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ABSTRACT

Lolium perenne ssp. multiflorum (ltalian ryegrass)a major weed problem in wheat production. Beingddtigate
outcrossing species, it has a high propensity mwwevresistance to herbicides. This study was caiedutb determine the
level of resistance and resistance patterns ofditatyegrass populations in the United States to As&cddiclofop and
pinoxaden) and ALS (imazamox, mesosulfuron, anaixpytam) inhibitors. Dose-response bioassays wenewcted on 47
populations from suspect herbicide-resistant figlughe southern United States (Arkansas, Misgisi@eorgia, North
Carolina, South Carolina,Virginia), Kansas, and Wagjtam collected between 2008 and 2011 from fieldpestied of
resistance to ALS inhibitors. Eighty-seven peraginthe populations were resistant to diclofop. Eiglitthe diclofop-
resistant populations (25%) were also resistantptooxaden. Thirty-eight diclofop-resistant poputeis (81%) were
resistant to at least one ALS inhibitor. Thirty-eipopulations (83%) were resistant to mesosulfud@of which were also
resistant to pyroxsulam. All mesosulfuron-resistaopulations tested were cross-resistant to imazaamak pyroxsulam.
Cross-resistance patterns to ALS inhibitors differ&d 45 populations with resistance to ACCase or Atl8hitors, 35
(78%) had multiple resistance to both modes ofoactiThe majority of diclofop-resistant L. perenrapplations can be
controlled with pinoxaden, but widespread resistatacpinoxaden can evolve soon if it is intensivedgd. A comprehensive
weed management approach prior to planting will biical in managing L. perenne in wheat and prevemtim delaying
resistance evolution.

Nomenclature: Italian ryegrass,Lolium perennessp. multiflorumy diclofop; imazamox; mesosulfuron; pinoxaden;
pyroxsulam; ACCase herbicides; ALS herbicides.

Keywords: ACCase resistance, ALS resistance, herbicide resisaattern

Lolium perenne ssp. multiflorum (Lam) some ALS (acetolactate synthase) inhibitors were
Husnot (ltalian ryegrass) is a major weed problam iintroduced in wheat to contrdl. perenne Thus,
wheat production areas in the United States. Higalternative herbicides now include imazamox (in
infestation of Italian ryegrass can reduce whealdyi ALS-resistant wheat), mesosulfuron, pinoxaden, and
up to 92% (Hashem et al. 1998). The pyroxsulam (Dicksonet al, 2011). Imazamox,
commercialization of diclofop in 1980 enabled themesosulfuron, and pyroxsulam are ALS inhibitors
control of Italian ryegrass in wheat fields (Stanged belonging to imidazolinone, sulfonylurea, and
Appleby, 1989). Diclofop is an triazolopyrimidine sulfonamide families, respectwve
aryloxyphenoxypropanoate (AOPP) herbicide thatfDeBoeret al., 2011; Handet al., 2002; Kuket al.,
inhibits acetyl coenzyme-A carboxylase (ACCase), aB008). Acetolactate synthase (EC4.1.3.18) is tist fi
enzyme necessary for fatty acid biosynthesis (Burtcenzyme in the biosynthesis pathway of the branched-
et al, 1989; Delyé ,2005). Although diclofop haschain amino acids isoleucine, valine, and leucine
controlledL. perennehistorically, its repeated use has(Umbarger, 1978). To date, populationd ofperenne
selected for resistant populations, in less thayeds have evolved resistance to multiple ACCase- and
of use (Stanger and Appleby, 1989). In Arkansag\LS inhibitors. The evolution of resistance to ALS
diclofop-resistant.. perennewas first documented in inhibitors among weedy species occurs quickly,
1998 (Kuket al, 2000). Since then, diclofop-resistantrelative to other herbicide modes of action (Treaared
L. perennehas been reported in 10 states in the United/right 2002). For example, an ecotypeAdbpecurus
States and in six other countries (Heap, 2012). myosuroides(Huds) in the United Kingdom had

Since the discovery of diclofop-resistant evolved resistance to chlorsulfuron in 1984, aftelly
perenne another ACCase inhibitor (pinoxaden) anctwo years of commercialization (Moss 1987). To date
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there are at least 127 weed species with resist@ance In the context of this paper, cross-resistance
ALS-inhibiting herbicides (Heap, 2012). pertains to resistance of a species to two or more
Mesosulfuron and pinoxaden were registeretierbicides with the same mode of action, after igvi
in 2004 and 2005, respectively, to manage diclofogseen exposed to only one of the herbicides. Mtipl
resistantL. perennein wheat (USA EPA 2004; USA resistance refers to resistance of a species tootwo
EPA 2005). However, resistance to mesosulfuron wasore herbicides with different modes of action te
reported in Arkansas one year before itsnore than one mechanism of resistance (Rauc.
commercialization (Kuk and Burgos 2007), and2010). Evaluation of resistance patternd.irperenne
shortly after, also in Texas (Ellist al. 2008). Such is necessary to determine alternative management
populations were presumed to have been preselectgdgrams. The objectives of this study were to
for resistance to ALS inhibitors by other ALSconfirm and assess cross-resistance patterns to
herbicides that have been historically used preéplaACCase- (diclofop and pinoxaden) and ALS
(PPL) or preemergence (PRE) in wheat such gsesosulfuron, imazamox, pyroxsulam) inhibitors in
chlorsulfuron and metsulfuron. The first confirmedL. perennepopulations from suspect fields in the
mesosulfuron-resistamt perennefrom Arkansas was southern United States, Kansas (central US), and
also resistant to other ALS inhibitors, such a$Vashington (Pacific Northwest).
chlorsulfuron, imazamox, and sulfometuron, but no
to the ACCase herbicide diclofop (Kuk and Burgos’EAATERlALSAND METHODS
2007). Many diclofop-resistant L. perenne Plant materials
populations are also resistant to other herbic{les Compositeseed samples of 4. perenne
et al. 2008; Eleniet al. 2000; Holtum and Powles populations suspected of resistance to ACCase- and
1991). Kuket al. (2008) reported that of 25 diclofop- ALS inhibitors were collected from Arkansas,
resistant populations from Arkansas, five (20%)eaverGeorgia, Kansas, Mississippi, North Carolina, South
cross-resistant to pinoxaden. A diclofop-resistarf€arolina, Virginia, and Washington between 2008 and
population from North Carolina was also found2011 (Fig. 1 and Table 1). Of these, the largestgr
resistant to pinoxaden (Elligt al. 2010). Of the (18 populations) was from Arkansas. A commertial
populations tested from Idaho and Washington, 27%grenne accession was used as the susceptible
were resistant to both ACCase- and ALS inhibitorstandard (SS).
(Rauch et al. (2010). Likewise, Lolium rigidum Evaluation of resistance patterns to ACCase
(Gaudin) populations from Israel exhibiting muléipl inhibitors
resistance to ACCase- and ALS inhibitors were Seeds were sown in 11-cm pots filled with
reported by Matzrafi and Rubin (2012). In the waste commercial potting mixture (Sunshine Mix®, Sun
Australian wheat belt, 64% of 441. rigidum Gro Horticulture Inc., Bellevue, WA 98008).
populations were confirmed resistant to both ACCasé&eedlings were thinned to five plants per pot 1 wk
(diclofop) and ALS (sulfometuron) herbicides (Owerafter emergence. Plants were watered daily and
et al. 2007). Multiple resistance of diclofop-resistantfertilized with ~ MiracleGro complete fertilizer
L. perenne to mesosulfuron, imazamox, and(MiracleGro, The Scott’s Co., Marysville, OH 43041)
pinoxaden was reported in 2008, but included onlgvery 2 wk to ensure optimum growth. Bioassays
populations from Arkansas (Kudt al. 2008). So far, were conducted in August to November of the years
L. perenneresistance to pyroxsulam, the most recer2008 through 2011 with natural daylength of 1030 1
ALS herbicide introduced for weed control in wheath. Seedlings were kept in the greenhouse with day
is already confirmed in North Carolina (Chardial. temperatures (across years) ranging from 22 to 35 C
2011). Within the same time frame, evaluations foRnd night temperatures ranging from 21 to 25 C.
resistance to pyroxsulam were also being conductéterbicide treatments, dose ranges, and populations
on L. perennepopulations from Arkansas and othersprayed are listed in Table 2.
states in the United States.
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Fig. 1: Distribution of Lolium perenne ssp. multiflorum populations used in thisresearch. The majority of
populations (44) were collected from the southern US (AR, MS, GA, SC, NC, and VA). Two
populations wer e from the Pacific Northwest (Washington State) and one population was from the
central US (Kansas). The number of populationstested from each stateisenclosed in parenthesis.

Table 1: Lolium perenne ssp. multiflorum (Italian ryegrass) populations tested for resistance to ACCase-
and ALSinhibitors

Population code  Year collected County and State® Population code  Year collected County and State®
08-AR-01 2008 Phillips, AR 10-GA-01 2010 Hart GA
08-AR-02 2008 Lawrence, AR 10-KS-01 2010 Montgomery, KS
08-AR-03 2008 Cross, AR 10-NC-01 2010 Rowan, NC
08-AR-04 2008 Cross, AR 10-NC-02 2010 Iredell, NC
08-AR-05 2008 Cross, AR 10-SC-01 2010  Oconee, SC
82‘22'83 gggg Ig:z:::g ﬁg 10-VA-01 2010 Pittsylvania, VA
08-AR-08 2008 Prairie, AR ﬂ:ﬁg:g% ggﬂ wmg 22
08-AR-10 2008 Craighead, AR AR e
08-AR-11 2008 Arkansas, AR ﬂﬁﬁgg ggﬁ wﬂ:i 22
08-AR-12 2008 Arkansas, AR 11-AR-06 2011 White, AR
09-GA-01 2009 Hart, GA 11-MS-01 2011 Tate, MS
09-MS-01 2009 Bollvar, MS 11-NC-01 2011 Tyrell NC
09-MS-03 2009 Bolivar, MS 11-NC-02 2011 Tyrell, NC
09-MS-05 2009 Washington, MS 11-NC-03 2011 Union’ NC
09-MS-06 2009 Washington, MS 11-NC-04 2011 Union. NC
09-MS-07 2009 Washington, MS 11-NC-05 2011 Mecklenburg, NC
09-MS-08 2009 Washlngton, MS 11-NC-06 2011 Union. NC
09-NC-01 2009 Pasquotank, NC 11-NC-07 2011 Stanly, NC
09-NC-02 2009 Pasquotank, NC 11-NC-08 2011 Union l NC
09-NC-03 2009~ Union, NC 11-WA-A 2011  Walla Walla, WA
09-NC-04 2009 Iredell, NC 11-WA-D 2011 Walla Walla, WA
09-NC-05 2009 Union, NC

Note: AR = Arkansas, GA = Georgia, MS = Mississippi, NC =rtloCarolina, KS = Kansas, SC = South Carolina,
VA = Virginia, WA = Washington
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Table 2: Lolium perenne ssp. multiflorum populations, herbicides, and dose ranges that were used in the bioassays

Population® Herbicide dose ranges’® (g ha')
Diclofop | mazamox M esosulfuron Pinoxaden Pyr oxsulam
08-AR-01 0 to 4480 Oto 143 0to 58 NT Oto 72
08-AR-02 0 to 4480 Oto 143 0to 58 NT Oto 72
08-AR-03 0 to 4480 Oto 143 0to 58 NT Oto 72
08-AR-04 0 to 4480 Oto 143 0to 58 NT Oto 72
08-AR-05 0 to 4480 Oto 143 0to 58 NT Oto 72
08-AR-06 0 to 4480 Oto 143 0to 58 NT Oto 72
08-AR-07 0 to 4480 0to 143 0to 58 NT Oto 72
08-AR-08 0 to 4480 0to 143 0to 58 NT Oto 72
08-AR-09 0 to 4480 0to 143 Oto 58 NT Oto 72
08-AR-10 0 to 4480 0to 143 0to 58 NT Oto 72
08-AR-11 0 to 4480 0to 143 Oto 58 NT Oto 72
08-AR-12 0 to 4480 Oto 143 0to 58 NT Oto 72
09-GA-01 0 to 1680 NT 0to 29 0to 120 0to 36
09-MS-01 0 to 1680 NT 0to 29 0to 120 0to 36
09-MS-03 0 to 1680 NT 0to 29 0to 120 0to 36
09-MS-05 0 to 1680 NT 0to 29 0to 120 0to 36
09-MS-06 0 to 1680 NT 0to 29 0to 120 0to 36
09-MS-07 0 to 1680 NT Oto 29 0to 120 Oto 36
09-MS-08 0 to 1680 NT Oto 29 0to 120 Oto 36
09-NC-01 0 to 1680 NT Oto 29 0to 120 Oto 36
09-NC-02 0 to 1680 NT Oto 29 0to 120 Oto 36
09-NC-03 0 to 1680 NT Oto 29 0to 120 Oto 36
09-NC-04 0 to 1680 NT Oto 29 0to 120 Oto 36
09-NC-05 0 to 1680 NT 0to 29 0to 120 0to 36
10-GA-01 0 to 1680 NT 0to 29 0to 120 0to 36
10-KS-01 0 to 1680 NT 0to 29 0to 120 0to 36
10-NC-01 0 to 1680 NT 0to 29 0to 120 0to 36
10-NC-02 0 to 1680 NT 0to 29 0to 120 0to 36
10-SC-01 0to 1680 NT 0to 29 0to 120 0to 36
10-VA-01 0 to 1680 NT 0to 29 Oto 120 Oto 36
11-AR-01 0 to 1680 NT 0to 29 0to 120 0to 36
11-AR-02 0 to 1680 NT Oto 29 0to 120 Oto 36
11-AR-03 0 to 1680 NT Oto 29 0to 120 Oto 36
11-AR-04 0 to 1680 NT Oto 29 0to 120 Oto 36
11-AR-05 0 to 1680 NT 0to29 0to 120 0to 36
11-AR-06 0 to 1680 NT 0to29 0to 120 0to 36
11-MS-01 0 to 1680 NT 0to 29 0to 120 0to 36
11-NC-01 0 to 1680 NT 0to 29 0to 120 0to 36
11-NC-02 0 to 1680 NT 0to 29 0to 120 0to 36
11-NC-03 0 to 1680 NT 0to 29 0to 120 0to 36
11-NC-04 0 to 1680 NT Oto 29 0to 120 Oto 36
11-NC-05 0 to 1680 NT Oto 29 0to 120 Oto 36
11-NC-06 0 to 1680 NT Oto 29 0to 120 Oto 36
11-NC-07 0 to 1680 NT Oto 29 0to 120 Oto 36
11-NC-08 0 to 1680 NT Oto 29 0to 120 Oto 36
11-WA-A 0to 1680 NT 0to 29 0to 120 Oto 36
11-WA-D 0 to 1680 NT 0to 29 0to 120 0to 36

Note:*AR = Arkansas, GA = Georgia, MS = Mississippi, NC =rficCarolina, KS = Kansas, SC = South Carolina, VA =
Virginia, WA = Washingtor!NT = not tested’Recommended dose (g a.i-ira diclofop = 840; mesosulfuron = 15 ;
pinoxaden = 60; pyroxsulam = 18

All populations tested in 2008 were fromresistance in the state. At that time, the frequeofc
Arkansas. These were tested for resistance tofdfrlo cross-resistance to diclofop and pinoxaden was just
to continue monitoring the spread of diclofopdetermined (Kuket al. 2008) therefore, bioassays
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were focused on testing for resistance to ALR7709). Herbicide doses (g aihawvere 0, 7, 15, 29,
inhibitors (see next section), which was of morend 58 for mesosulfuron; 0, 9, 18, 36, and 72 for
recent occurrence (Kuk and Burgos 2007). At thpyroxsulam; and 0, 18, 36, 72, and 143 for imazamox
three- to four-leaf stage, the 2008 populationsewefThe recommended doses are 36, 15, and 18" dadna
sprayed with 0, 560, 1120, 2242, and 4480 g di hamazamox, mesosulfuron, and pyroxsulam,
diclofop (Hoeloff, Bayer Crop Science, Researchrespectively. Testing for cross-resistance to ALS
Triangle Park, NC 2770) which correspond to 0, 0.5nhibitors among populations collected between 2009
1, 2, and 4X the manufacturer’s recommended dosend 2011 was focused on two herbicides; imazamox
(Anon., 2003; Scottet al., 2012). The rest of the was excluded because herbicide-resistant
populations were tested with up to 2X the(Clearfield®) wheat comprise only a small proportion
recommended dose. Cross-resistance to pinoxadehUS wheat and resources for large-scale testieng w
was assayed on the populations collected betweémited. Thus, the 2009-2011 populations were
2009 and 2011; doses used were 0, 30, 60, and 12@epted with up to 2X the labeled dose of
ai ha' (Axial XL® Syngenta Crop Protection, Inc.,mesosulfuron (0, 7, 15, and 29 g‘hand pyroxsulam
Greensboro, NC 27419), or up to 2X the0,9, 18, and 36 g Hy The SS was treated with up to
recommended dose. Because of the large numbertbé 1X dose only. A 1.0% (v/v) methylated sedd oi
populations tested, the dose ranges used wefdES-100™, Drexel Chemical Co., Memphis, TN
intended only to confirm resistance and obtain son®8113) was included with mesosulfuron. A 1.25%
idea of the resistance level. The data were n@v/v) crop oil concentrate (Agri-D&x crop oil
intended to estimate the amount of herbicide neededncentrate, Helena Chemical Co., Collierville, TN
to achieve practical levels of weed control, ifee t 38017) was included with pyroxsulam. Visible injur
amount of herbicide needed to provide 90% {(fBr was evaluated at 4 WAT. Experiments were
95% (GRys) weed control. conducted twice. Other procedures were the same as
Diclofop was applied with 1.0% (v/v) crop described in the previous section.

oil concentrate (Agri-Dek crop oil concentrate, Resistance levelsto ACCase- and AL S inhibitorsin
Helena Chemical Co., Collierville, TN 38017) andyqpy|ationswith different resistance patterns
pinoxaden with 0.7% (v/v) methylated rapeseed oll . : . .

This experiment included populations 09-

based adjuvant (Adig8r adjuvant, Syngenta Crop NC-01, 09-NC-04, and O09-NC-05, representing

Protection, Inc., — Greensboro, ~NC 27409)di1°ferent herbicide resistance patterns. Populafi®n

(Anonymous 2003; Anonymous 2010). HerbICqu\IC-Ol is resistant to mesosulfuron; 09-NC-04 is

treatments were applied in a spray cabinet, using a_. ; )
. : . résistant to diclofop, mesosulfuron, and pyroxsuylam
motorized boom equipped with flat fan nozzle

(Teedet spray nozzles, Spraying Systems CO%Q-NC-OS is resistant to diclofop, mesosulfuron,

Wheaton, IL 60189) delivering 187 L hat 241 kPa pyroxsulam, and pinoxaden. A dose-response assay
The exp’eriment was conducted in a comple;[elwas conducted to evaluate the respective levels of

randomized design with four replications. Eacﬁ’esstance to diclofop, pinoxaden, mesosulfurom an

herbicide bioassay was conducted as a Sep(,jlr&)éroxsulam. Seedlings were thinned to 10 plants per

experiment. The experiments were conducted twic .Ot 5 d after emergence. Herbicide doses, ranging

Visible injury was evaluated at 4 wk after treatmen rg:ln)ic(i) déo V\?e)?eo; ﬂ}?ecﬁgotr;glgglii?egOsoesulg,rmia;h
(WAT) relative to the non-treated control using a ' bp bop

t0100 % scale, with 0 as no control and 100 ashe three- to four-leaf stage. The SS was spraytd w

complete control. Injury pertains to the overaHible Up to 2X of the labeled dose. The experiment was

negative effects of the herbicide on the plantudiig conducted in a completely randomized design with
chlorosis, stunting, and total desiccation. Popot four replications. Recommended adjuvants were used.

were categorized based on visible injury at 4 WAT aAt 4 WAT, the plants were cut at the soil surface,

1X dose, except for diclofop which was based alt(1.5drlecj for 48 h and weighed. The experiments were
dose: 0 to 20% control as highly resistant (HR)t@1 conducted twice. Al o_ther procedures were the same
60% control as moderately resistant (MR), 61 to gogp> " the previous section.

as slighty resistant (SR), and 81 t0 100% comol o, o 3T X0 S8 A O O ey
susceptible (S).

. ) o comparisons among populations. Statistical analysis
Evaluation of resistance patternsto ALSinhibitors  showed that the experiment run-by-herbicide dose

Populations in 2008 were treated with up tdnteraction and the main effect of experiment rierev
4X the recommended dose of mesosulfuron (OSpreynot significant. Therefore, data were combined over
Bayer CropScience, Research Triangle Park, N@e two experiment runs. ANOVA also showed that
27709), pyroxsulam (Powerfl@xDow AgroSciences, the SS population-by-year interaction and the main
LLC, Indianapolis, IN 46268) and imazamoxeffect of year were not significant, thus, data &8
(Beyond®, BASF Corp., Research Triangle Park, NGvere combined across years.
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Regression analysis in Sigma Plot v. 12ZThe amount of herbicide needed to reduce
(Jandel Scientific, Point Richmond, CA 94804) wasboveground weight by 50%, or to incur 50% injury
done on the resistance pattern evaluation expetimeriGRs;) was obtained from regression equations in
for the 2008 populations which included fiveSigma Plot v. 12 using the injury ratings for 2008
herbicide doses. Resistance pattern evaluatickrkansas and 2011 Washington populations and
experiments for 2009, 2010 and 2011 populationsiomass reduction data for the 09-NC-01, 09-NC-04,
which contained less than five herbicide doses wesnd 09-NC-05 populations. Herbicide resistance
analyzed as completely randomized design in JM Ptevels (R/S ratios) were estimated from thes6&6f
v.10. The populations were then placed in resigtanthe resistant population relative to the 436f the SS.
categories based on their responses to the labe
herbicide dose at 4 WAT. EESULTSAND DISCUSSION

Regression analyses for the dose-respongesistanceto ACCaseinhibitors
experiments (09-NC-01, 09-NC-04, and 09-NC-05) The selection for resistance to ACCase

were performed in Sigma Plot v. 12. Biomasgnhipitors in L. perennein the United States started

reduction and visible injury data at 4 WAT with\yii diclofop (Stanger and Appleby 1989). Of the 47
increasing herbicide doses were modeled with eahe_rpopulations tested in this research, from various

three-parameter sigmoidal (equation 1) or |°gi3t'§tates, only seven (15%) could be considered

(equation 2) regression functions. susceptible to diclofop; the rest had differenelevof
Y = a/[1+ ey 1] resistance (Tables 3 and 4). All populations from
Y=al[(l+ deo)b] 2] Arkansas were diclofop-resistant (Table 3).

Table 3: GRs,® values and resistance levels to diclofop among 2008 Lolium perenne ssp. multiflorum
populations from Arkansas, USA.

Population® Regression equation R? GRs SE® R/S
g ha'

SS Y = 99/[1+ 04070059 0.99 458 1.15 -
08-AR-01 Y = 73/[1+ 369144 0.96 >4480 5.17 >10
08-AR-02 Y = 89/[(1 + (x/1.22%*] 0.99 1313 3.72 3
08-AR-03 Y = 72/[1+ 37012 0.99 >4480 2.97 >10
08-AR-04 Y = 73/[1+ *3:2000.99] 0.99 3955 2.78 9

08-AR-05 Y = 136/[(1 + (x/3.53}% 0.99 2144 1.63 5
08-AR-06 Y = 14/[(1 + (x/1.03¥%] 0.98 >4480 1.21 >10
08-AR-07 Y = 29/[(1 + (x/1.85%] 0.99 >4480 1.27 >10
08-AR-08 Y = 5.43/[(1 + (x/2.91%%] 0.99 >4480 0.23 >10
08-AR-09 Y = 72/[1+ e*138)/050) 0.99 1785 3.85 4
08-AR-10 Y = 13.1/[1+ gx114/003 0.99 >4480 0.63 >10
08-AR-11 Y = 82/[1+ &*202)/088)) 0.97 2450 7.13 5
08-AR-12 Y = 63/[1+ e*066)/03] 0.94 1085 9.27 2

Note: °GRy, is the herbicide concentration that reduced shgratwth by 50% based on visual evaluation at 4 WATe T
recommended dose is 840 g a.i’*h?usceptible and putative resistant populations fixael diclofop doses ranging
from O to 4X of the recommended dSSE = standard error of the estimafi®/S (resistant/susceptible) ratios were
calculated based on GRvalues of populations relative to the susceptiitdedard *Susceptible standard population.

Sixty-seven percent of the populations from>10-fold more resistant to diclofop than the SSe Th
Arkansas required >4480 g haliclofop to reduce low-level (2-fold) resistance entailed using 1085ay
plant growth by 50% (G&) compared with 458 g Ha * diclofop to reduce biomass by 50%. This implies
for the SS. The recommended dose in wheat that many survivors can be expected from a
between 560 and 1120 ghéScottet al. 2012); for commercial application of diclofop to this poputati
this research we used 840 g'tes the 1X dose. It is in the field, which increase the resistance fregyen
believed that resistance to diclofop in perenne and cause significant economic loss. Of the thirty
occurs in all wheat-producing counties in Arkansaseven populations tested with up to 1680 ¢' ha
(Kuk et al. 2008) and this is supported by a recendliclofop, collected between 2009 and 2011, 5 were
statewide survey (Jim Dickson, Arkansas CooperativdR, 14 were MR, 8 were SR, and 7 were susceptible
Ext. Service, unpublished data). Based on the do§€able 4).
response assays, the resistant populations wete 2-
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Table 4: Response of 2009-11 Lolium perenne ssp. multiflorum populations from the United States to
ACCase-inhibitorsdiclofop and pinoxaden

Visbleinjury, 4 WAT (%)

Population Diclofop Pinoxaden
840 1680° 60 120°
09-GA-01 29 63 100 100
09-MS-01 19 34 100 100
09-MS-03 10 25 100 100
09-MS-05 30 31 100 100
09-MS-06 29 79 100 100
09-MS-07 25 36 100 100
09-MS-08 25 61 100 100
09-NC-01 18 19 100 100
09-NC-02 28 36 100 100
09-NC-03 6 6 20 20
09-NC-04 12 14 100 100
09-NC-05 16 20 60 64
10-GA-01 48 56 39 66
10-KS-01 90 96 100 100
10-NC-01 45 50 45 54
10-NC-02 71 79 98 100
10-SC-01 74 81 100 100
10-VA-01 75 87 99 100
11-AR-01 37 39 94 95
11-AR-02 44 45 98 100
11-AR-03 53 78 100 100
11-AR-04 40 50 73 85
11-AR-05 52 64 91 96
11-AR-06 7 20 94 100
11-MS-01 82 94 100 100
11-NC-01 97 100 100 100
11-NC-02 100 100 100 100
11-NC-03 91 99 100 100
11-NC-04 4 24 61 83
11-NC-05 37 54 95 96
11-NC-06 43 48 98 98
11-NC-07 65 78 100 100
11-NC-08 29 39 92 92
11-WA-A 30 Ve 49 61
11-WA-D 29 33 58 74
se 90 98 100 -
LSDg o¢°
Herbicide dos& 2 1
Herbicide dose xpopulatién 13 7

Note: ®1X doses for diclofop and pinoxaden are 840 and) &0i. ha', respectively’Susceptible standar@Main effect of
population was not significarftFisher's Protected LSD to compare herbicide dosameeveraged over populations.
°LSD to compare population means at the same aerdift herbicide dose.

Populations with high level of resistance maypopulations across Arkansas or the rest of theednit
harbor more than one resistance mechanisms, m@&ttes because these samples were collected from
likely target site mutation and enhanced metabolisfields reporting control failures with diclofop.

(Tardif and Powles 1994)L. perenne has also Because of the increasing number of
evolved resistance to diclofop in Brazil, Chileakce, diclofop-resistani.. perennepopulations, diclofop is
Italy, United Kingdom, and in nine states in theno longer a viable option for wheat weed control.
United States (Heap 2012). The frequency oPinoxaden, an ACCase-inhibiting herbicide belonging
herbicide-resistant populations in this research i® the phenylpyrazoline family (Hofest al. 2006),
higher than the actual distribution of resistantvas then introduced as an alternative graminicige f

J. Crop and Weed(1) 174



Salas et al.

wheat (Dicksoret al. 2011). Pinoxaden has the sam&Rauch et al., 2010). The four pinoxaden-resistant
mode of action as the other AOPP herbicides but witpopulations from North Carolina reported in this
a novel chemical structure (Hofet al. 2006). It is paper is an indicator that pinoxaden-resistant
effective in controlling the majority of ACCase perennen North Carolina may be spreading.
(diclofop)-resistant populations. In using pinoxade Resistance to pinoxaden In perennewas
growers need to consider the field history and teooni already reported in Chile in 2006 and Israel in 200
the field closely because of the potential crosgHeap 2012). Before the commercialization of
resistance with diclofop. In Arkansas, about 20% gbinoxaden, resistance to pinoxaderAinmyosuroides
diclofop-resistant. perennepopulations in Arkansas was already detected in France (Petital., 2010).
are cross-resistant to pinoxaden (kailkal. 2008). These grass populations have been exposed to
Because cross-resistance to ACCasselection pressure from other ACCase inhibitors,
inhibitors in Arkansas L. perenne populations including diclofop. Pinoxaden has been commercially
collected up to 2005 was already investigated (Buk used only since 2006, at least 25 yr from the
al. 2008), it was decided to wait a few more years tmtroduction of diclofop (Hofeet al.,2006). Diclofop
retest for cross-resistance to pinoxaden in Arkansand pinoxaden inhibit the same enzyme; thus,
samples. However, samples from other stateselection pressure from diclofop could predispose
collected between 2009 and 2011 were all tested faolium populations to pinoxaden resistance (Katk
cross-resistance to diclofop and pinoxaden. Ofethesal. 2008). As in any other herbicides, intensive use o
eight were resistant to pinoxaden with perenne pinoxaden, and allowing survivors to set seed would
control ranging from 20 to 73% at the recommenderksult in the evolution of resistant populations.
dose, all of which were also resistant to diclofofResistance patternsto AL Sinhibitors
(Table 4). Four of these pinoxaden-resistant Traditionally, ALS inhibitors such as
populations were from North Carolina (09-NC-03, 09¢hjorsulfuron plus metsulfuron and tribenuron are
NC-05, 10-NC-01, 11-NC-04), 2 from Washingtonysed PRE and postemergence (POST), respectively,
(11-WA-A and 11-WA-D), 1 from Georgia (10-GA- jn wheat cropping systems in the USA. The
01), and 1 from Arkansas (11-AR-04). The frequencyidespread occurrence of diclofopsistant L.
of cross-resistance to ACCase inhibitors was 28% (§renne has ushered in the POST ALS-inhibitor
of 28 diclofop-resistant populations), slightly h&y  mesosulfuron (Kuk and Burgos 2007). However,
than that reported by Kuét al. (2008) for Arkansas. similar to the case of pinoxaden, a population
To date, resistance to pinoxaden is confirmed igg|lected a year before the commercialization of
populations from Arkansas (Kuit al., 2008), 1daho  mesosulfuron, was confirmed mesosulfuron-resistant

North Carolina (Chandt al.,2011), and Washington

Table 5: GRsy” values and resistance levels to mesosulfuron in 2008 Lolium perenne ssp. multiflorum
populations from Arkansas, USA

Population®  Regression equation R’ GRx i SE® R/S
gha

SS Y = 100[1+ (00073001 0.99 7.3 0.90 -

08-AR-01 Y = 67/[(1 + (x/0.023F%] 0.98 34.7 4.63 5
08-AR-02 Y = 133[1+ gx0:016/082 0.99 8.8 2.15 1
08-AR-03 Y = 40[1+ gl-0:030)/0.0057 0.99 >58.2 0.24 >8
08-AR-04 Y = 102/[(1 + (x/0.023)*] 0.99 >58.2 0.22 >8
08-AR-05 Y = 96[1+ gl(0-0058)0.0008 0.99 5.9 3.32 1
08-AR-06 Y = 8.76/[(1 + (x/0.039)] 0.99 >58.2 0.17 >8
08-AR-07 Y = 21.3/[(1 + (x/0.013)%] 0.99 >58.2 1.24 >8
08-AR-08 Y = 12.3/[(1 + (x/0.012)*] 0.99 >58.2 0.70 >8
08-AR-09 Y = 37[1+ glx-0-0027)/0.0084 0.98 >58.2 3.39 >8
08-AR-10 Y = 23/[(1 + (x/0.0096)*] 0.99 >58.2 1.05 >8
08-AR-11 Y = 30/[(1 + (x/0.016}°°" 0.98 >58.2 2.51 >8
08-AR-12 Y = 69[1+ e(*0.032)0017 0.99 48.3 9.35 7

Note: ®GRyg is the herbicide concentration that reduced shgratwth by 50% based on visual evaluation at 4 WATe T
recommended dose for mesosulfuron is 15 g a:. R8usceptible and putative resistant populations Fiae
mesosulfuron doses ranging from 0 to 4X of the menended doséSE = standard error of the estimat¥R/S
(resistant/susceptible) ratios were calculated based GR, values of populations relative to the susceptible
standard. ®*Susceptible standard population.
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Of the populations tested in this recentpopulations could not be controlled by 58.2 ¢'ha
research, 83% exhibited resistance to mesosulfuromwhich is more than 4X the recommended dose.
The amount of mesosulfuron causing 50% injury toAmong the 35 populations collected from 2009 to
the SS is only 7.3 g Hawhich is equivalent to one- 2011, 29 were resistant_(<80% control) to
half the recommended dose (Table 5). Among thenesosulfuron (Table 6). Of these mesosulfuron-
2008 Arkansas populations, 10 out of 12 wereresistant populations, two were SR, 16 were MR, and
resistant to the 15 g Marecommended dose of 11 were HR. Thirty-six of the 41 diclofop-resistant
mesosulfuron with 5-fold to >8-fold resistance populations collected from 2008 to 2011 were also
relative to the SS (Table 5). Eight of these rasist resistant to mesosulfuron (Tables 3 to 6).

Table 6: Response of Lolium perenne ssp. multiflorum populations from the United States to ALS
inhibitors mesosulfuron and pyroxsulam

Visbleinjury, 4 WAT (%)

Population M esosulfuron Pyroxsulam

7 15° 29 9 18° 36
09-GA-01 13 11 13 13 12 12
09-MS-01 19 30 36 28 44 48
09-MS-03 20 21 30 13 15 18
09-MS-05 11 16 25 10 18 20
09-MS-06 19 21 25 11 19 20
09-MS-07 21 28 28 16 18 23
09-MS-08 15 19 20 16 26 26
09-NC-01 8 8 13 55 96 96
09-NC-02 74 100 100 92 95 99
09-NC-03 19 20 23 11 19 21
09-NC-04 20 25 25 10 29 29
09-NC-05 21 24 33 24 46 49
10-GA-01 53 71 73 49 68 73
10-KS-01 34 43 50 31 38 52
10-NC-01 27 33 34 40 48 74
10-NC-02 31 36 44 32 31 51
10-SC-01 51 57 57 54 57 66
10-VA-01 87 97 100 79 89 100
11-AR-01 13 13 40 13 25 30
11-AR-02 11 13 34 25 29 38
11-AR-03 25 28 40 25 35 36
11-AR-04 19 19 24 20 26 36
11-AR-05 35 38 51 13 36 38
11-AR-06 21 26 36 23 23 38
11-MS-01 1 10 30 11 13 20
11-NC-01 39 73 73 65 73 85
11-NC-02 91 100 99 64 90 96
11-NC-03 90 96 99 96 100 100
11-NC-04 8 24 39 23 28 28
11-NC-05 13 15 36 5 28 38
11-NC-06 23 23 31 25 29 34
11-NC-07 20 30 44 16 49 61
11-NC-08 16 20 44 21 23 23
SS 91 99 100 91 100 100
LSDy o¢"
Herbicide dose 2 2
Herbicide dose X populatibn 11 12

Note: *Recommended dose for mesosulfuron in g a?. fiRecommended dose for pyroxsulam in g a:f. fBusceptible
standard. ®Main effect of population was not significanfFisher's Protected LSD to compare herbicide
dose means averaged over populatidcSD to compare population means at the same ardift herbicide dose.
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Three diclofop-susceptible populations (10- These 10 imazamox-resistant populations were the

KS-01, 11-MS-01, and 11-NC-01) were poorly same populations resistant to mesosulfuron (Tdbles
controlled at the recommended dose of mesosulfuroand 7). Resistance to imazamox was reported earlie
(15 g h&). Doubling the recommended mesosulfuronin 11% of thel.. perennepopulations from Idaho and
dose did not control the putative resistanperenne  Washington (Raucht al. 2010).
populations (Table 6). The high frequency of A similar resistance pattern was observed
mesosulfuron-resistant  populations is expectedvith  pyroxsulam, a new triazolopyrimidine
because the majority of samples were collected fronsulfonamide herbicide that provides selective POST
wheat fields where mesosulfuron applications failed grass and broadleaf weed control in wheat (DeBber
Earlier, resistance to mesosulfuron in Idaho andal. 2011). Eighty-one percent of the populations from
Washington was found in 27% of the populationssuspect fields were resistant to pyroxsulam. In the
tested (Rauclet al. 2010). Rauctet al. (2010) also 2008 Arkansas populations, 10 were resistant to the
reported that 27% of the populations they testedl8 g h& recommended dose of pyroxsulam with
exhibited multiple resistance to ALS- and ACCaseGRs, values of 14 to more than 72 g*hérable 8).
inhibitors. Multiple resistance to diclofop and The amount of herbicide needed to control the SS by
mesosulfuron was also observed in North Carolina50% was 7 g ha pyroxsulam which is one-half the
and Texas (Chandiet al. 2011). The first recommended dose. Based onsgRhe 10 resistant
mesosulfuron-resistant populations documented ipopulations were 2- to 10-fold more resistant ttren
Arkansas (Kuk and Burgos 2007) and Texas ([Ellis SS. These pyroxsulam-resistant populations were als
al. 2008) did not have multiple resistance to diclofop resistant to mesosulfuron and imazamox (Table 5 and
Although the level of resistance to mesosulfuron8). The low level resistance of 08-AR-08 (2-fold) i
differed among the populations tested, it appearegtill an economic concern because the population
that diclofop-resistant. perenneevolved resistance cannot be controlled 100% by the recommended dose.
to mesosulfuron quickly, or that the ALS-resistantPopulations collected between 2009 and 2011 from
allele already existed prior to the wuse ofsuspect fields in other states were also mostly not
mesosulfuron. For example, population 08-AR-02 incontrolled by pyroxsulam. Of the 35 populationsyon
this study was first exposed to mesosulfuron in&00 seven (09-NC-01, 09-NC-02, 10-VA-01, 11-NC-02,
the same year it was sampled, and was confirme@l1-NC-03, 11-WA-A, and 11-WA-D) were controlled
resistant (Salast al. 2010). Mesosulfuron-resistant >80% at the 1X dose (Table 6). Of the 28
populations may have been selected for with othepyroxsulam-resistant populations, 2 were SR, 1%wer
ALS inhibitors such as chlorsulfuron and MR, and 7 were HR.
metsulfuron that were previously used PRE in wheat. Related research have shown that cross-
The use of mesosulfuron to control diclofop-resista resistance occurs between sulfonylureas and
ryegrass could accelerate the selection of resistan jmigazolinones such as observed actuca sativa. .
alleles. Results imply that the utility of mesosiéin  (Mmallory-Smith et al. 1990) and redrocAmaranthus
for Italian ryegrass management is diminished Iy th retroflexusL. (Sibonyet al.2001). The occurrence of
high ~ frequency ~ of  mesosulfuron-resistant cross-resistance between these two ALS-inhibitor
populations. . _ families is expected to be infrequent because

_Imazamox, an ALS herbicide belonging 10 jmidazolinone herbicides have a different binding
the imidazolinone chemistry, is used to manageonfiguration at the ALS active site compared with
weeds in imidazolinone-tolerant (Clearfi€)dwheat sulfonylurea herbicides (McCouet al. 2006; Rauch
in several states in the United States includingst a1, 2010). However, data accumulated thus far
Oklahoma, Colorado, Oregon, ldaho, Washingtonghoy that cross-resistance to these two chemisries
Kansas, and Nebraska (Boetal. 2005).L. perenne  common. It appears that the binding sites of
is naturally susceptible to imazamox. However, SOMgnesosulfuron and imazamox in the ALS enzyme are
L. perenne populations are already resistant t0in close enough proximity such that when a plant is
imazamox, even in locations where imazamox hagesistant to one it is also resistant to the otfiée

not been used previously, because of cross—resiastanbioassayS demonstrated that whenever there was
to other ALS inhibitors such as mesosulfuron (tk  control failure in the field, often the population
al. 2007). The SS was completely controlled by theyready has resistant ALS alleles. The relativéghh
recommended dose of imazamox (Table 7). Ten ofrequency of cross-resistance to mesosulfuron and
12 populations from Arkansas_m 2008 were resistanpyroxsulam in the southern states and in Kansas
to the 36 g halabeled dose of imazamox, with @R (Table 6) should be noted because these herbicides
values ranging from 37 to >143 g-haThe most are the two most recent weed control options. in

resistant (08-AR-06) population requires more thanyheat, with pyroxsulam being registered for wheat i
4X the recommended dose to achieve 50% controboog (US EPA 2008).
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Table 7: GRs,® values and resistance levels to imazamox among 2008 Lolium perenne ssp. multiflorum
populations from Arkansas, USA

. _ , R? GRy SEC R/S
Population Regression equation gha®
SS Y = 100[1+ g(®0017/0-003 0.99 17.3 0.51 -
08-AR-01 Y = 64[1+ g(0-10/002¢ 0.98 136.6 3.95 8
08-AR-02 Y = 87[1+ g((*0-020/0.007 0.99 22.4 5.04 1
08-AR-03 Y = 98[1+ gl(0-039)/0.024 0.94 39.5 13.04 2
08-AR-04 Y = 68[1+ gl(x0:084/0.033 0.99 117.0 3.93 7
08-AR-05 Y = 98[1+ gl(x0-014/0.0014 0.99 13.6 2.60 1
08-AR-06 Y = 37[1+ gl0:049)/0.02¢) 0.99 >143.4 2.40 >8
08-AR-07 Y = 68[1+ gl0-044)/0.017 0.99 61.4 3.76 4
08-AR-08 Y = 62[1+ g((0:029/0.01¢) 0.98 37.0 5.75 2
08-AR-09 Y = 86[1+ gl(0-056)/0.007 0.98 57.0 0.59 3
08-AR-10 Y = 152/[(1 + (x/0.213%] 0.99 103.0 2.20 6
08-AR-11 Y = 331[1+ gx019/005] 0.98 98.0 7.68 6
08-AR-12 Y = 61[1+ ((0:056)/0.02% 0.98 86.0 5.58 5

Note: 2GRy is the herbicide concentration that reduced shgmiwth by 50% based on visual evaluation at 4 WAT.
Recommended imazamox dose is 36 g al. 'f8usceptible and putative resistant populations fiael imazamox
doses ranging from 0 to 4X of the recommended do6sSE = standard error of the estimaté. R/S
(resistant/susceptible) ratios were calculated basedGR, values of populations relative to the susceptitésdard.
*Susceptible standard population.

Table 8: GRs® values and resistance levels to pyroxsulam among 2008 Lolium perenne ssp. multiflorum
populations from Arkansas, USA

Population®  Regression equation R’ GRx SIEC R/S
gha
SS Y = 99[1+ g (-0-00690:0007 0.99 7 1.44 -
08-AR-01 Y = 71[1+ gl(-0.014)0.0047 0.99 18 2.40 3
08-AR-02 Y = 100/[(1 + (x/0.0082)" 0.99 8 1.77 1
08-AR-03 Y = 86/[(1 + (x/0.018)*] 0.99 20 5.43 3
08-AR-04 Y = 24/[(1 + (x/0.012)79 0.99 >72 1.44 >10
08-AR-05 Y = 99/[(1 + (x/0.0069)°] 0.99 7 0.75 1
08-AR-06 Y = 61[1+ gl0-063/0.017 0.99 >72 1.26 >10
08-AR-07 Y = 57[1+ g{0-030/0.014 0.94 62 7.19 9
08-AR-08 Y = 76[1+ gl-0-013)/0.002 0.99 14 0.63 2
08-AR-09 Y = 52[1+ g{(x0-026)/0.007] 0.99 52 2.46 7
08-AR-10 Y = 40[1+ gl0-027)/0.014 0.91 >72 6.23 >10
08-AR-11 Y = 112/[(1 + (x/0.039)*] 0.96 33 9.13 5
08-AR-12 Y = 39[1+ gl(0:0071)/0.0029 0.91 >72 7.57 >10

Note: ?GRy, is the herbicide concentration that reduced shgmwth by 50% based on visual evaluation at 4WAT.
Recommended pyroxsulam dose is 18 g al. t8usceptible and putative resistant populations fiiael pyroxsulam
doses ranging from O to 4X of the recommended dé8E. = standard error of the estimaté. R/S
(resistant/susceptible) ratios were calculated based GR, values of populations relative to the susceptible
standard. *Susceptible standard population.

More weed species are resistant to ALSA. retroflexus Xanthium strumariumL., Kochia
inhibitors than any other herbicide group (Heagscoparia(L.) Schrad Ambrosia artemisiifolial., and
2012). The high frequency of weed populationg\mbrosia trifidal. (Boutsaliset al. 1999; Foet al.
resistant to ALS inhibitors can be attributed tal999; Patzoldet al. 200I; Patzoldt and Tranel 2002;
extensive use of these herbicides, the high selectiPrimianiet al. 1990; Sibonyet al. 2001; Woodworth
pressure they exert, and the many resistancet all996;Yu et al. 2008). The magnitude of
conferring mutations in thé\LS gene (Tranel and resistance to different ALS herbicides varies wydel
Wright 2002). Cross-resistance to ALS herbicidesjepending on the location of substitutions in #ieS
particularly to sulfonylureas and imidazolinoneadh gene (Tranel and Wright 2002)L. perenne
been reported ih. rigidum, Sisymbrium orientalé., populations exhibiting cross-resistance to
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mesosulfuron, imazamox, and pyroxsulam mayesistance to the alternative POST, ALS herbicides
exhibit target-site mutation in theL.Sgene. It is also mesosulfuron and pyroxsulam. Pattern #3 is an

possible that these populations can detoxify thextreme case of resistance to four herbicide famili
herbicide rapidly. The mechanisms of resistance t@nd is the ultimate threat to crop production.
ALS herbicides in these populations are yet to bBopulation 09-NC-01, determined HR to diclofop, had
verified. 33-fold resistance to mesosulfuron (Table 9).
Resistance levelsto ACCase- and AL Sinhibitorsin ~ Population 09-NC-04 was only SR to diclofop
selected L. perenne populations with different (R/S=3), had 71-fold resistance to mesosulfurors wa
her bicide resistance patter ns cross-resistant to pyroxsulam, but was more regista
Three populations were chosen to represeﬁ? the former than the latter. Population 09-NC-05

was highly resistant to diclofop (R/S=18); requiyin

the following resistance patterns: (1) 09-NC-01 : ;
. 4 ) an estimated 5X the recommended diclofop dose to
resistant to diclofop and mesosulfuron; (2) 09-NG-0 . .00 5004 control. It has low level (2-fold) mbss

resistant to diclofop, mesosulfuron, and pyroxsylam

) : resistance to pinoxaden. It is also highly resistan
and (3) 09-NC-05, resistant to diclofop, mesosolfur . 5.ron (18-fold) with low level (3-fold) cms

pyroxsulam, and pinoxaden. This experiment w. : - .
intended to help design follow-up experiments O?eastance to pyroxsulam. The herbicide physioiagy

population adaptation to weed management. Ll\ms population is different between the two ACCase

. ; . inhibitors (diclofop and pinoxaden) and the ALS
population resistant to diclofop and mesosulfur@sw . hibitors (mesosulfuron and pyroxsulam). Also, it
chosen because mesosulfuron was the first POST Py o7 N

S : . should be noted thdt. perennepopulations are in
ALS inhibitor used to manage diclofop-resistant : . .

. their early stages of selection with these recent
perennein wheat. Pattern #2 was chosen because t .-

! . . rbicides.
is common owing to the widespread occurrence o
diclofop-resistant populations and the eventual

Table 9: GRsy” values and resistance levels to diclofop, mesosulfuron, pinoxaden, and pyroxsulam in
selected Lolium perenne ssp. multiflorum populations from the United States, representing
different resistance patterns

Population ~ Herbicide” Regression equation R GRg SE° R/&
09-NC-01 mesosulfuron Y = 88/[1+ e -((x-29.3)/0.674 082 36 16.29 33
09-NC-04 diclofop Y = 94/[(1 + (x/875)-4.57] 0.99899 1.15 3
mesosulfuron Y = 105/[1+ &<808)/0.0304 095 78 886 71
pyroxsulam Y = 196/[(1 + (x/1606.3)-0.2636] 0.9928 236 6
09-NC-05 diclofop Y = 60/[(1 + (x/1155)-1.01] 0.9%432 258 18
mesosulfuron Y = 63/[(1 + (x/10.8)] 097 20 568 18
pinoxaden Y = 98/[1+ &*280/0.0478 099 28 021 2
pyroxsulam Y = 80/[(1 + (x/5.2)°% 099 13 154 3
SS diclofop Y = 110/[(1 + (x/347¥° 093 304 7.87 -
mesosulfuron Y = 97/[(1 + (x/1.7f 099 1 068 -
pinoxaden Y = 96/[1+ &x11:2)0.001 099 12 114 -
pyroxsulam Y = 97/[1+ &x-43)/0.0006) 099 4 375 -

Note: ®GRy, is the herbicide concentration that reduced shoiomass by 50% based on shoot dry weights, 4 wk after
treatment. Recommended doses are 840, 15, 60, &ngl 4.i. ha for diclofop, mesosulfuron, pinoxaden, and
pyroxsulam, respectivel{Six herbicide doses ranging from 0 to 8X of theonemended dose were used for the
resistant populations. The susceptible standardufadfpn was sprayed with six doses of herbicide féotm 2X of the
recommended dost&SE = standard error of the estimaf&/S (resistant/susceptible) ratios were calculataseld on
GRsg values of resistant populations relative to thecaptible standardSusceptible standard population
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These populations may possess two or more Considering the resistance patterns that are
mechanisms that confer resistance to a singtgbserved, pinoxaden is still an alternative hedsici
herbicide or class of herbicides. An ACCase- anfbr L. perennecontrol. It is effective on most of the
ALS-resistantL. rigidum population from Australia populations; however, uninterrupted use of pinorade
(VLR69) harbors multiple resistance mechanismsshould be discouraged because of the 25% tendency
including a resistant ACCase, a resistant ALS, anof diclofop-resistant. perenndo be cross-resistant to
enhanced herbicide metabolism (Prestbml. 1996). pinoxaden.Lolium infestation can be managed by
Multiple resistance to ACCase- and ALS herbicides ihaving a full tillage program following the firsepod
two resistant Australiah. rigidum populations is due of fresh growth ofL. perennefollowed by a POST
to enhanced herbicide metabolism mediated byerbicide such as pinoxaden. Another program
cytochrome P450 monooxygenase (¥ual. 2009). approach is a PRE application of
Preliminary investigation on populations 09-NC-0Xhlorsulfuron/metsulfuron in the fall followed by
and 09-NC-04 suggests that cytochrome P45@ROST herbicides (Scotet al. 2012). It is also
mediated enhanced metabolism play a role in theirecessary to vary the POST herbicide across growing
resistance to ACCase-and ALS inhibitors and thateasons to delay the evolution of resistance. ALS
other mechanisms may also be involved (Salas 2012herbicides, mesosulfuron and pyroxsulam, can il

In summary, 47 populations were tested foused to diversify weed control in fields where no
ACCase- and ALS- resistance. Almost 90% wereesistance to these herbicides had been obsemed. |
resistant to the ACCase herbicide diclofop, whictirkansas, ALS- and diclofop-resistaint perennein
reflects the fact that diclofop was the first majowheat fields is managed with the application ofep
selector of these populations. Most of the popoitesti mix of flufenacet plus metribuzin at the one- tatw
were controlled by the ACCase herbicide pinoxadeeaf wheat stage, followed by pinoxaden and
however, 25% of diclofop-resistant populations wer@endimethalin at four-leaf to one-tilléolium. Other
cross-resistant to pinoxaden (Table 10). Most ef ththan the flufenacet plus metribuzin mixture and
diclofop-resistant populations in this research everpendimethalin, all other herbicides currently
also resistant to other herbicides with the same oegistered forl.. perennecontrol in wheat are either
different modes of action as was reported by othe’sSCCase- or ALS inhibitors (Scotet al. 2012).
(Cockeret al. 2001; Eleniet al. 2000; Holtum and Currently, a new PRE grass-selective herbicide,
Powles 1991; Kulet al.2000; Kuket al.2008). Of 45 pyroxasulfone, an inhibitor of very long chain fatt
populations with resistance to ACCase or ALSacids (Tenetanet al. 2009) is being evaluated for
inhibitors, 35 (78%) had multiple resistance tohbotpotential use in wheat. Pyroxasulfone provides
herbicide modes of action. Of the 41 diclofop-excellent control ol. perenneand is safe on wheat
resistant populations, 38 were resistant to at leas (Walshet al. 2011; Scottet al. 2012). Resistance to
ALS inhibitor. Thirty-nine populations were resista multiple herbicides and limited herbicide optioms f
to mesosulfuron, 38 of which were also resistant tb. perennecontrol in wheat emphasize the need for
pyroxsulam. Of the 12 populations tested fodiversified, integrated weed management approach to
resistance to imazamox, 10 were resistant to thheduce the reliance on herbicides, prolong the
labeled dose. Broad resistance to ALS inhibitorsustainability of herbicides and to delay, if not
mesosulfuron, pyroxsulam, and imazamox waprevent, the evolution of herbicide-resistant weeds
detected in all the nine populations tested with aDiversification entails integrating agronomic
these herbicides. Resistance to both ACCase- amgproaches (tillage, crop rotation, planting deesit
ALS inhibitors in Italian ryegrass populations is aiming of planting, cultivar choices, etc.) to inope
serious problem to wheat growers in the Unitethe overall results (Hofeet al. 2006; Rossiget al.
States. 2004).
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Table 10: Summary of ACCase- and AL S-inhibiting herbicide resistance patterns among Lolium perenne
ssp. multiflorum populations from the United States

Population® Diclofop Pinoxaden | mazamox M esosulfuron Pyr oxsulam
08-AR-01 >10 NT® 8 5 3
08-AR-02 3 NT 1 1 1
08-AR-03 >10 NT 2 >8 3
08-AR-04 9 NT 7 >8 >10
08-AR-05 5 NT 1 1 1
08-AR-06 >10 NT >8 >8 >10
08-AR-07 >10 NT 4 >8 9
08-AR-08 >10 NT 2 >8 2
08-AR-09 4 NT 3 >8 7
08-AR-10 >10 NT 6 >8 >10
08-AR-11 5 NT 6 >8 5
08-AR-12 2 NT 5 7 >10
09-GA-01 SR g NT HR HR
09-MS-01 MR S NT MR MR
09-MS-03 MR S NT MR HR
09-MS-05 MR S NT HR HR
09-MS-06 SR S NT MR HR
09-MS-07 MR S NT MR HR
09-MS-08 SR S NT HR MR
09-NC-01 HR S NT HR S
09-NC-02 MR S NT S S
09-NC-03 HR HR NT HR HR
09-NC-04 3 S NT 71 6
09-NC-05 18 2 NT 18 3
10-GA-01 MR MR NT SR SR
10-KS-01 S S NT MR MR
10-NC-01 MR MR NT MR MR
10-NC-02 SR S NT MR MR
10-SC-01 S S NT MR MR
10-VA-01 S S NT S S
11-AR-01 MR S NT HR MR
11-AR-02 MR S NT HR MR
11-AR-03 SR S NT MR MR
11-AR-04 MR SR NT HR MR
11-AR-05 MR S NT MR MR
11-AR-06 HR S NT MR MR
11-MS-01 S S NT HR HR
11-NC-01 S S NT SR SR
11-NC-02 S S NT S S
11-NC-03 S S NT S S
11-NC-04 MR R NT MR MR
11-NC-05 MR S NT HR MR
11-NC-06 MR S NT MR MR
11-NC-07 SR S NT MR MR
11-NC-08 MR S NT HR MR
11-WA-A >10 SR NT 1 1
11-WA-D >10 SR NT 1 1

Note: *AR = Arkansas; GA = Georgia; KS = Kansas; MS = Mssippi; NC = North Carolina; VA = Virginia; WA =
Washington PNumbers are the R/S ratios based ons@Rilues estimated from dose response ass&ys. = not
tested.%S = susceptible; 80 — 100% control at recommendesedSR = slightly resistant; 61 — 80% control at
recommended dos®IR = moderately resistant; 21 — 60% control at recnended dos&HR = highly resistant; 0 —
20% control at recommended dose.
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