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Chapter 1. Background Literature

Glyphosate Resistance in Weeds

The herbicide glyphosate [N-(phosphonomethyl)glycine] was first comatigrci
available to farmers in the United States (US) in 1974 (Monsanto 2012hdSbfe is a non-
selective herbicide that inhibits 5-enolpyruvylshikimate-3-phospate (EB@&Ehase in plants
and is classified as a Group 9 herbicide by the Weed Science Society a¢a#sieerbicide
mechanism of action classification system (WSSA 2007).

The WSSA mechanism of action classification system was developed in 1997 to help
growers readily and easily identify a herbicide’s site of actiorll@MaSmith and Retzinger
2003). Herbicides with the same site of action are given the same group number. |hQH,, t
Environmental Protection Agency (EPA) used this classification systematdisistiabeling
guidelines to aid in herbicide resistance management (Mallory-Smith andd®et2003).
Currently, herbicides sold in the US contain recommendations on the label thah eaainst
using multiple herbicides with the same WSSA group number in a given crop to help prevent
herbicide resistance in weeds.

From its commercial release until 1995, glyphosate was primarily usbdrizdtown
weed control prior to planting with various crops (Young 2006). In 1996, Glyphosatiimesis
(GR) soybeans were commercially released in the US. This techndilmggdin-crop, over-
the-top applications of glyphosate on soybean (Monsanto 2012). Due to the brdadspec
weed control offered by glyphosate, growers rapidly adopted this technolody alloived a
novel, effective, economical, and easy-to-use postemergence (POST)ongetigrogram in

soybean (Green and Owen 2011). The rapid adoption of this technology is reflected by th



increase in glyphosate use on total soybean hectares from 2.5 milActidegingredient (ai)
year! in 1995 to 30 million kg ai yedrin 2002 (Young 2006). The average number of
glyphosate applications over the same time period increased from 1 to 1.4 mmgligasr
which reflects the increase in POST-use of the herbicide (Young 2006). Oventhseriod,
glyphosate became the dominant herbicide used in soybean. In 2002, glyphosateiacsoappl
79% of US soybean hectares compared to the second-most used herbicide, pendimbitial
was applied on only 9% of soybean hectares (Young 2006).

The broad-spectrum weed control offered by glyphosate allowed growsargganoney
on their weed control program by utilizing glyphosate to control all of theadazeT his change
in herbicide programs is reflected by the decline in the number of activeligmgebeing
applied to at least 10% of soybean hectares; from 11 in 1995 to one (glyphosate) in 2002 (Young
2006). The sole reliance on glyphosate for weed control in no-till and conventicieahsysd
to two unintentional consequences; a shift of weed species commonly found in fields, and the
evolution of resistance to glyphosate in several weed species. The weed spiicie due in
part to inconsistent control of certain weeds such as horse@ergrg canadensis (L.) Crong.],
common lambsquarter€iienopodium albumL.), and morningglorylpomoea) species (Mithila
et al. 2011). Glyphosate resistance was first documented in 1996 in rigid ryégiass (
rigidum Gaudin) in Australia (Heap 2012). Four years later, horseweed wassti@Rirweed
documented in the US. It was also the first known specie that evolvedrresigiaglyphosate in
GR cropping systems (VanGessel 2001). The number of GR weed species in the US has
increased in conjunction with an increase in GR crop hectares. In the year 200@hevhiest

GR weed was discovered in the US, approximately 60% of soybean hectarptanwte to GR



soybean. During the 2011 growing season, 92% of soybean hectares were pl&Resbybean
and the number of documented GR weeds in the US was 13 (Mithila et al. 2011; Soteres 2012).

The increasing number of GR weed species is not isolated to the US. As @04l
there were 21 documented GR species around the world (Heap 2012). The rate of evolution of
GR weeds has also increased with the global adoption of GR crops. From 1996, when GR crops
were commercially released and the first GR weed was identified, to 2088 GR weed
species were identified. From 2001 to 2005, an additional 9 GR species were dodufrente
2006 to 2011, 9 additional GR species were documented (Heap 2012). This exponential increase
of GR species over a short time seems to indicate that the rate of newe@Risaveries will
not subside in the near future.

On the Delmarva Peninsula, horseweed remains the only documented GR wged (Hea
2012). Since the initial discovery in 2000, all 13 counties on the peninsula have reported cases of
GR horseweed biotypes (R.L. Ritter personal communication). Biotypes arafamsilvithin a
species that have a distinct genetic variation (WSSA 2007).When glyphosatemger a
viable option for horseweed control, there are limited POST options remaining in isqilaee
and Johnson 2008). Due to the widespread nature of the GR biotypes, a better understanding of

the biology of this weed is necessitated.

Horseweed

Biology and Ecoloqgy

Horseweed is a member of the Asteraceae family and is known under sgwenginss
such as marestail, stickweed, and Canada fleabane. Horseweed has hydteecatlassified as

a winter annual that germinates in the late summer or early fall, overwimeerssette form,



then bolts (elongates) in the spring and reaches maturity that summer (Red®&azzaz 1979).
Certain fall-germinating biotypes have shown no dormancy requirement withiliheta
germinate directly following seed shed from the mother plant (Buhler and Owen 1997)
However, numerous populations of horseweed have been identified that germinate im¢ghe spr
months and bolt without first going through a rosette stage (Regehr anazB&79; Davis and
Johnson 2008). Horseweed seed have been observed germinating 11 months of the year (all
except February) under field conditions (Main et al. 2006). Nandula et al. (2006) conducted
extensive research regarding environmental factors that affect hodsgere@nation. Optimal
temperature for germination was 24° C daytime temperature coupled withr2ght@me
temperature. These temperatures reflect the average high tengsedatting the spring and
autumn months in the Mid-Atlantic region. Horseweed seed exhibited best gevmingiH
solutions of 6-7, which are typical pH ranges in soybean fields. Horseweetbwésumd to
have optimal germination when seed remained on top of the soil surface. Seesr¢hatiried
0.25 cm deep exhibited a 94-97% reduction in germination when compared to seed on the
surface. No germination was observed at planting depths of 0.5 cm and deeper. Thetioombina
of these environmental conditions indicates that horseweed germination isiveellfsr no-till
fields in both the fall and spring months. This is illustrated by the facbthtte Delmarva
Peninsula, up to 50% of horseweed plants germinate during the spring months @@rL. Rit
personal communication).

Mature horseweed plants have been found to produce more than one million séed plant
(Davis et al. 2009c¢). Plants in direct competition with soybean have been shown t@produc
72,000 seed plant(Davis and Johnson 2008). These seed all have a small achene and pappus

which allow the seed to be readily wind-dispersed. The movement of horseweddsdeen



documented in several studies. It has been observed that seed releasedeirtworsalveed

plants travel farther than seed released from shorter plants (Dauer ebal. ¥ have been
collected over 100 meters downwind from a mature plant located ingeamays L.) fields
(Regehr and Bazzaz 1979). This illustrates horseweed’s ability to mova figlds and migrate
into neighboring fields. Furthermore, experiments have found horseweed s¢adthlof
planetary boundary layer (Shields et al. 2006). Environmental models used by thesg aut
indicated that seed in the planetary boundary layer could potentially move 550 kinglea s
wind event prior to landing at a new location. This movement of horseweed seed, cotlpled wi
the fact that horseweed is primarily self-pollinated, allows the posgibilitertain biotypes
spreading long distances in only a few generations (Smisek 1995).

There are proactive measurements that growers can utilize to ptevestablishment of
horseweed populations in their fields. Crop rotation can play a significant rolenagmg
horseweed population levels. Late-season horseweed escapes are more frdiglesith
soybean-soybean crop rotation when compared to a corn-soybean rotaticnetl2d 2009b).
The wide selection of herbicides for corn weed control helps to manage horseweetiqgropula
levels within a field in a corn-soybean rotation. Standing corn plants can alsasea
protective barrier from wind-blown seed originating from adjacent fieldsatiRatis also
important since horseweed emerges at greater numbers in soybean respared¢aoonresidue
from corn (Main et al. 2006). If corn is being planted into the soybean residue, itigeotiibrn
herbicides can help eliminate those emerged plants and help reduce the numbemndheeed i
seedbank. This is pertinent on the Delmarva Peninsula because manyégldsted to
soybean every year. The reasons behind this lack of crop rotation arafttyapithe soils in the

region are coarse-textured, drought-prone soils, and that soybean is a more totetayftterop



than corn (VanGessel 2001). Combine the fact that many of the soybean fieklsagion are
no-tilled, conditions are ideal for horseweed population growth and distribution.

Growers that practice soybean-soybean rotations are more liketd tGR horseweed
populations in their fields (Davis et al. 2009b). The authors speculated thattfustiBkely due
to sole reliance on glyphosate for weed control. Davis et al. (2009a) found thatonéet c
programs that utilized glyphosate as a burndown treatment followed by a PpPIi&ateon of
glyphosate led to as high as 13.5 more horseweed pl&ntisam programs that utilized a
residual herbicide in the burndown program over a 2-year period. However, hatsewee
populations were denser in fields that utilized herbicides other than glypfasB@ST
treatments due to poor control of both GR and glyphosate-susceptible (GS) horsewsduy/plant
these alternative herbicides. When applied POST, glyphosate would stitdualirol the GS
populations, thus decreasing overall horseweed density. This trend would likely isedeweer
time as GR populations would increase and become dominant in those fields.

There have been documented cases of GR biotypes of horseweed that are more
competitive than GS biotypes within the same field (Shrestha et al. 20T3lifornia, GR
biotypes experienced earlier and more rapid stem elongation and thetalsdi#&eh maturity 3-4
weeks earlier than GS biotypes. Given that herbicides are generayfexts/e on larger
horseweed plants, this gives the GR biotype a better chance at surviving a muapgtication
prior to crop planting. The GR biotype also accumulated more biomass whethpitgtieai
was adequate for normal growth or under water-stress conditions. Inva-€gqlstudy, Alcorta
et al. (2011) reported that when in competition with crops, the GR biotype gravihalethe
GS biotype. The taller height in the GR biotypes would allow seed from those plamtsad s

further than seed from the GS biotype. These studies are unique in that the @R ibittys



ecosystem showed no apparent fithess cost (the idea that if a plant sllnoag¢eresources
towards defense mechanisms, fewer resources are left for growth soaliction) for
possessing the ability to survive glyphosate treatments (Bergelson and Barti&g6; Alcorta
et al. 2011). The ability of some GR horseweed populations to quickly grow and reproduce
indicates that poor control of these populations will lead to widespread migratidh of G

biotypes.

Historical Control Measures

Horseweed is typically not a weed problem in conventionally tilled fidldsaring
disking treatment has been shown to completely eliminate populations containingi5:&D
horseweed plants (Brown and Whitwell 1988). Peak emergence of spring-gergiina
horseweed populations is typically in the months of April and May (Main et al. 2006).ifgelay
spring tillage until peak germination has served as a suitable means fotlicantrorseweed
populations in conventionally tilled fields. Many Maryland farmers do not plant aoyostil
mid-to-late May, so the practice of disking a few days prior to pigrtas historically controlled
horseweed populations in conventional plantings.

Conventional tillage is becoming a limited option for weed management in Mdryla
The state government has set goals to greatly increase no-till Begitima the state as part of
its Chesapeake Bay Restoration Plan (Anonymous 2009). In 2011, 78.7% of Maryland soybean
hectares were no-tilled, with an additional 13.8% in other conservation tillagegesac
Combined, conservation tillage accounted for 92.5% of Maryland soybean b€tiS2A
NASS 2012). With many growers eliminating or severely restricting toaventional tillage

regimen, herbicides are increasingly relied on to prepare the seedbed aoldweeds. Several



predominantly used burndown programs have met variable success in fields whenebadns
the dominant weed.

Prior to the evolution and spread of GR horseweed, sole use of glyphosate was
documented to provide complete control of horseweed prior to crop planting (Bruce and Kells
1990). A single application of paraquat [1,1'-dimethyl-4,4'-bipyridinium iorS$A Group 22)]
has shown variable control of horseweed plants prior to planting (Bruce and Kells 199[@&yMose
and Hagood 1990). Paraquat + 2,4-D [(2,4-dichlorophenoxy)acetic acid; (WSSA Group 4)] ha
also shown inconsistent control, with 2,4-D alone outperforming the combination of the two
herbicides in some studies (Moseley and Hagood 1990). Growth regulators like 2,4+ idhave
shown the consistency of control that glyphosate exhibits on GS horseweed plamts. In fa
populations of horseweed have been identified that exhibit a 2-fold tolerance to 2,4-D-and a 3
fold tolerance to dicamba [3,6-dichloro-2-methoxybenzoic acid; (WSSA GroupuygeKet al.
2010].

Glufosinate [2-amino-4-(hydroxymethylphosphinyl)butanoic acid; (WS$2u 10)] is
another herbicide used for burndown treatments prior to planting. While this herbicide has
provided excellent control (>90%) of horseweed in Maryland (Ritter and Ikley) 20@%ious
research has shown poor control around soybean planting. Lack of efficacy difosirgite has
been attributed to low temperatures at time of application. Control of horsewtbegluwfosinate
has been recorded as low as 33% for preplant applications (Owen et al. 2009). Wilson et a
(1985) found that low temperatures for 7 days after application (DAA) of gha#tesled to
reduced horseweed control on the Delmarva Peninsula.

Cases of poor efficacy for these popular burndown applications necessitatedtha nee

either new products or tank-mixes that provide better horseweed control. Howevendears



populations have exhibited resistance to several modes of action currently aarkbe (fHeap

2012).

History of Herbicide Resistance

The first reported case of horseweed showing resistance to herbicidesi986 when
horseweed populations in Japan were shown to be resistant to the bipyridili@84 @foup
22), paraquat and diquat [6,7-dihydrodipyrido[1,2-a:2]dx@zinediium ion], which inhibit
photosystem | (Heap 2012). Resistance to this class of chemistry wasgdoged in North
America (Canada) in 1993 (Heap 2012). Studies have shown that certain horsewesttbpspul
can withstand paraquat applications at rates over four times the recommentetdaie
continue to grow and produce seed (Smisek et al. 1998). Populations showing resistance t
paraguat were first reported in Delaware in 2003 (Heap 2012). Given horsewee@bidi¢yt®
migrate long distances, it is conceivable that several growers #lceoBglmarva Peninsula
might already have the Group 22-resistant horseweed biotypes on their fields

In 1981, horseweed populations in France were confirmed to have resistance to the
triazine herbicides (WSSA Group 5) which inhibit photosystem Il. In 2002, a population of
horseweed was identified in the US (Michigan) that was resistant toahiee herbicides and
herbicides in WSSA Group 7 (the ureas and amides), which also inhibit photosydt=agl
2012). In 1993, horseweed were found in Israel that exhibited resistance to Aagtolac
Synthase (ALS)-inhibiting herbicides (WSSA Group 2). It was not until 2001 that a popula
with such resistance was found in the US, in Ohio (Heap 2012). The last known group of
herbicides that horseweed has evolved resistance to was the glycines (W&$2)5m 2000,

in the state of Delaware (VanGessel 2001). As of April 2012, 20 states and fiverdiffe



countries have confirmed horseweed populations with resistance to Group 9 herbieajes (
2012). Populations in Ohio have shown cross-resistance to both glyphosate and ALS-inhibiting
herbicides (Davis et al. 2009c). These populations are no longer controlled by tleffeubiste
POST herbicides on the market, leaving growers little control optiongpédteting (Davis and

Johnson 2008).

Glyphosate-Resistant Horseweed

With GR horseweed being widespread and difficult to control, several exguesitmave
been conducted to try to understand the levels of resistance in GR biotypess¥eains al.
(2009) found that sensitivity of GR horseweed to glyphosate was dependent on growth stage
They found that horseweed in the seedling and rosette stages were more seigoeptibl
glyphosate than plants in the bolting stage of growth. Sequential applications of gtgphos
provided control to the point that no yield loss was observed in soybean; however, the surviving
horseweed plants grew to maturity and produced seed. This reproduction everlitasions
for future management of horseweed populations. Feng et al. (2004) found that glyphosate
resistance is inherited as a dominant trait. When they bred GS horseamtsd\pih GR
horseweed plants, the progeny were also GR. Smisek (1995) reported thateedssglis
limited among horseweed plants. Since glyphosate resistance is inheatddragant trait, the
spread of GR biotypes can be enhanced when cross-breeding does occur.

Since the first reported case of GR horseweed, scientists have attemptdatéatine
resistance mechanisms in horseweed populations. Feng et al. (2004) concludé&e iéati ali
spray retention by the leaves and differential spray absorption did not contribuytehosgite

resistance. The authors did find that glyphosate was more readily trans$hkactte roots of

10



susceptible plants when compared to resistant plants. They also concluded itnatysehthe
leaf tissue to glyphosate was reduced in resistant plants, but they wiele toridentify the
mechanism for this reduced sensitivity. Previous research had found an incieBSPi
synthase concentration in GR horseweed plants, which allows the plant ficesaciough of the
enzyme to metabolize glyphosate while continuing normal growth functionsié@vieehl.
2003). Based on shikimate accumulations in leaf tissue, the authors concluded that EPSP
synthase was not insensitive to glyphosate, but that the overproduction of the elhaye: a
whole-plant resistance to occur.

Several scientists continued to focus on the translocation of glyphosate hatkeweed
plants. Findings showed that glyphosate was more readily translocated @bty dpeh the point
of treatment rather than basipetally from leaf tissue to the roots in&Bi&s fDinelli et al. 2006).
This allowed existing leaves to receive most of the phytotoxic effect of tneicddaevhile new
leaves grew from the crown of the plant. More recently, Ge et al. (2010) disddiat
glyphosate molecules were sequestered in the vacuoles of GR horseweed plagmerélabdle
to track the glyphosate molecules inside the plant tissue as they wererteaihtsféhe vacuole.
This provided the first clear evidence of a glyphosate-resistance meuhariisrseweed. This
resistance mechanism proved to be temperature-dependent as glyphosateawaadiipr
sequestered in the vacuole in warm temperatures. When glyphosate was applied to ¢
acclimated GR horseweed, plant response was similar to that of GS biotgpetsa|G2011).
While this shows promise of controlling GR horseweed that emerge in autumn,&spenging
plants are often exposed to warm temperatures prior to herbicide applicatiooniherc

practice of applying a burndown treatment a few days prior to soybeamgldogs not afford

11



the ability to spray all horseweed plants in cold temperatures to take fulitageaof
circumventing this GR mechanism.

Currently there are six different mechanisms of resistance to glypHasawn for all
GR weed species. Four of these mechanisms have not been reported in GR hordeweed. G
Italian ryegrassLolium perenne L. ssp.multiflorum (Lam.) Husnot] biotypes have shown
reduced absorption of glyphosate when compared to GS biotypes (Nandula et al. 2008). A
mutated EPSP synthase that is not inhibited by glyphosate has been found in shati@iGR
ryegrass biotypes (Jasieniuk et al. 2008). Recently, sour@agtafia insularis (L.)] Mez ex
Ekman) was reported to metabolize glyphosate as a resistance mechaniSar&iho et al.
2011). A novel mechanism of glyphosate resistance in giant rag@webdoSia trifida L.) has
been reported but is not fully understood. Foliar tissue that has been exposed to glyphosate
exhibits rapid necrosis that inhibits translocation to untreated plant tissuee$@&i12).

Research has shown that independent evolution of resistance to glyphosate iedwrsew
is very likely and has happened on at least four separate occasions (Ylua0Eda The
authors examined the genetic profile of several GR horseweed populations fromreetdSs t
and determined that at least four separate biotypes had never cross-bredjdesoglation
of multiple evolutionary events. This could explain how GR horseweed has been found across
North America as well as on three other continents. However, regional expan&Bn of
populations cannot be ruled out. Growers need to be alert to the potential of horsewsesl esca
in adjacent fields as the seed from these plants can be readily establisagghboring fields.
More consistent control measures are needed to assure farmers of adequiatsrbaontrol of

horseweed prior to planting soybean.
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Saflufenacil: a New Herbicide

Protoporphyrinogen Oxidase-Inhibiting Chemistry

Diphenylether herbicides were commercially released in the 1960’s (Dakel891).
This class of herbicides was the first with a new mode of action known as protgpusgkn
oxidase (PPO)-inhibiting herbicides (WSSA Group 14). While many studiescoedected
throughout the 1960’s and the 1970’s on this group of herbicide, it was not until the late 1980’s
that the exact mode of action was truly understood. Though herbicidal activityadesulte
symptoms of rapid bleaching and desiccation, which are similar to paraquat and other
bipyridiliums, it was discovered that photosynthesis was not necessary foata®therbicides
to control susceptible weed species, as is the case with the bipyridénocides. Commonly
used herbicides, such as lactofen [(£)-2-ethoxy-1-methyl-2-oxoetlBAcBipro-4-
(trifluoromethyl)phenoxy]-2-nitrobenzoate] and acifluorfen [5-[2-chloro-4-
(trifluoromethyl)phenoxy]-2-nitrobenzoic acid], were soon found to inhibit protoporphymog
IX oxidase (Protox), the enzyme which converts protoporphyrinogen IX to protopwrpKyr
(Proto). Inhibiting this enzyme also inhibits the synthesis of both chlorophyll and kieme
acts as a regulator of the porphyrin pathway, so inhibiting its productiontteadsontrolled
levels of Proto to accumulate in plant cells (Duke et al. 1991). High levBlotd are dangerous
since Proto generates singlet oxygens when exposed to light. When these siggles axg
concentrated in plant tissue, lipid peroxidation will initiate. Once lipids andipsoare
oxidized, loss of chlorophyll and carotenoids results in leaky membranes anddesmals
and organelles (WSSA 2007). Duke et al. (1991) first reported that high levels ofdenudiar

the leaves of susceptible plants were strongly correlated to the ensmida¢damage.
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PPO-inhibiting chemistry has been used with mixed success in soybean.r&zdieat
[N-[2,4-dichloro-5-[4-(difluoromethyl)-4,5-dihydro-3-methyl-5-ox0-1H2,4-triazol-1-
ylphenyllmethanesulfonamide] and flumioxazin [2-[7-fluoro-3,4-dihydrox8-4-(2-propynyl)-
2H-1,4-benzoxazin-6-yl]-4,5,6,7-tetrahydro-dsbindole-1,3(2b+dione] are two PPO-inhibiting
herbicides that have been evaluated in preemergence (PRE) applicatiorieeamsdiekamp et
al. (1999) reported excellent control on many large-seeded broadleaf wéedstiviherbicides.
Others have found variable control levels with sulfentrazone on broadleaf wesxsspec
However, when sulfentrazone was utilized as a PRE treatment prior to adppl&ation of
glyphosate, weed control was excellent (Dirks et al. 2000). One issue sHadrareported with
PPO-herbicides is high levels of injury on soybean. Stand count reductions up to 73%cdand yie
reductions of 50% have been reported when using these herbicides PRE at édbgl€ichylor-
Lovell et al. 2001).

Other PPO-inhibitors have been utilized mainly in POST programs in soybean.
Acifluorfen exhibits excellent control of morningglory species that are ofténudifto control
POST in soybean (Barker et al. 1984). Fomesafen [5-[2-chloro-4-(trifnetityl)phenoxy]-N
(methylsulfonyl)-2-nitrobenzamide] has shown excellent control of mortanggpecies,
common ragweeddmbrosia artemisiifolia L.), common lambsquarters, and jimsonweed
(Datura stramonium L.); all of which are typically difficult to control POST in soybean (Bgaile
et al. 2003). Lactofen is another PPO-inhibitor that has shown higher levels of contrger
broadleaf weeds than either fomesafen or acifluorfen (Wesley and Shaw 188@)gh
acifluorfen, lactofen, and fomesafen have exhibited greater control of babadteds in

soybean compared to other POST herbicides, soybean injury is an issue satprdiucts.

14



Studies found that injury ranged from 20-30% for acifluorfen and lactofen, whikestfen
injury was typically less than 10% (Higgins et al. 1988).

There are currently four different weed species resistant toiftiiaking herbicides
(Heap 2012). There are currently two known mechanisms of resistance to this mdaeof ac
The ability to overexpress genes that lead to the formation of Protox has nedttiaé
herbicidal activity of acifluorfen (Lermontova and Grimm 2000). In that study, ¢abac
(Nicotiana tabacum L.) that was resistant to PPO-inhibiting herbicides had Protox concentrations
five times higher than concentrations in tobacco plants that were suscepti@eherbicides.
Recently, waterhempAmaranthus tuberculatus (Moq.) Sauer] populations in lllinois, Kansas,
and Missouri have been identified that contain a mutation to the gene PPX2L that confer
resistance to PPO-inhibiting herbicides in the Protox enzyme (Leet et al. T2008tlum et al.
2011). Since horseweed has not developed resistance to this mode of action, a PRa@rinhibit
herbicide that controls horseweed with no injurious effects on soybean would be @Vital t

controlling GR horseweed populations.

Saflufenacil Label

Until 2010, a new PPO-inhibiting herbicide had not been released inthedtlry in
the US. That year the herbicide saflufenacil [N’-[2-chloro-4-fluor@-snethyl-2,6-dioxo-4-
(trifluoromethyl)-3,6-dihydro-1(2H)pyrimidinyl)benzoyl-N-isoproM-methylsulfamide] was
commercially released by BASF Crop Protection (Grossman et al. Zlhie herbicide is sold in
several formulations, all under the brand name: Kf%ofhe product is being marketed for

burndown and residual PRE applications for broadleaf weed control in several crogsacl
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soybean (Leibl et al. 2008). Grossman et al. (2010) confirmed that saflufexiabits the same
physiological changes in plants that are caused by other PPO-inhibitng dhes.

Saflufenacil is currently offered under four product names in agronomic Gbagen
[saflufenacil], OpTill [saflufenacil + imazethapyr [2-[4,5-dihyetemethyl-4-(1-methylethyl)-5-
oxo-1Himidazol-2-yl]-5-ethyl-3-pyridinecarboxylic acid ]; (WSSA Grog@p, Verdict
[saflufenacil + dimethenamid-P_[(R8-chloro-N(2,4-dimethyl-3-thienyl)-N(2-methoxy-1-
methylethyl)acetamide]; (WSSA Group 15)], and OpTill Premium Residua®(RRO)

[OpTill co-packaged with dimethenamid-P]. Sharpen and Verdict labels sugpmbitation in
both corn and soybean, while OpTill and OpTill PRO are labeled for use in saytigaAll
products are restricted to burndown and PRE applications. When used in a burndown treatment
is recommended to tank-mix saflufenacil with a methylated seed oil (MSI®) &olume-to-
volume (v/v) plus ammonium sulfate (AMS) at 1-2% weight-to-volume (¢Anpnymous
2008). In soybean, saflufenacil should only be applied at a rate of 254 ditisiis equivalent
to using Sharpen at 25 g aih@pTill at 95 g ai ha, and Verdict at 245 g ai HaApplication of
saflufenacil is restricted to 30 days preplant (DPP) on coarse-textuled/gbiless than 2%
organic matter (OM). In 2011, the Sharpen label was amended to allow an appliatdiof

37.5 g ai hd in soybean with an additional 14 DPP restriction that stacks on top of previous
label restrictions (Anonymous 2012). BASF has claimed that the saflufereatihents are
effective as PRE treatments prior to POST applications of glyphosate/tr@ats system

(Westberg et al. 2008).
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Utility of Saflufenacil

Several laboratory studies have been conducted to measure saflufenacil@baarpt
translocation in plants. Saflufenacil has been documented to have less than 20% afihalc
absorbed by plant foliar tissue when applied alone (Frihauf et al. 2010b). Absorpliexcedd
80% when saflufenacil is tank-mixed with a surfactant (Ashigh and Hall 20a@hefmore,
saflufenacil absorption has been shown to increase when tank-mixed with a stufusta
formulation of glyphosate that includes its own surfactant. This increased atrsdrgdi been
attributed to the high surfactant load. Saflufenacil tank-mixed with an unfat@dudjlyphosate
product plus a surfactant resulted in similar absorption as saflufelman@l tank-mixed with a
surfactant (Ashigh and Hall 2010). No studies have been published that evaluated fhteoabsor
of saflufenacil in plants when tank-mixed with both a MSO and AMS. These prodedhea
recommended tank-mix partners for saflufenacil application (Anony2008).

In translocation studies, saflufenacil has shown limited mobility in the phloemisThi
uncharacteristic of other PPO-inhibiting herbicides (Grossman et al 2018 mdkement is
attributed to the weak-acid side chain of the molecule which is unique to safllt@mapared
to other PPO-inhibitors (Grossman et al. 2011). The majority of saflufenaednmrent is in the
xylem. This suggests that in burndown treatments, adequate spray coveragehafi¢hglant is
necessary to ensure satisfactory weed control.

Several researchers have examined the utility of saflufenacil in burndown vs. PRE
treatments. Saflufenacil is more readily absorbed by foliar tissplawts rather than root tissue.
Studies suggest that plants are 100-fold more sensitive to foliar-appliedrsadilfean having

their roots exposed to the herbicide (Grossman et al. 2011). This preliminargsplgins why
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saflufenacil performs better in burndown applications rather than PRE ajoplécander field
conditions.

Saflufenacil exhibited rapid injury symptoms on susceptible plants in sevédadie
laboratory experiments with injury symptoms becoming visible in less than 4 haust cases
(Frinauf et al. 2010a). The enhanced weed control offered by foliar-appliefésatil has led
to experiments where the chemical is applied POST to winter annual broadbelsfiwevinter
wheat {riticumaestivum L.) to reflect the current practice of tank-mixing herbicides with
nitrogen upon wheat green-up in late winter. Good to excellent control of many annigal
broadleaf weeds was observed. However, injury to the wheat crop was deemed callgmerci
unacceptable when compared to other herbicides currently on the market (Etikle2010a).
These studies further point to saflufenacil being best utilized as a burndown aeBRient
since unacceptable levels of injury can occur to crops if used in POST applications.

The majority of published saflufenacil studies have been conducted in corn. Gorn ha
exhibited exceptional tolerance to saflufenacil. Corn is able to restfictenacil translocation
from treated leaves to other parts of the plant due to rapid metabolism of thededriiiwits
initial metabolites, [uracil-ring-N-demethylated] and [side-cHdidealkylated metabolites]
(Grossman et al. 2011). These metabolites contribute very little to Protbiiorhifurther
explaining crop safety. This rapid metabolism seems to be the best explanadienasice in
plant species that exhibit reduced sensitivity to saflufenacil.

Moran et al. (2011a) found that safety of saflufenacil applications to corn wasoech
by tank-mixing sodium-bentazon [3-(1-methylethyl)-{1#1,3-benzothiadiazin-4(3kbne 2,2-
dioxide; (WSSA Group 6)] with the herbicide. The authors found that tank-mixing saitilfen

with sodium-bentazon resulted in half the crop injury than saflufenacil applied aloneah 4-
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corn at a rate of 150 g ai héwice the labeled rate for corn). These tank-mixes have not been
reported in other crops to evaluate potential enhanced-safety with sodiumehemtather
safener products.

Research has shown that a PRE application of the product Verdict at 73%tgeha
labeled rate for corn) provided excellent control of many common broadlea$ ¥oeed in
corn. However, Verdict applied at 245 g'tithe labeled rate for soybean) did not control large-
seeded broadleaf weeds at a commercially acceptable level when appli¢elérRE et al.
2011b). This study shows that saflufenacil may not be effective as a&d®Bdnt in soybean to
achieve control of problematic weed species.

Few papers have been published that evaluated the efficacy of safluferagil on
horseweed. Those that have looked at this issue have all involved horseweed populatians that ar
established in cottorGossypium hirsutum L.). Owen et al. (2011) found that horseweed control
exceeded 90% when saflufenacil was applied at 25 dpaaveen 21 and 0 DPP. This control
exceeded that of two other PPO-inhibitors commonly used in cotton; flumioxazin andfemes
In unpublished data, the authors found residual control of horseweed with saflufeasacil
shorter than other PPO-inhibitors. The authors felt that applications made priddRiP2&ould
result in horseweed escapes that would compete with the cotton crop. This suppacaiatbg cl
Westberg et al. (2008) that saflufenacil mixtures are best utilizBR&Bgsreatments for a
preferred POST program.

Studies have also shown that when saflufenacil was applied at 25apé&ank-mixed
with glyphosate, the efficacy on both GR and GS horseweed was improved whemezbtapa

either product applied alone (Mellendorf et al. 2008; Waggoner et al. 2011). Waggaher et
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(2011) found that saflufenacil tank-mixed with glyphosate showed improved con@®& of
horseweed over other tank-mixes of glufosinate + saflufenacil or paraga#tfenacil.

There is currently only one published paper that evaluates the utility ufeseftil in
soybean. Soltani et al. (2010) evaluated saflufenacil applied PRE at rates ot ZilDay ha.
This study was conducted on soils that all contained greater than 3% OM. The taghebt
visual injury was 22% at the 200 g heate (which is eight times the labeled rate). This only
resulted in a yield reduction of less than 5% compared to the weed-fred.ddotwever, soll
types used in that study are not reflective of soils that are typically foure @etmarva
Peninsula. The purpose of this research was to evaluate the utilityuéésadil on horseweed
populations in Maryland and the effect of saflufenacil on soybean grown seematured soils

with less than 2% OM, that are typically found in the coastal plains states.
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Chapter 2. Greenhouse Experiments to Evaluate Safienacil
Tank-Mix Efficacy on Horseweed

Introduction

Prior to saflufenacil’s commercial release in 2010, BASF advetisedroduct’s utility
on GR weeds, particularly horseweed (Anonymous 2008). It was stated tregtithplant death
provided by saflufenacil results in complete burndown within 4 DAA. Independentshalie
confirmed both the time and level of control stated in the technical brochuen(€val. 2011;
Frihauf et al. 2010a). Saflufenacil was identified as a good tank-mixegpavith glyphosate to
enhance efficacy on other difficult to control weeds. Glyphosate increaisiesl of grass
species that saflufenacil does not easily control. The rapid burndown offeredulbgreetil
tank-mixes provides growers the opportunity to plant sooner than other glyphosate-base
burndown programs.

Saflufenacil is labeled for control of horseweed up to 15 cm tall. Horsewedd ineilge
Mid-Atlantic often exceeds 30 cm at soybean planting (Moseley agdddal990). The goal of
this experiment was to apply saflufenacil tank-mixes to bolting horsewdaeatdifferent
horseweed heights. However, after failure of the plants to bolt under greenbndé®us, the

experiment was amended to apply treatments to three different roseste siz
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Materials and Methods

Seed Collection

Seed were collected August 2010 and August 2011, when horseweed plants reached
maturity, from two different horseweed populations in Maryland. Seed wedeetea from a
confirmed GR population at the Wye Research and Education Center (WREQC] iacate
Queenstown, MD. Seed were also collected from a confirmed GS populatienCaritral
Maryland Research and Education Center (CMREC) located in BeltsvilleSkt2l were stored

in a dark freezer at 0° C until their use in the experiments.

Plant Growth and Greenhouse Conditions

Seed were placed on the surface of a commercial potting mix (Sunshinen€ontai
Potting Mix: 75-85% Canadian Sphagnum Peat Moss; 15-25% perlite, dolomite, artdieyes
in 6-cell packs measuring 4.5-cm x 6.75-cm x 5-cm. The cell packs werd plagenisting
room where day/night temperatures were 25° C/21° C with a 13-hour photoperiod supgdement
by high-pressure sodium lamps. Irrigation was supplied by overhead nmetzates that
simulate light rainfall conditions. After 4 weeks of growth, individual cellsawsansplanted
into 15-cm diameter x 10.5-cm pots and thinned to three plants o pots were transferred
to a new room where temperature and photoperiod remained the same as previouisgddescr
but irrigation was now supplied by an automated drip-tape system whichadrityate daily.
This process was repeated twice at 2-week intervals to establish dmgegtlates. Plants
remained in the greenhouse for an additional 8, 10, and 12 weeks based on planting date to allow

the plants to reach three different rosette sizes.

22



Treatments and Timings

The experiment had five treatments established in a randomized comptit¢RICB)
split-plot design with three treatment replications within blocks. Tihelevplot examined four
different herbicide treatments, along with an untreated check. The splitqitmt ifathe
experiment was horseweed biotype (GR vs. GS). Plants were blocked acoottimgize of
horseweed rosettes.

Horseweed plants were grown to three different rosette sizes catehasi

() Large at 8.25 cm tall

(i) Medium at 4.5 cm tall

(iif) Small at 2 cm tall

The five treatments were:

(i) Untreated control

(i) Potassium salt of glyphosate (formulated as Roundup PowerMAX) at 874 g
acid equivalent (ae) ha MSO at 1% v/v + AMS at 2% w/v

(iii) Saflufenacil at 25 g ai ha MSO at 1% v/v + AMS at 2% w/v

(iv) Saflufenacil at 25 g ai Ha+ glyphosate at 874 g aetha MSO at 1% v/v +
AMS at 2% wiv

(v) Pre-packaged mix of Saflufenacil + imazethapyr at 95 g aHHdSO at 1%

viv + AMS at 2% w/v

Plants were moved outside the greenhouse for treatment application. Applicatrens
made with a handheld G@ressurized backpack sprayer with six TeeJet SS8004 nozzles
(Spraying Systems Co., Wheaton, IL) spaced 51 cm apart. Applications werewitiad

carrying volume of 168 Liters HgL ha'), at a pressure of 138 kilopascals (kPa), with a travel
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speed of 4.8 kilometers hatgkph). The boom was held 51 cm over horseweed canopy. After
application, pots were returned to the greenhouse and reattached to therirsgstem where

the plants remained for 4 weeks.

Control Ratings

Treatment effect was measured using a visual control rating on a s0gleoocontrol) to
100 (complete plant death). Visual ratings were taken at intervals of 7, 14, and 28 &A. A
the final visual assessment at 28 DAA, plants were clipped at the soil surfacesimaéight
measurements were taken. Fresh weight was measured for all plants in a patidieenbgithe
number of plants pdtto get average fresh weight planAfter fresh weights were measured,
plants were dried in a VWR forced air dryer (VWR International, Radnor, P29°& over a 3-
day period. After that period, plant dry weight was measured and calculatedrage weight

plant®. The study was repeated once.

Data Analysis

Data were subjected to the MIXED procedure of the Statistical Asgbgdtware (SAS)
9.2 software (SAS Institute, Cary, NC). Treatments were treatéxkaseffects while both block
and treatment x block interaction were treated as random effects. FlstastsSignificant
Differences (LSD) were calculated at the 0.05 level to compare mdemsoverall F-test was
significant. Data from both studies were pooled due to no interaction between tremwhBs a
significant difference between GR and GS biotypes for all data collect&R smd GS biotype

analyses were performed separately.
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Results and Discussion

Visual Rating

For both the GR and GS horseweed biotypes, the overall F-Test wasaigrati the
0.05 level for visual rating at all three rating intervals. There was nogétiterdbetween blocks,
so all data were pooled. For the 7 and 14 DAA ratings in the GR biotype, the treatment
containing saflufenacil + glyphosate provided higher control than all otlamteats (Table
2.1). At 28 DAA, there was no longer a difference between saflufenacil + glyprarsh
glyphosate. This was due to regrowth from the crown that was observed betwee284 a
DAA in the saflufenacil + glyphosate treatment.

At 7 DAA, saflufenacil provided better control of GR horseweed than glyph(&atée
2.1). This is further evidence for the rapid action of saflufenacil within plantatings taken
following the 7 DAA rating, the control level of the saflufenacil-only treattand the
pre-packaged mix of saflufenacil + imazethapyr declined. This decline in casisalue to
extensive regrowth by plants that received these two treatments. By 28 D&éatmnents
containing saflufenacil experienced regrowth. This regrowth is likely dueetfatt that only the
apical meristem and existing leaves came in contact with the herltoidgelants in the rosette
form, the apical meristem protects the other growing points from dangecathatfect the
exposed plant tissue (Gurevitch et al. 2006). These other meristem tissueseaygaactive
due to hormones produced by the apical meristem that inhibit proliferation of tHes&us is
known as apical dominance (Gurevitch et al. 2006). If the apical meristem isljrgpreal
dominance is broken, and the plant induces hormones that allow the axillary masstenad
rapidly produce new foliage. Since saflufenacil translocation is mairthycted to the xylem in

plants, the herbicide likely did not translocate downward past the apicatemesand toward the
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roots. This suggests that after saflufenacil broke apical dominance, thegutotesristem tissue
was able to initiate rapid regrowth.

In contrast, the glyphosate treatment never experienced regrowth in etlgpeb
(Tables 2.1 and 2.2). This can be attributed to glyphosate’s slow mode of action whishtlaiow
herbicide to translocate to most parts of the plant before plant injury reachlssiat inhibit
translocation (Grossman et al. 2011).

In the GS biotype, there was no regrowth from any treatment until after the A4 DA
rating (Table 2.2). As expected, glyphosate alone provided much higher camrocempared
to the GR biotype (Tables 2.1 and 2.2). The most noteworthy difference betweeenteatm
the GS biotype is the level of control between glyphosate and saflufenacil + gligpho3 and
14 DAA. At 7 DAA, the tank-mix of saflufenacil + glyphosate provided betvetrol of GS
horseweed when compared to glyphosate alone (Table 2.2). By 14 DAA, the conteal bffer
both treatments was comparable. This reinforces the hypothesis tharesfilfank-mixes

provide more rapid burndown of plants than glyphosate alone.

Plant Weights

For the GR horseweed biotype, the overall F-test was not significant fofresth and
dry plant weight. Even when using orthogonal contrasts to compare means for botntresy
weight, only saflufenacil + glyphosate was different from the untreatedot¢nable 2.3). As
expected, glyphosate did not reduce fresh or dry weight. Saflufenacil amesadil +
imazethapyr did not reduce horseweed fresh or dry weight (Table 2.3). fitbe edtributed to
the rapid regrowth by the plants. There were no differences between treatnéots firesh

and dry weights of GR horseweed plants (Table 2.3). That only saflufenacil + gitghos
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reduced plant weight compared to the untreated check confirms previous reports of more
effective horseweed control when tank-mixing the two herbicides thareithr product
applied alone (Mellendorf et al. 2008). This is unique from previous reports that teed-onh
glyphosate + PPO-inhibitors cause reduced efficacy for both herbicidaggfPand Hall 2010).
Starke and Oliver (1998) speculated that rapid necrosis by fomesafen andazdfeninhibited
the ability of glyphosate to translocate, causing reduced efficacy. Cednwaother PPO-
inhibiting herbicides, saflufenacil inhibits Protox slowly. This allows bothugaiiacil and
glyphosate to translocate prior to tissue destruction, explaining the smdygiween the
herbicides (Grossman et al. 2011).

For the GS biotype, the overall F-test was significant for both the fresh ancbidyyts
(Table 2.4). Both treatments containing glyphosate reduced GS horseesdedrid dry weight
80% and 72%, respectively (Table 2.4). As with the GR biotype, neither saflufenacil nor
saflufenacil + imazethapyr reduced horseweed fresh or dry weight. Etisbsited to plant
regrowth. Both treatments containing glyphosate resulted in a reductioshrafid dry weight
compared to the treatments without glyphosate. These data confirm théd tespapid activity
of saflufenacil, there is no antagonism between saflufenacil and glyphosatafrolling GS
horseweed.

Control of both GR and GS horseweed with saflufenacil in this study was irteohsis
with control data from field trials (Owen et al. 2011; Waggoner et al 2011). drib woting
that the rosette sizes achieved in these experiments are much larger tadouhdsinder field
conditions (Davis and Johnson 2008). The conditions in the greenhouse allowed the plants to
grow in an ideal environment, with no competition and without stresses tygmaitid in the

field. This potentially allowed the rosettes to grow to larger sizes withggering internode
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elongation. The bolting requirements of horseweed are still largely unknown (Dalis e
2009c¢). The size of these horseweed plants suggests large stores of carbohfdriatesuid

allow the rapid regrowth observed following the breaking of apical dominance.
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Table 2.1. Glyphosate-resistant (GR) horseweed c8imtrdl4, and 28 days after application

(DAA) in greenhouse studies.

Treatment Rate’ 7 DAA 14 DAA 28 DAA
g %
ha'
Untreated 0 0 0 0
Glyphosate 874 11 35 37
Saflufenacil 25 35 32 20
Saflufenacil + 25 + 61 67 57
glyphosate 874
Saflufenacil + 95 24 21 17
imazethapyr®
LSDg o5 23 25 25

& Control is expressed on a scale of 0 (no control) to 100 (complete control).
b Rates for glyphosate are expressed in ae whereas all other herbieidegrassed in ai.
° Pre-packaged mix of saflufenacil at 25 ¢ keimazethapyr at 70 g figTrade name OpTill).
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Table 2.2. Glyphosate-susceptible (GS) horseweed cbiitrblt, and 28 days after application

(DAA) in greenhouse studies.

Treatment Rate’ 7 DAA 14 DAA 28 DAA
g %
ha'
Untreated 0 0 0 0
Glyphosate 874 33 86 88
Saflufenacil 25 31 36 23
Saflufenacil + 25 + 77 88 81
glyphosate 874
Saflufenacil + 95 33 38 27
imazethapyr®
LSDg o5 17 18 17

& Control is expressed on a scale of 0 (no control) to 100 (complete control).
b Rates for glyphosate are expressed in ae whereas all other herhieidegrassed in ai.
° Pre-packaged mix of saflufenacil at 25 ¢ keimazethapyr at 70 g figTrade name OpTill).
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Table 2.3. Fresh and dry weights of glyphosate-resistant (GR) horsewgregnhouse studiés.

Treatment Rate’ Fresh weight Fresh weight Dry weight Dry weight
g mg % untreated mg % untreated
ha' plant* plant*

Untreated 0 4713.9 100 745.0 100

Glyphosate 874 3230.0 69 571.1 77

Saflufenacil 25 3367.2 72 617.2 83

Saflufenacil + 25 + 2284.5 48 419.9 56

glyphosate 874

Saflufenacil + 95 3792.2 80 596.1 67

imazethapyr

LSDg.05 1871.7 40 311.8 42

&Weights were taken 4 weeks after application.

b Rates for glyphosate are expressed in ae whereas all other herhieidegrassed in ai.

¢ Weights expressed as percent weight of the untreated check.

4 pre-packaged mix of saflufenacil at 25 ¢ keimazethapyr at 70 g HgTrade name OpTill).
® Means compared using orthogonal contrasts.
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Table 2.4. Fresh and dry weights of glyphosate-susceptible (GS) hodsievggeenhouse

studies’

Treatment Rate’ Fresh weight Fresh weight Dry weight Dry weight
g mg % untreated mg % untreated
ha' plant* plant*

Untreated 0 4359.5 100 689.2 100

Glyphosate 874 868.3 20 194.4 28

Saflufenacil 25 4118.9 94 546.8 79

Saflufenacil + 25 + 867.2 20 195.0 28

glyphosate 874

Saflufenacil + 95 3406.1 78 551.1 80

imazethapyr

LSDg .05 2222.3 51 282.9 41

&Weights were taken 4 weeks after application.

b Rates for glyphosate are expressed in ae whereas all other herhieidegrassed in ai.

¢ Weights expressed as percent weight of the untreated check.

4 pre-packaged mix of saflufenacil at 25 ¢ keimazethapyr at 70 g HgTrade name OpTill).
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Chapter 3. Field Experiments to Evaluate the Effecof Saflufenacil
Application Timing and Rates on Soybean

Introduction

Due to sensitivity concerns expressed by BASF, saflufenacil applicatisnogbean are
restricted to 30 DPP on coarse-textured soils with less than 2% OM (Anonymous 2@12). T
company conducted in-house screening programs to examine the effechefiticede on
soybean plants. During screening, many soybean varieties were founakeréet to the
herbicide regardless of soil type. However, some soybean varietiesowacktd be sensitive to
herbicide applications made within 30 DPP on coarse-textured soils that contaméthh 2%
OM. When the herbicide was commercially released in 2010, BASF had a nsastbtdlerant
and sensitive soybean varieties (BASF personal communications). Rathetdbate aksources
to an extensive screening program to update the list to reflect new varmetstantly entering
the soybean market, BASF decided to restrict application intervals on-tesised soils
containing less than 2% OM.

The 30 DPP restriction interval adversely affects Maryland groweesriamber of
reasons. Previous research has shown that saflufenacil residual can s tolm after 21
days (Owen et al. 2011). Without appropriate tank-mix partners, this leads to alggobfbi
broadleaf weeds becoming reestablished in the field up to 1 week prior to crop planisng.
defeats the purpose of a good burndown program. More worrisome is the probabilineds R
horseweed plants becoming established in the crop. Many of the best in-crolésifioic
controlling GR horseweed are ALS-inhibiting herbicides (Kruger et al. 2009) withikl lead to
growers likely utilizing ALS-inhibiting herbicides as a rescue treaimexposing the horseweed

population to selection pressure from this group of herbicides. Kruger et al. (2009 )edbedm
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populations of horseweed in Ohio that are cross-resistant to glyphosate anadhiiitiag
herbicides. Similar populations have been confirmed on the Delmarva Peninsula erL. R
personal communication). The ability to apply saflufenacil 0 DPP would help reducentier
of applications containing ALS-inhibiting herbicides to alleviate selectiesspire for evolution
of ALS-resistant horseweed.

Given the well-established GR horseweed populations on the Delmarva Peninsula that
can germinate through the month of May, combined with the coarse-textusethabcontain
less than 2% OM, further investigations into the effect of saflufenacil oreaoyould be
beneficial. This experiment was designed to evaluate both sensitive andttetsfaean variety
performance on both a coarse-textured and medium-textured soil when sulgectiafénacil

burndown programs within the 30 DPP label restriction.

Materials and Methods

Sites

Experiments were conducted in 2010 and 2011 at the Wye Research and Education
Center (WREC) located in Queenstown, MD. The site was chosen for ispeatButlertown
silt loam soil [fine-loamy, 5.9 cation exchange capacity (CEC), 2.0% OMlefixents were
also conducted in 2010 and 2011 at the Central Maryland Research and Education Center
(CMREC) located in Beltsville, MD. This site was chosen for its Evesbomwrer complex soil

(loamy-sand, 4.8 CEC, 1.3% OM).
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Sovybean Varieties

Both saflufenacil -sensitive and -tolerant varieties were chosezath location to match
maturity groups commonly grown in the region. At WREC, Pioneer 94M80 (Piond#nek)
Johnston, 1A) was the sensitive variety while Asgrow 4703 (Monsanto Company, $t. Ma)i
was the tolerant variety. At CMREC, Pioneer 93Y80 was the sensitiveyvatide Pioneer

93Y70 was the tolerant variety.

Treatments and Management

Experiments contained four herbicide treatments each applied to indeppludg at 30,
15, and 0 DPP; resulting in 12 independent treatments. Experiments used a Randomized
Complete Block design with three replications.
The herbicide treatments were:
(i) Potassium salt of glyphosate (formulated as Roundup PowerMAX) at 874 g a&e ha
MSO at 1% v/v + AMS at 2% wiv
(i) Glyphosate at 874 g ae ha saflufenacil at 25 g ai Hfar MSO at 1% v/v + AMS at
2% wiv
(iii) Glyphosate at 874 g ae ha saflufenacil at 50 g ai Har MSO at 1% v/v + AMS at
2% wiv
(iv) Glyphosate at 874 g ae ha the pre-packaged mix of saflufenacil + imazethapyr at
95 g ai hd+ MSO at 1% v/v + AMS at 2% w/v
Plots measured 3.05 m wide x 6.1 m long. Applications were made with a handheld CO

pressurized backpack sprayer with six TeeJet SS8004 nozzles spaced 51 cm apaatioAppl
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were made with a carrying volume of 168 L'*hat a pressure of 138 kPa, with a travel speed of
4.8 kph. The boom was held 51 cm over the canopy of existing foliage.

Experiments at WREC were planted 7 June 2010 and 6 June 2011 at a rate of 520,000
seed ha. However, in 2011 the tolerant variety at WREC was inadvertently plantedtataf ra
780,000 seed Ha Studies at CMREC were planted 1 June 2010 and 31 May 2011 at a rate of
407,000 seed Ha All studies were planted 3 cm deep with a Great Plains Solid Stand 10 no-till
drill (Great Plains Mfg. Inc., Salina, KS) with 19-cm row spacing. At ékseafter planting
(WAP), all treatments received an in-crop application of glyphosate at 874a} agVISO at
1% viv + AMS at 2% wiv.

Experiments at WREC were harvested on 12 November 2010 and 8 November 2011
using a Massey Ferguson 540 combine (AGCO, Duluth, GA) equipped with a Weigh-Tronix
1080 electronic grain scale (Avery Weigh-Tronix, Fairmont, MN) to meagxain weight plot.
Experiments at CMREC were harvested on 8 November 2010 and 11 November 2011 using a
John Deere 4400 combine (Deere & Company, Moline, IL) equipped with a Hdastst HM-

401 harvest system (Juniper Systems Inc., Logan, UT) to measure gigim plot". Seed
moisture at harvest was measured for all experiments using a DICKEY-@GR2G00 moisture
sensor (Churchill Industries, Minneapolis, MN). Yields were calculated t@kgnd adjusted to

13.0% grain moisture.

Stand Counts and Height Measurements

At 4 WAP, stand counts were taken for each treatment. Four rowsvpéoe randomly
selected and plants per 3.05 m of row were counted. These numbers were averaged and

calculated to the number of plants’ha

36



After stand counts were taken, six plants plaere randomly selected and flagged. The
height of these plants was measured at 4, 7, and 10 WAP. Height measurementsewdrena
the soil surface to the top of the plant. In 2011, soybean growth stage was also notedghben he

measurements were taken.

Yield Components

Prior to harvest the individually marked plants were clipped at the soil swatfacstored
until three yield component factors could be analyzed.

The factors were:

(i) Number of pods plafit

(ii) Number of seed poti

(i) Average weight seet

After counting the number of pods pldnseed were threshed using a Swanson Plot
Thresher (Swanson Machine Co., Champaign, IL). Total seed'plast counted using a model
750-2 electronic seed counter (International Marketing and Design Co., San AntohidpfaX
seed plant was used to calculate the number of seed pdHe total weight of seed planhivas
measured and used to calculate weight Se€be three yield components were combined to

calculate the total yield plaht

Data Analysis

Data were analyzed as a RCB design using the MIXED procedure in SA8.n&whe

significant interaction between years was detected, data were combesdbMck within year,
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and treatment x block interactions were treated as random effectsn@n¢avas classified as a
fixed effect. Sites were analyzed separately due to differensedl types and varieties grown.
At CMREC, there were some significant interactions between soybeahemrse varieties
were analyzed separately. At WREC, there were no significant interattetween soybean
varieties and herbicide treatments; however, varieties were anaggadtly for clarity.
Fisher’s protected LSD was calculated at the 0.05 level for mean compavisemsignificance
of the overall F test was present. Pre-planned orthogonal contrasts were ca®gpdre

treatments within their respective application intervals.

Results and Discussion

Stand Count

There were no differences in the 2-year average stand count for the toleetidsvat
both locations as well as the sensitive variety at WREC for all applicatimys (Tables 3.5,
3.6, and 3.7). For the sensitive variety at CMREC, there were no differencesaforents
applied 30 DPP. The glyphosate treatment had fewer plahthaa the treatment containing
saflufenacil at 50 g awhen applied 15 DPP (Table 3.8). The 25 ¢ traatment had a lower,
but not significantly different stand count than the treatment containing seftiffat 50 g ha
when applied 15 DPP (p=0.0940; Table 3.8). These data show that saflufenacil applieel at
the labeled rate did not reduce stand count when applied 15 DPP, which is within the 30 DPP
label restriction.

There were no differences in stand count among 0 DPP treatments for theesensiti
variety at CMREC (Table 3.8). However, the weather conditions necessarylfmidesr
activation varied greatly in 2010 and 2011. In 2010, CMREC received adequate fainfall

activation within 5 days after planting (DAP; Table 3.3). This rairgfadint happened prior to
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soybean emergence. The overall F test for stand counts was significéuet $ensitive variety at
CMREC in 2010, so means were separated using Fisher’s protected LSD. FoRReifhiDg
in 2010, both saflufenacil at 25 ghand saflufenacil at 50 g Hareatments caused a reduction
in plants hd when measured 4 WAP (Table 3.13). In 2011, the first rainfall event at CMREC
occurred 10 DAP (Table 3.4). The first rain event that provided adequate rainfalilfmides
activation took place 6 days later at 16 DAP (Table 3.4). The plants were in the sMa¢gé3of
growth at the time of that rainfall. When stand counts were taken 4 WAP in 20 Elwererno
differences among herbicide treatments (Table 3.13). Thus, reduction in ctendvas
lessened when the PRE applications of saflufenacil were activated@fberan emergence.
Grossman et al. (2011) found saflufenacil in higher concentrations within plamt tiss
when the herbicide came in contact with the cotyledons, rather than the root tissaadtdabr
plants. The authors speculated that foliar absorption of saflufenacil in seddting higher
plant injury than root-absorbed saflufenacil. Based on this research, the standatawsuiggest
that in 2010 the soybean cotyledons were exposed to saflufenacil prior to cropreerge
leading to higher rates of injury. In 2011, only the roots were exposed to the herbicide
treatments. The plants were in the V2-V3 stage of growth at time ofepdisseems the larger

soybean plants were able to tolerate the O DPP treatments.

Plant Height
There were no differences in height during any measurement intervatficioleyant
varieties (Tables 3.9 and 3.11). For the sensitive variety at CMREC, ther@ovdifferences
among treatments applied 0 DPP (Table 3.12). However, there was a trend that plzsed &x

saflufenacil at 50 g iaat 0 DPP were shorter at the 4 and 7 WAP measurements when the
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plants were in the V3-V4 and R1-R2 growth stages, respectively. Thouglymifitantly
different, at 7 WAP, saflufenacil at 50 gheaused plants to be 5 cm shorter than all other
treatments (Table 3.12).

At WREC at 4 WAP, the plants treated with saflufenacil at 50 'gwere shorter than the
plants treated with either saflufenacil at 25 ¢ baglyphosate when applied 0 DPP to the
sensitive variety (Table 3.10). At the time of measurement, the soybeasmwéastin the V3-V4
growth stage. Though there were no significant differences, the plaatedtreith saflufenacil at
50 g ha at 0 DPP were shorter 7 WAP (R1-R2 growth stage) than plants receiving other
treatments at 0 DPP. By 10 WAP, when the R3-R4 growth stages had been rbachedere
no differences or trends in the data, indicating that the crop outgrew itutiihg. Thus, there
can be slight levels of stunting in the vegetative stages of soybean growtlitiveevarieties
on both coarse-textured and medium-textured soils but this injury may disspheepants

mature.

Sovybean Yield and Yield Components

There were no differences in yield or yield components for all applicdtates for the
tolerant variety at WREC (Table 3.5). For the sensitive variety aE@/fRhere were no
differences in yield or yield components for treatments applied 30 DPP (TablE@.6)
treatments applied 15 DPP, there were differences in yield componentsedtheetit containing
saflufenacil at 50 g hayielded over 10 pods plahgreater than other treatments. This resulted
in over 4 g planit yield difference between saflufenacil at 50 ¢ had other treatments applied
15 DPP despite there being no differences for bear’ godeight seed Though weed control

was not evaluated in these experiments, there were morningglory plants prédsamRt(when
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glyphosate was applied to eliminate weed escapes) that could havedhffietd plarit. The
differences in yield plafitfor saflufenacil at 50 g Facould be attributed to extended residual
control offered by the higher rate of saflufenacil (Davis et al. 2010). Theesyetd no
differences between treatments applied 15 DPP. There were no differegiesg or yield
components for treatments applied 0 DPP to the sensitive variety at WREC3IEble

There were no differences in yield for the tolerant variety at CMRE®BI€Ta7). Though
not significant, yield was lower for saflufenacil at 50 & ltean saflufenacil + imazethapyr when
applied 0 DPP (p=0.0791). Saflufenacil applied at 50 friaulted in lower, though not
significantly different, yield plant than saflufenacil + imazethapyr when applied 0 DPP
(p=0.1360). These data suggest that when exposed to high rates of saflufenacil 0 DP§een coa
textured solls, this variety could experience yield reductions.

There were yield differences in the sensitive variety grown at CMEBRIe 3.8). For
the 30 DPP treatments, the treatment containing saflufenacil + imazeyieldgd more kg
grain h&' than the glyphosate treatment (Table 3.8). Though weed control was not measured i
the field experiments, yellow foxtaiBtaria pumila (Poir.) Roemer & J.A. Schultes] plants were
present at planting for 30 DPP treatments that did not receive imazefhlapyield differences
were likely due to the extended residual weed control offered by the corahinasaflufenacil
and imazethapyr (Westberg et al. 2008).

Saflufenacil applied at 50 g hat 15 DPP to the sensitive variety at CMREC resulted in
fewer pods plartthan the glyphosate treatment (Table 3.8). Since there were no differences in
beans pod or seed weight, the reason saflufenacil at 50 'gdaaised lower yield plahthan the
glyphosate treatment is attributed to reduced pod count (Table 3.8). This differgredd

plant® could be attributed to the reduction in stand count for glyphosate compared to saflufenaci
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at 50 g hd when applied 15 DPP (Table 3.8). Weber et al. (1966) found that soybean plants
grown in lower densities yield more pods and more grain pidnan plants grown in higher
populations. Though not significantly different, saflufenacil + imazethegysed lower yield
plant® than glyphosate when applied 15 DPP (p=0.1028). The plant yield data for treatments
applied 15 DPP seem to support the current 30 DPP restriction on the saflufenkcil labe

For the 0 DPP applications to the sensitive variety at CMREC, saflufen&cilg ha
yielded more pods plahthan glyphosate (Table 3.8). There were no differences among the
treatments for other yield compone(itiable 3.8). Though not significantly different,
saflufenacil at 50 g hedid produce a higher yield plahthan glyphosate when applied 0 DPP
(p=0.0898). The increase in yield plaror saflufenacil at 50 g Hecould be attributed to the
reduced, though not significantly different, plant population when applied 0 DPP.

In contrast to the plant yield, the treatment containing 50'gphaaflufenacil yielded
fewer kg hd than both glyphosate and saflufenacil + imazethapyr (Table 3.8). This reduction i
yield is present despite the different climatic conditions observed around thagate in
2010 and 2011 (Tables 3.3 and 3.4). When analyzed by year, there are no significantégdfere
but yield losses follow the same trend where saflufenacil at 50 giblled fewer kg hathan
the saflufenacil + imazethapyr (p=0.0642 in 2010; p=0.1758 in 2011) and glyphosate (p=0.0939
in 2010; p=0.1279 in 2011) treatments applied at the same time (Table 3.13). For both 2010 and
2011, yield components follow the trend in the 2-year average where, while natargnif
saflufenacil at 50 g fshad a higher yield plaritthan other treatments. In 2011, the only
difference in yield components was that saflufenacil at 50'g/ledded more pods planthan

glyphosate when applied 0 DPP (Table 3.13).
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In 2010, the increase in yield pldrin plots treated with saflufenacil at 50 g'twuld be
attributed to reduced stand counts (Table 3.13). The reduction in yield in'lsygests that the
increase in yield plattdid not compensate for the reduced population. However, in 2011, there
were no differences or patterns in stand count or any of the yield components thaulazntlee

reduced, though not significant, yields for saflufenacil at 50y hable 3.13).
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Table 3.1. Date of treatment application, planting, and precipitation WybeResearch and
Education Center (WREC) located in Queenstown, MD in 2010.

| WREC 2010

| | May | June

| | Treatment application | Rainfall | Treatment application® | Rainfall
| Date | | (mm) | | (mm)
1 | |0 | | 0

|2 | i) | | 25.40
|3 | |0 | |0

|4 | 30 DPP | 1.52 | | 6.60
|5 | |0 | |0

| 6 | |0 | |0

7 | 0 | Plant | 2.54
'8 | |0 | 0DPP )
19 | |0 | | 1.27
110 | |0 | |0
11| |0 | | 0
|12 | | 2.54 | | 0

| 13 | | 10.67 | | 0
114 | |0 | |0

| 15 | | 0.51 | | 0

| 16 | |0 | | 5.84
17| |0 | |0

| 18 | | 12.70 | |0

| 19 | | 1.78 | | 0

| 20 | 15 DPP | 0 | | 0
21| |0 | |0

| 22 | |0 | | 13.21
| 23 | | 0.51 | | 0

| 24 | |0 | | 2.79
125 | |0 | | 0
126 | |0 | |0
127 | |0 | |0

| 28 | | 11.18 | | 10.16
129 | |0 | |0
130 | |0 | |0

| 31 | i) | | N/A

#POST applications made 1 July 2010.
® Abbreviations: DPP, days preplant; POST, postenmerye
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Table 3.2. Date of treatment application, planting, and precipitation at the ¥égauRh and

Education Center (WREC) located in Queenstown, MD in 2011.

| WREC 2011

| | | June

| | Treatment application | Rainfall | Treatment application | Rainfall
| Date | | (mm) | | (mm)
1 | | 1.78 | | 0.51
|2 | |0 | | 0

|3 | |0 | e

4 | | 21.84 | | 0

'5 | |0 | | 2.54
6 | 0 | Plant + 0 DPP | 5.84
|7 | |0 | |0

K | |0 | | 0

) | 30 DPP 0 | )

| 10 | 0 | | 20.83
11 |0 | | 0
12 | 0 | | 14.22
113 | |0 | e

| 14 | | 27.69 | |0

| 15 | | 1.02 | | 0

| 16 | |0 | | 2.03
17 | | 0.51 | | 0

| 18 | | 457 | | 0.51
| 19 | | 9.65 | |0

| 20 | 0 | | 6.60
|21 | 0 | | 3.81
| 22 | |0 | POST | 0.25
| 23 | | 0.51 | |0

| 24 | 15 DPP | 0 | )
125 | |0 | | 0
126 | |0 | | 0
27 | |0 | e

| 28 | 0 | | 3.81
129 | |0 | | 0
130 | |0 | e

| 31 | i) | | N/A

@Abbreviations: DPP, days preplant; POST, postenme@e
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Table 3.3. Date of treatment application, planting, and precipitatidtheaCentral Maryland

Research and Education Center (CMREC) located in Beltsville, MD in 2010.

! CMREC 2010

\ \ May | June

] | Treatment application | Rainfall | Treatment application | Rainfall
| Date | | (mm) | | (mm)
1 | 0 | Plant + 0 DPP | 0
|2 y 1 0.25 | |0

'3 ] | 14.48 | | 1.78
4 | 0 | | 0.25
5 | 30 DPP 0 | | 0
6 0 | [ 9.40
7 0 | 0
R 0 | 0

e 0 | (254
10| 0 | o
11| | 3.56 | | 0
12| | 34.80 | | 0
E 0 | o
14 | 1 3.30 | |0
5| 0 | 0
116 | 0 | | 11.78
17| | 8.89 | | 0.25
18 | | 8.38 | |0
119 | 15DPP | 0.25 | | 0
20| 0 | o
21| 0 | POST e
22 | 1 0.25 | | 457
123 | | 23.88 | | 0.25
2| 0 | o
25 | | 051 | |0
%6 | 0 | 0
27 | | 7.62 | | 0
28 | | 2.03 | | 25.65
29 | 0 | o
- 0 | o
131 | 0 | | N/A

@Abbreviations: DPP, days preplant; POST, postenme@e
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Table 3.4. Date of treatment application, planting, and precipitatidtheaCentral Maryland
Research and Education Center (CMREC) located in Beltsville, MD in 2011.

! CMREC 2011

] ] May ] June

] | Treatment application | Rainfall | Treatment application | Rairfall
| Date | | (mm) ] | (mm)
1 \ | 1.27 \ e
|2 | 30 DPP |0 \ 0

'3 | | 1.02 | 0
4 y | 16.26 y 0
5| 0 | 0

| 6 y | 0.51 y e

7 \ | 0.25 \ e
Enl 0 | 0
O o | 0
(10| 0 | (15
11| | 0 y | 0.25
12| |0 y | 2.03
113 | |0 \ | 0.25
14| [11.43 | |0
|15 | 15DPP | 0.25 \ 0
16 | | 0 \ | 10.92
17| | 3.81 y | 3.30
18 | | 6.35 y | 178
19 | | 3.56 y e
120 | |0 \ | 5.84
21| |0 \ | 0.25
22| o | 0
23 | | 0.51 y 0
24 | | 0.25 | POST 0
5| 0 | 0
26| 0 | 0
27 | |0 \ | 051
28 | | 0 \ | 4.32
29 | o0 | 0
30| 0 | E
31 [ Plant+0DPP e y | N/A

@Abbreviations: DPP, days preplant; POST, postenmeme
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Table 3.5. Two-year average soybean yield and yield components for toleratyt abthe Wye
Research and Education Center (WREC) located in Queenstown, MD.

Treatment Raté Timing® Yield Population Pods Beans  Seed Yield
plant®  pod® weight plant™

g kg Plants no. no. mg

ha' ha' ha' seed plant*
Glyphosate 874 30 DPP 2295 593267 28.6 2.6 120.0 8.59
Saflufenacil + 25+ 30DPP 2644 613725 33.1 2.4 128.3 10.13
glyphosate 874
Saflufenacil + 50+ 30DPP 2518 642950 29.7 2.5 131.7 9.48
glyphosate 874
Saflufenacil + 95+ 30DPP 2558 645872 27.3 2.5 125.0 8.41
imazethapyr® + 874
glyphosate
LSDg o NS NS NS NS NS NS
Glyphosate 874 15 DPP 2586 569887 28.6 2.7 118.3 8.61
Saflufenacil + 25+ 15DPP 2696 672175 26.3 25 126.7 8.36
glyphosate 874
Saflufenacil + 50+ 15DPP 2330 640027 325 2.5 126.7 10.12
glyphosate 874
Saflufenacil + 95+ 15DPP 2433 692632 31.0 2.5 126.7 9.79
imazethapyr + 874
glyphosate
LSDg o NS NS NS NS NS NS
Glyphosate 874 0 DPP 2578 616647 26.8 2.6 125.0 8.41
Saflufenacil + 25+ O0DPP 2299 610802 29.9 2.4 131.7 9.33
glyphosate 874
Saflufenacil + 50+ ODPP 2586 599112 33.1 2.4 135.0 10.47
glyphosate 874
Saflufenacil + 95+ O0DPP 2586 619570 33.3 2.5 131.7 10.77
imazethapyr + 874
glyphosate
LSDg o NS NS NS NS NS NS

®Rates are in ae for glyphosate and ai for all other products.

P Abbreviations: DPP, days preplant.
°Pre-packaged mix of saflufenacil at 25 ¢ haimazethapyr at 70 g HgTrade name OpTill).
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Table 3.6. Two-year average soybean yield and yield components for sensigte atathe

Wye Research and Education Center (WREC) located in Queenstown, MD.

Treatment Raté Timing® Yield Population Pods Beans  Seed Yield
plant®  pod® weight plant®

g kg Plants no. no. mg

ha' ha' ha' seed  plant
Glyphosate 874 30 DPP 2228 394538 40.1 2.4 138.3 13.12
Saflufenacil + 25+ 30DPP 2642 429608 35.0 25 148.3 12.32
glyphosate 874
Saflufenacil + 50+ 30DPP 2238 400383 36.7 2.5 145.0 12.89
glyphosate 874
Saflufenacil + 95+ 30DPP 2441 429608 38.4 2.6 138.3 13.09
imazethapyr® + 874
glyphosate
LSDg o NS NS NS NS NS NS
Glyphosate 874 15 DPP 2681 406228 37.7 2.6 140.0 13.04
Saflufenacil + 25+ 15DPP 2667 377003 38.2 2.6 138.3 12.90
glyphosate 874
Saflufenacil + 50+ 15DPP 2713 382848 48.4 2.5 143.3 17.22
glyphosate 874
Saflufenacil + 95+ 15DPP 2634 417918 34.0 2.6 153.3 13.10
imazethapyr + 874
glyphosate
LSDg o NS NS 9.5 NS NS 3.70
Glyphosate 874 0 DPP 2764 438375 36.3 2.6 143.3 13.48
Saflufenacil + 25+ O0DPP 2732 406228 37.7 2.4 146.7 13.11
glyphosate 874
Saflufenacil + 50+ ODPP 2526 432530 37.5 25 151.7 13.88
glyphosate 874
Saflufenacil + 95+ O0DPP 2464 397460 39.5 2.7 141.7 12.43
imazethapyr + 874
glyphosate
LSDg o NS NS NS NS NS NS

®Rates are in ae for glyphosate and ai for all other products.

P Abbreviations: DPP, days preplant.
°Pre-packaged mix of saflufenacil at 25 ¢ haimazethapyr at 70 g HgTrade name OpTill).

49



Table 3.7. Two-year average soybean yield and yield components for toleratyt abthe
Central Maryland Research and Education Center (CMREC) located in Be)ts\Ll.

Treatment Rat¢ Timing® Yield Population Pods Beans Seed Yield
plant®  pod®' weight plant®

g kg Plants no. no. mg

ha' ha' ha' seed  plant
Glyphosate 874 30 DPP 3990 277638 39.8 2.7 158.3 16.72
Saflufenacil + 25+ 30DPP 3925 283483 37.6 2.7 153.3 15.34
glyphosate 874
Saflufenacil + 50+ 30DPP 4172 289328 44.9 2.6 156.7 18.73
glyphosate 874
Saflufenacil + 95+ 30DPP 3739 309785 41.3 2.6 160.0 17.49
imazethapyr® + 874
glyphosate
LSDg o NS NS NS NS NS NS
Glyphosate 874 15 DPP 3847 295173 36.1 2.6 168.3 15.83
Saflufenacil + 25+ 15DPP 3480 303940 34.5 2.6 156.7 13.75
glyphosate 874
Saflufenacil + 50+ 15DPP 4185 268870 41.4 2.6 158.3 17.26
glyphosate 874
Saflufenacil + 95+ 15DPP 3917 286405 41.8 2.6 158.3 17.67
imazethapyr + 874
glyphosate
LSDg o NS NS NS NS NS NS
Glyphosate 874 0 DPP 3800 312708 33.6 2.8 150.0 14.25
Saflufenacil + 25+ O0DPP 3805 298095 34.9 2.7 155.0 14.70
glyphosate 874
Saflufenacil + 50+ ODPP 3559 312708 30.4 2.7 156.7 12.67
glyphosate 874
Saflufenacil + 95+ O0DPP 4281 298095 39.0 2.6 161.7 16.30
imazethapyr + 874
glyphosate
LSDg o NS NS NS NS NS NS

®Rates are in ae for glyphosate and ai for all other products.

P Abbreviations: DPP, days preplant.
°Pre-packaged mix of saflufenacil at 25 ¢ haimazethapyr at 70 g HgTrade name OpTill).
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Table 3.8. Two-year average soybean yield and yield components for sensigie atathe
Central Maryland Research and Education Center (CMREC) located in Be)ts\Ll.

Treatment Raté Timing® Yield Population Pods Beans  Seed Yield
plant®  pod® weight plant®

g kg Plants no. no. mg

ha' ha' ha' seed  plant
Glyphosate 874 30 DPP 3359 315630 38.0 2.6 140.0 14.16
Saflufenacil + 25+ 30DPP 3782 344855 38.6 2.7 146.7 13.78
glyphosate 874
Saflufenacil + 50+ 30DPP 3539 330242 37.1 2.7 140.0 14.34
glyphosate 874
Saflufenacil + 95+ 30DPP 4065 342491 38.4 2.8 147.7 15.88
imazethapyr® + 874
glyphosate
LSDg o 571 NS NS NS NS NS
Glyphosate 874 15 DPP 3464 273330 45.2 2.7 149.3 17.86
Saflufenacil + 25+ 15DPP 3783 305284 41.9 2.7 139.1 16.24
glyphosate 874
Saflufenacil + 50+ 15DPP 3868 356545 32.1 2.7 145.0 12.26
glyphosate 874
Saflufenacil + 95+ 15DPP 3914 324397 37.4 2.8 143.3 14.58
imazethapyr + 874
glyphosate
LSDg o NS 61552 9.2 NS NS 4.06
Glyphosate 874 0 DPP 3930 330242 34.2 2.7 141.7 13.32
Saflufenacil + 25+ O0DPP 3477 336087 35.6 2.8 148.3 14.21
glyphosate 874
Saflufenacil + 50+ ODPP 3338 315630 44.1 2.8 138.3 16.59
glyphosate 874
Saflufenacil + 95+ O0DPP 3939 341332 36.2 2.6 137.2 14.24
imazethapyr + 874
glyphosate
LSDg o 571 NS 9.2 NS NS NS

®Rates are in ae for glyphosate and ai for all other products.

P Abbreviations: DPP, days preplant.

°Pre-packaged mix of saflufenacil at 25 ¢ haimazethapyr at 70 g HgTrade name OpTill).
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Table 3.9. Two-year average soybean height for the tolerant varibey Wye Research and
Education Center (WREC) located in Queenstown, MD.

Treatment

Rate Timing” 4 WAP 7 WAP 10 WAP

Growth stag€

Glyphosate
Saflufenacil +
glyphosate
Saflufenacil +
glyphosate
Saflufenacil +
imazethapyr® +
glyphosate

LSDg o

Glyphosate
Saflufenacil +
glyphosate
Saflufenacil +
glyphosate
Saflufenacil +
imazethapyr +
glyphosate

LSDg o

Glyphosate
Saflufenacil +
glyphosate
Saflufenacil +
glyphosate
Saflufenacil +
imazethapyr +
glyphosate
LSDogo

g
hat

874
25+
874
50 +
874
95 +
874

874
25+
874
50 +
874
95 +
874

874
25+
874
50 +
874
95 +
874

30 DPP
30 DPP

30 DPP

30 DPP

15 DPP
15 DPP

15 DPP

15 DPP

0 DPP
0 DPP

0 DPP

0 DPP

cm

V3-V4

18.3
18.2

18.6

17.7

NS

17.3
17.6

17.3

16.7

NS

16.0
17.8

17.6

16.3

NS

cm

R1-R2

53.0
54.4

53.1

57.6

NS

57.8
57.9

55.4

58.0

NS

54.3
52.9

54.9

55.5

NS

cm

R3-R4

82.6
88.1

85.2

89.2

NS

91.7
89.1

85.9

90.0

NS

88.4
85.5

87.0

87.8

NS

@Rates are in ae for glyphosate and ai for all other products.

P Abbreviations: DPP, days preplant; WAP, weeks after planting.
“Growth stage was only measured in 2011.
dpre-packaged mix of saflufenacil at 25 §'Raimazethapyr at 70 g HqTrade name OpTill).
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Table 3.10. Two-year average soybean height for the sensitiveyatrtee Wye Research and
Education Center (WREC) located in Queenstown, MD.

Treatment Rate Timing” 4 WAP 7 WAP 10 WAP
g cm cm cm
ha'

Growth stag€ V3-V4 R1-R2 R3-R4

Glyphosate 874 30 DPP 19.2 47.9 78.9
Saflufenacil+ 25+ 30DPP  20.1 53.8 87.1
glyphosate 874

Saflufenacil+ 50+ 30 DPP 19.0 53.8 84.9
glyphosate 874

Saflufenacil+ 95+ 30DPP  19.7 55.6 85.9
imazethapyr’ + 874

glyphosate

LSDg o NS NS NS

Glyphosate 874 15 DPP 18.7 51.3 83.5
Saflufenacil+ 25+ 15DPP 184 52.9 84.5
glyphosate 874

Saflufenacil+ 50+ 15 DPP 19.2 51.7 83.6
glyphosate 874

Saflufenacil+ 95+ 15DPP  19.9 59.1 92.2
imazethapyr + 874

glyphosate

LSDg o NS NS NS

Glyphosate 874 0 DPP 19.1 55.2 88.7
Saflufenacil+ 25+ 0 DPP 19.2 54.4 90.4
glyphosate 874

Saflufenacil+ 50+ O0DPP 17.4 50.5 88.0
glyphosate 874

Saflufenacil+ 95+ 0 DPP 18.1 52.2 86.3
imazethapyr + 874

glyphosate

LSDg o 1.7 NS NS

@ Rates are in ae for glyphosate and ai for all other products.

® Abbreviations: DPP, days preplant; WAP, weeks after planting.

“Growth stage was only measured in 2011.

4Pre-packaged mix of saflufenacil at 25 §'Raimazethapyr at 70 g HdTrade name OpTill).
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Table 3.11. Two-year average soybean height for the tolerant vatigty Central Maryland
Research and Education Center (CMREC) located in Beltsville, MD.

Treatment Rate Timing® 4 WAP 7 WAP 10 WAP
g cm cm cm
ha'

Growth stag€ V3-V4 R1-R2 R3-R4

Glyphosate 874 30 DPP 20.8 62.9 80.6
Saflufenacil+ 25+ 30DPP 21.3 67.9 84.7
glyphosate 874

Saflufenacil+ 50+ 30 DPP 22.2 67.6 85.7
glyphosate 874

Saflufenacil+ 95+ 30DPP 21.0 66.4 85.0
imazethapyr + 874

glyphosate

LSDg o NS NS NS

Glyphosate 874 15 DPP 20.8 63.7 81.0
Saflufenacil + 25+ 15DPP 215 61.4 78.4
glyphosate 874

Saflufenacil+ 50+ 15 DPP 21.7 71.9 89.5
glyphosate 874

Saflufenacil+ 95+ 15DPP 21.1 69.6 89.1
imazethapyr + 874

glyphosate

LSDg o NS NS NS

Glyphosate 874 0 DPP 21.0 68.9 86.9
Saflufenacil+ 25+ O0DPP 21.6 61.0 80.2
glyphosate 874

Saflufenacil+ 50+ 0 DPP 221 63.7 80.9
glyphosate 874

Saflufenacil+ 95+ O0DPP 22.6 68.5 88.6
imazethapyr + 874

glyphosate

LSDgo NS NS NS

@ Rates are in ae for glyphosate and ai for all other products.

® Abbreviations: DPP, days preplant; WAP, weeks after planting.

“Growth stage was only measured in 2011.

4Pre-packaged mix of saflufenacil at 25 §'Raimazethapyr at 70 g HdTrade name OpTill).
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Table 3.12. Two-year average soybean height for the sensitivey\atrtee Central Maryland
Research and Education Center (CMREC) located in Beltsville, MD.

Treatment Rate Timing” 4 WAP 7 WAP 10 WAP
g cm cm cm
ha'

Growth stag€ V3-V4 R1-R2 R3-R4

Glyphosate 874 30 DPP 19.8 56.5 72.3
Saflufenacil+ 25+ 30DPP 214 64.6 82.3
glyphosate 874

Saflufenacil+ 50+ 30 DPP 19.4 62.4 78.3
glyphosate 874

Saflufenacil+ 95+ 30DPP  20.2 65.8 82.9
imazethapyr’ + 874

glyphosate

LSDg o NS NS NS

Glyphosate 874 15 DPP 21.6 62.7 79.5
Saflufenacil+ 25+ 15DPP 204 64.1 83.9
glyphosate 874

Saflufenacil+ 50+ 15 DPP 20.2 61.1 76.5
glyphosate 874

Saflufenacil+ 95+ 15DPP  19.9 62.1 81.7
imazethapyr + 874

glyphosate

LSDg o NS NS NS

Glyphosate 874 0 DPP 20.0 61.8 78.9
Saflufenacil+ 25+ 0 DPP 20.1 61.3 77.6
glyphosate 874

Saflufenacil+ 50+ O0DPP 18.6 56.6 76.0
glyphosate 874

Saflufenacil+ 95+ 0 DPP 20.2 62.9 77.6
imazethapyr + 874

glyphosate

LSDg o NS NS NS

@ Rates are in ae for glyphosate and ai for all other products.

® Abbreviations: DPP, days preplant; WAP, weeks after planting.

“Growth stage was only measured in 2011.

4Pre-packaged mix of saflufenacil at 25 §'Raimazethapyr at 70 g HdTrade name OpTill).
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Table 3.13. Soybean yield and yield components by year for treatmeheldpdays preplant
(DPP) to sensitive variety at the Central Maryland Research anatimu€enter (CMREC)

located in Beltsville, MD.

Year Treatment Rate’  Yield Population Pods Beans Seed Yield
plant®  pod® weight plant®
g kg Plants no. no. mg g
ha' ha' ha' seed  plant
2010 Glyphosate 874 3284 385770 34.1 2.7 133.7 12.22
Saflufenacil + 25 + 2917 350700 34.3 2.6 162.0 14.40
glyphosate 874
Saflufenacil + 50 + 2787 333165 43.3 2.6 142.0 15.93
glyphosate 874
Saflufenacil + 95 + 3340 391165 36.1 2.6 142.7 13.66
imazethapyt + 874
glyphosate
LSDo 05 NS 35965 NS NS NS NS
2011 Glyphosate 874 4575 274715 34.3 2.8 150.0 14.43
Saflufenacil + 25 + 4036 321475 37.0 2.8 133.3 14.02
glyphosate 874
Saflufenacil + 50 + 3888 298095 44.9 2.9 133.3 17.25
glyphosate 874
Saflufenacil + 95 + 4573 289328 35.2 2.6 132.0 14.76
imazethapyr + 874
glyphosate
LSDo 05 NS NS 10.0 NS NS NS

®Rates are in ae for glyphosate and ai for all other products.
P Pre-packaged mix of saflufenacil at 25 g'haimazethapyr at 70 g igTrade name OpTill).
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Chapter 4. Conclusions

Previous research has shown that saflufenacil provides excellent contradef/ded in
burndown situations (Owen et al. 2011). When tank-mixed with glyphosate, efficacyngn ma
difficult-to-control weeds was improved over either product applied alone @vaget al.
2011). Mellendorf et al. (2008) showed that combinations of saflufenacil + glyphosate w
highly effective on horseweed with no signs of antagonism between the herbiatkef.dm
my greenhouse experiments confirmed that a tank-mix of saflufenagipkagate resulted in
increased efficacy on GR horseweed compared to either product alone (Tabl&& duick
burndown offered by saflufenacil was illustrated in the GS horseweed populafiofergeil +
glyphosate resulted in quicker control of GS horseweed compared to glyphpphéd alone
(Table 2.2). Reduced efficacy at 28 DAA for all saflufenacil-contgiieatments was attributed
to extensive regrowth of horseweed from the crowns of the rosettes, whiclakgerethan those
usually found under field conditions (Davis and Johnson 2008). Since saflufenacil lscatats
primarily in the xylem, only the foliage that was present at applicatiorex@ssed to the
herbicide. This broke apical dominance, which allowed regrowth. Despite the poacgffc
synergistic or additive response of saflufenacil + glyphosate was observed

Saflufenacil applications to soybean grown on coarse-textured sdiltesstthan 2%
OM are currently restricted to 30 DPP for a rate of 25 had 44 DPP for a rate of 37.5 g'ha
(Anonymous 2012). Reduced plant population for saflufenacil at 5¢ ggfyslied 0 DPP and
reduced yield plafitfor saflufenacil at 50 g Haapplied 15 DPP seem to confirm the current
label (Tables 3.8 and 3.13). These data indicate poor crop safety in cases afiapmicerlap.
Trends in the data also showed that saflufenacil at 25 ¢y higher levels of crop injury and

reduced yields when compared to the pre-packaged mix of saflufenacil at 25-g ha
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imazethapyr at 70 g Ha(Tables 3.8 and 3.13). This suggests that the prepackaged mix of
saflufenacil + imazethapyr [packaged as a water-dispersible graN@)] may increase crop
safety when compared to the liquid emulsifiable concentrate (EC) foronlatsaflufenacil.
Previous work by Frihauf et al (2010a) found that the EC formulation of saflufgmacitded
better weed control and higher rates of injury to wheat than a WG formulationubésatil.
Data from this experiment concur with that of Frihauf et al. (2010a) indicaatgaflufenacil
shows more herbicidal activity in the EC formulation than the WG formulation.

Regardless of application timing, soil texture, saflufenacil fornaulabr product rate,
the tolerant soybean varieties never showed any injury symptoms or reductyozid (Tables
3.5, 3.7, 3.9, and 3.11). Grossman et al. (2011) showed that corn was inherently tolerant to
saflufenacil based on metabolism of the herbicide. Weed species examinedtindijatbould
not metabolize saflufenacil and thus experienced high rates of injury and totalgd#imt Given
wide variations in genetics between soybean varieties, it is possiblatleies categorized as
tolerant to saflufenacil can readily metabolize the herbicide wheeeagige varieties cannot
metabolize the chemical at a rapid enough rate to avoid crop injury and yield $essns
appropriate for BASF to keep their current saflufenacil label thatatssapplication timings on
coarse-textured soils.

Saflufenacil’s utility for controlling GR horseweed on the Delmarva Beramay be
limited. Data from WREC suggest that farmers on the peninsula with meeitured soils can
apply saflufenacil up to 50 g iat 0 DPP with no vield loss (Tables 3.5 and 3.6). This would
allow control of horseweed after the majority of plants have emerged. Howaébvemany
fields containing coarse-textured soils with low OM, saflufenacil appicatwill be restricted

to 30 DPP for much of the region. While these applications show promise in controlling fal
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germinated horseweed populations, as well as those that germinate throughairekéaig still
some probability of populations avoiding the more effective burndown treatment and
germinating once residual activity of saflufenacil starts to fadvidus research shows this
could be as early as 21 DAA (Owen et al. 2011).

In conclusion, while saflufenacil appears to increase efficacy phgbate on both GR
and GS horseweed populations, its utility in Maryland and the Delmarva Peninsulgeid lim
based on preplant application restrictions on the label. If a variety screeogrgmrwere
maintained to identify saflufenacil-tolerant varieties of soybean, thedme would prove to be

a valuable tool in controlling GS and GR horseweed populations in Maryland.
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Appendix A

Figure 1. Average temperatures and precipitation during the growing sea2i® and 2011
at the Wye Research and Education Center (WREC) located in Queenstown, MD.
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Figure 2. Average temperatures and precipitation during the growing sea20i® and 2011
at the Central Maryland Research and Education Center (CMREC) locd&ettsville, MD.
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Appendix B

Table 1. Weather conditions at time of spray applications at the Wye Resedietacation
Center (WREC) located in Queenstown, MD.

| WREC Application Conditions

| | 2010 | 2011

Timing 30 15 0 POST | 30 15 0 POST
DPP | DPP | DPP DPP | DPP |DPP

Date 4 20 8 1 9 24 6 22
May May June | July May May June | June

| Air temp (°C) | 244 | 256 | 27.8| 27.8| 222/ 26.7 30/6 322

| % humidity /30 |3 | 40 | 35 | 25 | 60 | 45 | 60

| % cloud cover | 0 0o | o | o | o | e | 0 | 66

Soil temp (°C at 10.15 21.1 ‘ 23.9 ‘ 27.8 ‘ 26.7‘ 21.1‘ 26.7‘ 31} 32.2

cm depth)

& Abbreviations: DPP, days preplant; POST, postemergence.
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Table 2. Weather conditions at time of spray applications at the CentrabMaiResearch and

Education Center (CMREC) located in Beltsville, MD.

CMREC Application Conditions

| | 2010 | 2011
Timing 30 [15 |0 POST |30 [15 |0 POST
DPF | DPP | DPP DPP | DPP | DPP
Date 5 19 |1 21 2 16 |31 24
May | May | June | June May | May | May June
| Air temp (°C) | 222 | 16.7| 256/ 328 | 214 239 32.2 28.9
| % humidity 140 |3 | 70 | 25 | 40| 65| 65 | 40
' %cloudcover | O | 66 | 33 | 10 | 66| 66/ 10 | 66

Soil temp (°C at
10.15 cm depth)

‘21.1 ‘15.6‘ 25.6‘ 32.2 ‘ 19.1 23.F 31.1‘ 28.9

& Abbreviations: DPP, days preplant; POST, postemergence.
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Table 3. Weather conditions at the time of greenhouse application.

| Greenhouse Spray Conditions

| | Study 1 | Study 2

| Date | 2 June 2011 2 December 2011
| Air temp (°C) | 32.2 | 14.3

| % humidity | 65 | 65

| % cloud cover| 0 0
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