), zoysiagrasZdysiaspp.) and St.
AugustinegrassStenotaphrum secundatyfvalter) Kuntze). It is restricted to use only on
bermudagrass and zoysiagraasways, roughs, tee boxes, athletic fields, sod farms and home
lawns. Pinoxaden cannot be applied to putting greens and in St. Augustinegrass, it is restricted to
sod farm use onlpecause of injury concer@dnonymous 2018).

Acetyl coenzyme A (acetyCoA) is the product of respiration that occurs after pyruvic
acid loses a carbon as €@ is the first component of the lipid biosynthesis process where
acetytCoA is converted into malomy@@oA. This conversion is catalyzed by the enzyme acetyl
CoA carboylase (ACCasen combination with ATP and COFrom there, malonyCoA
undergoes numerous transformations to become a completed fatty acid (Burton et al. 1989;
Stoltenberg et al. 1989; Hopkins and Huner 2084Case is inhibited by three chemical
families of herbicides, the cyclohexanediones (DIMs), aryloxyphenoxypropionates (FOPs) and
phenyl pyrazolines (DEN), <collectively referre

herbicides are called graminicides because they only have activity against graseses sedges
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or broadleaves. This difference in susceptibility is due to a differential ACCase between grasses
and other plants (Konishi and Sasaki 1994).

ACCase inhibiting herbicides are frequently used in turfgrass situations due to
differential respase between grasses and the relative difficulty of controlling a grass weed
within another grass. For example, diclofop, an aryloxyphenoxypropionate, controls goosegrass
(Eleuisine indica.. Gaetrn.) within bermudagrass (McCarty 1990). Sethoxydim, a
cyclohexanedione, is very active against bentgragsgdstis stoloniferd..) and tall fescue
(Lolium arundinaceun(Schreb.) Darbygh(Hosaka 1984; Hugh et al. 1986). However, red
fescue Festuca rubrd..), and centipede gras&remochloa ophiuroide@Munro.) Hak.) have
shown very high tolerance to sethoxydim (McCarty et al. 1986; Hugh et al. 1986). Fenoxaprop,
an aryloxyphenoxypropionate, is labelled for use in perennial ryedralssng perennd..), tall
fescue, fine fescud-éstucaspp.), Kentucky bluegrasPda pratensid..) and creeping bentgrass
but, the relative tolerance between these species varies greatly (Dernoeden 1987). Fenoxaprop
significantly injures creeping bentgrass at rates as low as 0.05:Kghaaoll et al. 1992) but
does not injure velvdientgrassAgrostis canind..) at rates as high &07 kg ha (Henry and
Hart 2004). The wide selectivity of ACCase herbicides, even within the same chemical families,
makes testing a variety of grass species necessary to understanding the afficetsctivity of
a particular ACCase herbicide general, coekeason grasses (C3) are considered more tolerant
to these herbicides than waseason (C4) (Dernoeden 1987).

The relationship between herbicide rate and plant respohsedamentally important in
understanding herbicide efficaapd selectivitSeefeldt et al. 1995 urrently, grass
selectivity of pinoxaden is not fully understood. There are many weeds that pinanagen

potentially control but are not currently labellén turfgrass, pinoxaden is not labelled for
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foxtail species$etariaspp.) although foxtails are labelled in crop productieeveral cool
season turf species were labelled safe under the turfgrass label in the United Kingdom. However,
the turfgrass ladl in the United States does not allow for applications on any cool season
turfgrasses.

The objectives of this research were to: (1) evaluate theegspomnse of several grassy
weeds to increasing rates of pinoxaden and (2) determinsvtiveliborates for control of each
weed species evaluated using a nonlinear regression model. We hypothesize that C3 grasses will
be more tolerant to pinoxaden while C4 grasses will be more susceptdkso hypothesize

that the C4 grasses tested will show diffei@nesponse between individual species.

Materials and Methods

Greenhouse experiments were conducted between November 2018 and May 2019 at the
Auburn University Weed Science Greenhouse located on the main campus of Auburn University
in Auburn, Alabama (3.3%N, 85.29W) to evaluate the rate response of select grassy weeds to
pinoxaden. Nine different species of grassy weeds were evaluated: yellow B&tarig pumila
Poir.), southern sandbu€énchrus echinatus.), annual bluegrass, roughstalk bluegrfoa
trivialis L.), large crabgras®fgitaria sanguinalisL.), dallisgrassRaspalum dilatatunioir.),
bahiagrassRaspalum notaturitleugg), goosegrass and perennial ryegrass. Greenhouse
day/night temperatures were maintained at 32/28 C3@) throighout the study. Ambient
lighting was used throughout the experiment with no supplemental light added. Relative
humidity averaged ~70% throughout the experiment. All seeds were harvested from local
populations in Auburn, Alabama and stored at 4 C untibiimg this study. Seeds were planted

in flats of potting medium and allowed to grow for four weeks. Individual seedlings were then

17



transplanted into separate 230z@uts filled with soil medium (Marvyn sandy loam). Seedlings
were fertilized (MiracleGro WaterSoluble AllPurpose Plant Food, Scotts Mira€ko

Products INC., Maryville, OH) (28-16; ~6 kg N ha) upon transplanting. Plants were irrigated
three times daily by an elevated misting system and by hand as needed throughout the
experiment. Apptations were made six weeks after germination for all species.

Foliar applications were delivered via a hdreld CQ pressurized sprayer equipped with
TeeJet TP8002 flat fan nozzlEeeJet Technologies, Glendale Heights, IL, USpaced 25 cm
apart and alibrated to deliver 280 L ha The applied treatments were ten different rates of
pinoxadenManuscripé , Syngenta Crop Protection LLC, Greensboro, NC, [J8A10, 19, 39,
77, 156, 310, 621, 1240, and 2490 g ai th surfactan{Adigora , Syngenta Crop Protection
LLC, Greensboro, NC, USAnethyl ester of fatty acids, alcohol ethoxylate, and petroleum
distillates) at 0.5% v/v included in all treatments. @pgplication was made of each treatment at
the beginning of the trial. The treatments were arranged in a randomized complete block design
with four replications and the trial was repeated in time. Treatments were compared to a
nontreated control. Herbicidejury was visibly evaluated relative to the nontreated control on a
0 (no phytotoxic effect) to 100% (complete plant death) scale at 14, 28 and 35 days after
treatment (DAT). Aboveground fresh plant material was recorded, in grams, at 35 DAT by
clipping plants at soil level. Fresh weight was transformed into a percentage of the nontreated
control for consistency in graphical presentations.

Data were subjected to ANOVA using the PROC GLM procedure using SAS 9.4 (SAS
Institute Inc, Cary, NC) to test foignificance (P<0.05) of species, pinoxaden rates and runs
with the visual plant injury and fresh weight variables. No significant interaction between runs

based on evaluation of the pinoxaden rate by species by run interaction (P > 0.05) was detected
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so daa were pooled over runs. A significant pinoxadate by species interaction (P < 0.05) was
detected, thus individual species response to pinoxaden was analyzed further. Herbjcide rate
including the nontreated contre¥as logtransformed to create equsdacing to facilitate
nonlinear regressions. Nonlinear regressions were modelled using SigmaPlot 13.0 (Systat
Software, San Jose, CA). Species were modelled with appropriate models that best described
plant response. Plant visual injury rating data wigtedfto athreeparameter sigmoidal model
using the equation

f= a/(1+expF(x-xo0)/b))
wheref represents the percent visiurglry relative to the nontreated contrekepresents the
log-transformed pinoxaden raéda, b andxo represent the regressiparametersThis
equation was used to calculate the rate at which the weed species were injurésd)208490%
(Ie0). Fresh weight data were fit to\ad-parameter exponential decay model:

f= a*exp(-b*x)

wheref represents weight as a percentlef nontreats, x represents the log transformed
pinoxaden ratanda andb represent the regression parameféhss equation vasused to
calculatethe weight at whicliresh weightwas reduced 50%s0) and 90% (do) for each species

relative to that oflte nontreated check.

Results and Discussion
Our initial hypothesis was that C3 grasses would have greater tolerance to pinoxaden
than C4 grasses. However, such distinct differences based on grass physiology were not
observed. Rather, seemingly randofffledlences in grass response was observed between both

C3 and C4 grasses. As will be demonstrated in the data, the grass species examined can be
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ranked from most to least susceptible as spelennial ryegrass > yellow foxtail > dallisgrass >
large crabgrss > southern sandbur > roughstalk bluegrass > bahiagrass > goosegrass > annual
bluegrass.

Based on visual control data, perennial ryegrass is the most susceptible species tested. All
rates of pinoxaden tested injured the perennial ryegrass >95%so Emel bo values determined
for perennial ryegrass visual injury were 3.31 and 8§ @has respectively. Pinoxaden injured
yellow foxtail >95% at rates dfO g ai ha and higherThe boand bo values determined for
yellow foxtail visual injury were 32 and 4.76) ai hai respectively. Dallisgrass is similar to
yellow foxtail in its susceptibility to pinoxaden. Pinoxaden injured dallisgrass >95% at rates of
10 g ai ha and higherThe boand bo values determined for dallisgrass visual injury were 3.96
and 8.39 ai hai respectively. Pinoxaden injured large crabgrasathern sandbur and
roughstalk bluegrass >90% at rates ofy/al har and higherThe ko and bo values determined
for large ecabgrass visual injury were 8.62 and 42¢2a hai respectively. Thesb and bo values
determined for southern sandbur visual injury were 25.01 and §@&DBau respectively and the
Iso and bo values determined for roughstalk bluegrass visual ingexe 7.83 and 56.5@ ai hau
respectively. Pinoxaden injured bahiagrass > 90% at rates @f 81i%ax and higherThe ko and
lso values determined for bahiagrass visual injury were 81.24 and 33@i48 respectively.
Both goosegrass and annualdgjrass are naturally resistant to pinoxaden applications.
Pinoxaden did not injure (< 5%) either species at rates gfai har andlower. Pinoxaden only
controlled goosegrass (>90%) at rates of 1@40hai and higherNo rate of pinoxaden injured
amual bluegrass >90%. Pinoxaden at 2490 ha: injured annual bluegrass 82%. Thednd
lso values determined for goosegrass and annual bluegrass visual injury were 243.1 ang 798.97

ai hai for goosegrass and 511.59 and >2¢% ha for annual blugrass.
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Above ground biomass data supports perennial ryegrass being the most pinoxaden
susceptible species examined. All rates of pinoxaden tested reduced perennial ryegrass biomass
>95% in comparison to the nontreated. Tdvehd bo values determined fgerennial ryegrass
biomass reduction were 1.95 and 3gl&i ha respectively. Pinoxaden reduced yellow foxtail
biomass >90% at all rates tested. Tdeeahd bo values determined for yellow foxtail biomass
reduction were 2.05 and 3.¢%i hai respectively. Pinoxaden reduced dallisgrass biomass >95%
at rates ofLO g ai ha and higherThe bo and bo values determined for dallisgrass biomass
reduction were 2.31 and 5.54ai hai respectively. Pinoxaden reduced large crabgrass and
roughstalk blegrass biomass >90% at rated%6 g ai har and higherThe ko and bo values
determined for large crabgrass and roughstalk bluegrass biomass reduction were 4.92 and 64.03,
and 4.17 and 48.7@ ai hai and respectively. Low rates of pinoxaden causedeease in plant
biomass in southern sandbur, bahiagrass and goosegrass. This increase in plant biomass led to
disproportionately highet values due to an inability of the nonlinear regression model to account
for the initial increase in biomass at loates. This is not uncommon in herbicides at low rates.
Glyphosate applied at low doses has been shown to stimulate plant growth (Velini et al. 2008).
Pinoxaden at 4 ai har increased southern sandbur biomass 37%. Pinoxaden at ratesgoil56
ha1 andhigher reduced southern sandbur biomass >85%.s6hed bo values determined for
southern sandbur biomass reduction were 20.48 and 147 @i8%a respectively. Pinoxaden
increased bahiagrass biomass by 5% at rates @fal@a and lower. Pinoxadereduced
bahiagrass biomass >95% at rates of 21 har and higher. Thesb and bo values determined
for bahiagrass biomass reduction were 74.32 and >@490a respectively. Pinoxaden
increased goosegrass biomass by >15% at ratesgo&B9a1 and lower. Rates of 124@ai hau

and higher were required to reduce goosegrass biomass >90%o die bo values determined
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for goosegrass biomass reduction were 247.51 and >24bBai respectively. Pinoxaden had a
growth regulatory effect on anndaluegrass without causing visual injury. All rates of
pinoxaden reduced annual bluegrass biomass by >25%. However, rategydi6zd and
higher are were required to reduce annual bluegrass biomass >85%. No rates examined reduced
annual bluegrass moass >95%. Thesd and bo values determined for annual bluegrass biomass
reduction were 13.74 and >248@i ha respectively.

Based on these data, pinoxaden may be a viable post emergence control option for some
of the weed species examined in this gtutellow foxtail has a limited number of
postemergence control options in warm season turfgrass. Topramezone and fenoxaprop are both
labelled for postemergence foxtail control, but neither are labelled on bermudagrass turf
(Anonymous 2018b; Anonymous 201Quinclorac has postemergence activity on both
broadleaf weeds and grasses, including yellow foxtail, but has limited efficacy when applied to
more mature plants (Curran et al. 2011; Anonymous 2018b). Dallisgrass is a difficult to control
perennial grasthat has very limited postemergence control options. Henry et al. (2007) observed
that foramsulfuron can be used to suppress mature dallisgrass in warm season turf. However, full
control of dallisgrass in warm season turf is difficult to obtain. Soutbendbur has limited
control options in warm season turf as well. Imazapic is safe to use on bermudagrass and can be
used for postemergence control of sandbur species (Grichar et al. 2008). Large crabgrass
postemergence control in bermudagrass is limiteglitoclorac and dithiopyr. Dithiopyr
postemergence efficacy is directly related to the growth stage of the crabgrass (Rossi et al. 1988).
Generally, dithiopyr must be applied pre tillering for effective postemergence crabgrass control
(Keeley et al. 1997Quinclorac is also more effective when postemergence applications are

made earlier in the growth stage of the crabgrass plant (Enache and llnicki 1991).
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Research Implications

Results from this study indicate that there is a differential response between grasses to
pinoxadenThis is not uncommon amongst ACCase inhibiting herbicides and may be attributed
to differential metabolism of the pinoxaden molecule between speciesx&ople McCarty et
al. (1990) found that in centipede grass, six hours after an application of sethoxydim, only trace
amounts (<1%) of the herbicide was observed in the centipede grass tissue. In cord&4t, 81
of the sethoxydim was detected in goosegra susceptible grass, tissBased on this research,
pinoxaderhas the potential, at maximum labelled rates (156 g-gi kaeffectivelycontrol
(>80%)all grasses tested except goosegrass and annual bluegrass. Among the weed species
tested, only lege crabgrass, bahiagrass and dallisgrass are labellpdsi@mergence pinoxaden
applications in turfgras@Anonymous 2018)lit must be noted, however, that dallisgrass and
roughstalk bluegrass are both perennial weeds. This research was conducteitirays sedy
and mature dallisgrass and roughstalk bluegrass plants will most likely be less susceptible to
pinoxaden than seedlings are.

Pinoxaden is not considered a resistance breaker (Hofer et al. 2006) This means that
weed biotypes that are alreadgistant to an ACCase inhibitor will most likely have developed
cross resistance to pinoxaden. Therefdre kb and bovalues determined from this experiment
maybeusel as a baseline for ACCase resistance screenigthe weed species examined,
yellow foxtail, dallisgrass, southern sandbur, roughstalk bluegrass, bahiagrass and large
crabgrass do not have an ACCase inhibiting herbicide labeled for bermudagrass turfgrass use.
Pinoxaden may give turf managers an ACCase option to allow for herbicide fracten

rotation. This can help reduce the number of resistance cases observed in these weed species.
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Table 1. Predictive model for percent visual injury, in response to increasing rates of pinoxaden, using a three pgnaoiadeér si

model. Parameter estimates and parameter estimate 95% confidence intervals (Cl) are presented as a means of model comparison.

Species Equation R2 Parameter estimates and confidence intervals

f= a/(1+expE(x-Xo)/b)) a 95% ClI b 95% Cl Xo 95% ClI

Lolium perenne  f= 100/(1+exp¢(x-0.52)/0.02)) .99 100 99.7,1003 002  -253,254  0.52 '35_‘2’
Poa trivialis f= 98.8/(1+exp{(x-0.89)/0.37)) .73 98.8 92.6, 105 0.37 0.25, 0.50 0.89 0.75,1.02
Poa annua f= 79/(1+exp{(x-2.65)/0.11)) .76 79 69.9, 88.9 0.11 0.05, 0.17 2.65 256,2.74
Paspalum notatum f= 105.27/(1+exp{(x-1.94)/0.33)) .91 105.27 98.1,112.4 0.33 0.26,0.41 1.94 1.85,2.03
Cenchrus echinatus = 98.82/(1+exp{(x-1.4)/0.13)) .99 98.82 97.4, 100.2 0.13 0.12,0.14 1.4  1.38,1.42
Paspalum dilatatum  f= 99.04/(1+exp{(x-0.6)/0.14)) .80 99.04 95.3, 102.8 0.14 0.07,0.22 0.6  0.53,0.66

Eleusine indica f= 101.68/(1+exp{x-2.39)/0.25)) .90 101.68 92.2,111.2 0.25 0.17,0.32 239 23,249
Digitaria sanguinalis  f=99.23/(1+exp{(x-0.93)/0.31)) .77 99.23 97.4, 101 0.31 0.20,0.41 0.93 0.82,1.04
Setaria pumila f= 99.39/(1+exp{(x-0.53)/0.06)) .93 99.39 97.6,101.2 0.06 -0.04, 0.17 0.53 0.42,0.64
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Table 2. Estimated rate of pinoxaden required to injure each species bys§0%190% @do) based on the injury ratings collected

35 days aftetreatment.

Visual Injury
Species Equation R2 I50 l90
(g ai ha) (g ai hay)
f= a/(1+expE(x-Xo)/b))
Lolium perenne f= 100/(1+exp{(x-0.52)/0.02)) .99 3.31 3.70
Poa trivialis f= 98.8/(1+expf(x-0.89)/0.37)) 73 7.83 56.52
Poa annua f= 79/(1+exp{(x-2.65)/0.11)) .76 511.59 >2490
Paspalum notatum f= 105.27/(1+exp{(x-1.94)/0.33)) 91 81.24 340.43
Cenchrus echinatus f=98.82/(1+exp{(x-1.4)/0.13)) .99 25.01 50.03
Paspalum dilatatum f= 99.04/(1+exp{(x-0.6)/0.14)) .80 3.96 8.39
Eleusine indica f= 101.68/(1+exp{(x-2.39)/0.25)) .90 243.1 798.97
Digitaria sanguinalis f=99.23/(1+exp{(x-0.93)/0.31)) T7 8.62 42.22
Setaria pumila f= 99.39/(1+exp{(x-0.53)/0.06)) .93 3.42 4.76

25



Table 3. Predictive model for weed species weight presented as a percent of the nontreated, in response to incrdasing rates o
pinoxaden, using a two parameter exponential decay model. Parastetertes and parameter estimate 95% confidence intervals

(CI) are presented as a means of model comparison.

Species Equation R2 Parameter estimates and confidence intervals

f= a*exp(-b*x) a 95% ClI b 95% ClI
Lolium perenne f= 462.5*exp{7.66*x) .99 462.5 376.60, 548.30 7.66 6.74, 8.58
Poa trivialis f=127.9*expfl.51*x) 73 127.9 108.91, 146.95 1.51 1.22,1.80
Poa annua f=109.5*expf0.69*x) 46 109.5 87.74,131.31 0.69 0.50, 0.88
Paspalum notatum  f= 135.1*exp{0.53*x) .60 135.1 115.70, 154.38 0.53 0.42, 0.65
Cenchrus echinatus f= 155.8*exp(0.87*x) .54 155.8 123.88, 187.81 0.87 0.63,1.10
Paspalum dilatatum  f= 233.2*exp{4.24*x) .95 233.2 202.22, 264.27 4.24 0.07, 0.22
Eleusine indica f= 150.4*exp{0.46*x) .36 150.4 118.21, 182.52 0.46 0.42, 0.65
Digitaria sanguinalis = 135.8*expf1.44*x) 57 135.8 106.26, 165.29 1.44 1.04, 1.85
Setaria pumila f= 341.9*exp(6.15*x) .96 341.9 256.12,427.71 6.15 4.93,7.37
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Table 4. Estimated rate pfnoxaden required to reduce the above ground biomass of each species by)589d Q0% (do) based

on weights collected 35 days after treatment.

Weight Reduction

Species Equation R2 50 loo
(g ai ha) (g ai ha)
f= a*exp(-b*x)
Lolium perenne f= 462.5*expf7.66*x) .99 1.95 3.17
Poa trivialis f= 127.9*expfl.51*x) 73 4.17 48.26
Poa annua f= 109.5*expf0.69*x) 46 13.74 >2490
Paspalum notatum f= 135.1*expf0.53*x) .60 74.32 >2490
Cenchrus echinatus f= 155.8*expf0.87*x) .54 20.48 1470.82
Paspalum dilatatum f= 233.2*expf4.24*X) .95 2.31 5.54
Eleusine indica f= 150.4*exp€0.46*x) .36 247.51 >2490
Digitaria sanguinalis f= 135.8*expfl.44*x) .57 4.92 64.03
Setaria pumila f= 341.9*exp(6.15*x) .96 2.05 3.75
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Figure 1.Percent visual injury response relative to the nontreated control of nine grassy weeds 35 days after treatment wigh increasin
rates of pinoxaden. Response was modelled usingeaparameter sigmoidal model based on the log rate of pinoxaden to create
equal spacing between rates. The equation usedfwa#(1+exp(x-Xo)/b)). Norlog transformed rates are presented for reference.

Means are expressed using differing symbols for each weed species and regression equation models are representetingy differing
type foreach species. Vertical bars represent standard error (P=0.05).
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Fig 2. Above ground biomass, presented as a percent of the nontreated, 35 days after treatment with increasing rates of flinoxaden. A
regressions were modelled based on tiggdde of pinoxaden to create equal spacing between rates. All species were modelled with a
two parameter exponential decay model using the equdtiatexp(-b*x). Nortlog transformed rates are presented for reference.

Means are expressed using differgygmbols for each weed species and regression equation models are represented by differing line
type for each species. Vertical bars represent standard error (P=0.05).
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Chapter 3. Tank Mixture Concepts for Turfgrass Injury Reduction

Introduction

Pinoxaden is an acetyl coenzyme A carboxylase (ACCase) inhibiting herbicide in the
phenylpyrazolin chemical family. Pinoxaden was introduced in 2006 for postemergence control
of annual and perennial grassy weed species in cereal crops (Halfe2@06; Muehlebach et al.
2011).Until 2019, pinoxaden was registered in the United Kingdom for turfgrass use for the
removal of ryegrass specidso{ium spp.) in maintained fine fescuégstucaspp.) and annual
bluegrassFoa annua..) turf (Anonymous2015).In 2018, pinoxaden was labelled in the United
States for use on bermudagraSgr{odon dactyloh. Pers.), zoysiagrasZdysiaspp.) and St.
AugustinegrassStenotaphrum secundatyfvalter) Kuntze). It is restricted to use only on
bermudagrass anaysiagrass fairways, roughs, tee boxes, athletic fields, sod farms and home
lawns. Pinoxaden cannot be applied to putting greens, and in St. Augustinegrass it is restricted to
sod farm use only due to injury concerns (Anonymous 2018c).

Simultaneous applations of two or more agrochemicals such as pesticides, adjuvants
and fertilizers are often made. Oftentimes, herbicides are combined in a tank mix or prepackaged
mixtures in order to: broaden the spectrum of weeds controlled, reduce production costs, or t
reduce compaction by eliminating the number of times that a sprayer goes over an area
(Anderson 1983). Generally, when two herbicides are applied at the same time, they act
independently of each other. This interaction is referred to as the herbicidamaton having
and additive effect. On occasion, herbicide mixtures will be synergistic when the combination
results in higher activity than expected based off of the rates of each herbicide in the

combination. The opposite can also happen. When thesidt of an herbicide combination is a
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reduction in activity of one or more of the herbicides in the mixture, that result is defined as
being antagonistic (Akobundu et al. 1975).

ACCase inhibiting herbicides, commonly known as graminicides, are frequently
antagonized by herbicides that target broadleaf weeds or sedges (Brommer et al. 2000). Bentazon
and bromoxynil frequently antagonize graminicide control of grass species (Rinod€slale
1981; Rhodes and Coble 1984; Gentsch 1986; Holshouser and Coble 1990; Culpepper et al.
1998; Culpepper et al. 1999b) by reducing graminicide absorption into the target weed species
(Wilhm et al. 1986; Croon et al. 1989; Culpepper et al. 1999afjudden antagonizes fluazifop
control of annual grass weeds (Dortenzio et al. 1984; Hopkins et al. 1984; Godley and Kitchen
1986) by limiting the translocation of fluazifop throughout the plant (Wilhm et al. 1986).

Acetolactate synthase (ALS) inhibitaggically have a broad range of broadleaf weed
control activity, making them an attractive tank mixture partner for graminicides. However, they
are often associated with antagonism towards ACCase inhibiting herbicides. Imazaquin and
chlorimuron antagonizlkaloxyfop and fluazifop herbicidal activity on sorghuSofgum bicolor
L.), reducing injury up to 26%, (Croon and Markle 1988) by decreasing absorption and
translocation of the graminicides within the plant (Croon et al. 1989). Chlorimuron and
imazaquin lave also been shown to antagonize sethoxydim control of fall paniRamnc(m
dichotomiflorumMichx.), large crabgras®{gitaria sanguinalisL.) and goosegras&leusine
indicaL. Gaertn.) (Holshouser and Coble 1990). Ferreira and Coble (1994) found that
pyrithiobacsodium would antagonize fluazifop, sethoxydim and quizalofop by reducing
herbicide translocation, but that antagonism could be avoided if the pyritrsodaon was
applied at least three days before or three days after the graminicide appli€atreira and

Coble 1994; Ferreira et al. 1995). Chlorimuron is also shown to antagonize clefoxydim control of
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barnyardgrassHchinochloa crugalli L. P. Beauv.) (Brommer et al. 2000). Trifloxysulfuron
antagonizes clethodim control of broadleaf sigraés Urochloa platyphyllaMunro ex C.
Wright R.D. Webster), fall panicum, large crabgrass and goosegrass (Burke et al. 2002).
Imazapic antagonizes clethodim control of goosegrass by reducing overall goosegrass
photosynthesis (Burke et al. 2001; Burke &vittut 2003). Cyhalofop and fenoxaprop control
of barnyardgrass is antagonized by halosulfuron (Scherder et al. 2005; Zhang et al. 2005).
Quizalofop is antagonized when mixed with several different ALS inhibiting herbicides.
Quizalofop tank mixed with bemlfuron, bispyribac, halosulfuron, orthosulfuron + halosulfuron,
penoxsulam, and penoxsulam + triclopyr reduced control of barnyardgrass by 10, 63, 12, 14, 59,
and 64 percent respectively compared to quizalofop applied alone (Rustom et al. 2018).

Another, less documented, antagonist of graminicides are fungicides. Herhioigieide
tank mixtures are an attractive option to reduce application costs saves time and labor associated
with pesticide applications (Lancaster et al. 2005). Chlorothalonil redilete®dim control of
large crabgrass, Texas panicupaficum texanurBuckl.), and goosegrass. However, clethodim
efficacy on broadleaf signalgrass is not affected by chlorothalonil treatments (Jordan et al. 2003).
Lancaster et al. (2005) observed thatbdethodim and sethoxydim control of large crabgrass
was antagonized by chlorothalonil as a result of reduced absorption of the graminicides.

The objectives of this research were to 1) determine if pinoxaden is antagonized by select
ALS inhibitors 2) detrmine if fungicides may be used to reduce pinoxaden injury to St.

Augustinegrass 3) determine if a difference in St. Augustinegrass cultivar tolerance is present.
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Materials and Methods
Pinoxaden safeningvith fungicides Field experiments were condudta the summer of 2018
and 2019 to determine if there is a differential response to pinoxaden between four St.
Augustinegrass cultivars. This study was located at the Auburn University Sports Surface Field
Laboratory, located just off the main campus obArn University in Auburn, Alabama
(32.35N,8529W) . Four cul tivars of St. Augustinegr a:c
6Ral eighd and 6Fl oratamdé. The soil type for a
loamy, kaolinitic, thermic Typi&anhapludults) with a pH of 6.5.

Foliar applications were delivered via a hdreld CQ pressurized sprayer equipped with
TeeJet TP8002 flat fan nozzles (TeeJet Technologies, Glendale Heights, IL, USA) spaced 25 cm
apart and calibrated to deliver 280 &1 Treatments were pinoxaden (0.156 kg ai)reone,
pinoxaden plus chlorothalonil (7.355 kg aih@Daconil Weathersti, Syngenta Crop
Protection LLC, Greensboro, NC, USA) and pinoxaden plus propicon@zb@l kg ai ha)

(Banner Maxx l& , Syngenta Croprotection LLC, Greensboro, NC, USA). All treatments
included surfactanfAdigora , Syngenta Crop Protection LLC, Greensboro, NC, USéthyl

ester of fatty acids, alcohol ethoxylate, and petroleum distillates) at 0.5% v/v. All treatments
were reapplied at 28 days after the initial treatment (DAT). Treatments were arranged in a
randomized complete block design with four replications and the trial was repeated in 2019.
Plots were 5 feet long by 5 feet wide. Treatments were compared to aateshtrentrol.

Herbicide injury was visually evaluated relative to the nontreated control on a 0 (no phytotoxic
effect) to 100% (complete plant death) scale. Turfgrass color was visually rated on a 1
(completely brown with no active growth) to 9 (dark grdash growth) scale. Visual ratings

and measurements were obtained every seven days after initiation of the study until the
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conclusion of the trialNormalized difference vegetative indicé{VI) measurements were
also taken, but only in 201Researchiugggests that NDVI has a correlation with turfgrass
density, color and percent live cover (Bell et al. 2002).

Data were subjected to ANOVA using the PROC GLM procedure using SAS 9.4 (SAS
Institute Inc, Cary, NC) to test for significance (P<0.05) of cultitreatments and runs. Means
were separated using Fishers protected LSD (P=0.05). No significant interaction between years
based on evaluation of the treatment by year interaction (P > 0.05) was detected so visual data
were pooled over years. A signifidaneatment by cultivar by days after treatment interaction (P
< 0.05) was detected, therefore cultivar response to treatments by days after treatment were
furtherexamined.

Pinoxaden safeningvith ALS inhibiting herbicides A field experiment was conducten the

summer of 2019 to determine if common ALS inhibiting herbicides may antagonize pinoxaden

injury of St. Augustinegrass. This study was located at the Auburn University Sports Surface

Field Laboratory, located just off the main campus of Auburn &sity in Auburn, Alabama.

Treat ments were applied to 6FIl oratam@amgt . Aug
kaolinitic, thermic Typic Kanhapludults) with a pH of 6.5.

Foliar applications were delivered via a hdreld CQ pressurized sprayeqgeipped with
TeeJdet TP8002 flat fan nozzles (TeeJet Technologies, Glendale Heights, IL, USA) spaced 25 cm
apart and calibrated to deliver 280 Lihd@reatments were pinoxaden (156 g ai)aone,
pinoxaden plus halosulfuron (3.36 g ailh§Sedgehammaér, Syngenta Croprotection LLC,
Greensboro, NC, USA) and pinoxaden plus metsulf@arb2 g ai ha) (Manoi& , Syngenta
CropProtection LLC, Greensboro, NC, USA). All treatments included surfa@aligora ,

Syngenta Crop Protection LLC, Greensboro, NSAJmethyl ester of fatty acids, alcohol
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ethoxylate, and petroleum distillates) at 0.5% v/v. All treatments were reapplied at 21 days after
the initial treatment (DAT). Treatments were arranged in a randomized complete block design
with four replicationsPlots were 5 feet long by 5 feet wide. Treatments were compared to a
nontreated control. Herbicide injury was visually evaluated relative to the nontreated control on a
0 (no phytotoxic effect) to 100% (complete plant death) scale. Turfgrass color wallyviated

on a 1 (completely brown with no active growth) to 9 (dark green, lush growth) scale. NDVI
measurements were also taken, but only in 2019. All ratings and measurements in 2019 were
obtained every seven days, beginning 14 DAT, until the condudithe trial.

Data were subjected to ANOVA using the PROC GLM procedure using SAS 9.4 (SAS
Institute Inc, Cary, NC) to test for significance (P<0.05) of treatments. Means were separated
using Fishers protected LSD (P=0.05). A significant treatmengbpy dfter treatment interaction
(P < 0.05) was detected, therefore St. Augustinegrass response to treatments by days after
treatment were examined further.

Smooth crabgrass response to pinoxaden tank mixtudesield experiment was conducted in

the summeonf 2019 to determine if common ALS inhibiting herbicides and chlorothalonil may
antagonize pinoxaden control of smooth crabgraggitaria ischaemunschreb.). This study

was located at the Auburn University Sports Surface Field Laboratory, located just off the main
campus of Auburn University in Auburn, Al abam
bermudagrass that was heavily infested (>90% covervdgersmooth crabgrass. The soil was a

Marvyn sandy loam (firdoamy, kaolinitic, thermic Typic Kanhapludults) with a pH of 6.5.

Foliar applications were delivered via a hdreld CQ pressurized sprayer equipped with
TeeJet TP8002 flat fan nozzles (TaebDechnologies, Glendale Heights, IL, USA) spaced 25 cm

apart and calibrated to deliver 280 Lihdreatments were pinoxaden (71.35 g ai)laone,
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pinoxaden plus halosulfuron (3.36 g ailh§Sedgehammaér, Syngenta Croprotection LLC,
Greensboro, NQJSA), halosulfuron alone, pinoxaden plus metsulfi&h52 g ai ha)

(Manora , Syngenta Croprotection LLC, Greensboro, NC, USA), metsulfuron alone and
pinoxaden plus chlorothalor(ir355 g ai ha) (Daconil Weatherstié&, Syngenta Croprotection
LLC, Greensboro, NC, USA(Table 11) All treatments included surfactaf@digora , Syngenta
Crop Protection LLC, Greensboro, NC, USAethyl ester of fatty acids, alcohol ethoxylate, and
petroleum distillates) at 0.5% v/v. Initial applications were made on MawBen the smooth
crabgrass had-2 tillers. Reapplications were made on June 3, 14 days after initial treatment
(DAT).

Treatments were arranged in a randomized complete block design with four replications.
Plots were 5 feet long by 5 feet wide. Treattsemere compared to a nontreated control. Smooth
crabgrass control was visually evaluated relative to the nontreated control on a O (no phytotoxic
effect) to 100% (complete plant death) scale. Smooth crabgrass coverage was visually rated on a
0 (no smootttrabgrass plants observed) to 100% (complete coverage of smooth crabgrass) scale.
Data were collected at 14, 28, 42 and 56 DAT.

Data were subjected to ANOVA using the PROC GLM procedure using SAS 9.4 (SAS
Institute Inc, Cary, NC) to test for significan(@<0.05) of treatments. Means were separated
using Fishers protected LSD (P=0.08)significant treatment by days after application
interaction (P < 0.05) was detected. Therefore, data were examined separately for each rating
date.

Greenhouse response pnoxaden tank mixturesGreenhouse studies were conducted between
July and August of 2019 at the Auburn University Weed Science Greenhouse located on the

main campus of Auburn University in Auburn, Alabama (32\385.29W) to evaluate

36



potential antagosm of pinoxaden injury to St. Augustine grass when tank mixed with different
pesticides. O6Floratamé St . Ausgaisditedwtlespir ass pl u
medium (Marvyn sandy loam). Plants were fertilized (Mirdg@le WaterSoluble Al-Pumpose

Plant Food, Scotts Miracléro Products INC., Maryville, OH) (28-16; ~6 kg N ha) upon

transplanting and as needed for complete establishment within each individual pot. Greenhouse
day/night temperatures were maintained at 32/28 C3@) throughat the study. Ambient

lighting was used throughout the experiment with no supplemental light added. Relative

humidity averaged ~70% throughout the experiment. Plants were irrigated four times daily by an
elevated misting system and by hand as needed thootithe experiment.

Foliar applications were delivered via a hdreld CQ pressurized sprayer equipped with
TeeJet TP8002 flat fan nozzles (TeeJet Technologies, Glendale Heights, IL, USA) spaced 25 cm
apart and calibrated to deliver 280 Lih@he appkd treatments were three different rates of
pinoxaden plus halosulfuron, metsulfuron and chlorothalonil (TEleAll treatments included
surfactan{Adigora , Syngenta Crop Protection LLC, Greensboro, NC, U8#&thyl ester of
fatty acids, alcohol ethoigte, and petroleum distillates) at 0.5% v/v. One application was made
at the beginning of the experiment.

Above ground biomass (in granmad visual injury (6100% scale) dataere collected
28 days after treatment. Data were subjected to ANOVA usingR@C GLM procedure using
SAS 9.4 (SAS Institute Inc, Cary, NC) to test for significance (P<0.05) of treatments. Means
were separated using Fishers protected LSD (P=0A0&pnificant treatment interaction was

detected (P < 0.05) so data were examinagdban individual treatments.
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Results and Discussion
Pinoxaden safeningvith fungicides Variability in herbicide tolerance between turfgrass
cultivars of the same species can exist. McElroy et al. (2005) and McCalla et al. (2004) reported
thatseedling Yukon common bermudagrass was more susceptible to broadleaf herbicides during
seedling establishment than other seeded bermudagrass cultivars. This has been seen in ACCase
inhibiting herbicides as well. Variability between Italian ryegrasdigm multiflorumLam.)
cultivar tolerance to fenoxaprop exists, with some cultivars having up to three times greater
tolerance than others (Hassan et al. 2002). According to these data, variability in pinoxaden
tolerance between cultivars of St. Augustinegeagsts.

Maximum visual injury, lowest color rating and lowest NDVI readings occurred at 42
days after initial treatment (DAIT) for all cultivars except Palmetto. The maximum visual injury
and lowest color rating for Palmetto St. Augustinegrass occatr4® DAIT. However, the
lowest NDVI reading was recorded at 42 DAIT. At the maximum visual injury date, pinoxaden
alone injured Classic 83.75%, Raleigh 66.25%, Palmetto 48.75% and Floratam 50%. Pinoxaden
alone reduced turfgrass color, at the maximum a@duction date, of Classic from 7 to 2.5,

Raleigh from 7 to 4, Palmetto from 6.88 to 4.13, and Floratam from 7 to 4.75. At 42 DAIT,
pinoxaden alone reduced the NDVI readingselation to the nontreatefr Classic 0.1111,

Raleigh 0.0963, Palmetto 084, and Floratam 0.0966. Based on the maximum visual injury
ratings, lowest color ratings and lowest NDVI readings, the cultivars can be ranked from most to
least susceptible as such Classic, Raleigh, Floratam, Palmetto.

Reduced turfgrass visual injuryéimcreased relative color was observed when

pinoxaden was tank mixed with either chlorothalonil or propiconazole. This was also supported
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by higher relative NDVI readings. At the maximum visual injury date, pinoxaden plus
chlorothalonil and pinoxaden plpsopiconazole injured Classic 33.75 and 28.75% respectively,
Raleigh 30 and 28.75% respectively, Floratam 20 and 22.5% respectively, and Palmetto 11.25%
for both. At the maximum color reduction date, pinoxaden plus chlorothalonil and pinoxaden
plus propionazole reduced turfgrass color of Classic from 7 to 5 for both, Raleigh from 7 to 5
and 5.25 respectively, Floratam from 7 to 5 and 5.75 respectively, and Palmetto from 6.88 to
5.88 and 5 respectively. At 42 DAIT, pinoxaden plus chlorothalonil and pireoxpaldis

propiconazole reduced the NDVI readings for Classic 0.0364 and 0.0330 respectively, Raleigh
0.0055 and 0.0331 respectively, Floratam 0.0497 and 0.0542 respectively and Palmetto 0.0639
and 0.0561 respectively.

These data suggest that chlorothalanidl propiconazole may have an antagonistic effect
on pinoxaden injury to St. Augustinegrass regardless of cultivar. These results are similar to
other studies conducted with chlorothalonil and ACCase inhibiting herbicides. Jordan et al.
(2003) found chlasthalonil to be antagonistic to clethodim control of large crabgrass, Texas
panicum and goosegrass. However, propiconazole has not been examined for potential
antagonism with ACCase inhibiting herbicides. Also, studies that focus on potential antagonism
between fungicides and herbicides are typically focused on crop production instead of turfgrass
management.

Pinoxaden plus chlorothalonil treatments injured the St. Augustinegrass, regardless of
cultivar, in a way that is atypical of ACCase inhibiting heides. Treated leaves would have a
large bleached white area with a well defined necrotic contour where individual droplets landed
on the leaf bladéFigure10). Robinson et al. (2013) noted similar injury in winter wheat

(Triticum aestivunk.) when broadaf herbicides such as bromoxynil and MCPA were mixed
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with fungicides such as azoxystrobin and propiconazole. This injury occu3 ethys after
application and was mown off within 10 days with no residual effects.

Future research needs to be conduateatder to determine if pinoxaden antagonism by
chlorothalonil and propiconazole occurs in other species, especially grassy weed species.
Different formulations of each fungicide should also be examined in order to determine if the
pinoxaden antagonism &result of interaction between the two molecules or there is an
interaction with an inert ingredient in the formulations examined and pinoxaden. Studies should
also be conducted to determine the physiological basis for this antagonism. Lancaster et al.
(2005) determined that chlorothalonil antagonism of sethoxydim and clethodim was a result of
decreased absorption of the herbicide into the leaf tissue. More research can be conducted to
determine if more contact fungicides across several chemical fameiesjable of restricting
the uptake of herbicides into the plantés | ea
Pinoxaden safeningvith ALS inhibiting herbicides ALS inhibiting herbicides often antagonize
ACCase inhibiting herbicides (Croon and Markle 1988; Holshouser and CobleFE38€ira
and Coble 1994; Brommer et al. 2000; Burke et al. 2001; Burke et al. 2002; Scherder et al. 2005;
Zhang et al. 2005; Rustom et al. 2018). This is problematic because ALS inhibiting herbicides
generally have a broad range of weed control making e attractive tank mix partner.

According to these data, metsulfuron and halosulfuron antagonize pinoxaden injury of St.
Augustinegrass.

Maximum visual injury occurred at 42 days after initial treatment (DAIT) for all
treatments except pinoxaden plustsadfuron. Plots treated with pinoxaden plus metsulfuron
had begun to recover by 42 DAIT with maximum injury occurring at 35 DAIT. This trend was

also seen in turfgrass color ratings and NDVI readings. At 42 DAIT, pinoxaden alone injured St.
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Augustinegras37.5% compared to pinoxaden plus halosulfuron and pinoxaden plus metsulfuron
which injured St. Augustinegrass 52.5 and 25% respectively. The only rating date that pinoxaden
alone and pinoxaden plus halosulfuron injury was significantly different was 4P.[BA other

rating dates did not have a statistically significant difference in visual injury. Pinoxaden plus
metsulfuron visual injury was significantly lower than pinoxaden alone, statistically, for every
rating date except 14 DAIT. At 42 DAIT, turfgs color was reduced from 7 to 3 for pinoxaden
alone. Pinoxaden plus halosulfuron reduced turfgrass color from 7 to 3.8 and pinoxaden plus
metsulfuron reduced turfgrass color from 7 to 5. NDVI readings supported visual ratings with
pinoxaden alone havinge lowest NDVI reading at all rating dates. At 42 DAIT, the NDVI

reading forpinoxaden alone was 0.2151 less than the nontreated. This is compared to a reduction
in NDVI of 0.1409 and 0.076 from pinoxaden plus halosulfuron and pinoxaden plus metsulfuron
respectively.

These data indicate that both metsulfuron and halosulfuron antagonize pinoxaden injury
of St. Augustinegrass. However, metsulfuron reduced visual injury, maintained green color and
had a consistently higher NDVI reading than halosulfuronoAdiog to these data, metsulfuron
is more antagonistic to pinoxaden than halosulfuron. The physiological mechanisms of
antagonism between ALS and ACCase inhibiting herbicides can vary from reduced uptake
(Croon et. al 1989) to reduced translocation (Fexrretral. 1995) to reduced photosynthesis
(Burke and Wilcut 2003). Further research is needed to determine the physiological basis for
metsulfuron and halosulfuron antagonism of pinoxaden. Research also needs to be conducted to
determine if this antagonisis limited to St. Augustinegrass or if different grassy weeds would

not be controlled by these tank mixtures.
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Smooth crabgrass response to pinoxaden tank mixtuMstsulfuron and halosulfuron alone
provided insignificant control (<10%) throughout thedy as expected. However, antagonistic
responses were observed for smooth crabgrass control at 14 DAIT when pinoxaden was mixed
with metsulfuron and when pinoxaden was mixed with chlorothalonil. Pinoxaden plus
metsulfuron reduced smooth crabgrass comitooh 65%, when pinoxaden was applied alone, to
20%. This was the highest percentage of crabgrass control obtained throughout the study with
the mixture of pinoxaden plus metsulfuron. Pinoxaden plus metsulfuron control was insignificant
(<10%) at all otherating dates throughout the trial. At 14 DAIT, chlorothalonil reduced
pinoxaden control of smooth crabgrass by reducing control from 65% to 36.25%. At 28 DAIT,
all tank mixtures, except pinoxaden plus metsulfuron, resulted in a statistically neutrakeespon
At 42 DAIT, antagonistic responses were observed in tank mixtures of pinoxaden plus
halosulfuron, metsulfuron and chlorothalonil. Pinoxaden plus halosulfuron, metsulfuron and
chlorothalonil reduced smooth crabgrass control relative to pinoxaden edom87.5 to 63.75,

8.75 and 65% respectively. At 56 DAIT, pinoxaden plus halosulfuron, metsulfuron and
chlorothalonil reduced smooth crabgrass control relative to pinoxaden alone from 72.5 to 45, O
and 25% respectively.

These results indicate that metsuwtfn, halosulfuron and chlorothalonil all antagonize
pinoxaden control of smooth crabgrass. According to the data, metsulfuron is the most
antagonistic of smooth crabgrass control with pinoxaden with chlorothalonil and halosulfuron
being similar in antagastic capability. Further research is needed to determine if these
pesticides are antagonistic towards other grassy weed species that are normally controlled by
pinoxaden. Occasionally, antagonism of ACCase inhibitors is only expressed in certain weed

specdes and not others. Chlorothalonil antagonizes clethodim control of large crabgrass, Texas
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panicum, and goosegrass. However, chlorothalonil does not antagonize clethodim control of
broadleaf signalgrass (Jordan et al. 2003). Triclopyr reduces fenoxajpngptinzoysiagrass but
increases fenoxaprop injury to bermudagrass (McElroy and Breeden 2006).

Metsulfuron antagonism of pinoxaden is important to confirm because of the high use
rate of metsulfuron in turfgrass. Because of its broad activity on weddtsaelatively low cost
(< $10/0z) mixed with low product use rates (0.01 0z/1@Q0ftetsulfuron is often utilized in
turfgrass situations (Goncalves et al. 2019). Further research is needed to both confirm
metsulfuron antagonism of pinoxaden and #dsdetermine the physiological basis for this
antagonism.

Chlorothalonil, when mixed with pinoxaden, injured smooth crabgrass in a way that was
atypical of ACCase injury. Large light brown to white spots were observed on the leaf blade,
usually with a newtic ring surrounding the whitened area (Figure 9). This is similar to injury
observed on St. Augustinegrass in other trials of this study (Figure 10). Further research is
needed to determine the cause of this injury and how it affects pinoxaden efficacy.
Greenhouse response to pinoxaden tank mixtur&sthe conclusion of the experiment,
pinoxaden at the low, medium and high rates injured St. Augustinegrass 30.83, 33.33 and
58.33% respectively. Both pinoxaden plus halosulfuron and pinoxaden plus mietsutjured
St. Augustinegrass less than pinoxaden alone. Halosulfuron mixed with the low, medium and
high rate of pinoxaden injured St. Augustinegrass 8.33, 25 and 45% respectively. Metsulfuron
mixed with the low, medium and high rate of pinoxaden inj@tdugustinegrass 7.5, 19.17
and 20.83% respectively. Chlorothalonil reduced pinoxaden injury of St. Augustinegrass only at
the lowest pinoxaden rate. Chlorothalonil mixed with the low, medium and high rate of

pinoxaden injured St. Augustinegrass 1933.33 and 75% respectively.
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The biomass of the nontreated control was 20.55 g. No treatment had a biomass as high
as the nontreated even with little to no apparent injury. In field trials, growth regulation was
observed even when herbicide visual injurgswot observed. Pinoxaden at the low, medium and
high rates reduced the biomass of St. Augustinegrass to 6.79, 7.60 and 4.36 g respectively.
Halosulfuron mixed with the low, medium and high rate of pinoxaden reduced the biomass of St.
Augustinegrass to 181, 10.17 and 7.3 g respectively. Metsulfuron mixed with the low, medium
and high rate of pinoxaden reduced the biomass of St. Augustinegrass to 14.8, 10.37 and 8.36 ¢
respectively. Chlorothalonil mixed with the low, medium and high rate of pinoxadecectthe
biomass of St. Augustinegrass to 11.7, 8.98 and 5.52 g respectively.

Chlorothalonil mixed with all three rates of pinoxaden treatments resulted in injury to the
St. Augustinegrass plants that was not typical of ACCase inhibitor iNjuepted leaes would
have a large bleached white area with a well defined necrotic contour where individual droplets
landed on the leaf blaq€&igure 10) similar to findings by Robinson et al. (2013) on winter
wheat. This injury was worsened at the medium and faggs rof pinoxaden. Further research is
needed to understand why this injury is occurring and what can be done to mitigate it.

The results from this trial supports the results from field trials that indicate that
halosulfuron, metsulfuron and chlorothallomave the ability to antagonize pinoxaden activity on
grass species. Further research is needed to determine at what rate of pinoxaden can antagonism
be overcome, if at all. Antagonist application timing may also need to be examined further.
Ferreira andCoble (1994) found that pyrithiobaodium would antagonize fluazifop,
sethoxydim and quizalofop, but that antagonism could be avoided if the pyrittsodiagn was

applied at least three days before or three days after the graminicide application.
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Overall, the results from these studies indicate that pinoxaden has the potential to be
antagonized in a similar way to other ACCase inhibiting herbicides in other chemical families.
More research is needed to determine the extent of the antagonisstiedysnoxaden may

face and the physiological basis for this antagonism.
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Table 5. Turfgraspercentvisual injury rating separated by cultivar, treatment and rating date.

Percent injury of 6Classicd S
Treatment DAI Ty A
7 14 21 28 35 42 49 56
LSD 6.43 5.37 4.64 5.16 6.88 7.8 7.67 10.45
Nontreated Oc od od od Oc Oc od od
Pinoxaden alone 325a 41.25a 425a 29.38a 55a 83.75a 68.13a 63.75a
+ Chlorothalonil 25b 23.75¢ 125c¢ 6.25c¢c 23.75b 33.75b 18.75c 125c
+ Propiconazole 24.38b 33.75b 25b 18.75b 26.25b 28.75b 35b 35b
Percent injury of O6FI|l oratamd
Treatment DAI Ty A
7 14 21 28 35 42 49 56
LSD 6.26 4.43 3.09 2.70 5.09 7.42 5.99 6.15
Nontreated Ob Oc od od od Oc od Ob
Pinoxaden alone 21.25a 2875a 20.63a 16.88a 3563a 50a 36.25a 23.75a
+ Chlorothalonil  16.25a 16.25b 5.63c 3.75¢ 13.13c 20b 9.38¢c 4.38b
+ Propiconazole 20.63 a 25a 16.88 b 10b 21.88b 225b 23.75b 20.63b
Percentinjuryob Pal mett o6 St August.i
Treatment DAI Ty A
7 14 21 28 35 42 49 56
LSD 6.80 5.80 3.38 5.32 9.02 10.17 8.31 6.92
Nontreated Ob Oc od od Oc Oc od Oc
Pinoxaden alone 18.75a 28.75a 30a 26.25a 38.13a 33.75a 48.75a 41.88a
+ Chlorothalonil 16.88a 16.25b 75c 563c 18.75b 11.25b 15¢c 5.63¢c
+ Propiconazole 15.63a 20.63b 21.25b 175b 23.75b 11.25b 325b 24.38b
Percent injury of O6Ral eighd S
Treatment DAI Ty A
7 14 21 28 35 42 49 56
LSD 6.53 4.93 5.09 3.53 6.37 9.43 6.46 531
Nontreated Ob Oc od od od Oc od Oc
Pinoxaden alone 22.5a 325a 25a 13.13a 425a 66.25a 35a 25a
+ Chlorothalonil 19.38a 20.63b 8.13c 4.38c 16.25c 30D 6.88 c 5¢c
+ Propiconazole 21.25a 2813b 18.13b 9.38b 23.75b 28.75b 2438b 16.3b
A A visual injury rating of 20% was consi
y Days after initial treatment (DAI T)

8 Column means not sharing any letter are considered significantly diffeenrding to

Fi sher 6s

protected

LSD (U=0
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Table 6. Turfgrass color rating separated by cultivar, treatment and rating date.

Col or of O6Classicbé St. Augu
Treatment DAI Ty A
7 14 21 28 35 42 49 56
LSD 0.33 0.42 0.37 0.39 0.65 0.46 0.45 0.69
Nontreated 7.38 a 7.38 a 75a 7.38a 6.75a 7a 6.88 a 7a
Pinoxaden alone 55¢ 5¢ 5.25d 5.88¢c 425c¢ 25¢c 3.5d 425c¢c
+ Chlorothalonil 5.75 bc 6b 6.75b 7.13a 5.75b 5b 5.75b 6.63a
+ Propiconazole 6b 538c 5.88c 6.5b 5.38b 5b 475c 538D
Col or of OFl oratamd St. Aug
Treatment DAI Ty A
7 14 21 28 35 42 49 56
LSD 0.35 0.28 0.25 0.01 0.33 0.65 2.02 0.40
Nontreated 6.88a 6.88a 7a 7a 6.88 a 7a 5.25a 7a
Pinoxaden alone 6.13 b 55c 6.13b 6.5b 55d 475c 513a 6.38b
+ Chlorothalonil 6.25b 6.13b 7a 7a 6.5b 55b 5.75a 6.88a
+ Propiconazole 6b 55¢ 6.38b 65D 6c¢C 575b 55a 6.38 b
Col or of oOPal mettod St. Aug
Treatment DAI Ty A
7 14 21 28 35 42 49 56
LSD 0.47 0.53 0.34 0.36 0.54 0.40 0.57 0.69

Nontreated 6.88 a 6.88 a 6.88a 6.88a 6.88a 7a 6.88 a 7a
Pinoxaden alone 6.25b 5.38¢c 5¢ 5.38¢c 5c¢ 475¢ 4.13d 4.75c
+ Chlorothalonil 6.13b 6.38ab 6.63a 6.75a 6b 6b 5.88b 6.88a
+ Propiconazole 6.5 ab 6b 55b 6b 5.63 b 6b 5c¢ 6.13 b

Col or of ORaleighd6 St. Aug!

Treatment DAI Ty A
7 14 21 28 35 42 49 56
LSD 0.33 0.35 0.33 0.01 0.53 0.40 0.51 0.54
Nontreated 6.88 a 6.88 a 7a 7a 6.88 a 7a 6.88 a 7a
Pinoxaden alone 6b 5.25¢c 5.63c 6.5b 4.75c¢c 4c 5c¢c 6.1b

+ Chlorothalonil  6.13b 6.13b  6.63b 7a 5.88b 5b 6.75a 7a
+ Propiconazole  6.13 b 55¢c 588¢c 65b 55b 525b 563b 64D

A oblorrating of6 was considered minimally acceptalled 9 was considered optimal
turfgrass

y Days after initial treatment (DAIT)

§ Column means not sharing any letter are considered significantly different according to
Fishero6s protected LSD (U=0.05).
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Table 7. Turfgrass NDVI readings separated by cultivar, treatment and rating date.

NDVI of oO0Classicbdb St. August

Treatment DAI Ty A
7 14 21 28 35 42 49 56
LSD 0.014 0.014 0.019 0.009 0.026 0.030 0.038 0.034

Nontreated 0.8787a 0.8860a 0.8623a 0.8395c 0.8198a 0.8067a 0.7930a 0.7919a

Pinoxaden alone 0.8285c¢ 0.8102c¢ 0.7907b 0.8234d 0.7641b 0.6956c 0.7215b 0.7845a
+ Chlorothalonil 0.8287c 0.8407b 0.8540a 0.8696a 0.7990a 0.7703b 0.7821a 0.8055a

+ Propiconazole 0.8473b 0.8433b 0.8442a 0.8540b 0.8105a 0.7737b 0.7962a 0.8003 a

NDVI of OFl oratamdé St. Augus

Treatment DAI Ty A
7 14 21 28 35 42 49 56
LSD 0.015 0.015 0.017 0.015 0.031 0.037 0.041 0.026

Nontreated 0.8144a 0.8153a 0.7980a 0.8032a 0.7882a 0.7889a 0.7634a 0.7708a
Pinoxaden alone 0.7954b 0.7795b 0.7698b 0.7883a 0.7351b 0.6923c 0.6943b 0.7383b
+ Chlorothalonil  0.7909b 0.7822b 0.7849ab 0.7990a 0.7489b 0.7392b 0.7434a 0.7731a
+ Propiconazole 0.7861b 0.7803b 0.7803b 0.7968a 0.7590ab 0.7347b 0.7441a 0.7720a

NDVI of oOPal mettod St. Augus

Treatment DAI Ty A
7 14 21 28 35 42 49 56
LSD 0.040 0.045 0.043 0.038 0.050 0.052 0.040 0.035

Nontreated 0.8308a 0.8390a 0.8354a 0.8348a 0.8317a 0.8263a 0.8112a 0.8018a
Pinoxaden alone 0.7854b  0.7631b 0.7711b 0.7856b 0.7496b 0.7111c 0.7171b 0.7527b
+ Chlorothalonil 0.7974ab 0.8047ab 0.8209a 0.8343a 0.7786b 0.7624bc 0.7780a 0.7995a
+ Propiconazole 0.8136 ab 0.8032ab 0.8100ab 0.8186ab 0.7871ab 0.7702b 0.7711a 0.7949a

NDVI of O6Raleighdéd St. Augus

Treatment DAI Ty A
7 14 21 28 35 42 49 56
LSD 0.014 0.024 0.033 0.025 0.057 0.072 0.040 0.027

Nontreated 0.8089a 0.8107a 0.7779a 0.7888a 0.7702a 0.7723a 0.7411a 0.7557 ab
Pinoxaden alone 0.7786b 0.7261c 0.7366b 0.7711a 0.7196b 0.6760b 0.6888b  0.7328 b
+ Chlorothalonil 0.7850b 0.7633b 0.7572ab 0.7804a 0.7208b 0.7123ab 0.7356a 0.7618a
+ Propiconazole 0.7872b 0.7645b 0.7508ab 0.7773a 0.7278a 0.7080ab 0.7266ab 0.7547 a

y Days after initial treatment (DAI T)
§ Column means not sharing any letter are considered significantly different according to
Fi sher s prwstC.ck>e)d. LSD
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Figure 3. Percent visual injury of four St. Augustinegrass cultivars across all rating dates. Data were pooled betweér2@038 a
Means are expressed using differing symbols and are connected by different line styles. Vertieptdsent standard error
(P=0.05).

100

Floratam Palmetto
Nontreated —— Nontreated
Q0 4 TCTtetWeeceee Pinoxaden alone sesccsfpecsces Pinoxaden alone
= e es/wesess -+ Chlorothalonil = e» en/w «m == @ -+ Chlorothalonil
-—csemremmes + Propiconazole amcsassmmes + Propiconazole
60

Injury %
-
=

40 | . ! ‘,i
_:....,,i Ka e O
207 .::&b-' "e l.- t.. ..' %"0- ...I-. -‘&'
SRS N N

.
w TN 3
-t ﬂ‘r‘ } '.! A !:.:: . (‘ * ~
04 a o v o o o ~ a - o <7 o o o
T T T T T T T T T T T T T T T T
7 14 21 28 35 42 49 56 7 14 21 28 35 42 49 56
L DAT DAT
00
Raleigh Classic
—— Nontreated ——— Nontreated 'E-
R{US BRERERR L LR Pinoxaden alone sssssafgpesssss Pinoxaden alone . AT
- arvn - .- <+ Chlorothalonil - an/ o o= - + Chlorothalonil W * .
mesujesmmes + Propiconazole -—cemvemmes + Propiconazole o L
i i
60 - et S
. 3 .
Bs i '.. j- seett i‘ ...
h . .
2 401 E . . 3 :
= . .
E .. i‘ z ‘. o ;
X - . Ll o]

.4 \i' //’é X 4 \\\g'\\ f ’,I.é’ ‘%-‘::.sﬁ

49



Figure 4. NDVI readings of four different St. Augustinegrass cultivars across all ratings dates in 2019. Means are @sipgessed
differing symbols and are connecteddifferent line styles. Vertical bars represent standard error (P=0.05).
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Table 8. St. Augustinegrapgrcentvisual injury rating separated by treatment and rating date.

<t B>

Percent Injury of St. Augustinegraﬁss

c

Treatment DAITY A

14 21 28 35 42

LSD 6.83 12.29 16.49 21.99 18.76

Nontreated Ob Oc Oc Oc od

Pinoxaden alone  37.5a 41.3 a 48.8 a 67.5a 775a

+ Halosulfuron 33.8a 36.3a 425 a 525a 525b

+ Metsulfuron 30a 20 b 21.3b 28.8b 25¢
A visual injury rat of 20% was considered ni mal | ac

Days after initial at ment (DAI T)

Col umn means not sh i ng any |l etter ar considered signifi
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Table 9. St. Augustinegss color ratings separated by treatment and rating date.

St. Augustinegrass Coldr

Treatment DAITY A
14 21 28 35 42
LSD 0.01 0.77 0.96 0.85 0.85
Nontreated 7a 7a 7a 7a 7a
Pinoxaden alone 5b 4.3 cC 3.8c 3.3cC 3¢
+ Halosulfuron 5b 4.8 c 4.5 bc 4c 3.8¢C
+ Metsulfuron 5b 58b 53b 5b 5b

A oblorrating of6 was considered minimally acceptabled 9 was considered optimal turfgrass
y Days after initial treatment (DAIT)
8 Column means not sharing any letter are consideredg ni f i cantly di fferent accarding to Fi
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Table 10. St. Augustinegrass NDVI readings separated by treatment and date.

NDVI of St. Augustinegrass

Treatment DAITY A
14 21 28 35 42
LSD 0.024 0.038 0.054 0.063 0.061
Nontreated 0.7401a 0.7531a 0.7508a 0.7464a .7512 a
Pinoxaden alone 0.6656 c 0.6590b 0.5925¢ 0.5631c .5361d

+ Halosulfuron 0.6821 bc 0.6825b 0.6482b 0.6059c 0.6103 ¢
+ Metsulfuron 0.7002b 0.7221 a 0.6985b 0.6717 b 0.6752 Db

Days after initial treatment (DAI T)

Col umn means not sharing any |l etter are considered signifi

<
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Figure 5. Percent visual injury of St. Augustinegrass across all rating dliet@ss are epressed using differing shapes and are
connected by differing line styles. Vertical bars represent standard error (P=0.05).
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Figure 6. Color ratings of St. Augustinegrass across all rating dates. Means are expresskifensigghapes and are connected by
differing line styles. Vertical bars represent standard error (P=0.05).
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