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Abstract

Growth chamber, greenhouse and field experimeimtg e®nventional grain
sorghum were conducted to 1) evaluate the diffeakergsponse of grain sorghum
hybrids to POST application of mesotrione at vagioates and application timings, and
2) determine the physiology of tolerance of grairghum hybrids to mesotrione.
Sorghum response ranged from susceptible to tdldviesotrione dose-response studies
on four sorghum hybrids revealed that injury symmavere greatest in Pioneer 85G01
and least in Asgrow Seneca. Mesotrione applied&EP@arly POST) injured sorghum
more than when applied at MPOST (mid POST) or LPQ&E POST) timings.
Observed injury symptoms were not well correlatdith\grain yield and were transient,
thus injury did not reduce sorghum grain yield.i&ohbsorption or translocation of
mesotrione in tolerant hybrids did not differ wittat of susceptible hybrids but
metabolism was more rapid in tolerant than in spisicke hybrids. Initial grain sorghum
injury was severe and will likely be a major concéy producers.

Field and growth chambers studies were conductdeedricide-resistant grain
sorghum to 1) determine the effect of quizalofaesaapplication timings, and herbicide
tank mixes on acetyl-coenzyme A carboxylase (ACEessstant grain sorghum injury
and yield, and 2) determine if herbicide metabolisan additional mechanism that
could explain the resistance of ACCase- and acgtilasynthase (ALS)-resistant grain
sorghum. Depending on rate, EPOST application chtlsegreatest injury while the
least injury occurred with LPOST application. Ciopury from quizalofop was more

prominent at rates higher than the proposed usg6atg h&) in grain sorghum.



Sorghum grain yield was not affected by quizalafegardless of rates or application
timings. Weed control was greater when quizalofes applied with other herbicides
than when applied alone. Herbicide treatments exbege that included 2,4-D caused
slight to no sorghum injury. Results of the quifap metabolism study do not support
the involvement of differential metabolism in theserved response of grain sorghum to
quizalofop. Rimsulfuron metabolism by ALS-resistant sorghummare rapid than the
susceptible genotypes, thus explaining the obseaayad recovery of grain sorghum

plants from rimsulfuron injury in the field.
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Chapter 1 - Differential Response of Grain SorghuniHybrids

to Foliar-Applied Mesotrione

Abstract

The selection of herbicide-resistant weeds in gsaitghum production has
prompted researchers to explore alternative heldscio prevent, delay, and manage
herbicide-resistant weed biotypes. Greenhousdieldexperiments were conducted to
evaluate the differential response of sorghum laghto POST application of mesotrione.
In a greenhouse experiment, 85 sorghum hybrids tweaged with 0, 52, 105, 210 and
315 g ai hd mesotrione when plants were at the three- to lieaireollar stage. Sorghum
response ranged from susceptible to tolerant sondhybrids. ‘Pioneer 84G62’,

‘Pioneer 85G01’, and ‘Triumph TR 438’ were the massceptible while ‘Dekalb
DKS35-70', ‘Frontier F222E’, and ‘Asgrow Seneca’'ne@¢he most tolerant hybrids. One
week after treatment (WAT), the mesotrione ratesca50% visible injury ranged from
121 to 184 and 64 to 91 g hin the most tolerant and susceptible hybrids, eetypely.
Mesotrione dose-response studies were conducteat fiattl conditions on four sorghum
hybrids. One WAT, injury symptoms were greater {@R3%) in Pioneer 85G01 than in
Asgrow Seneca (< 14%). However, all plants apgeacemal by the end of the growing
season. In addition, sorghum yields were not redloxy mesotrione treatments as
verified by correlation coefficient analysis.

Nomenclature: Mesotrione; sorghungorghumbicolor (L.) Moench. SORBI.

Key words: HPPD-inhibiting herbicides, hybrids, visible inyur



Introduction

Grain sorghum is one of the most important culadatereal crops in the United
States, with an average of 3.3 million hectaresdsied per year in the last 5 yr
(Anonymous 2007)Amaranthus species are one of the most troublesome weedsiim g
sorghum (Bridges 1992). Competition studies héeve that when redroot pigweed
(Amaranthusretroflexus L.) emerged at the 2.6-leaf stage of sorghum, yielsl \ess 46%
(Knezevic et al. 1997). Shipley and Wiese (19&@prted that onAmaranthus plant per
30 cnf of row in irrigated grain sorghum reduced yield48#. In addition, Moore et al.
(2004) reported that Palmer amaramiméranthus palmeri S.Wats) can increase grain
moisture and foreign material in harvested grangisom.

Although good cultural practices such as crop rotadre important weed
management practices in grain sorghum productierbitides are the major component
of any sorghum weed control program (Brown et @04). Weed control has been
achieved with several PRE and POST herbicides asithiazine, chloroacetamides,
protoporphyrinogen oxidase (protox)-inhibitors, tat@ctate synthase (ALS)-inhibitors,
and auxins (Brown et al. 2004; Martin 2004; Ros#&tebles et al. 2005; Shoup et al.
2003; Smith and Scott 2006; Stahlman and Wicks R0®@azine is commonly used in
PRE or early POST applications to control sevemaual broadleaf and grass weeds
(Martin 2004). Combinations of chloroacetamidebin@des with atrazine applied PRE
control many grass and broadleaf weed seedlinggl{@md Scott 2006). In addition,
POST 2,4-D, dicamba, prosulfuron, carfentrazondromoxynil are used to control

broadleaf weeds (Rosales-Robles et al. 2005; SiihScott 2006).



The selection of herbicide-resistant weeds sudPastmer amaranth, common
waterhemp Amaranthus rudis Sauer), redroot pigweed, and Powell amaranth
(Amaranthus powelli S. Watson) (Anonymous 2008a; Culpepper et al. 2B@ép 1997)
has necessitated management adaptations in grgimuso production such as tillage and
the use of directed herbicides to prevent loweingyeeld and quality. Therefore, there is
a great need for new herbicide development to dediahtional resistance and to help
manage herbicide-resistant weed biotypes.

Mesotrione is a selective herbicide that contradsmynbroadleaf and some grass
weeds in corn. It disrupts carotenoid biosynthbgighibiting the
hydroxyphenylpyruvate dioxygenase (HPPD) enzymeghvtesults in plastoquinone
(PQ) synthesis inhibition (Duke et al. 2000; Widhedral. 1999). PQ is involved in the
phosphorylation process and is a cofactor for pdrygadesaturase, a necessary enzyme
for carotenoid synthesis.
Mesotrione controls troublesome weeds includirggtne resistant-species, such
as Palmer amaranth, common waterhemp, common laratisgs Chenopodium album
L.), and black nightshad&glanumnigrumL.), as well as weeds that are resistant to ALS
inhibitors includingAmaranthus spp, common cocklebuXénthium strumariumL.) and
annual sowthistleSpncus oleraceus L.) (Sutton et al. 2002). Mesotrione also controls
velvetleaf Abutilon theophrasti Medicus),Ipomoea spp, prickly sida$ida spinosa L.),
and common ragweedifbrosia artemiisifolia L.) (Armel et al. 2003a; Stephenson et al.
2004).

Currently, mesotrione is labeled for preplant noniporated or PRE weed

control in grain sorghum. Armel et al. (2003b) répd, however, that without adequate



moisture to activate PRE applications of mesotrioveeed control was not sufficient in
corn. POST application of mesotrione at 70.5 lggdidemonstrated consistent control of
weeds but caused 20% chlorosis in grain sorghumkfHand Martin 2005).
Furthermore, Miller and Regehr (2002) observed ¢laalty POST treatments of
mesotrione caused severe plant injury, such as 80% bleaching, but late POST
applications caused less injury. Although inforimats available on the effect of
mesotrione application rates and timing on weedrobm sorghum, little information is
available on sorghum sensitivity among hybrids grain yield response to POST
mesotrione application.

The objectives of this research were to evaluaalitierential response of
sorghum hybrids to POST-applied mesotrione anckterthine if early-season injury

symptoms from POST application of mesotrione aegligtive of sorghum yields.

Materials and Methods

Greenhouse Study

Eighty-five sorghum hybrids were selected on th&daf differences in maturity,
yield potential, and geographical adaptation (Tdblg. Seeds were sown in row into
54- by 34- by 9.5-cm flats, with six hybrids peatflThe soil mix was a sand:Morrill
loam (mesic Typic Arguidolls) soil, 1:1 by volumeith a pH of 7.9 and 1.3% organic
matter. Plants were grown under greenhouse gonslibf 26/24 C day/night
temperatures and 16-h photoperiod with supplemdigtalintensity of 25Qumol m? per
second photosynthetic photon flux density. Plaresawvatered as needed and fertilized

weekly with a commercial fertilizésolution containing 1.2 gttotal nitrogen, 0.4 gt
4



phosphorus, and 0.8 g'lpotassium. Before herbicide application, plangseathinned
to seven plants per hybrid.

Seedlings of the 85 sorghum hybrids were treatél &i52, 105, 210, and 315 g
ai ha' mesotrione at the three- to four-leaf collar stagigeeatments were applied with a
bench-type sprayeequipped with an 80015E/p and calibrated to deliver 187 L hat
138 kPa. The spray mixture included 1% v/v crdgoncentrate (COC) Control
plants were treated with water and 1% v/v COC.

Visible sorghum injury was rated 3, 7, and 14 dafysr treatment (DAT). Injury
ratings were based on a scale of 0 (indicatingpoy) to 100% (indicating plant death).
Hybrids were classified as tolerant, intermediate] susceptible if the mean 50% visible
injury (IDsg) values were significantly higher, the same, gnsdicantly lower than the
use rate (105 g H, respectively. The 105 g haate was used as the benchmark since it
is the common use rate of the product. At 14 DASFgeum heights were recorded, and

then aboveground biomass was determined aftergoeerte dried at 65 C for 5 days.

Field Study

Four sorghum hybrids were selected for this studthe basis of plant response
to mesotrione in the greenhouse study. ‘Pioneel085(usceptible), ‘Pioneer 84G62’
(susceptible), ‘NC+ 7R83’ (relatively susceptiblahd ‘Asgrow Seneca’ (relatively
tolerant) sorghum hybrids were planted accordinigansas State University Agricultural
Experiment Station and Cooperative Extension Semgcommendations (Regehr, 1998)
in 2006. Experiments were conducted at Kansag Shaiversity research fields at
Belleville, Garden City, Hays, Hesston, and MardrattGeographic location, soil type,
taxonomic class, soil pH, and percentage organttemaere recorded for each soll

5



(Table 1.2). Plots consisted of four rows space@l & -m that were 7.5 or 9.1 m long.
Weed-free plots were maintained with a PRE apptioadf S'metolachlor and atrazine at
1,410 and 1,120 g ai Haand hand hoeing as needed.

Mesotrione was applied at 52, 105, 157, and 218'grmcombination with
atrazine at 280 g Hawhen sorghum seedlings were at the three- tolé@éecollar stage.
The addition of atrazine to mesotrione treatmesessgommon, sound weed management
practice in corn and sorghum production to increasgrol of some weed species and
lengthen residual control (Stephenson et al. 2a04é)efore, inclusion of atrazine in this
study facilitates direct applicability to sorghumoguction. Herbicides were applied by a
tractor-mounted sprayer calibrated to deliver 18¥t at 140 or 207 kPa. A nontreated
control was included for comparison.

Sorghum plant injury was visually rated 1, 2, 4d &weeks after treatment
(WAT) as described in the sorghum hybrid respotisgys Sorghum grain was
mechanically harvested from the middle two rowsath plot. Moisture content and test

weight were determined using a grain analyjzend yield was adjusted to 14% moisture.

Experimental Design and Data Analysis

The greenhouse experiment was a randomized conipéetie design.
Treatments were replicated three times, and therexpnt was conducted twice. For
each hybrid, mesotrione rates that caused 50%eisijury (IDsg), biomass reduction
(GRsp), and height reduction (BB were estimated using the nonlinear regressioneinod
described by Seefeldt et al. (1995) and Streibag.€1993). IRy, GRso, and HR values
were analyzed using ANOVA and means were sepatsied Fisher’s protected LSD at

P<0.05.



The field experiment was a randomized completekott@sign, established with a
split-plot arrangement of treatments. Main ploggevthe sorghum hybrids, and subplots
were the herbicide rates. Treatments were replicitur times. All data were subjected
to ANOVA and means were separated using FishegtePted LSD at R 0.05.
Correlation coefficient analysis on injury vs. ylelas performed using PROC CORR

procedures of SAS $1

Results and Discussion

Greenhouse Study

Foliar applications of mesotrione injured all sarghhybrids. However,
differential responses were observed among sordiyomds at all herbicide rates.
Mesotrione injury symptoms were characterized la ¢dlorosis and bleaching followed
by necrosis and malformation of the tissues. Vésgdtimates of injury were similar to
those observed with other HPPD-inhibiting herbisi@éelix and Doohan 2005;
Robinson et al. 2006). These symptoms were morarappon sorghum 7 DAT than at 3
DAT (data not shown). At 14 DAT, symptoms startedlissipate and new growth
appeared normal (data not shown). Crop injury feqrplications of mesotrione at 315
and 210 g hdwas more pronounced than at the use rate of 135.gThere was no
interaction between trials for grain sorghum injumgight reduction, and biomass;
therefore, data were pooled over trials 1 and Dfesentation.

Mesotrione injury peaked at 7 DAT, after which pfabegan to recover. On the
basis of visual injury, sorghum response to mesoé&riranged from susceptible to

intermediate to tolerant (Table 1.3).sf¥alues ranged from 121 to 184 g'ha2 to 118
7



g ha', and 64 to 91 g hafor the tolerant, intermediate, and susceptibleriag,
respectively. Of the 85 hybrids tested, 23 weresifeed as susceptible, 45 as
intermediate, and 17 as tolerant. Maximum injupnfrmesotrione application reached
80% for hybrids that were most susceptible (datasshown), but plants were not killed
by mesotrione. Pioneer 84G62, Pioneer 85G01, andtiph TR 438’ were the most
susceptible hybrids, whereas ‘Dekalb DKS35-70’ptfrer F222E’, and Asgrow Seneca
were the most tolerant hybrids. Differences in barg response to mesotrione were not
surprising because sorghum hybrids have differesgenitors. Differences in genetic
background could result in fundamental differenogglant structure, either in the plant
cuticle or in transport mechanisms that affect gitsan (Bunting et al. 2004). Also,
genetic differences might indicate physiologicad @mochemical differences that could
affect translocation and metabolism (Armel et 80%). Further studies are required to
determine if shoot absorption, translocation, amtiatmolism of mesotrione vary between
tolerant and susceptible sorghum hybrids.

Reductions in plant height and biomass were obddoreall hybrids at all
herbicide rates tested. BHor plant height (data not shown) and §gRr biomass
(Table 1.3) varied among sorghum hybrids; howewely GR;, is presented because
correlation coefficient analysis showed thatsg®as highly correlated to HR(r = 0.78,
P < 0.0001). Therefore, Giralone can be used to estimatessiEight of 17 mesotrione-
tolerant hybrids had significantly higher gfRand only 4% (1 of 23) of the mesotrione-
susceptible plants had significantly lower ggBan the use rate. Biomass §gRalues
ranged from 62 to 143 and 105 to 246 § Far susceptible and tolerant hybrids,

respectively. These findings were similar to restidm research that showed differential



response of sweet corn cultivars to mesotrionei@dplOST (O’Sullivan et al. 2002).
Differential response of sweet corn cultivars toHOnesotrione was likely due to
differences in metabolism of the foliar-absorbetbléde. Sweet corn cultivars that
were more tolerant to POST applications metabolimedotrione more rapidly than the
sensitive cultivars (Wichert et al. 1999).

Different maturity (early, moderately early, mediumoderately late, and late)
was represented among the 85 hybrids tested. Howiejgy response to mesotrione

was not correlated to maturity of the crop=(-0.12, P = 0.25).

Field Study
Site by hybrid by rate interactions prevented theling of data; therefore, data

are presented by site, hybrid, and rate for 1 awdAd. Data for sorghum injury at 4 and
8 WAT were not reported because significant diffieess were not observed among sites,
hybrids, rates, or hybrid by rate interactions.

Mesotrione injured all four sorghum hybrids. Injwymptoms in the form of
stunting, leaf chlorosis, and necrosis were obskatd and 2 WAT, but by 4 WAT these
symptoms were only slightly visible. Sorghum injumgreased as mesotrione application
rate increased. In general, injury symptoms weeatgsst in Pioneer 85G01 and least in
Asgrow Seneca 1 WAT (Table 1.4). NC+ 7R83 and &0184G62 showed greater
injury than Asgrow Seneca but less injury than Pesr85G01. At 2 WAT, Asgrow
Seneca recovered from mesotrione injury, whereaseer 85G01 continued to show
slight injury symptoms. By the end of the growiregason, however, all plants appeared
normal (data not shown). Symptoms observed inidheé Were consistent with those

observed in the greenhouse study.



Sorghum injury ratings across all four hybridgevgreatest at the Hays and
Hesston sites and lowest at the Garden City sabl€l'1.4). Sorghum injury differences
among sites may be due to rainfall received bedokafter mesotrione application. Five
days before mesotrione application, rainfall acclatnon was up to 61 and 40 mm at
Hays and Hesston, respectively. At Garden Cityy artrace of rainfall (0.45 mm) was
received. Increased crop injury under high sailsture has been reported previously
(Armel et al. 2003a; Griffin et al. 1994; Wrightadt 1995). At 2 WAT, plants at Hesston
continued to have the greatest injury, whereastplainGarden City showed the least
injury. Greater injury at Hesston may be due tatgeinitial injury of the plants, which
led to a longer recovery. Plants at Garden Citylkasl initial injury.

Sorghum grain yields were not significantly redudedpite the severity of
mesotrione injury symptoms (Appendix B). Gardery@iteld data were not included in
the analysis because of inconsistencies. Visildeattione injury was not well
correlated with yield reduction. Correlation coa#nt analysis indicated that the injury
symptoms observed at 1 WAT and 2 WAT were poorlyetated with sorghum grain
yield (Table 1.5). This response suggests thatson could tolerate the level of injury
observed without yield reductions, which was caesiswith previous research (Brown
et al. 2004). Among all sites, Hays had the lowesdts in all hybrids (data not shown).
This could be attributed to the dry weather condsi especially during the flowering
stage, when precipitation was only 0.25 to 1.5 mar.the other sites, up to 87 mm
precipitation occurred. Yield at Hays was also ettd by early frost (Anonymous

2008bh).
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This study demonstrated that POST application afatri®ne to sorghum hybrids
at the seedling stage causes a differential injesponse ranging from susceptible to
tolerant. However, injury symptoms were not asdediavith yield reduction. Since
sorghum hybrids were able to recover from injuryheesgrowing season progressed,
injury symptoms were not good predictors of yieldd.

Several grain sorghum hybrids showed tolerancé&X8TPapplications of
mesotrione at the seedling stage. However, furgmgarch is required to verify the
extent of crop injury by POST mesotrione appliedifierent plant stages to ensure that
mesotrione is not applied at highly sensitive ssagfehe crop. Mesotrione could improve
broadleaf weed control in grain sorghum productigstems by providing growers with
an effective POST herbicide option, especiallydontrol of triazine, ALS-, protox-, and

EPSPS-resistant weeds.

Sources of Materials

!Miracle-gro soluble fertilizer, Scotts Miraacle-Goomducts Inc, 1411 Scottslawn
Road, Marysville, OH 43041.
’Research track sprayer, De Vries Manufacturing 1RRox 184, Hollandale,
MN 56045.
*TeeJet, Spraying Systems Co., Wheaton, IL 60189790
*Prime Oil, Terra International Inc., P. O. Box 608ux City, IA 51102-6000.
*Dickey-John GACII grain analysis computer, Dicketd Corporation, P. O.

Box 10, Auburn, IL 62615.
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Table 1.1. Grain sorghum seed sources and mafarig8b genotypes used in the greenhouse

study to evaluate the differential sorghum resp@os2OST mesotriofie

Hybrid IDs5g GRy Hybrid IDsg GRy
g/ha g/ha

DKS35-70 184 209 A 110 100 101
F222E 175 205 780B 99 84

Seneca 174 246 MG4748 99 102
KS310 156 121 DKS53-11 99 104
MG4665 153 105 GE-4532 98 104
3552 140 161 DKS54-00 98 105
Al121 136 194 DKS36-16 97 109
Pulsar 135 138 NK7829 96 92

F270E 134 195 5360 96 150
664 134 124 NK6673 96 106
764B 132 105 722B 95 109
F305C 131 109 697 95 131
GE-5615 127 149 F303C 94 96

775 126 155 8R18 94 104
NK7655 124 196 GWX2045 94 103
7B51 122 122 DK-44 94 105
672 121 168 T-38GS 93 106
A137 118 102 720B 92 99

7B47 117 143 GW 1467 92 151
NK4420 116 144 MG4772 91 108
DKS42-20 115 95 T-36GS 91 124
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Table 1.1. Cont.

Hybrid IDsg GRy Hybrid IDs GRy
— g/ha gha———

627 113 118 751B 91 122
DSS B6506 112 94 TR 442 91 103
7R34 111 107 NK3303 88 88
M3838 111 104 A 567 87 104
737 111 111 0-595 86 106
0O-567 110 114 1G600 86 109
NK7633 110 100 766B 86 143
GWX3045 110 106 752B 85 108
GWX1445 109 103 0-530 85 102
7C22 108 116 TR 463 85 84
TR 434 108 113 6B50 85 105
85G46 108 105 NK5418 85 117
DKS37-07 108 105 0-525 84 92
84G50 106 110 KS 585 84 97
TR 481 106 151 5401 83 106
5B89 103 114 733Y 81 114
K73-J6 102 86 7R83 80 104
DSS B64 101 105 A 115C 79 92
85Y40 100 107 TR 438 78 104
5750 100 102 85G01 71 62
GW 1489 100 108 84G62 64 95
F505E 100 147

LSD (0.05) 13 46 13 46
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Table 1.2. Geographic location, soil type, per@gganic matter, and soil pH for five sites in Kasmisa
used to evaluate the differential sorghum resptm&ST mesotrione.

Geographic Soil taxonomic Percentorgani  Soil
Site location Soil type class matter pH
Belleville North Central K: Crete silt loan Pachic Agriustoll 3.t 53
Garden City Southwest KS Keith silt loam Aridic Agriustolls 1.6 85
Hays West KS Harney silt loam Typic Agriustolls 2.0 6.0
Hesston South Central KS  Ladysmith silty clay loam  Udertic Agriustolls 2.5 6.7
Manhattau Northeast K. Reading siltloatl Pachic Agriustoll 2.1 6.8
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Table 1.3. POST mesotrione rate required to ca0%e\bsible injury (IB) and biomass reduction
(GRs) for 85 sorghum hybrids. Plants were treated &b B-leaf collar stage. Visible injury was

assessed at 7 d after treatment and dry weights determined 14 d after treatment.

Hybrid IDs¢ GRsp Hybrid IDsc GRs
g/ha g/ha

DKS35-70 184 209 A 110 100 101
F222E 175 205 780B 99 84

Seneca 174 246 MGA4748 99 102
KS310 156 121 DKS53-11 99 104
MG4665 153 105 GE-4532 98 104
3552 140 161 DKS54-00 98 105
A 121 136 194 DKS36-16 97 109
Pulsar 135 138 NK7829 96 92

F270E 134 195 5360 96 150
664 134 124 NK6673 96 106
764B 132 105 722B 95 109
F305C 131 109 697 95 131
GE-5615 127 149 F303C 94 96

775 126 155 8R18 94 104
NK7655 124 196 GWX2045 94 103
7B51 122 122 DK-44 94 105
672 121 168 T-38GS 93 106
A137 118 102 720B 92 99

7B47 117 143 GW 1467 92 151
NK4420 116 144 MG4772 91 108
DKS42-20 11¢ 9t T-36GS 91 124
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Table 1.3. Cont.

Hybrid IDsp GRsg Hybrid IDso GRsc
g/ha glha ——

627 113 118 751B 91 122
DSS B6506 112 94 TR 442 91 103
7R34 111 107 NK3303 88 88
M3838 111 104 A 567 87 104
737 111 111 0-595 86 106
0-567 110 114 1G600 86 109
NK7633 110 100 766B 86 143
GWX3045 110 106 752B 85 108
GWX1445 109 103 0-530 85 102
7C22 108 116 TR 463 85 84
TR 434 108 113 6B50 85 105
85G46 108 105 NK5418 85 117
DKS37-07 108 105 0-525 84 92
84G50 106 110 KS 585 84 97
TR 481 106 151 5401 83 106
5B89 103 114 733Y 81 114
K73-J6 102 86 7R83 80 104
DSS B64 101 105 A 115C 79 92
85Y40 100 107 TR 438 78 104
5750 100 102 85G01 71 62
GW 1489 100 108 84G62 64 95
F505E 100 147

LSD (0.05) 13 46 13 46
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Table 1.4. Visible mesotrione injury of four sorghiybrids with POST mesotrione application 1 and

2 weeks after treatment at five sites in Kansas.

1 WAT? 2 WAT
Garden Garden
Hybrid Rate Belleville City Hays Hesston Manhattan Belleville City Hays Hesston Manhattan
g ai’lha % %

7R83 0 0 0 0 0 0 0 0 0 0 0
52 9 1 9 4 1 1 0 0 0 0
105 16 14 15 15 6 4 4 4 3 3
157 29 11 23 25 11 11 3 8 11 7
210 33 11 31 32 15 15 1 8 10 9

84G62 0 0 0 0 0 0 0 0 0 0 0
52 8 11 11 3 9 3 0 1 0 3
105 11 10 20 24 11 6 5 7 13 6
157 35 11 33 38 17 13 8 11 21 8
210 28 19 38 37 24 13 9 14 17 10

85G01 0 0 0 0 0 0 0 0 0 0 0
52 16 8 13 5 13 8 0 3 4 4
105 18 11 25 23 25 10 1 11 19 10
157 35 11 36 31 28 16 8 15 25 14
210 34 23 41 38 33 19 16 17 29 17

Seneca 0 0 0 0 0 0 0 0 0 0 0
52 4 8 4 0 3 2 1 0 0 0
105 5 9 14 8 3 2 0 1 3 1
157 10 9 16 14 8 5 4 2 5 3
210 13 11 30 24 13 5 0 4 14 8

LSD(0.05) 7 7 7 7 7 6 6 6 6 6

aAbbreviations: WAT, weeks after treatment.
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Table 1.5. Pearson correlation coefficients betweasible mesotrione crop injury ratings 1 and 2

weeks after treatment and grain sorghum yield @t $des in Kansas in 2006.

1 WAT? 2 WAT
Belleville 0.13(P=0.2) 0.15 (P =10.2)
Hays 0.07 (P = 0.5) 0.10 (P = 0.3)
Hesston 0.12 (P =0.3) 0.28 (P =0.8)
Manhattan 0.30 (P =0.3) 0.37 (P =0.1)
®Abbreviations: WAT, weeks after treatment.
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Chapter 2 - Effect of Postemergence Mesotrione Apighation

Timing on Grain Sorghum

Abstract

Field experiments were conducted at Belleville,dgpHays, Hesston, Garden
City, and Manhattan, KS, to determine grain sorghesponse to POST application of
mesotrione at three application timings. Mesogiaras applied at 52, 105, 157, and 210
g ai ha' in combination with 280 g ai Haatrazine to grain sorghum at heights of 5 to 8,
15 to 20, and 30 cm, which correspond to early PEFOST), mid-POST (MPOST),
and late POST (LPOST), respectively. All mesoteioates caused visual injury at all
application timings. Mesotrione applied at EPOSjlired grain sorghum more than
when applied at MPOST and LPOST timings. The EP@3lication injured grain
sorghum 19 to 88%, whereas injury from MPOST an@§&R application was 1 to 66%
and 0 to 69%, respectively, depending on rate. Mies@ injury was least at Belleville
and most at the Hesston and Garden City (irrigageee$ regardless of growth stage.
Correlation coefficient analysis indicated thateved mesotrione injury symptoms were
not well correlated with sorghum yield; thus, meswote injury to grain sorghum did not
influence grain yield. However, initial grain sbrgn injury was severe, and this will
likely be a major concern to producers.
Nomenclature: Mesotrione; sorghungorghum bicolor (L.) Moench. SORBI.

Key words: HPPD-inhibiting herbicides, growth stages, herl@didhing, yield, injury.
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Introduction

Weeds are one of the major obstacles in grain songbroduction (Hall and
Bohner 2008). Competition from broadleaf weedsheen shown to reduce grain
sorghum yields more than grass species or mixtfrbsoadleaf and grass weeds (Feltner
et al. 1969). Some of the most common and troubledoroadleaf weeds in grain
sorghum arémaranthus spp. (Bridges 1992). Moore et al. (2004) repotted grain
sorghum yields decreased 97 kd'tiar each increase of one Palmer amaranth
(Amaranthus palmeri S. Wats.) plant per 15 m of row and decreaseckgd2i* for each
increase of 1 kg of Palmer amaranth dry matterlpen of row.

A major factor in the noxious nature Afmaranthus spp. is their ability to
efficiently adapt to changes in cultural practicEsr example, continuous use of
herbicides with the same mode of action has resuiteevelopment of resistance to
photosystem II- (Anderson et al. 1996), acetolacsghthase (ALS)- (Horak and
Peterson 1995), protoporphyrinogen oxidase (pret@oup et al. 2003), and
enolpyruvyl-shikimate-phosphate synthase (EPSR&R(ill et al. 2006) inhibiting
herbicides in numerous populationsAsfiaranthus species such as Palmer amaranth,
common waterhempA(maranthus rudis Sauer), redroot pigweedifaranthus retroflexus
L.), and Powell amarantt(aranthus powellii S. Watson) (Anonymous 2008a;
Culpepper et al. 2006; Heap 1997).

Mesotrione is a selective PRE and POST herbicidedtiectively controls
several broadleaf weeds, includiAgiaranthus spp. It also controls troublesome weeds
such as photosystem II-, ALS-, protox-, and EPS&8stantAmaranthus spp. (Armel et

al. 2003a; Stephenson et al. 2004; Sutton et 8R20Sorghum growers currently rely on
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PRE applications of mesotrione, but without adeg|paécipitation to activate
mesotrione, weed control may not be adequate (Aetal. 2003b). POST application of
mesotrione demonstrated consistent control of wbeatlsaused chlorosis in grain
sorghum when applied at 70.5 g'h@&lorky and Martin 2005). Furthermore, Abit et al.
(2009) observed differential response of grain lsong hybrids to POST treatments of
mesotrione; however, this information is of limiteske because application was made
only at the early seedling stage. Extensive resdaas not been conducted to evaluate
the effect of mesotrione on grain sorghum growtth development at different stages.
Proper timing of POST mesotrione application isaal to maximize weed control and
reduce crop injury (Johnson et al. 2002). The dhjeof this research was to determine
whether grain sorghum injury and grain yield afe@td by mesotrione application

timing.

Materials and Methods

Field experiments were conducted in 2007 at KaBsate University experiment
fields in Belleville, Colby, Hays, Hesston, Gardeiy, and Manhattan. Two
experiments were conducted at the Garden Cityaite under irrigated and the other
under dryland conditions. Experiments at all otfiegs were conducted under dryland
conditions. Geographical location, soil type, s$a¥onomic class, soil pH, and
percentage organic matter are shown in Table 2rhesotrione-susceptible grain
sorghum hybrid, ‘Pioneer 84G62’, (Abit et al. 20083s planted approximately 3 cm
deep at 146,000 seeds’haThe selection of a mesotrione-susceptible ggamghum

hybrid was to illustrate the worst-case scenarigrafn sorghum plant response to
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mesotrione. Experiment plots were maintained weed-fvith a PRE application of
metolachlor plus atrazine at 1,412 + 1,121 g didwad hand weeding as needed.

At each of the seven sites, the experiment was@oraized complete block
design with a split plot arrangement. The whole-fdator was application timing, and
the split-plot factor was mesotrione rate. Thereesfeur replications at each site.
Subplots consisted of four rows spaced at 0.76-dewthat were 11.5 m long. Plots were
randomly assigned to receive mesotrione treatneinén sorghum was 5 to 8, 15 to 20,
or 30 cm in height, which correspond to EPOST, MPCshd LPOST. Mesotriofievas
applied to subplots at 52, 105, 157, or 210 g diihaombination with 280 g ai Ha
atrazine at each application timing with a tractayunted sprayer calibrated to deliver
187 L ha'" at 138 kPa. Atrazine was added to mesotrionéntiesats because mesotrione
is commonly applied with atrazine under field cdimfis to increase control of some
weed species (Johnson et al. 2002), thereforenthesion of attrazine in this study
facilitates direct applicability to sorghum prodoct All spray mixtures included 1%
(v/v) crop oil concentrafe A nontreated control was included for comparison

Sorghum plant injury was visually rated 1, 2, 4d & WAT. Injury ratings were
based on a scale of 0 (no injury) to 100 (plantldeaDays to half bloom (DHB) and
plant heights at flowering were recorded. The Dd#Ba were gathered only at Hays,
Hesston, and Manhattan. Sorghum grain was mecHhigreaivested from the two
middle rows of each plot and weighed, and graifdgievere adjusted to 14% moisture
content.

Data were analyzed in a mixed linear model by utiiegMIXED procedure of

SAS 9.%. Site, application timing, herbicide rate, antbiactions between these factors
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were considered fixed effects, and block (nestetimsite) and interactions with block
were considered random effects. Mean comparis@ns made by using Fisher’s
Protected LSD test at P = 0.05. In addition, gytmal contrast (P = 0.05) was used to
compare yields between mesotrione-treated and eeiett means. Regression analyses
were performed using Sigma Plot*f0ocedures to evaluate the relationship between
grain sorghum injury and herbicide rate. Homogegnafitvariance was tested, and crop
injury data were subjected to an arcsine transfoomdecause of unequal variances
(Kuehl 2000). Interpretations were not differeminf the nontransformed data; therefore,
the nontransformed data are presented. Correlatiefficient analysis on injury versus

yield was done by using PROC CORR of SAS 9.1.

Results and Discussion
Grain Sorghum Injury

There was a significant timing by rate by site iat¢ion (P = < 0.0001);
therefore, data were analyzed and are presentsidebyCrop injury data were collected
1, 2, 4, and 8 WAT; however, data presented argfonll and 4 WAT because greatest
injury and grain sorghum recovery respectively wiserved for most treatments on
those dates.

Mesotrione injured sorghum at all rates and apptioaimings at all sites. Injury
symptoms were characterized by leaf chlorosis &@aching followed by necrosis of the
tissue. Chlorosis and bleaching started at theahpnd intercalary meristematic zones of
the internodes and leaves, including leaf veind,l@ctome progressively necrotic 1

WAT (Figure 2.1). Concurrently, stunting was obsehand intensified with time. By 4
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WAT, plants partially recovered from injury (Figu2e?). Recovery from injury
decreased as mesotrione application rate increA$ddWAT, visible injury was greatest
at the Hesston and Garden City (irrigated) siteslaast at the Belleville site (Figure
2.1). Grain sorghum injury differences among sitey be due to the crop growth
conditions and stand during application. For exampants at the Belleville site were
more uniform and vigorous, which may be in part thua higher organic matter content
compared to other sites (Table 2.1).

Significant timing by rate interaction effects werdgserved at all sites except
Hesston and Garden City (irrigated) at 1 WAT angddand Manhattan at 4 WAT (data
not shown). Overall, injury symptoms were more sewehen mesotrione was applied at
EPOST than at MPOST or LPOST. The EPOST applicatjured grain sorghum 19 to
88%, whereas injury from MPOST and LPOST was 16% &nd 0 to 69%, respectively,
depending on rate. This suggests that youngen gaaghum is more likely to be injured
by mesotrione than more developed sorghum. Mesetrpplication at the 105 g'ha
rate caused 28 to 69% injury at EPOST, but injuegrdased 3 to 52% and 4 to 33%
when sorghum was treated at MPOST and LPOST, rigplgc These results are in
agreement with previous research that showed greatghum injury from EPOST
applications of mesotrione (Miller and Regehr 2008) 4 WAT, plants treated with 52
and 105 g hdmesotrione at MPOST and LPOST generally recovanebproduced new
normal shoots, whereas plants treated at EPOSThaeatto show injury symptoms
regardless of rate (Figure 2.2). However, all @aypeared normal by the end of the

growing season (data not shown). Observed cropyiju4 WAT from EPOST
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application may be due to greater initial injurytiog plants, which led to longer
recovery.

Sorghum injury from mesotrione increased with iaset rate. In general, injury
symptoms were greatest in plants treated with 288'gnesotrione and least in those
treated with the 52 g Harate. Averaged across stages and sites, sorgfjung ivas
significantly greatest when mesotrione was appie2il0 g ha (53%) and least when it

was applied at 52 g Hg22%) (data not shown).

Agronomic Response

Plant height was similar when mesotrione was a@lteall rates and growth
stages (data not shown). In addition, no treatrogrsite interaction was observed. A
significant timing by rate by site interaction I0HB was observed; therefore, data were
analyzed and presented by site. DHB of sorghuntplasated with mesotrione was
similar when mesotrione was applied at MPOST an@&P, however, significant delays
were observed when mesotrione was applied at ERD&3e 2.2). DHB was affected
when mesotrione was applied at rates greater thanta’ at EPOST. Delays of 3t0 6, 5
to 9, and 7 to 9 d were observed when mesotriorseapplied at 105, 157, and 210 g ai
ha', respectively. The combination of mesotrione-sptibke grain sorghum hybrid,
mesotrione application at an early growth stagd,g@eater mesotrione rates increased
the risk of late bloom, which may require a longeswing season to allow grain filling.
In areas where time of planting is not criticallayed maturity would not be much of a
concern. In Kansas, however, time of planting datéctated by weather and any

maturity delay would likely impair harvest.
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There was no significant timing by rate by site éimdng by rate interactions for
grain yield; therefore, yield data were averageer gates. Sorghum grain yields ranged
from 4,237 to 8,884 kg Flaand 4,027 to 8,572 kg Hidor the nontreated and mesotrione-
treated plots, respectively (Table 2.3). In genegadin yields were lower in mesotrione-
treated plots than in the nontreated control. déhces in grain sorghum yields were
observed among mesotrione application timings @am). EPOST timing showed
more Yyield reduction than MPOST in three out ofeselocations, and more than LPOST
in two out of seven locations. Yield reduction ilPRIST and LPOST timings were equal
in all sites. Among all sites, Hesston showed amsually high grain yield reduction, as
much as 43% at EPOST, which was likely enhanceahdigture deficit resulting from
below-normal precipitation and above-normal tempees during, boot, bloom, and soft
dough stages of the crop (Anonymous 2008b). Thetseree environmental conditions
during critical reproductive stages of grain somghdevelopment can reduce flower
numbers, pollination, and translocation of assite#ao grain, collectively reducing grain
yield (Boyer 1982; Taiz and Zeiger 2006).

The effect of mesotrione application on grain sargtyield is a major
consideration for producers. Correlation coeffiti@nalyses indicated that injury caused
by mesotrione was poorly correlated with grain barg yield (Table 2.5), suggesting
that the observed level of mesotrione-induced ynfargrain sorghum, regardless of
mesotrione application timing, is transient andef@re sorghum plants can sustain some
level of injury without reductions in grain yielHowever, risks and benefits of practices
that can adversely affect the crop physical coodighould also be considered. Crop

aesthetics are important not only to producersalad to land owners who rent land for
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crop production. Although weed size should be ttary criteria for POST herbicide
application timing, when producers have some fléiiglconcerning weed size in
mesotrione application timing, MPOST or LPOST masaot applications may be

preferred over EPOST applications because of retvséle injury.

Sources of Materials

Mesotrione, Callistd herbicide, Syngenta Crop Prtection, Inc., GreersHddC
27419-8300.

Prime Oil, Terra International Inc., P.O. Box 608@ux City, IA 51102-6000.

3SAS Institute Inc., 100 SAS Campus Drive, Cary, Rk513.

“Systat Software, Inc. 501 Canal Blvd., Suite EnPRichmond, CA 94804-

2028.
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Table 2.1 Geographic location, soil type, taxonomic classc@etage organic matter, and soil pH for the

experimental sites used in this study.

Geographic % Solil
Site location Planting date Soil type Soil taxonomicsda Organic matter pH
Belleville North central KS June 5, 2007 Crete silt loam Pachic Agriustolls 4.4 6.8
Colby Northwest KS May 29, 2007 Keith silt loam Aridic Agriustolls 2.8 6.1
Garden City Southwest KS June 7, 2007 Manter coarse loam Aridic Agriustolls 0.8 7.7
(irrigated)
Garden City Southwest KS June 7, 2007 Richfield silt loam Aridic Agriustolls 1.5 8.0
(dryland)
Hays West KS June 7,2007 Crete silt loam Pachic Agriustolls 1.7 6.6
Hesston South central KS June 21, 2007 Ladysmith silty clay Udertic Agriustolls 2.2 6.6

loam

Manhattal Northeast K June 14, 20C  Readin¢silt loarr Pachic Agriustoll 2.C 6.5
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Table 2.2. Days to half bloom of grain sorghum fdaas influenced by POST mesotrione application

timing at Hays, Hesston, and Manhattan, KS.

Days to half bloom

Timing® Rate Hays Hesston Manhattan
g ai/he

EPOST Nontreated check 67 68 66
52 69 70 67
105 73 71 69
157 76 73 71
210 76 74 73

MPOST Nontreated check 69 66 67
52 67 65 67
105 70 65 67
157 71 65 68
210 69 65 68

LPOST Nontreated check 69 65 68
52 67 64 66
105 66 64 67
157 67 64 67
210 67 64 68

LSD (0.05) 3 2 2

EPOST, early POST when sorghum plants were 5cto &ll; MPOST, mid-POST when sorghum
plants were 15 to 20 cm tall, LPOST, late POST wdmnghum plants were at 30 cm tall.
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Table 2.3.Yield comparison of nontreated and meswtrtreated grain sorghum plants as influenced by

POST mesotrione application timing at Bellevillalky, Hays, Hesston, Garden City and Manhattan, KS.

Yield
Timing®  Treatment Belleville Colby Hays Hesston Garden City Garden City Manhattan
(irrigated) (dryland)

kg/he
EPOST Nontreated 4237 7416 8591 4815 5756 4775 8069
Treated 4069 6746 7901 2725 5841 4756 7181
p-value 0.0002 NS  0.0059 0.0007 NS NS 0.0176
MPOST Nontreated 4296 7050 8019 5193 5129 5172 8518
Treated 4027 7284 7521 4795 5130 5636 8213
p-value <00001 NS 00052 NS NS NS NS
LPOST  Nontreated 4282 7467 8884 5528 5114 5852 8423
Treated 4039 7293 8572 4797 5043 5802 7900
p-value <0.000: NS  0.046: NS NS NS NS

EPOST, early POST when sorghum plants were 5cto &ll; MPOST, mid-POST when sorghum plants
were 15 to 20 cm tall, LPOST, late POST when somgplants were at 30 cm tall.
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Table 2.4. Yield reduction of grain sorghum plaa¢snfluenced by POST mesotrione application
timing at Belleville, Colby, Hays, Hesston, Gardéity, and Manhattan, KS.

Yield reduction
Timing® Belleville Colby Hays Hesston Garden City Garden City Manhattan
(irmgated) (dryland)
%

EPOST 4 9 8 43 0 0 11
MPOST 6 0 6 8 0 0 4
LPOST 6 2 4 13 1 1 6
LSD (0.05) NS 7 NS 25 NS NS 6

EPOST, early POST when sorghum plants were 5cto &ll; MPOST, mid-POST when sorghum
plants were 15 to 20 cm tall, LPOST, late POST wdmnghum plants were at 30 cm tall.
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Table 2.5. Pearson correlation coefficients betwagible mesotrione injury ratings 1 wk after treaht and grain sorghum yield at

Belleville, Colby, Hays, Hesston, garden City, &fanhattan, KS.

Correlation coefficients

Timing? Belleville Colby Hays Hesston Garden City Garden City Manhattan
(irrigated) (dryland)

EPOST -047(P=0.73) -047(P=0.06) -0.35(P=0.13) -0.56 (P=0.10) 0.04(P=0.86) -0.03(P=0.89) -0.52(P=0.33)
MPOST -0.28(P=0.22) -0.15(P =0.52) -0.23(P=0.32) -0.17 (P =0.47) -0.45(P=0.06) 0.26 (P=0.26) -0.35 (P =0.12)

LPOST -0.34(P=0.14) 0.14(P=0.55) -0.28(P=0.23) -0.35(P=0.13) -0.37 (P=0.11) 0.05(P=0.84) -0.58 (P =0.10)

EPOST, early POST when sorghum plants were 5cto &ll; MPOST, mid POST when sorghum plants wér¢o120 cm tall,
LPOST, late POST when sorghum plants were at 3tattm
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Figure 2.1. Visible injury on grain sorghum platte/k after treatment as influenced by POST
mesotrione application timing at Belleville, Colllyays, Hesston, Garden City and Manhattan,
KS. EPOST, early POST when sorghum were 5 to 8atiirMPOST, mid-POST when sorghum
were 15 to 20 cm tall; LPOST, late POST when somgplants were at 30 cm tall.
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Figure 2.2. Visible injury on grain sorghum pladte/k after treatment as influenced by POST
mesotrione application timing at Belleville, Colllyays, Hesston, Garden City and Manhattan,
KS. EPOST, early POST when sorghum were 5 to 8atiirMPOST, mid-POST when sorghum
were 15 to 20 cm tall; LPOST, late POST when somgplants were at 30 cm tall.
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Chapter 3 - Absorption, Translocation, and Metabolsm of

Mesotrione in Grain Sorghum

Abstract

Studies were conducted under controlled growth ¢earoonditions to determine
if differential absorption, translocation, or metéibm were the basis for the differential
response of grain sorghum hybrids to mesotrionesditione-tolerant (‘Dekalb DKS35-
70’) and -susceptible (‘Pioneer 84G62’) sorghunirghgbrids were treated withC-
labeled mesotrione. At 1 d after treatment (DADs@ption was 7% in both hybrids; at
7 DAT, however, absorption remained near steadioneer 84G62 but increased to
12% in Dekalb DKS35-70. Translocation’d€-mesotrione in sorghum hybrids was
similar with less than 30% of the absorbed herkitrdnslocated out of the treated leaf
by 7 DAT. A distinct metabolite 0fC-mesotrione was separated in both hybrids at 3
DAT. The amount of mesotrione parent compoundri@@ained in Pioneer 84G62 and
DKS35-70 was 72 and 65%, respectively. Dekalb DkB3%ad significantly less
mesotrione at 3 DAT than Pioneer 84G62 did, butatineunt of mesotrione was similar
for both hybrids at 5 and 7 DAT. Rapid metabolisnmesotrione may help explain the
differential response of grain sorghum hybrids.

Nomenclature: Mesotrione; sorghungorghum bicolor (L.) Moench. SORBI.

Key words: HPPD-inhibiting herbicides, hybrids.
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Introduction

Mesotrione is a selective, systemic, soil- ancafeéipplied herbicide that controls
broadleaf and some grass weeds, such as Palmearam@maranthus palmeri S.
Wats.) and common waterhemfinfaranthus rudis Sauer), in cornZea mays L.),
including weeds that are resistant to photosystemdetolactate synthase,
protoporphyrinogen oxidase, and 5-enopyruvyl-shéter3-phosphate synthase
herbicides (Anderson et al. 1996; Horak and Petet885; Shoup et al 2003; Vencill et
al. 2006). Mesotrione is a competitive inhibitditlee enzymep-hydroxyphenylpyruvate
dioxygenase (HPPD), which catalyzes the conversidyrosine to plastoquinone an
tocopherol (Mitchell et al. 2001, Norris et al. B)9esulting in carotenoid biosynthesis
reduction. Mesotrione is absorbed rapidly by susbkgpspecies following foliar
application, and is translocated acropetally argigesally (Mitchell at al. 2001).

Mesotrione injury symptoms in susceptible plantdude bleaching followed by
necrosis within 3 to 5 d (Senseman 2007). Bleackymgptoms result from inhibition of
carotenoid biosynthesis, coupled with destructibohtorophyll by light
(photooxidation) and inhibition of chlorophyll biggthesis (Hess 2000; Kim et al. 2001).
Under high light intensities, rapidly growing spesiuse< 50% of absorbed light energy,
and the remaining absorbed light is excess en®@ggMmig-Adams et al. 1996). Plants
have natural ability to dissipate this excess gn#rgpugh photoprotection by
carotenoids (Taiz and Zeiger 2008). When chlordgbydlectronically excited by
absorbing light photons, it is transformed fronraumd state short-lived, singlet form to
an excited state, longer-lived, triplet form (HE8€0). If the excited state of chlorophyll

is not rapidly quenched, it can react with molecobaygen to form singlet oxygen. The
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extremely reactive, singlet oxygen then reacts vaitid damages, many cellular
components (Muller et al. 2001; Taiz and Zeiger&0Carotenoids exert their
photoprotective action by rapidly quenching theesscenergy of the triplet chlorophyll,
which is especially generated under high lightnstty. If carotenoid synthesis is
inhibited, chlorophyll and photosynthetic membraestruction occurs because of the
plant’s inability to quench the reactive, oxidatemergy (Hess 2000).

Currently, sorghum growers rely on PRE applicatiohsiesotrione to control
Amaranthus species that are resistant to several herbicideidtries and to control many
other weeds commonly found in grain sorghum; howewghout sufficient moisture to
activate mesotrione, weed control may not be adeqéamel et al. 2003). POST
application of mesotrione consistently controllegleds but caused bleaching and
chlorosis in grain sorghum (Abit et al. 2009; Hodeyd Martin 2005). Research has
demonstrated, however, grain sorghum hybrids difféolerance to POST applications
of mesotrione. Abit et al. (2009) reported that ag85 sorghum hybrids evaluated, 23
were susceptible, 45 were intermediate, and 17 teégeant to mesotrione. Furthermore,
the mesotrione rate that caused 50% sorghum ingumyed from 121 to 184 g hand
from 64 to 91 g hafor tolerant and susceptible hybrids, respectivétygeneral, tolerant
hybrids showed less injury and recovered more hgfidm mesotrione injury than
susceptible hybrids. In corn, mesotrione tolerdmagbeen attributed to lower absorption
and increased cytochromgsfPmediated metabolism compared with susceptible weed
species (Bartlett and Hall 2000; Mitchell et al02D However, no research has been
conducted to examine foliar absorption, transl@reéind metabolism of mesotrione in

grain sorghum. Therefore, the objective of thiglgtwas to determine if absorption,
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translocation and metabolism was the basis fodiffierential response of grain sorghum

hybrids to mesotrione.

Materials and Methods

Plant Materials

Mesotrione-tolerant (‘Dekalb DKS35-70’) and mesmtie-susceptible (‘Pioneer
84G62’) grain sorghum hybrids (Abit et al. 2009)revplanted in separate 11-cm
diameter containers filled with sand:Morrill loafimng-loamy, mixed, mesic Typic
Arguidolls) soil (1:1 by vol) with pH 6.5 and 2%ganic matter. Plants were grown
under growth chamber conditions with 30/25 C dagfibtemperatures and a 16-h
photoperiod with supplemental light intensity of026nol m?s™ photosynthetic photon
flex density. Plants were watered as needed atitizied weekly with a commercial
fertilizer' solution containing 1.2 g'ttotal nitrogen, 0.4 gt phosphorus, and 0.8 g'L
potassium. After emergence, grain sorghum hytaetibngs were thinned to 2 plants

pot™.

Absorption and Translocation

At the four-leaf stage, plants were treated with1Hil droplets of*“C-labeled
mesotrione [phenyl-U%C]-mesotrione with specific activity of 781 MBg'gon the
upper surface of the third leaf of both mesotrisnsceptible and mesotrione-tolerant
plants. A single 1-pl droplet contained 87 Bd‘-mesotrione. Unlabeled mesotrione
was added to the radioactive solution to obtaind@5h&’, in a carrier volume of 187 L

ha. Crop oil concentrate (CO&vas added at 1% v/v to enhance droplet-to-ledasar
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contact. Plants were harvested at 1, 3 and 7ed taftatment (DAT) and were divided
into six sections: treated leaf, leaves aboverdeged leaf, stem above the treated leaf,
leaves below the treated leaf, stem below theddelgiaf, and roots. Treated leaves were
washed with 15 ml of a 75% methanol solution fois20 remove any unabsorbed
herbicide. Radioactivity in the leaf rinsate wasasured by using liquid scintillation
spectrometry (LSS) Plant sections were dried at 45 C for 48 h &ed tombusted

using a biological oxidiz&r Radioactivity recovered for each plant part wesasured by
using LSS. Herbicide absorption was calculatedibigling the radioactivity recovered

in the entire plant by the total radioactivity appglto the plant. Herbicide translocation
was calculated by dividing the radioactivity recmakin each plant part by the total

radioactivity absorbed in the plant (Schuster e2@07).

M esotrione Metabolism

To detect all metabolites, higher mesotrione rattiody was used in this study
compared with the absorption and translocationystlidn 1l droplets containing 2,183
Bq of 1“C-mesotrione were applied to the upper surfackefaur largest leaves on each
plant in a container. Unlabeled mesotrione wasenhiwith*C-mesotrione to reach the
desired application rate as described in the faliemorption and translocation study.
Herbicide solution included COC, as previously dibsd.

Treated leaves were harvested at 3, 5, and 7 DAIE leaves were washed with
15 ml 75% methanol to remove any unabsorbed heesci Plants tissues were then
frozen with liquid nitrogen and ground with a moréad pestle. Subsamples of the

ground tissue were weighed and oxidized, and cegtd€ O, was measured using LSS
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to assess the amount of radioactivity in the plisstie. Leaf tissues were stored at -80 C
until radioactivity was extracted.

Frozen leaf tissues were homogenized with 20 mib8 methanol (by vol) and
shaken for 1 h. Samples were filtrated and themsgtant was saved. The leaf tissues
were resuspended twice in 15 ml of 50% methanolsiatten for an additional hour.
Samples were filtered, and supernatant was adde= tiirst and second supernatant.
The remaining leaf tissues were resuspended inl 1B 0% methanol and shaken for
6 h. Samples were filtered, and the supernatantaadsd to the total supernatant. To
determine the amount of radioactivity not extradted the supernatant, the remaining
plant residue and filter paper were oxidized, aigactivity was measured'C
extraction efficiency = 95.8 0.2). Supernatant was then evaporated at 35 Gtml0
using a centrivap Solution was then filtered with a Qutn filter® and stored at -20 C
until use.

Extracts were injected into a Beckman high-perfarcesliquid chromatograph
equipped with a Zorbax ODS endcapped Sh-C18 cdlima x 250 mm, m particle
size) with a mobile phase of water with 0.1% formaed and methanol at a flow rate of
0.5 ml miri* and an injection volume of 50. The elution profile was as follows: step 1,
40% methanol isocratic gradient for 6 min; steg@to 75% methanol linear gradient for
2 min; step 3, 75 to 100% methanol linear gradien? min; step 4, 100% methanol
isocratic gradient for 3 min; step 5, 100 to 40%hmagol linear gradient for 3 min; and
step 6, 40% methanol isocratic gradient for 7 rRnactions were sequentially collected at
0.5-min intervals, and radioactivity was measurgdiding LSS. A mesotrione standard

was included to determine the herbicide retentime t
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Experimental Design and Data Analysis

The experiment design for all studies was a randedhcomplete block.
Treatments were blocked by harvest time. Foligogition and translocation treatments
were replicated four times, and the experiment eeelucted three times. In the
metabolism study, the treatments were replicatadtimes, and the experiment was
repeated. There were no interactions among runaitteer study; therefore, data were
pooled over runs. Data from both studies were aealyising ANOVA, and means was

separated using standard errors gt@P05 (Schuster et al. 2007).

Results and Discussion

Absorption

Absorption of**C mesotrione was low in both grain sorghum hybfitisble 3.1)
and lower than mesotrione absorption in corn regblly others (Armel, et al. 2004). The
low foliar mesotrione absorption in sorghum maydbe to the presence of a large
number of prickle hairs (trichomes with swollen &magnd sharp tips) and higher amount
of loosely bound leaf wax (Cannon and Kummerow 19%@ore et al. 1989). For
example, wax concentration in sorghum leaves wé @ut was only 0.35% in corn
(Cannon and Kummerow 1957). At 1 DAT, both mesaigidolerant (DKS35-70) and
mesotrione-susceptible (84G62) hybrids absorbeaf7te total applied mesotrione.
Mesotrione absorption in DKS35-70 increased oveetbut peaked 3 DAT in 84G62. At
3 and 7 DAT, DKS35-70 absorbed 9 and 12%, respaygtiwhereas 84G62 absorbed
only 8% at both harvest times. Other researchars reported similar amounts of foliar

absorption of other POST HPPD herbicides in otpecis (Young and Hart 1998). The
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tolerant sorghum hybrid had slightly higher absiorpthan the susceptible hybrid, likely
because there was less mesotrione injury to tleeaiol hybrid. As a consequence,
tolerant tissue would continue absorbing herbicder time, whereas the susceptible
tissue would be severely injured preventing furtihesotrione absorption (Devine et al.

1993).

Translocation

Mesotrione translocation out of the treated lead sianilar in tolerant and
susceptible sorghum hybrids at each harvest time(P9); therefore, data were
averaged across hybrids. Translocatioli'@fmesotrione in sorghum was relatively low
(Table 3.2). A similar level of translocation waported when mesotrione was applied to
corn and soybear@]ycine max (L.) Merr] foliage (Armel et al. 2004; Mitchell 2Q;
Schuster et al. 2007). Only 10 to 17%% mesotrione translocated to the rest of the
foliage with 7 to 11% to the stem and 5% or lesth&roots (Table 3.2). No more than
30% of the absorbedC mesotrione translocated out of the treated lgaf DAT. At 7
DAT, most of the"'C mesotrione remained in the treated leaf. Thesdtgeare in
agreement with earlier research that showed tledibtitk of the'’C mesotrione applied to
Canada thistledirsiumarvense (L.) Scop] remained in the treated leaf; only 2086 of
14C mesotrione translocated to the rest of the feliapd 2% of less translocated to the
roots (Armel et al. 2005). Mesotrione translocatiothe different plant parts, however,
was different between harvest timings. At 1 DAGnslocation of“C mesotrione to the

leaves above the treated leaf was 8%, whereaarad 3 DAT translocation was 16%.
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Mesotrione Metabolism
A distinct metabolite was isolated in both hybr&IBAT. At 5 DAT, two

metabolites were separated in both hybrids, wheheae and two metabolites were
segregated from the parent herbicide at 7 DAT ir8B&-70 and 84G62, respectively
(Table 3.3). Previous metabolism studies in plant$ soil show degradates can be
formed from mesotrione with MNBA [4-(methylsufora2}nitrobenzoic acid] and

AMBA [2-amino-4-(methylsulfonyl) benzoic acid] ase&t major metabolites (Alferness
and Wiebe 2002; Armel et al. 2005). The mesotrimegabolites were eluted at 7, 9.5
and 14 min during the elution profile. Based onrtiwhile phase gradient used, of the
three metabolites, the first two appear to be hydobic, and the third appears to be
hydrophilic. DKS35-70 had significantly less meswie at 3 DAT than 84G62 had. At 3
DAT, 72% of mesotrione remained in 84G62; only 6&¥hained in DKS35-70. These
results are similar to those of Wichert et al. @9%ho found that sweet corn cultivars
that are more tolerant to POST applications carabudize mesotrione more rapidly than
susceptible cultivars. Although there was a comaldle amount of mesotrione present at
3 DAT, previous study revealed that differencemjary were still observed between the
two hybrids (Abit et al. 2009). Considering theerat absorption (9%) and translocation
(30% of the absorbed mesotrione), the differendéeramount of mesotrione retained
(percentage of the translocated amount) in toleaadtsusceptible hybrids can cause
significant differences in injury. The greater megme metabolism in tolerant, rather
than in susceptible, sorghum hybrids resultedweloconcentration of mesotrione in
plants, which led to earlier recovery in the tolgrsorghum. The metabolism pattern of

mesotrione, however, was similar for both hybritd§ and 7 DAT. At 5 DAT, 59 and
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63% of the mesotrione remained in DKS35-70 and &8@rids, respectively, whereas
36 and 43% of the mesotrione remained in DKS35AtD81G62, respectively, 7 DAT.
Because no differences in foliar absorption andsiiccation were observed
between hybrids, selectivity is probably not dueiféerential absorption or
translocation. Previous researchers have identifegtlicide metabolism as the primary
basis for differential response of crops to mesagi(Barlett and Hall 2000; Mitchell et
al. 2001). The tolerance to mesotrione treatmettiertolerant hybrid could result from
the slightly more rapid metabolism in this hybrTahlerant species have the capacity to
metabolize herbicide more rapidly and extensivientsusceptible species. Thus, rapid
metabolism may help explain the differential resggaf grain sorghum hybrids to

mesotrione observed in this study.

Sources of Materials

Miracle-Gro soluble fertilizer, Scotts Miracle-GRvoducts Inc., 1411
Scottslawn Road, Marysville, OH 43041.

Prime Oil, Terra International Inc., P.O. Box 608@jux City, IA 51102-6000.

*Tricarb 2100TR Liquid Scintillation Analyzer, Pacidnstrument Co., 800
Research Parkway, Meriden, CT 06450.

“R. J. Harvey Biological Oxidizer, Model OX-600, R.Harvey Instrument Co.,
123 Patterson Street, Hillsdale, JN 07642.

>Centrivap, Labconco, 8811 Prospect, Kansas City,84082.

®0.2-um filter, Osmotics Inc., 5951 Clearwater Drive, M@tonka, MN 55343.
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"Beckman high performance liquid chromatograph, Beak Coulter Inc., Life
Science Division, 4300 N. Harbor Boulevard, P.OxBa&00, Fullerton, CA 92834-3100.
8Zorbax ODS endcapped Sh-C18 column, Agilent Tedgies, Chemical

Analysis Group, 2950 Centerville Road, Wilmingt@rt, 19808.

Acknowledgement

The authors thank Syngenta Crop Protection, Incfunding. Contribution 09-

257-J from the Kansas Agricultural Experiment $tatiManhattan.

54



Literature Cited

Abit, M. J. M., K. Al-Khatib, D. L. Regher, M. R.uinstra, M. M. Claassen, P. W.
Stahlman, B. W. Gordon, and R. S. Currie. 2009eDgintial response of
sorghum genotypes to foliar applied mesotrione. #Weschnol. 293:28-33.

Alferness, P. and L. Wiebe. 2002. Determinatiomegotrione residues and metabolites
in crop, soil, and water by liquid chromatographyhviluorescence detection. J.
Agric. Food Chem. 50:3926-3934.

Anderson, D. D., F. W. Roeth, and A. R. Martin. 89®ccurrence and control of
triazine-resistant common waterhemynéranthus rudis) in field corn Zea
mays). Weed Technol. 10:570-575.

Armel, G. R., G. J. Hall, H. P. Wilson, and N. @l 2005. Mesotrione plus atrazine
mixtures for control of Canada thistl€i(sium arvense). Weed Sci. 53:202-211.

Armel, G. R., D. J. Mayonado, K. K. Hatzios, andR{ Wilson. 2004. Absorption and
translocation of SC-0051 in cordda mays) and soybean3ycine max). Weed
Technol. 18:211-214.

Armel, G. R., H. P. Wilson, R. J. Richardson, an&THines. 2003. Mesotrione
combinations in no-till corndea mays). Weed Technol. 17:111-116.

Bartlett, D. W., and G. J. Hall. 2000. Mesotriooptake, translocation, and metabolism
in corn compared to weeds. Pages 65radBroceedings of the North Central
Weed Science Society. Kansas City. MO: North Céhtfeed Science Society.

Cannon, C. and F. A. Kummerow. 1957. A comparigoplant and grain wax from two

varieties of sorghum. J. Am. Oil Chem. Soc. 34:529-

55



Cranston, H. J., A. J. Kern, J. L. Hackett, E. Klléd, B. D. Maxwell, and W. E. Dyer.
2001. Dicamba resistance to kochia. Weed Sci. 4911/®.

Demmig-Adams, B., A. M. Gilmore, and W. W. Adami$, 1996. Carotenoids 3: in vivo
functions of carotenoids in higher plants. FASERQ@403-412.

Devine, M. D., S. O. Duke, and C. Fedtke. 1993idfa@bsorption of herbicides. Pages
29-52in L. A. Huber and K. Bernhaut, eds. Physiology ofligde Action.
Englewood Cliffs, NJ:PTR Prentice-Hall.

Hess, F. D. 2000. Review: Light-dependent herb&ida overview. Weed Sci. 48:160-
170.

Horak, M. J. and D. E. Peterson. 1995. BiotypeRBalimer amarantbA(maranthus
palmeri) and common waterhemprfaranthus rudis) are resistant to imazethapyr
and thifensulfuron. Weed Technol. 9:192-195.

Horky, K. T. and A. R. Martin. 2005. Evaluationmeemergence weed control
programs in grain sorghum. Pages 30+BRCWSS Research Report-V.62:
Weed Control in Specialty Crops. Lincoln, NE: No@kntral Weed Science
Society.

Kim, J. S., T. J. Kim, O. K. Kwon, and K. Y. Chd@L. Mechanism of action of
sulcotrione in mature plant tissues. Pp. 5574582roceedings of the Brighton
Crop Protection Conference (Weeds). Brighton, UBCPC.

Mitchell, G., D. W. Batrtlett, T. E. M. Fraser, T. Rawkes, D. C. Holt, J. K. Townson,
and R. A. Wichert. 2001. Mesotrione: a new selechierbicide for use in maize.

Pest Manag Sci. 57:120-128.

56



Muller, P., X. P. Li, and K. K. Niyogi. 2001. Noriiptochemical quenching: a response
to excess light. Plant Physiol. 125:1558-1566.

Norris, S. R., X. Shen, and D. DellaPenna. 1998nflementation of Arabidopsfzisl
mutant with the gene encoding p-hydroxyphenylpytenhoxygenase. Plant
Physiol. 117:1317-1323.

Schuster, C. L., K. Al-Khatib, and J. A. Dille. Z0Mechanism of antagonism of
mesotrione on sulfonylurea herbicides. Weed ScdZ5434.

Senseman, S. A. ed. 2007. Herbicide HandboBled® Lawrence, KS: Weed Science
Society of America. Pp. 233-234.

Shoup, D. E., K. Al-Khatib, and D. E. Peterson.200o0mmon waterhemp\maranthus
rudis) resistance to protoporphyrinogen oxidase-inmbitierbicides. Weed Sci.
51:145-150.

Taiz, L. and E. Zieger. 2008. Plant Physiolody.edi. Sunderland, MA: Sinauer
Associates. 764 p.

Vencill, W. K., T. L. Grey, A. S. Culpepper, D. 8mg, and T. M. Webster. 2006.
Physiology of glyphosate-resistant Palmer amarghttaranthus pal meri).

Pages 2254-2258 Proceedings of the Beltwide Cotton Conferencen Sa
Antonio, TX: National Cotton Council of America.

Wiechert, R. A., J. K. Townson, D. W. Bartlett, &a8dA. Foxon. 1999. Technical review
of mesotrione, a new herbicide. Brighton Crop P@mnf. 1:105-110.

Young, B. G. and S. E. Hart. 1998. Optimizing foba&tivity of isoxaflutole on giant

foxtail (Setaria faberi) with various adjuvants. Weed Sci. 46:397-402.

57



Table 3.1. Absorption of mesotrione in mesotrioolerant (DKS35-70) and mesotrione-
susceptible (84G62) grain sorghum hybrids at &n8, 7 d after treatment (DAT)

Hybrid 1 DAT 3 DAT 7 DAT
% absorbed

DKS35-70 7+1 9+1 12+2

84G62 7+1 8+1 8+1

#Table values are means + standard error.
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Table 3.2. Translocation of mesotrione in grairgeom hybrids at 1, 3, and 7 d after
treatment (DAT). Means are the average of two lighri

Plant part 1 DAT 3 DAT 7 DAT
— % translocated
Treated leaf 76 £2 71+£2 71+2
Leaves above treated leaf 8x1 161 161
Stem above treated leaf 2+0 2+0 20
Leaves below treated leaf 2+1 1+0 1+0
Stem below treated leaf 9+1 60 51
Roots 32 4+0 5+1

#Table values are means + standard error.

59



Table 3.3. Mesotrione metabolites at 3, 5, ancaitet treatment (DAT) in mesotrione-tolerant (DKSAH and mesotrione-

susceptible (84G62) grain sorghtim

DKS35-70 84G62
Retention
Compound Time 3 DAT 5 DAT 7 DAT 3 DAT 5 DAT 7 DAT
min % of radioactivity
Metabolite 1 7 35+2 29+2 41+3 28+2 28+1 43+4
Metabolite 2 9.5 - 12+1 12+1 - 9+3 14 +3
Metabolite 3 14 - - 11+9 - - -
Mesotrione 15.5 65+2 50+2 36+8 72+2 63+2 43+ 3

#Table values are means = standard error.
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Chapter 4 - Response of Acetyl Coenzyme A Carboxde-
Resistant Grain Sorghum to Quizalofop at Various R&es and

Application Timings

Abstract

Conventional grain sorghum is highly susceptibl®@ST grass control
herbicides. Development of acetyl-coenzyme A ceylase-resistant grain sorghum
could provide additional opportunities for POSTHieide grass control in grain
sorghum. Field experiments were conducted at HagdManhattan, KS, to determine
the effect of quizalofop rate and crop growth stagenjury and yield of acetyl-
coenzyme A carboxylase-resistant grain sorghumz&fop was applied at 62, 124,
186, and 248 g ai Haat sorghum heights of 8 to 10, 15 to 25, and 38tem, which
corresponded to early POST (EPOST), mid-POST (MPO&W late POST (LPOST)
application timings, respectively. Grain sorghumuiy ranged from 3 to 68% at 1 wk
after treatment (WAT); by 4 WAT, plants generakégovered from injury. The EPOST
and MPOST applications caused 9 to 68% and 2 toidy, respectively, whereas
injury from LPOST was 0 to 16%, depending on r@m@p injury from quizalofop was
more prominent at rates higher than the proposedais in grain sorghum of 62 gha
Sorghum grain yield was not affected by quizalodsghere were no significant
differences in grain yield between herbicide-trdaiad non-treated plots regardless of
rate or application timing.

Nomenclature: Quizalofop; sorghuntorghumbicolor (L.) Moench. SORBI.
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Keywords: ACCase-inhibiting herbicides, growth stages, hadei rate, crop response.

Introduction

In terms of acreage, grain sorghum is the thirgdat cereal crop grown in the
United States (Anonymous 2010). Sorghugor ghum bicolor (L.) Moench) is grown
mainly in dry, warm conditions, and encounters sawseeds that grow faster than the
crop and typically dominate resource utilizatiorhe most common weed control
problems in grain sorghum include grasses su@etasia, Eichinochloa, Digitaria,
Panicum, andSorghum species (Robinson et al. 1964; Smith et al. 19%@himan and
Wicks; 2000). Norris (1980) reported that the pree of one barnyardgrass
(Eichinochloa crus-galli) plant per meter of crop row reduced grain sorglyieids by
nearly 10%, and 175 plants per meter-crop rowaeduyield by 52%. Unless good
weed control is achieved, substantial yield lodsagcur. Weeds also decrease grain
guality, increase insect and disease pressuranarehse harvest difficulty (Zimdahl
1999).

Crop rotation and tillage are often used to corgraks weeds infesting grain
sorghum; however, herbicides are still the majongonent of any sorghum weed
control program (Brown et al. 2004). The main optior grass weed control in grain
sorghum is PRE herbicides suchSametolachlor, alachlor, and dimethenamid. However,
grain sorghum is typically grown in dry conditioré\d lack of soil moisture to activate
PRE applications may decrease herbicide effectsser@ontrolling grass weeds that

escape PRE control or germinate after grain sorgmasremerged is difficult because
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options for POST grass control are very limitedrr€ntly, there are no POST herbicides
that provide broad spectrum grass control for gsaighum.

Acetyl coenzyme A carboxylase (ACCase)-inhibitiggoup A/1) herbicides are
commonly used to control grass weeds in many drapsding soybeanGlycine max).
The selectivity of these herbicides is based oir #ffects at the target sitethe plastidic
ACCase that catalyzes the first committed stepeimavo fatty acid biosynthesis (Burton
1997; Gronwald 1994). These herbicides block fatiy biosynthesis, which
consequently alters the integrity of the cell meanigrcausing metabolite leakage and
plant death (Devine and Shimaburuko, 1994). GmiIpherbicides encompass three
chemical families: phenylpyrazoline (DEN), cyclobeediones (CHD), and
aryloxyphenoxypropionates (APP). APP herbicidashsas quizalofop, are used as
POST treatments to control grass weeds in soybsan#ipwer, cotton, and canola.
Foliar-applied quizalofop effectively controlledldioats Avena fatua), green foxtail
(Setaria viridis), yellow foxtail Seteria glauca), barnyardgrass, and volunteer cereals
(Parsells 1985). Unfortunately, POST applicatioguizalofop is not an option in
conventional grain sorghum production because@ttbp’s high susceptibility to this
herbicide. Recently, new options for POST weedrobim grain sorghum have been
developed by transferring a major ACCase resistgeoe from a wild sorghum relative
to elite grain sorghum (Tuinstra and Al-Khatib 2DOResistance was caused by a
tryptophan-to-cysteine mutation at location 202@rgtner et al. 2009). This mutation is
known to provide resistance to APP but not CHD io&bs. Therefore, quizalofop has

been selected to be registered for use on APPtaassorghum because of its high
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efficacy on weeds that are common in sorghum figtttp://ir4.rutgers.edu/FoodUse/
food_Use2.cfm?PRnum=10092).

The introduction of this technology would allow raaffective POST grass weed
control in grain sorghum production. However, climaariability along with crop and
weed growth stages often require producers toaxdble in their herbicide options for
weed control, which could include altering the tioreate of quizalofop application
(Carter et al. 2007). Using the correct herbicate and application timing is very
important to maximize weed control and minimizauiyjpotential to crops. Although
information is available on the effect of quizalpfapplication rates and timing on weed
control, much less information is available on hbe crop reacts to this herbicide.
Therefore, the objective of this research was terdane the influence of quizalofop rate

and application timing on APP-resistant grain sarghresponse and grain yield.

Materials and Methods

Field experiments were conducted at the Kansas Btaiversity Ashland Bottom
Research Field at Manhattan, KS (lat:39.12, lorgg69) and Agricultural Research
Center at Hays, KS (lat:38.85, long:-99.34) in 208@ronomic practices for grain
sorghum production followed the Kansas State UsityeAgricultural Experiment
Station and Cooperative Extension Services recordateams (Regehr 1998). The soil at
the Manhattan site was a Reading silt loam (fittg;9nixed, superactive, mesic Pachic
Argiudolls) with 3.7% organic matter and pH 6.3 eTdwoil at the Hays site was a Crete

silty clay loam (fine, smectitic, mesic Pachic Arsfiolls) with 2.3% organic matter and
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pH 6.5. Planting dates were 21 May and 19 Juneaystand Manhattan locations,
respectively.

A line of ACCase-resistant grain sorghum develogeldansas State University
was planted approximately 3 cm deep at 170,000s8egeéh rows spaced 76 cm apart.
Plots were 3.1 m wide (4 rows) and 9.1 m long. &kgerimental design was a
randomized complete block with a 3 x 5 factorimhagement (3 application timings and
5 application rates). Treatments were replicated fiomes. Experimental plots were
maintained free of weeds with a PRE applicatioS-ofetolachlor and atrazine at 1,410
and 1,120 g ai g respectively, and removal by hand as needed.a@i@p was applied
POST at 62 (1x), 124 (2x), 186 (3x), and 248 (4®) ba'. The 62 g harate of
quizalofop is the proposed field use rate for aomf grass weeds (http://ir4.rutgers.edu/
FoodUse/food_Use2.cfm?PRnum=10092). Treatments aygeed with crop oil
concentrateat the rate of 1% v/v. A non-treated control wastided for comparison in
all application timings. Treatments were appliecewligrain sorghum was 8 to 10, 15 to
25, and 30 to 38 cm in height, which correspondesarly POST (EPOST), mid POST
(MPOST), and late POST (LPOST) application timirrgspectively. Quizalofop was
applied with either a tractor-mounted sprayer ok @f@ssurized backpack equipped with
TT110015 nozzles calibrated to deliver 120 L*hat 207 kPa or 140 L haat 221 kPa,
respectively.

Grain sorghum was evaluated for herbicide injur§,& and 4 wk after treatment
(WAT). Injury ratings were based on a scale of A@0%, where 0 represents no injury

100 represents plant death. Data on plant heightlags to half bloom were determined
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at flowering. Sorghum grain was mechanically hate@$rom the two middle rows of
each plot and weighed, and grain yield was adjustddi% moisture content.

Sorghum injury and days to half bloom data at eatihg time were subjected to
regression analysis using SigmaPl&ope of the regression was tested for signifiean
using an F-test at = 0.05. Plant height and yield data were subjetieANOVA using
PROC MIXED in SAS with quizalofop rate, application timing, and pdissible
interactions as fixed effects and replicates adaaneffects. In addition, orthogonal
contrast (P = 0.05) was used to compare yieldsdmtvmesotrione-treated and
nontreated means. Means were compared using RdPextected LSD test at<F0.05.

All data were checked for normality and homogeneftyariance.

Results and Discussion
Environmental Conditions

Monthly maximum and minimum temperatures were tleai30-year normal
values from May to August and June to Septemberéys and Manhattan sites,
respectively. However, temperatures were slightlger during the last two months of
the growing season at both sites as compared ®Odyear normal (Figure 4.1). Total
precipitation received from planting to harvestragged from 42 to 130 mm and 31 to
215 mm at Hays and Manhattan, respectively. At Hisgsy to July were slightly drier
months than the 30-year normal but was generaltyewBom August to October. At
Manhattan, it was usually wetter as compared t@€@gear normal except in September.
In general, monthly maximum and minimum temperataed total precipitation were
near the 30-year normal values indicating that 2089 a typical year for planting grain
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sorghum in both locations. The favorable conditionisoth sites likely contributed

greatly to the state record grain sorghum yield20@9 (USDA 2009).

Grain sorghum injury

There were no significant differences in sorghujarinbetween locations at all
timings; however, due to high initial injury dategresented for both locations (Figure
4.2).

Quizalofop caused injury symptoms to grain sorghetuding chlorosis,
necrosis, leaf distortion, stunting and slight peilpaf coloring; the latter was attributed
to anthocyanin accumulation (Ishikawa et al. 198Bisher and Corbin 1982). Visual
injury was first observed 5 to 7 d after treatmesirregular chlorotic areas on treated
tissue that became progressively necrotic. Distideaf growth and subsequent stunting
of the plant were observed 7 to 10 d after treatmf&rlower rates (62 and 124 g'Ha
initial injury symptoms were leaf chlorosis andybli leaf distortion. At the highest rate,
especially when quizalofop was applied at EPOSHialnnjury symptoms were severe
chlorosis, stunting, and epinasty. Previous re$ealso showed variability in grain
sorghum injury related to mesotrione applicatide end plant growth stage (Abit et al.
2010). Newly developing leaves were the first tovglsymptoms, followed by other
developed leaves; however, all injury symptomsphsared by the end of the growing
season.

Quizalofop at all rates caused injury to grain barg in all application timings.
Injury severity increased with increasing quizajofate, especially at the two earlier
application timings. Quizalofop caused more injatghe EPOST and MPOST than at
the LPOST timing 1 WAT at both sites (Figure 4®)ese results suggest that young,
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rapidly growing plants absorb more herbicide thature plants, and are consistent with
reports of others (Devine 1989; Wanamarta and Rer889). At 1 WAT, injury from
EPOST application timing ranged from 6 to 13% whaizalofop was applied at 62 g'ha
! to 65 to 70% at the 248 g haate. Injury ratings 2 WAT ranged from 4 to 60%emh
quizalofop was applied at 62 to 248 g'heespectively. At 4 WAT, plants generally
recovered and produced normal shoots, except fiaated at 248 g Hathat showed
less than 17% injury (data not shown). At MPOSTzgldgfop applied at 62 to 248 g'ha
injured sorghum 2 to 48% at 1 WAT. However, by 2 WAnjury dissipated except at
the highest rate with less than 12% injury. Sorglnjory was less than 15% when
quizalofop was applied LPOST at both sites. At 1 Whijury ranged from 2 to 16%. By
2 WAT, symptoms dissipated and new shoots appeeredal.

Maximum injury of 65 and 70% at Manhattan and Hagspectively, occurred
when quizalofop was applied at the highest rateplants were not killed. At 2 WAT,
the proposed use rate of quizalofop (62 g)lgenerally did not visibly injure sorghum,
the 124 g hd rate caused slight necrosis and stunting, andittest two rates of
quizalofop caused moderate to severe necrosislantdgtunting. Data for sorghum
injury at 4 WAT is not reported because no injugsvobserved for any treatment at that

time except for the highest rate of quizalofopha&t EPOST timing.

Agronomic Response

Plant height was similar when mesotrione was agteall rates and application
timings (data not shown). In addition, no treatni@nsite interaction was observed. Data
on days to half bloom were averaged across locatecause there was no location by
rate by timing or location by treatment interacidhat occurred. Sorghum flowering
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dates differed among application timings (Figui@4No delay in flowering was
observed when plants were treated at EPOST; howhee was a delay in flowering
when quizalofop was applied at MPOST or LPOST, e@gfig at the higher rates.
Sorghum plants treated with 186 and 248 § tyaizalofop at MPOST had a 4-d delay in
flowering, whereas plants treated with 124, 186l 248 g ha quizalofop at LPOST had
5-, 6-, and 10-d delays in flowering, respectivdlle flowering date at the LPOST
herbicide application timing may be due to the latkme for recovery before the plant
initiates its reproductive phase (Smith et al. 2006areas where time of planting is not
important, delayed flowering would not be much abacern. However, in areas where
time of planting is dictated by weather, such asd&s, delay of flowering could likely

impair harvest (Abit et al. 2010).

Grain yield

Significant interactions among application ratesensot detected at either
location; therefore, data for grain yield were mabbver rates. Although quizalofop
caused significant injury, grain sorghum has shivenability to recover from severe
injury without sustaining yield reductions (Abit&t2010). There were no differences in
grain yield between treated and nontreated graighsmn except at the MPOST and
LPOST timings at Manhattan and Hays, respectivEiple 4.1). In both instances
treated grain sorghum yielded more than non tresdeghum. Therefore, injury to APP-
resistant grain sorghum from quizalofop did notategly affect grain yield.

This study demonstrates that POST application &fadpfop could be applied at
any growth stage because application timing iscnitical and any injury to APP-
resistant sorghum will not cause yield reductionerE is some level of resistance to

69



quizalofop in this grain sorghum line; hence, itikcbprovide flexibility in managing

weeds in terms of application timing and rate.

Sources of Materials

'Prime Oil, Terra International Inc., P. O. Box 6080bux City, IA 51102-6000.
*TeeJet, Spraying Systems Co., P. O. Box 7900, WheHt 60189-7900.
3Systat Software, Inc. 501 Canal Blvd, Suite E, PBichmond, CA 94804-2028.

“SAS version 9.1, SAS Institute Inc., 100 SAS Carriprise, Cary, NC 27513,
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Temperature (C)

Figure 4.1. Monthly and 30-year maximum and mimmiemperatures and total

precipitation from planting to harvesting in HaysldManhattan, 2009.
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Injury (%)

Figure 4.2. Quizalofop injury to ACCase-resistaraig sorghum at Hays and Manhattan sites as affdxsteuizalofop rate and
timing 1 and 2 wk after treatment (WAT).
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Figure 4.3. The effect of quizalofop rate and tignia days to half bloom of acetyl-

coenzyme A carboxylase-resistant grain sorghum.
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Table 4.1 Yield comparison of nontreated and qoingl-treated ACCase-resistant grain

sorghum as influenced by quizalofop applicationngrat Hays and Manhattan, KS.

Yield®
Timing Treatment Hays Manhattan
kg ha"
EPOST Nontreated 2393 1886
Treated 2853 1722
P-value 0.1509 0.3060
Cv 11.4 13.3
MPOST Nontreated 2156 1618
Treated 2655 1874
P-value 0.1383 0.0060
Cv 11.9 12.1
LPOST Nontreated 1826 1702
Treated 2592 1735
P-value 0.0097 0.8267
Cv 11.8 13.1

®Averaged across quizalofop
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Chapter 5 - Efficacy of Postemergence Herbicide Tdmixes in

Acetyl Coenzyme A Carboxylase Resistant Grain Sorgim

Abstract

The development of acetyl coenzyme A carboxylaseGAse)-resistant grain
sorghum could provide additional opportunitiesP@ST herbicide grass control in grain
sorghum. Field experiments were conducted in Ka(3adge City, Garden City, Hays,
Manhattan, Colby, Ottawa, and Tribune), South DaKbtighmore), and Texas
(Bushland, and Yoakum) to evaluate the efficacguwfalofop tank mixes in ACCase-
resistant grain sorghum. Quizalofop was appliedalar in combination with dicamba,
2,4-D, prosulfuron, 2,4-D + metsulfuron methyl,halosulfuron + dicamba. Herbicides
were applied when sorghum was 12 to 50 cm in he@werall weed control was greater
when quizalofop was applied with other herbicidetwhen applied alone. At 2 and 4
weeks after treatment (WAT), grass weed control graster than 90% and 80%,
respectively, when quizalofop was applied alons@ombination with dicamba,
halosulfuron + dicamba, or prosulfuron. Broadleakd control was greater than 90% in
all treatments except when quizalofop was appliedea Herbicide treatments except
those that included 2,4-D caused slight to no sarghjury. Grain sorghum yield was
greater for all herbicide treatments compared ¢ovtkedy check. This research showed
that application of quizalofop in combination whitpadleaf weed control herbicides

provided excellent weed control in sorghum.
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Nomenclature: Quizalofop; dicamba; 2,4-D; prosulfuron; metsutiaimmethyl;
halosulfuron; atrazines-metolachlor; sorghungorghum bicolor (L.) Moench. SORBI.

Keywords: ACCase-inhibiting herbicides, herbicide resistop.

Introduction

Grain sorghum is one of the major cereal crops growthe United States. This
crop is generally cultivated in areas that arehobor dry for successful corn production
(Bennett et al. 1990). Grain sorghum is used piilgnas an animal feed, but is also used
in food products, as an industrial feedstock, amdifofuels. Sorghum development and
grain yield are influenced by numerous abiotic biadic factors, including weeds.
Historically, broadleaf species were the predontimeeds in grain sorghum; but annual
grass species are increasing in importance in gwowiction areas. Crabgrass spp.,
shattercane, johnsongrass, foxtail spp., kochigklebur, and pigweeds are among the
most common weeds in grain sorghum in the U.S (®&Mmand Wicks 2000; Bridges
1992). Uncontrolled weeds typically reduce sorghgrain yield 30 to 50% but losses can
be much higher under extreme conditions (StahlnmanVeicks 2000). Wiese et al.
(1983) reported yield loss of 48% in grain sorghfigtds infested with either
johnsongrass or shattercane. Others have repdter>60% reductions in sorghum
yield with 1 to 12 redroot pigweed plants per meterow (Knezevic et al. 1997; Phillips
1960).

Producers primarily rely on herbicides to contreleas in sorghum, with 85% of

the sorghum planted in the United States receisorge type of herbicide treatment
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(USDA 2004). The main option for grass weed contr@rain sorghum is use of a PRE
herbicide such aS-metolachlor, alachlor, or dimethenamid. HoweVviee, ¢fficacy of
PRE herbicides is moisture dependent. Too littlexaessive moisture after application
can result in less than optimum weed control (Tapial 1997). In general, controlling
grass weeds that emerge after crop establishmdifficailt because options for POST
grass control are very limited. Currently, theradssingle herbicide option available for
POST control of grass weeds for grain sorghum.

Quizalofop, an aryloxyphenoxypropionate (APP) hed®, is a selective POST
graminicide that effectively controls annual andepmial grasses. It inhibits the
chloroplastic acetyl coenzyme A carboxylase (ACCasel disrupts fatty acid
biosynthesis in susceptible plants (Gronwald 198hfortunately, quizalofop is not an
option on conventional grain sorghum because ottbp’s susceptibility to this
herbicides. The development of ACCase-resistam gaghum could allow the use of
guizalofop for grass control in grain sorghum. Relye ACCase-resistant grain sorghum
was developed by transferring a major ACCase msist gene from a wild sorghum
relative to elite grain sorghum (Tuinstra and Alafib 2007). Resistance was caused by
a tryptophan-to-cysteine mutation at location 2Q2&rshner et al. 2009). This mutation
is known to provide resistance to APP but not dyal@anedione herbicides. Therefore,
quizalofop has been selected to be registeredsi®ion APP-resistant sorghum because
of its high efficacy on weeds that are common irgkom fields
(http://ird.rutgers.edu/FoodUse/ food_Use2.cfm?RRALO092).

Although annual and perennial grass weeds canteatied in ACCase-resistant

grain sorghum with quizalofop, control of broadleageds requires that additional
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herbicides be tank mixed with quizalofop. Tank mgio control broadleaf and grass
weed species is a common practice that is incrglgsused in most agronomic crops to
save time and reduce application costs, and/oreptathe development of herbicide-
resistant weeds (Zhang et al. 1995; Hatzios andé?er985). However, combinations of
APP herbicides with herbicides used to control Okeaf weeds typically result in
antagonistic reactions (Barnes and Oliver 2004n@éret al. 1988; Minton et al. 1989;
Virdine 1989; Olson and Nalewaja 1981). Developieged management systems
requires an understanding of how herbicides reaetmmixed together. The objective of
these studies was to evaluate the efficacy of ¢pfiza tank mixes in ACCase-resistant

grain sorghum.

Materials and Methods

Field experiments were conducted at Kansas (Dodkye Garden City, Hays,
Manhattan, Colby, Ottawa, and Tribune), South DaKbtighmore), and Texas
(Bushland, and Yoakum) in 2009. Agronomic practimegrain sorghum production
were typical for the area. Geographical locatiail, type, soil taxonomic class,
percentage organic matter, and soil pH are showalle 5.1. A genetic line of ACCase-
resistant grain sorghum was planted approximateiyn 3leep at 87,500 to 172,500
seeds/ha (Table 5.1) in rows spaced 76 cm apaits Rere 3 m wide to accommodate
four rows and 9.1 m in length. Natural populatiohsveed species in each site are
presented in Tables 5.3 and 5.4. Herbicides wepkespusing a C@pressurized

backpack or a tractor-mounted sprayer equipped aiftter TeeJ&tXR8002, XR11002,
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TT11003, TT11004, or TT110015 flat fan nozzlesibrated to deliver 187 L Haat a
pressure of 138 to 252 kPa.

Herbicides treatments were POST application ofajafpp at 62 g ai Haalone
and in combination with dicamba, 2,4-D, prosulfur@/-D + metsulfuron methyl, or
halosulfuron + dicamba at rates of 281, 280, 20,42, and 39 + 140 g ai ha
respectively. A non-treated control and standar& BBatment o5-metolachlor +
atrazine at 1076 + 1390 g af wvere included for comparison. POST herbicide
treatments were applied when sorghum was 12 tarbid dieight (Table 5.2). All
herbicides treatments excepmetolachlor + atrazine included PRE application of
atrazine at 2.2 kg Ffa 1% vol/vol crop oil concentratéexcept herbicide treatments with
2,4-D), and 2.2 kg hhammonium sulfate.

Sorghum injury and broadleaf and grass weed comeod estimated by visual
ratings on a scale of 0 (no injury/control) to 10Q&w©p death/complete control) at 2 and
4 wk after POST treatments. Sorghum grain was nmecalty harvested from the middle
two rows of each plot, weighed, and grain yield wdgisted to 14% moisture content.

The experiment design was a randomized completk blith treatments
replicated four times. Data were tested for homeggrof variances and normality of
distribution and were square root transformed asleé before analysis of variance. All
data were subjected to ANOVA and analyzed by SRROC MIXED with herbicide
treatments and location as a fixed effects, anlicegps and replicate(location) as
random effects. The nontreated check was excluded the ANOVA. Treatment means
were separated by Fisher’s Protected LSD texta@®5. Data are presented as

untransformed means.
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Results and Discussion

Site by treatment interactions prevented the pgadidata; therefore, data are
presented by site and treatment for sorghum irgmiy weed control ratingét 2 WAT,
slight to no sorghum injury was observed from tmesits except those that included 2,4-
D (Table 5.5). Most injury consisted of bleachihgwever those treatments containing
2,4-D also exhibited epinasty. The highest amot@imjory was from those treatments
that caused both epinasty and bleaching. Injuiggatat 4 WAT were considerably less
severe compared to ratings at 2 WAT, indicatinglsom recovery. However, injury was
still evident for treatments containing 2,4-D. Leadlformation was still visible on lower
leaves while new growth appeared unaffected. Qmppy from other POST herbicide
treatments had dissipated and growth appeared hdfangs injury data was not included
in the analysis due to tank contamination duringgpg.

A total of five different grass weed species wetted; with three species at
Garden City, four species at Manhattan and oneepeach at Dodge City, Hays,
Ottawa, Highmore and Bushland (Table 5.3). Giaxtdi (Setaria faberi Herm.) and
large crabgras®fgitaria sanguinalis (L.) Scop.) were the most frequent species iofall
the sites. No grass weed species were presentlat, Joibune, or Bushland. Overall
grass control from POST herbicide treatments vaaiedng sites (Table 5.6). Grass
control at 2 WAT with quizalofop or in tank mixtwevith dicamba, halosulfuron +
dicamba, or prosulfuron was 90% or greater excefiteaHays, Ottawa and Yoakum

sites. Less grass control in Hays, Ottawa, and Yoegites was due to the presence of
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very dense population of green foxtail, giant fax&nd Texas panicum in these
respective sites. Tank mixing with 2,4-D or 2,4-Dnetsulfuron methyl with quizalofop
resulted ina 0 to 12 and 1 to 26% reduction irsg@ntrol respectively compared to
guizalofop alone. At 4 WAT, grass control increasedll POST herbicide treatments
except when quizalofop was applied with 2,4-D, whias reduced by 5 to 17% (Table
5.6). Similar results were observed with other @yphenoxypropionic herbicides when
applied in mixtures with auxin-type broadleaf wéwnlbicides (Blackshaw et al. 2006;
Olson and Nalewaja 1981; Shimabukuro et al. 19&8n®ell and Cobb 1993). The
observed results could be due to the antagonisimiaélofop by 2,4-D. It is likely that
the presence of 2,4-D decreased the conversionizdlgfop from the quizalofop-ethyl
to the active acid form, decreased translocaticquafalofop, increased the rate of
detoxification, and competed at the fatty acid bgsts level (Tu et al. 2001).

A total of twelve broadleaf weed species were ratesl experimental sites.
Palmer amaranthA(maranthus palmeri S. Wats.) and puncturevif@ribulusterrestris
L.) were the most common species observed. No lwab@eed species were observed
in Colby site, KS (Table 5.4). Broadleaf weed coh#t the Yoakum site was not
included in the analysis due to unexplained incgiescies. Broadleaf weed control was
greater when quizalofop was applied with variousabdteaf herbicides than when applied
alone (Table 5.7). Overall broadleaf control wasager than 90% for all POST herbicide
treatments 2 WAT, except when quizalofop was apg@iene. Control of weeds in plots
treated with quizalofop alone was due to the PR#liegtion of atrazine. All herbicide
treatment combinations provided excellent broadhesdd control than the check or

standard treatments. It is interesting to note bha&dleaf weed control was still excellent
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4 WAT with all POST herbicide combinations, althbumpntrol in plots treated with
quizalofop + 2,4-D decreased by 1 to 13%. The oot control was probably due to
the residual activity of the tank mixed broadleafdicides that provided a sufficient
degree of control of later germinating weeds.

Crop yields were determined only at Hays, Manhatiad Tribune sites.
Significant interactions between locations for grgeld data were not detected;
therefore, data were pooled over locations. Gragfdyas greater in plots treated with
herbicides than in the nontreated weedy check higieest yields were in plots treated
with quizalofop + prosulfuron, quizalofop + halosubn + dicamba, quizalofop +
dicamba at 2,505, 2486, and 2,376 kg,hraspectively (Table 5.8). There was a well
correlation between grass and broadleaf controlsanghum grain yield (r = 0.71 and
0.55, respectively) when data was pooled acrossgnad broadleaf weed control 2
WAT.

The study showed that application of quizalofogambination with broadleaf
herbicides provided excellent weed control in teev ACCase-resistant grain sorghum.
The increase in weed control resulted in signifiéaareases in grain sorghum yields. To
maximize weed control, quizalofop needs to be taMed with other broadleaf herbicides.

However, tank mixing 2,4-D with quizalofop may dease control of grass weed species.

Sources of Materials

! TeeJet Spraying Systems, Wheaton, IL 60189-7900.
2Prime Oil, Terra International Inc., P.O. Box 608@ux City, IA 51102-6000.

3SAS version 9.1, SAS Institute Inc., 100 SAS Caniprige, Cary, NC 27513.
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Table 5.1. Geographic location, soil charactesstieeding dates and rates for eight experimetealia 2009.

Seeding

Site Geographic location Soil type Soil taxonomiass % OM  Soil pH Date Rate

seeds/ha
Colby Northwest Kansas Keith silt loam Aridic Agriustolls 2.3 6.2 June 6 86,500
Dodge City Southwest Kansas Harney silt loam Typic Agriustolls - - June 8 105,000
Garden City Southwest Kansas Ulysses silt loam Aridic Haplustolls 1.4 8.0 June 25 100,000
Hays West-Central Kansas Crete silty clay loam  Pachic Agriustolls 2.3 6.5 May 21 172,500
Manhattan  Northeast Kansas Smolan silty clay loam Pachic Agriustolls 4.3 5.8 June 19 135,000
Ottawa East-Central Kansas  Woodson silt loam Abruptic Argiaquolls 3.0 6.7 June 24 172,500
Tribune Southwest Kansas Ulysses silt loam Aridic Haplustolls 2.0 8.3 June 8 102,500
Bushland Texas Panhandle Pullman silty clay loam Torrertic Paleustolls 1.3 7.6 June 10 112,500
Yoakum Southeast Texas Denhawken sandy loamVertic Haplustepts 1.0 7.6 May 6 109,500
Highmore Central South Dakota Glenham loam Typic Agriustolls 2.1 6.4 May 27 172,500

No data available
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Table 5.2. Herbicide PRE and POST application datelsgrain sorghum height at POST application ifginteexperimental sites in

2009.
Application date
Crop height at POST
Site Geographic location PRE POST application
cm
Colby Northwest Kansas May 31 July 10 25t0 35
Dodge City Southwest Kansas June 9 June 30 15t0 30
Garden City Southwest Kansas June 25 August 4 15t0 30
Hays West-Central Kansas May 22 June 29 15to0 35
Manhattan Northeast Kansas June 20 July 17 20to 35
Ottawa East-Central Kansas June 24 July 22 20to 35
Tribune Southwest Kansas June 8 June 30 12 to 20
Bushland Texas Panhandle June 11 July 7 15t0 30
Yoakum Southeast Texas May 7 June 8 40 to 50
Highmore Central South Dakota May 27 June 22 20 to 35
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Table 5.3. Predominant grass weed species at epehimental location in 2009.

Site Weed species Scientific name Bayer code

Colby, KS None

Dodge City, KS Large crabgrass Digitaria sanguinalis (L.) Scop. DIGSA

Garden City, KS Giant foxtail Setaria faberi Herrm. SETFA
Large crabgrass Digitaria sanguinalis (L.) Scop. DIGSA
Longspine sandbur Cenchrus longispinus (Hack.) Fern. CCHPA

Hays, KS Green foxtall Setariaviridis (L.) Beauv SETVI

Manhattan, KS Giant foxtail Setaria faberi Herrm. SETFA
Green foxtail Setariaviridis (L.) Beauv SETVI
Large crabgrass Digitaria sanguinalis (L.) Scop. DIGSA
Barnyardgrass Echinochloa crus-galli (L.) Beauv. ECHCG

Ottawa, KS Giant foxtail Setaria faberi Herrm. SETFA

Tribune, KS None

Highmore, SD Green foxtail Setariaviridis (L.) Beauv SETVI

Bushland, TX None

Yoakum, TX Texas panicum Panicum texanum Buckl. PANTE
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Table 5.4. Predominant broadleaf weed speciescht@gyerimental location in 2009.

Site Weed species Scientific name Bayer code

Colby, KS None

Dodge City, KS Tumble pigweed Amaranthus albus L. AMAAL

Garden City, KS Palmer amaranth Amaranthus palmeri S. Wats. AMAPA
Kochia Kochia scoparia (L.) Schrad. KCHSC
Russian thistle Salsolatragus L. SASKR
Puncturevine Tribulusterrestris L. TRBTE
Velvetleaf Abutilon theophrasti Medik. ABUTH

Hays, KS Puncturevine Tribulusterrestris L. TRBTT

Manhattan, KS Palmer amaranth Amaranthus palmeri S. Wats. AMAPA
Common waterhemp  Amaranthusrudis Sauer Beauv. AMATA

Ottawa, KS None

Tribune, KS Puncturevine Tribulusterrestris L. TRBTE
Pigweed spp.

Highmore, SD Wild buckwheat Polygonum convolwvulus L. POLCO
Prostrate pigweed Amaranthus blitoides S. Wats.  AMABL

Bushland, TX Palmer amaranth Amaranthus palmeri S. Wats. AMAPA

Yoakum, TX Smellmellon Cucumis melo L. CUMMD
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Table 5.5. Grain sorghum injury 2 and 4 wk afteatment as affected by quizalofop applied alona oombination with selected
herbicides.

2 WAT 4 WAT
Dodge Dodge
Treatment Rate Bushlanc Colby City Manhattai Ottawe Tribune Yoakumr Bushlanc Colby City Manhattar Ottawe Tribune Yoakumr
g hat %
Atrazine fb quizalofop +
dicamba 62 + 281 28 3 14 1 4 10 0 14 3 10 0 0 4 0
Atrazine fb quizalofop + 2,4-D
+ metsulfuron methyl 62 + 140 +2 31 10 33 4 70 55 5 19 3 36 0 24 60 0
Atrazine fb quizalofop +
halosulfuron + dicamba 62+39+140 21 4 1 0 6 10 0 6 0 1 0 1 9 0
Atrazine fb quizalofop + 2,4-D 62 + 20 39 11 24 0 6 24 3 45 6 25 0 0 9 0
Atrazine fb quizalofop +
prosulfuron 62 + 28( 8 4 0 3 6 0 1 3 0 0 0 3 0 0
Atrazine fb quizalofop 62 0 0 0 0 1 3 3 0 0 0 0 0 0 0
S-metolachlor + atrazin 1076 + 139 8 1 3 0 0 0 0 3 0 0 0 1 0 0
LSD (0.05) 12 3 14 NS 4 17 NS 11 5 10 NS 4 8 NS

All herbicide treatments exceftmetolachlor + atrazine included 1% v/v crop oihcentrate, and 2.2 kg hammonium sulfate.
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Table 5.6. Grass weed control 2 and 4 wk aftetrireat as affected by quizalofop applied alone arambination with selected

herbicides
2 WAT 4 WAT
Dodge Garder Dodge Gardet
Treatment Rate City City Hays Manhattai Ottawe Highmore Yoakurr City City Hays Manhattai Ottawe Highmore¢ Yoakun
g hat %
Atrazine fb quizalofop +
dicamba 62 + 281 96 98 68 92 91 95 88 98 - 69 92 92 99 84
Atrazine fb quizalofop + 2,4-D
+ metsulfuron methyl 62 + 140 + 2 84 89 73 70 79 97 84 89 - 71 82 81 99 66
Atrazine fb quizalofop +
halosulfuron + dicamba 62+39+140 94 99 63 90 76 94 78 93 - 68 90 88 99 82
Atrazine fb quizalofop + 2,4-D 62 + 20 95 93 80 87 88 98 77 89 - 70 70 85 99 72
Atrazine fb quizalofop +
prosulfuron 62 + 28( 10C 96 80 97 8€ 98 93 98 - 85 97 82 99 90
Atrazine fb quizalofop 62 100 99 80 96 88 98 89 100 - 84 96 93 95 84
S-metolachlor + atrazin 1076 + 139 96 93 90 98 68 82 18 94 - 9C 98 68 99 40
LSD (0.05) 14 6 5 7 14 7 24 9 - 6 6 22 NS 22

All herbicide treatments exceftmetolachlor + atrazine included 1% v/v crop oihcentrate, and 2.2 kg hammonium sulfate.
- = No data available
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Table 5.7. Broadleaf weed control 2 and 4 wk dftsstment as affected by quizalofop applied alane combination with selected

herbicides.
2 WAT 4 WAT
Dodge Garden Dodge Garden
Treatment Rate Bushlanc City  City Hays Manhattal Highmore Tribune Bushlanc City City Hays Manhattai Highmore Tribune
g hat
Atrazine fb quizalofop +
dicamba 62 + 281 94 98 99 96 93 98 96 96 97 99 86 93 93
Atrazine fb quizalofop + 2,4-D
+ metsulfuron methyl 62 +140 + 2 100 100 99 96 94 99 100 100 100 100 91 99 99
Atrazine fb quizalofop +
halosulfuron + dicamba 62+39+140 96 100 98 94 95 92 100 97 100 100 88 97 97
Atrazine fb quizalofop + 2,4-D 62 + 20 96 100 99 97 98 98 92 95 95 94 85 86 86
Atrazine fb quizalofop +
prosulfuron 62 + 28( 96 10C 96 95 96 99 97 91 10C 97 94 10C 10C
Atrazine fb quizalofop 62 80 98 97 82 87 94 81 75 95 81 88 71 71
S-metolachlor + atrazin 1076 + 139 99 10C 96 82 84 85 94 96 99 77 44 91 91
LSD (0.05) 12 NS 2 3 3 10 8 23 7 - 4 27 18 18

All herbicide treatments exceftmetolachlor + atrazine included 1% v/v crop oihcentrate, and 2.2 kg hammonium sulfate.

- = No data available
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Table 5.8. Grain sorghum yield as affected by dafoa applied alone or in combination

with selected herbicides.

Treatments Rate Grain Yield
gha kg ha"
Atrazine fb quizalofop + dicamba 62 + 28: 2376
Atrazine fb quizalofop + 2,4-D + metsulfuron methyl 62 + 140 + . 2042
Atrazine fb quizalofop + halosulfuron + dicamba 62 +39 + 140 2486
Atrazine fb quizalofop + 2,4-D 62 + 2( 2072
Atrazine fb quizalofop + prosulfuron 62 + 28I 2505
Atrazine fb quizalofop 62 2198
Smetolachlor + atrazine 1076 + 139 2399
Weedy check 1441
LSD (0.05) 559

All herbicide treatments excefstmetolachlor + atrazine included 1% v/v crop oihcentrate, and

2.2 kg hd ammonium sulfate.



Chapter 6 - Metabolism of Quizalofop and Rimsulfupbn in

Herbicide Resistant Grain Sorghum

Abstract

Studies were conducted to determine if herbicideabwism is a mechanism that
could explain the resistance of ACCase- and ALSt@&st grain sorghum to quizalofop
and rimsulfuron, respectively. ACCase- and ALSssit and -susceptible genetic lines
were grown under controlled conditions and treaietthe 4-leaf stage witl{C-labeled
quizalofop and rimsulfuron on separate. Plants argested at 3, 5, and 7 d after
treatment. In the ACCase metabolism experimesistant grain sorghum transformed
88% of inactive quizalofop-ethyl to active quizapfwhile 91% of the inactive was
converted to active form by the susceptible pl&1BAT. By 7 DAT, all inactive
guizalofop-ethyl was converted to active quizalofiopthe ALS metabolism study, two
distinct metabolites were produced from rimsulfurigietabolism rate was similar
between resistant lines (TX430R and N223R) in afl/ast dates except at 7 DAT,;
however, metabolism was more rapid in the residta@s$ than in the susceptible
genotypes (TX430S and N223S). The percentage ofeged rimsulfuron 3 DAT
corresponded to 80 and 83% in the resistant cordpgar87% in the susceptible grain
sorghum. At 5 DAT, metabolism was near steadylis@aighum plants but by 7 DAT,
resistant genotypes metabolized 4 to 12% moretti@eusceptible sorghumapid
metabolism of rimsulfuron in ALS-resistant graimgimum is an addeghechanism that
could help evaluate the level of rimsulfuron resiste.
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Nomenclature: Quizalofop; rimsulfuron; sorghurSprghum bicolor (L.) Moench.
SORBI.

Keywords: ACCase-inhibiting herbicides; ALS-inhibiting heclles; herbicide resistant

crop.

Introduction

Preemergence (PRE) herbicide programs have beendimstay for grass weeds
in grain sorghum. However, grain sorghum is typycgtown in dry conditions, and lack
of soil moisture to activate PRE applications magrdase herbicide performances
(Tapia et al 1997). Producers with fields thatenbeavy grass pressure prefer to plant
crops other than sorghum because there is no iedurbicide option available for
POST control of grass weeds for grain sorghum.

Quizalofop and rimsulfuron are postemergence (PO@i)icides that effectively
control grass weeds. Quizalofop, an acetyl-coenz&marboxylase- (ACCase)
inhibiting herbicide belonging to the aryloxyphegpxopionates (APP) herbicide family,
is commonly used to control grass weeds in mangscitacluding soybeary{ycine
max), cotton (Gossypium hirsutum), sunflower Helianthus annuus), and canolaBrassica
napus). ACCase is a multifunctional enzyme that catadyttee synthesis of malonyl-CoA
in the first committed step of thoe novo fatty acid biosynthesis (Harwood, 1988;
Schmid et al., 1997). ACCase-inhibiting herbicith&sck the action of the ACCase
preventing fatty acid biosynthesis (Devine and $tnoruko, 1994). Foliar-applied
quizalofop effectively controlled several commoagges in sorghum fields such as green
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foxtail (Setaria viridis), yellow foxtail Seteria glauca), barnyardgrasg€schinochloa
crus-galli), and johnsongrass (Parsells 1985).

Rimsulfuron is a sulfonylurea herbicide that inkskacetohydroxyacid synthase,
also known as acetolactate synthase (ALS), whithedgirst enzyme unique to
biosynthesis of the essential branched-chain aminds leucine, valine, and isoleucine
(Babczinski and Zelinski 1991; Ray 1984). The eneyan either catalyze formation of
acetohydroxybutyrate from pyruvate andtetobutyrate or synthesis of acetolactate from
two molecules of pyruvate (Umbarger 19@Rimsulfuron provides more than 95% control
of johnsongrass (Damalas and Eleftherohorinos 20638ddition, rimsulfuron controls
several troublesome grass weeds in sorghum fielcts &s proso millefRanicum
miliaceum L.), green foxtail, and giant foxtaibétaria faberi Herrm) (Mekki and Leroux
1994).

A major limitation for usage of quizalofop and riatfsiron in grain sorghum is
the high susceptibility of the crop to these haedads. Grain sorghum resistance to
guizalofop and rimsulfuron, however, has been dmedd by transferring ACCase and
ALS resistance genes from a wild sorghum relatvelite grain sorghum (Tuinstra and
Al-Khatib 2007). Resistance in ACCase was cauged toyptophan-to-cysteine
mutation at location 2027 (Kershner et al. 200%jsTutation is known to provide
resistance to aryloxyphenoxy- propionates (APP)loticyclohexanediones herbicides.
Conversely, resistance in ALS was due to tryptophiédrleucine mutation (Kershner
2010). Leucine-574 is a mutation that providesrgiroross resistance to imidazolinone

and sulfonylurea herbicides.
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Resistance to herbicides could be due to severethamesms. In ACCase-
inhibiting herbicides, resistance could occur bg on more of three possible
mechanisms (Délye, 2005; DePrado et al. 2000; Ga@thet al. 1992; Kershner 2010).
These mechanisms include presence of less serfsitimeof ACCase (alteration of target
site enzyme), overproduction of ACCase, or metabolased detoxification of the
herbicide. In ALS-inhibitors, resistance could hedo less herbicide sensitive ALS
enzyme (altered site of action), or rapid metabioléctivation of herbicide, or both
(Cotterman and Saari 1992; Neighbors and Priv@801Saari et al. 1990; Tranel and
Wright 2002).

Previous research has shown that alteration oA@@ase and ALS enzyme
confers resistance in grain sorghum (Kershner 2@0yever, ALS- and ACCase-
resistant grain sorghum plants expressed slighguliitron and quizalofop injury
symptoms 7 d after treatments (DAT). These symptasaslly dissipated 14 to 21 DAT
(Abit et al.unpublished data; Hennigh 2010). The recovery from quizalofop and
rimsulfuron injury may suggest that plants metatealithe herbicides. Thus,
investigation on other mechanisms such as metabdiessed detoxification of ACCase-
and ALS-inhibiting herbicides can provide additibmsight on the mechanism of
resistance in the newly developed crops.

The objective of this research was to determirzedfange in rate of metabolism
is an additional mechanism that could explain gséstance of ACCase- and ALS-

resistant grain sorghum to quizalofop and rimswlfrespectively.
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Materials and Methods

Plant materials and growth conditions

In the ACCase experiment, ACCase-resistant andeptible grain sorghum
genotypes were planted in separate 11-cm diameteaioers filled with sand:Morill
loam (fine-loamy, mixed, mesic Typic Argiudolls)ils@d.:1 by vol) with pH 7.3 and 1.1%
organic matter. Plants were grown under growth dfemonditions with 30/25 +2 C
day/night temperatures, 16-h photoperiod, with seppntal light intensity of 250 + 30
pmol m? s* photosynthetic photon flux. Plants were watereity@md fertilized once
before treatment with commercial fertilizer solmfi@ontaining 1.2 g t total nitrogen,
0.4 g L'* phosphorus, and 0.8 g'lpotassium.

In the ALS study, ALS-resistant (‘TX430R’ and ‘N2R3 and ALS-susceptible
(‘TX430S’ and ‘N223S’) grain sorghum lines were wrounder similar conditions as
described in the ACCase study. All resistant ligegSCase and ALS) were developed by

Tuinstra and Al-Khatib (2003).

Radiolabelling experiments
ACCase experimentAt the 4-leaf stage, ACCase-resistant and -sutxderain

sorghum genotypes were treated with 10, 1 pl dtsffeve droplets either side of the
midrib) of **C-labeled quizalofop with specific activity of 4.88q mg’, on the adaxial
surface of the third leaf. A single 1-ul droplentained 402 Bq of‘C-quizalofop.
Unlabeled quizalofop was added to the radioactleti®n to obtain 62 g ai ffain a
carrier volume of 187 . Crop oil concentrafevas also added at 1% v/v to enhance

droplet-to-leaf surface contact.
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Treated leaves were harvested at 3, 5, and 7 dtedsgment (DAT). An acetone
(2 ml of acetone/g of tissue) was used to remoabsorbed*C quizalofop (Koeppe et
al. 1990). Plant tissues were then frozen withitiqutrogen, and ground with a mortar
and pestle. In order to confirm radioactive hedesi were absorbed by the plants and to
know the level of radioactivity in the ground saeglsubsamples of the plants were
weighed and oxidized. Captur&i€ O, was measured using the liquid scintillation
spectrometry (LSS) Leaf tissues were stored at -80 C until radieé#ytivas extracted.

Frozen tissues were homogenized with methylenaidel@cetone (1:1, v/v) (2
ml of solvent/g of tissue). The tissue-solvent migtwas shaken for 1 h, centrifuged at
714 g for 15 min, and decanted through WhatmandNilter papet (Koeppe et al.
1990). Quizalofop in the tissues were extractedfdieded two more times with
methylene chloride-acetone using the same proce@beethree supernatant were pooled
and were evaporated at 35 C to 0.5 ml using aivaptr Solution were filtered with a
0.2 filter papet and stored at -20 C until use. To determine thetarnof radioactivity
not extracted into the supernatant, the remainiagtpesidue and filter paper were
oxidized, and radioactivity was measured.
ALS experiment. Ten 1-ul droplets containing 3,453 Bq'8E-rimsulfuron were applied
as described in the ACCase experiment to ALS-@sistnd -susceptible genotypes.
Unlabeled rimsulfuron was added to the radioactletion to obtain 18 g ai Hain a
carrier volume of 187 . Nonionic surfactafitwas also added at 0.25% v/v to enhance
droplet-to-leaf surface contact. At 3, 5, and 7 DAY treated leaves were excised and
washed with 15 ml of 75% methanol, then frozen Wahid nitrogen, and ground with

mortar and pestle (Schuster 2007). Subsamplesaaingbictivity of subsamples were
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determined by using LSS. Leaf tissues were stare2i0aC until radioactivity was
extracted.

Frozen tissues were homogenized using 15 ml of @&¥hanol (by vol) and
shaken for 1 h. Samples were filtered with Whatrhdifter paper and the supernatant
was saved. The remaining leaf tissues were resdeden 5 ml of 90% methanol and
shaken for an additional hour. Samples were fittea@d the supernatant was added to
the first supernatant then total supernatants wagarated, filtered, and stored using the
same procedure as describe above. Amount of radidgaot extracted into the

supernatant was also determined.

High performance liquid chromatography (HPLC) analysis

Extracts from the ACCase and ALS experiments wagexied into a Beckman
HPLC® equipped with a Zorbax ODS encapped Sb-C18 colu(ré by 250 mm, 5 um
particle size). For the ACCase extracts, HPLC subvevere A: water with pH 2.2, and
B: acetonitrile. The elution profile was: 60% Bodsatic for 5 min; 60 to 70% B, linear
gradient for 10 min; 70 to 100% B, linear gradient3 min; 100% B, isocratic for 2 min.
The column was then re-equilibrated with 60% BSanin before next injection (Tardif
and Leroux 1991 with some revisions). The eluti@s\werformed at a flow rate of 2 ml
min“and an injection volume of 100 pl.

For the ALS extractsg solvent system of 1% acetic acid in water ancharedl at
a flow rate of 1.5 ml min was followed (Schuster 2007). The elution profiles as
follows: step 1, 5 to 20% methanol linear gradfentLO min; step 2, 20 to 80% methanol
linear gradient for 10 min; step 3, 80 to 100% raat linear gradient for 5 min; and
step 4, 100 to 5% methanol linear gradient for 1@. m
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Radioactivity for both experiments were measuretth awh EG&G Bertholt?
scintillation spectroscope. Quizalofop and rimsidfustandards were included to
determine herbicide retention time. Retention tforequizalofop, rimsulfuron, and their

metabolites were determined.

Experimental design and data analysis.

The experimental design for all studies was a remged complete block.
Treatments were blocked by harvest time. Treatmeate replicated four times, and the
experiment was conducted three times in quizalafoptwice in rimsulfurom
metabolism studies, respectively. There were reraations among runs for either study;
therefore, data were pooled over runs within hédbicData from both studies were
analyzed using ANOVA, and means were separateding Urisher’s Protected LSD at P
< 0.05. Metabolism data in the ALS study was sulktd regression analysis using
exponential decay models. To determine if diffeemnexisted between lines, 95%
confidence intervals of the slope were plottedgfach genotype in Sigma Plot 14.0f
the lower confidence interval of one equation djeet from the upper interval of another

equation then the slopes are deemed significarftgrent.

Results and Discussion

Quizalofop metabolism.Quizalofop, like other APP herbicides, is appliedelatively
inactive form (ester ethyl of quizalofop) that neé¢d be converted to be biologically
active (quizalofop) (Duke and Kenyon 1999). Tardifid Leroux (1991) reported that
aside from the production of active quizalofop, abelism of quizalofop-ethyl produced
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another polar metabolite; however, this was notctee in grain sorghum. Active
quizalofop was eluted at 2 minutes with quizalo&py! eluting at 10 minutes in the
elution profile. Almost 88 and 91% quizalofop-etlyds metabolized to quizalofop in
ACCase-resistant, and -susceptible grain sorghlrAB respectively. At 5 DAT,
remaining inactive quizalofop-ethyl was 6 to 8%both genotypes and by 7 DAT all
inactive quizalofop-ethyl was converted to actiwézglofop in all treated plants (data not
shown). Other researchers have reported similasatpfop metabolism rates in other
species. Koeppe et al. 1990 observedfi@residues of quizalofop-ethyl dissipated
rapidly in both soybean and cotton plants. Thezeavwno differences in quizalofop
metabolism in treated grain sorghum plants at amydst timings indicating that
differential rate of metabolism is not a mechandfmesistance in ACCase-resistant grain
sorghum.

Rimsulfuron metabolism. Two distinct peaks of radioactivity beside rimsudn were
observed 3 DAT in resistant and susceptible gemastypable 1). The metabolites eluted
at 10 and 12 minutes with rimsulfuron eluting fréime column at 19 minutes. These two
metabolites were present in each treatment buedaccording to harvest timings and
genotypes although the amount of metabolite thaedlat 12 minutes was generally
greater than when eluted at 10 minutes. Basedeomtbile phase gradient used, both of
the metabolites appear to be hydrophilic. Previoatabolism studies in plants, soil, and
water show that rimsulfuron can kegpidly hydrolyzed into metabolité{(4,6-
dimethoxypyrimidin-2-yl)N-(3-(ethylsulfonyl)-2-pyridinylurea)), which itselfas
transformed into a more stable metabolNe((3-(ethylsulfonyl)-2-pyridinyl)-4,6-

dimethoxy-2-pyrimidineamine)) (Martins et al. 200Rgsenbom et al, 2010). Koeppe and
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Brown (1995) have reported that the metabolismm$ulfuron in tolerant corn involves
hydroxylation of the pyrimidine ring followed bywgiosylation. A cleavage of the
sulfonylurea bridge also has been suggested.

Initial metabolism of rimsulfuron was rapid in gilain sorghum genotypes but
did not increase substantially over time, especialthe susceptible plants. The
percentage of the radioactivity recovered from titigon 3 DAT corresponded to 80
and 83% in the resistant genotypes compared toiB & susceptible genotypes (Table
1). At 5 DAT, metabolism was near steady in aligboim plants but by 7 DAT, resistant
genotypes metabolized 4 to 12% more rapidly tharstisceptible sorghum. Metabolism
rate was similar in both resistant grain sorghumogyes (TX430R and N223R) in all
harvest dates except at 7 DAT (Figure 1). At 7 DAX430R metabolized rimsulfuron
8% faster than N223R. Differences in metabolismewadso noted when resistant were
compared with the susceptible genotypes (TX4309\#&8S). Rimsulfuron declined
over time in all treatments.

Differential rimsulfuron metabolism in resistanagr sorghum plants may
suggest that sorghum breeders need to incorpogatsghat metabolize rimsulfuron in
to commercial hybrids to ensure greater rimsulfaesistance. Differential rimsulfuron
metabolism in grain sorghum is consistent withfeeld observation that grain sorghum
recovery from rimsulfuron injury varied among geypes. These results are not
surprising since similar results were reporteddmdreated with nicosulfuron
(Siminszky et al. 1995).

In the quizalofop metabolism study, results dosugport the involvement of

differential metabolism in the observed responsgrain sorghum to quizalofop.
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Metabolismis probably not a mechanism of resistance in AC@askstant grain
sorghum. This research, however, showed that riongul metabolism by ALS-resistant
sorghum is more rapid than the susceptible genetiymkcating that rapid metaboliss
a mechanism that could explain the rapid recovégrain sorghum plants from

rimsulfuron injury observed in the field.

Sources of Materials

Miracle-Gro soluble fertilizer, Scotts Miracle-GRsoducts Inc., 1411
Scottslawn Road, Marysville, OH 43041.

Prime Oil, Terra International Inc., P.O. Box 608@jux City, IA 51102-6000.

*Tricarb 2100TR Liquid Scintillation Analyzer, Pacidnstrument Co., 800
Research Parkway, Meriden, CT 06450.

*Whatman International Ltd., Springfield Mill, Jam@&thatman Way, Maidstone,
Kent ME14 2LE, United Kingson.

°Centrivap, Labconco, 8811 Prospect, Kansas City,8MTB2.

®0.24um filter, Osmotics Inc., 5951 Clearwater Drive, Matonka, MN 55343,

"Activate Plus, Agriliance, LLC, P.O. Box 64089, Baul, MN 55164-0089.

®Beckman high performance liquid chromatograph, Beak Coulter Inc., Life
Science Division, 4300 N. Harbor Boulevard, P.OxBa00, Fullerton, CA 92834-3100.

Zorbax ODS endcapped Sb-C18 column, Agilent Tedgies, Chemical

Analysis Group, 2950 Centerville Road, Wilmingt@rt, 19808.
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Table 6.1. Rimsulfuron metabolites at 3, 5, andafter treatment in ALS-resistant (TX430R and N2P&8Rd —susceptible (TX430S and

N223S) grain sorghum.

TX430R TX430S N223R N223S
Retention
Compound time 3DAT 5DAT 7DAT 3DAT 5DAT 7DAT 3 DAT 5DAT 7DAT 3 DAT 5DAT 7DAT
min % of radioactivit
Metabolite 1 10 7+1 9+1 14+1 5+1 6+1 9+1 61 6+1 101 6+1 6+1 10+2
Metabolite 2 12 13+1 13+1 13z1 8+1 8+1 111 11+1 12+1 151 7+1 8+1 11+1
76 +2 87+1 86+2 79+2

Rimsulfuron 19 80+1 79+1 68=x1 87+1 861 80+2 83+1 82+2




Figure 6.1. Metabolism of rimsulfuron in ALS-resist and -susceptible grain sorghum

at 3, 5, 7 d after treatment.
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Appendix B — Differential Response of Grain Sorghum

Hybrids to Foliar-Applied Mesotrione

Figure A. Relationship between sorghum grain yield of fougham hybrids and

visible injury two weeks after treatment at BelleyiHays, Hesston, and Manhattan.
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