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Giant ragweed is one of the most persistent and troublesome weed species in Midwestern
row cropping systems. Contributing to the difficulty of managing giant ragweed is evolved
resistance to herbicides, including glyphosatd cloransularmethyl In Wisconsin, giant
ragweed populations with putative resistance to glyphosate were idemti@edumbia,
Grant, and Rockounties. In wholeplant doseresponse experiments conducted under
greenhouse conditions, the glyphosatefalue (the effective dose that reduced shoot mass
50% relative to noitreated plants) for the putativesistant (Raccession from Rock County
(0.86 + 0.24 kg ae Fawas 6.5fold greater than for the sensitive (S) accession (0.13 + 0.02
kg ae hd) 28 d after treatmentResponse to glyphosatiéd not differbetween putative
resistant andsensitive accessions fronoldmbiaandGrantcounies All accessions were
sensitive to cloransulammethyl. In the Rock County giant ragweed, absorption and
translocation ot*C-glyphosate did not differ between R and S accessives72h time
course experimentdn contrast, e glyphosate target sitg&-€nolpyruvylshikimate3-
phosphate synthase, EPSPS) wast4.6.4fold less sensitive across experiments for the R
accession than the S accession based on glyphosatedtifes (the effective concentration
that increased shikiate accumulation 50% relative to nontreated leaf tissue). However, at

high glyphosate concentrations (1,000 to 2,000 uM), shikimate accumulationRn the



Vil
accession was similar to or greater thanSlagcession, suggesting that another mechanism
may be nvolved in conferring resistance to glyphosate in the Rock County accebsitie.
absence of glyphosate, plant height, leaf area, shoot volume, and dry shoot biomass were
similar between the R and S accessions during vegetative growth to the onseeaht
under noncompetitive conditions in greenhouse experiments. The instantaneous relative
growth rate, instantaneous net assimilation rate, and instantaneous leaf area ratio did not
differ between accessionsor didtotal seed mass plahaverage rass seed or seed
viability. However,R plants produced an average of 812 seedsflaoimpared to 425
seeds plaftfor theS accession This research confirmed the first instance of weed
resistance to glyphosate in the state of WiscorRisults indicate that Rock County giant
ragweed resistance to glyphosate is not conferred by reduced absorption or translocation of
glyphosate. Our finding that differential sensitivity of the EPSPS target site to glyphosate
(as estimated by shikimateamulation) betweethe Rock CountyR and S accessions was
overcome at high glyphosate concentrations suggests that another mechanism may be
involved in conferring resistance to glyphosaf&owth analysis results provide evidence
against the occurrenacd a fitness penalty associated with the resistance of Rock County
giant ragweed to glyphosate. The greater fecundity of resistant plants suggests that even in
the absence of selection by glyphosate, the frequency of the resistance trait for glyphosate
may increase in the field populatiohe results strongly suggest the need for {tq,
proactive weed management that reduces the selection intensity associated with glyphosate

use.



CHAPTER 1

Literature Review: Giant Ragweed and Evived Weed Resistance tblerbicides



GIANT RAGWEED BIOLOGY
Distribution. Native to North America, giant ragweédmbrosia trifidaL.) is found in
riparian areas, drainage ditches, field edges, roadsides, and increasingiypsrtantweed
speciesn manycropping system@Bassett and Crompton 1982; Baysinger and Sims 1991,
Norsworthy et al. 2011). It is distributed throughout the easterihinads of the United
States and is one of the most common weédéidwest, easternandmid-south agronomic
croppng systemgHarrison et al. 2001; Johnson et al. 2004; Norsworthy et al. 2011).
Wisconsin, giant ragweed is abundanbathcorn(Zea mayd..) (Fickett et al. 2013a) and
soybearjGlycine maxL.) Merr.] (Fickett et al. 2013b) production fields.
Growth and Competitive Abilit y. Adaptation to a wide range of soil environments, rapid
vertical growth, and highiomass productiomake this species particularly competitive in
cropping system@Abul-Fatih et al. 1979, Baysinger and Sims 1991; Harrison 20al,
Harrison et al. 2007). Plants can grow up-m $all, with height and biomass production
dependent on plant density and competition for sunlight (Johnson et al. 2@)&iai).
ragweed grown in monoculture at 500 plantéproducel more thar8,000 g ni? of
aboveground biomass, with aboveground biomass and leaf area index higher than when
plants were grown at a lower density (Abul Fatih and Bazzaz 1@@nt ragweed in
Urbana, lllinois was found to reduce light reaching the ground below thecplaopy by
95% and have a leaf area index (LAI) of 5 (Bassett and Crompton 1982). Addititmally,
biosynthesis of allelopathfghytochemicals by giant ragweedn impacthe growth of

surrounding plants (Kong 2010; Kong et al. 200/ang et al. 2005).
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Contributing to the competitive ability of giant ragweed is elastic resource utilization
in response to varying environmental factors, such as light and nutrients. Gramig et al.
(2006) observed radiatiemse efficiency (RUE) of weed species, including gragweed,
grown in mixed communities with corn to be 50% greater (averaged over weed species and
time) than when grown in monoculturtn response to fertilizer application, giant ragweed
was found to rapidly produce leaf tissue at a rate twice thairefertilized plantswhereas
nonfertilized plants dedicated more energy to rawidoiction in early growth stagéldunt
and Bazzaz 1980).

Reproduction. Giant ragweed is an annual, dicotyledonous plant that is monoecious with
terminal male flowers anémale flowerst the leaf axils below the male flowers (Abul
Fatihet al.1979; Bassett and Crompton 1982hnson et al. 200Y.aExpression of sexuality
is phenotypic and impacted by environmental factalsil-Fatihet al. 1979).In a study in
lllinois, shorter plants were found to be more likely to produce only female flowers,
preserving energy to be put into seeds, instead offmdén and seeds (Abatihet al.

1979).

Giant ragweed is a facultative outcrossing species and plants are predominantly wind
pollinated (Bassett and Crompton 1982; Brabham et al. 2(ahts producexceptionally
large amounts of pollenvhichis known for its contribution to seasonal allegand hay
fever (Bassett et al. 1978ne plant produces an estimat€dmillion pollen grains per day
and more than a billion pollen grains during its life speth plants able télower from July
to October Johnson et al. 200Y.alt is reported tht pollen from plants in the genus

Ambrosiaare responsible for more cases of hay fever than all otherspleeiescombined



4
(Ziska et al. 2011). Furthermore, climate change is predicted to exacerbate the problems of
seasonal allergies by increasthglength of time plants release polle8ince 1995, it has
been reported that the duration of the ragweed pollen season has increas€d bayS8in
latitudes above 44° N (Ziska et al. 201The large amourdf pollen produced, combined
with crosspollination, results in a high degree of genetic and phenotypic diversity in a
population Johnson et al. 200Y.aAlthough giant ragweed plants are capable of self
pollinating, it has been reported that the progeny have less vigor (Bassett and Crompton
1982).

Seeds are contained in an involucre and have no obvious method of dispersal (Bassett
and Crompton 1982; Harrison et al. 200However, rodents, birds, and earthworns
known toplay a role in giant ragweed seedpdissal (Harrison et al. 2002003; Regnieret
al. 2008). Abul-Fatih and Bazzaz (1979) repedithat 275 seeds wepgoducedon an
average plant in Urbana, lllinoidore recenestimateshoweverare much higher, ranging
from approximately4,200 to 5,100 seedplant® atlow densities, t@pproximately 775 to
1,465seeds plaftat high dendies (Baysinger and Sims 1991). Aldtih et al. (1979)
observed seed production todmrelated with number of leaves, leaf area, teassand
total plantmass Although arelativelylarge quantity of seed is produced per plant, giant
ragweed seeds are susceptible to high degrees of damage frdispersal and post
dispersal predatioby insects, rodents, earthworms, bacteria, birds, and fungil{Rdtih
and Bazzaz 197%Harrison etal. 2001, 2003; Regnier 2008).

One reason that giant ragweed is so difficult to manathe grolongedgermination

andemergence timeline that allows germinating seeds to escape management efforts early in
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the seasorfavis et al. 2013Harrison et al2001; Schutte et al. 2008012) Giant ragweed
plantsproduce aliverserangeof sized seedsvhich are able to survive under varying
environmental conditions and typicalgquire stratification to break dormancy before
germination (AbulFatih 1977; Basett and Crompton 1982Abul-Fatih (1997) found that
larger seeds were able to germinate in cooler temperatures and in a wider range of soil
moisture levels and depthBurther, giant ragweed was shown to have the lowest base
temperature needed for faamergence compared to five other common Midwestern weeds
(Gramig and Stoltenberg 2007).efnination patterns differ among populations (Schutte et
al. 20®) and yeargAbul-Fatih and Bazzaz 19Y.9For example, the germination period for
giant ragweed s&ls in Ohiovasfound tobeginbetween March 25 and April 5, ardd
between July 24 and July 30, with a general pattern of an early flush followed by more
intermittentgerminationover the course of the summ{&chutte et al. 2008)Stoller and
Wax (1974 observed a similar pattern in lllinois, but germination did not contirtee &fine
1. This temporal pattern of emergence is thought to be an adaptation that allows for success
in crop fields and highly disturbed environmerdsyis et al. 2013Hartnet et al. 1987) and
involves a high level of embryo dormancy that preventaegermination at cooler
temperatures (Schutte et al. 2012).

Geneticand Phenotypic Dversity. As noted above,ignt ragweed is highly diverse
genetically and phenotypically, with much of its success attributed to aspects of this
diversity. In contrast to the extended germination and emergence timeline observed in field
populations, giant ragweed seeds from a i@rahabitat were found to have an earlier and

constricted window for emergence (Davis et al. 2013). In an lllinois studijfefentgiant
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ragweecdecotypegdistinct geographic populationgn ecotypefrom an agricultural field left
fallow for 15 yearsvas found to produce more dry biomass, a higher number of seeds and
total mass of seeds pldniand have a higher reproductive allocatibanan ecotypdrom
an annually disturbedgriculturalfield (Hartnett et al. 1987)Although both ecotypes were
originally from the same population in a cultivated agricultural field, the differences
observed were attributed to different selection pressures found in the two environments. It is
rare for annual species to persist in{asturbed environments, suchafallow field, but
the ability of giant ragweed to adapt and compete with perennial successional species was
hypothesized to be a result of high genetic polymorphism (Hartnett et al. 1987).

A very interesting example ¢iiediversity within giantrage@ed i s t he “r api
necrosis trait?” f ou-medistantgianaragveed ih mdiagralhdm gl y p h o
et al. 2011) Rapid necrosis of mature leaves is observed within 3 daylyafosate
applicationto these plantshowever, the plants recovandcontinueto grow. It is
hypothesizedhatthis response allows for reducglyphosatdranslocation to meristematic
tissue dthough the mechanism of resistance in this biotyg®not been confirmed
(Brabham et al. 2011)Other giant ragweedccessionsvith resistance to glyphosate, such as
the Rock Countyccessiomn Wisconsin, do not exhibit this respor{§dettner 2013)

Community and Ecosystem Interactions Giant ragweed is a keystone speciesithpacts

the community composition anthsures of other plants in tl@nual plant stands in which it

is present (AbutFatih et al. 1979)As such, it has a range of relationships with other species
in the ecosystem, including insectSiant ragweed presence near cropping systansserve

asalternative hosts for the tachinid parasiyelella grisesenghat helps to regulate the



European corn borg¢Ostrinia nubilalis(Hubner)] a common pest in corn (Altieri and
Letourneau 1982)Additionally, gant ragweed seed viability is greatly reddids/ feeding
of insect larvaeAbul-Fatihet al. 1979; Amatangelo 1974Harrison et al(2001)found that
13 to 19% of giant ragweed seed viability losses were a result of feediivg msect
larvae with additionallosses attributable tdamage fronbeing fed on by insects at some
point.

Postdispersal predation of giant ragweed seed playspartant role in reducing
seedbank inputs, especially in fdl agesystems (Harrison et al. 2003 a study of post
dispersal predation of giant ragweesgtds on the surface of a-tihagecorn field, 88% of
seeds were lost by predation in 12 months, with rodents and invertebrates playing the largest
role (Harrison et al. 2003). However, the potential for seed predation is also impacted by
secondary seedispersers, in which the creation of seed caches places the seeds in favorable
conditions for later germination (Regnier et2008). In the presence of the European
earthworm(Lumbricus terrestrig a study in Ohio found that the numbermidnt ragweed
seeds on the soil surface decreased more rapidly than when subjected solely ttaatuctic

(Regnier et al. 2008).

GIANT RAGWEED IMPACTS ON AGRICULTURE
Crop-Weed Interactions As the most competitive weed relative to other common weed
species ircorn and soybean cropping systems in Wiscortsokétt et al. 2013a)bgiant
ragweed presents a challenge for management and a serious threpiyield potential

The competitive index used to determine crop yield loss in corn and soybean cropping
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systems in Wisconsin due to weed competition from giant ragweed is the highest of any
weed, 8.00 on a scale of 0 to 10, with 10 being the most competitive (Fickett et al. 2013a,b)
In Wisconsin, corn yield loss due to giant ragweed competition was gtieatethat from
velvetleaf Abutilon theophrastMedik.), common lambsquarterStienopodium alburh.),
pigweed specie;fnaranthussp.), and four annual grass species (Moechnig 200ant G
ragweedn Ohioat a density of 1.7 plant® m™ reducel cornyield by 13.6%, and up to
60%ata density 613.8 plantsLO m*when emergece occurred at the same time as corn
(Harrison et al2001). Similarly in soybeans, optant m? reducel yield by 45to 77% in a
2-yr study in Ohio (Webster et al. 1994n Missouri, two plants 0! row reducedsoybean
yield by 46to 52%over a 2yr period(Baysinger and Sims 1991).

Nutrient management, crop rotation, and tillage systHettgiant ragweed
abundancand competitive abilityandthusassociated@ropyield losses In Indiana,giant
ragweed at low densitig8.5 plants rif) in corn accumulated 104 kg nitrogen (N)‘ever
the season, with delayed N application resulting in greateségtson giant ragweed biomass
accumulation (Johnson et al. 2007b). In the same study, sleagpimterference from giant
ragweed at a density of 0.5 plantg mas found to reduce cogield by 19% (Johnson et al.
2007h). Stoltenberget al.(2011) attributed the greatest yield lodseto cropweed
interactiongo competitionfrom giant ragweed in the continuous corn, chisel plow system
a 12yr study in Wisconsin In chisel plow sgtens, giant ragweed seeddsstributed in the
plow layer where it idesslikely to be predated, but ndtstributed deep enougin the soil
profile suchthat germination is hindered (such as with moldboard plowing), placing it in an

ideal location fo preservation in the weed séaohk (Stoltenbergt al. 201}



WEED RESISTANCE TO HERBICIDES

Definition and Evolution. Herbicide resistands the inherited ability of a plant to survive
and reproduce following exposure to a dose of herbicide normdib ket the wild type
(WSSA 2013) Resistance may be naturally occurring or induced by such techniques as
genetic engineering or selection of variants produced by tissue culture or mutagenesis.
Currently,resistance to herbicides has been confirmeé&t2weed species worldwidgleap
2013). In Wisconsinl0 species (1Bnique cases of weed species and herbicide mode of
action) are known to have evolved resistance to herbicides (Heap), 2@t 3ncluding the
recent confirmation of giant ragweed resis&to cloransularmethyl(Marion et al. 2013)
and horseweeflConyzaCanadensigL.) Cronq] resistageto glyphosate (Recket al.
2013) Evolution of weed resistance to herbicidesot a recent phenomenoifhe first
herbicideresistant weeds, spreadidgyflower Commelina diffus®urm. f) and wild carrot
(Daucus carotd..) resistant to 2D, werediscoveredn 1957 (Heap 2013 Resistance
typically develops as repeated use of one herbicide mode of action imposes selection on
weed species for individuals with resistance traits (Jasieniuk et al. 1996; Stoltenberg and
Wiederholt 1995; Volenberg et al. 200T)he increasing number of herbicidesistantveed
species has beelue in large part to the widespread reliance on herbicides as the primary
tactic for weed management (Mortensen et al. 2012; Owen 2012; Service 2007).

In addition tothe evolution of weed resistancehterbicides, changsin weed
community compositioneave been observed over the last dec&i@responding with
increasing use of glyphosate for postemergence, spactrum weethanagemeniithin

glyphosateresistan{GR) cropping systems, problematic weeds have shifted from annual
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grasses and perennial broadleaf weeds to annual broadleaf(d@®ason et al. 2009)n a
recent followup to a survey of growers using GR technology in 2005, Prince et al. (2012)
reported a shift in problematic weeds from sicklef®ernnaobtusifolia(L.) Irwin and
Barnaby] and morningglorygomoeaspp.) to horseweed aWdnaranhusspp. This shift is
attributed to a combination of selection pressures that are characteristic of the use of GR crop
cultivars, including reduced tillage intensity andregasing reliance on glyphosate (Prince et
al. 2012).
Glyphosate Glyphosate is the most commonly used herbicidg.8. corn, cotton
(Gossypium hirsuturh.), and soybean production (USEMASS 2013).The introduction of
glyphosateresistant soybean thé commercial market in 19%@aw a large increase in
glyphosate us@Green and Owen 2011In 1995, glyphosate was the seventh most
commonly used conventional pestici@xcluding sulfur and petroleum oil used as
pesticides, specialty biocides, wood preatives, and chlorine/hypochlorites used in water
treatment) in the U.S. agricultural sectath 11 to 14million kg active ingredienapplied
(Aspelin 1997) By 2001, glyphosate was the most conmiyaised herbicidéGrube et al.
2011). In 2012, 32 million kg of glyphosate potassium salt and 13 million kg of glyphosate
isopropylamine salt were applied to planted soybean hectares in the U.S. -(\/SER\
2013).

The introduction of herbicidessistant (HR) crops has been attributed to arease
in 239 million kg of herbicide use in the U.S. between 1996 and 2011, with increasing
glyphosate reliance in HR soybeans accounting for most of this increase (Benbrook 2012).

In a recent survey of corn, cotton, and soybean growers from 22 U.S, gtgpdhosate was
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found to be the most commonly used herbicide for fall and spring applications, with as many
as 69% of growers solely relying on glyphosate, depending on the cropping system (Prince et
al. 2012). Givens et al. (2009stimated that moréan 80 and0% of growers who planted
GR soybean andorn, respectivelymanaged weeds solely with glyphosa@urrently,
herbicide resistance is the most widely adopted transgenic technology, with 80% of the
global transgenic hectares planted to HR crogth glyphosate resistance the most common
trait (Duke and Powles 2009).lyphosateresistant alfalffMedicago sativd..), corn,
cotton, canolgBrassica napus.), soybean, and sugar béBtta vulgarid..) are
commercially available Worldwide, GR cultivars are currently grown on approximately 70
million ha (Price et al. 2011), and GR corn, soybean, cotton, and canola dominate the market
(Vencill et al. 2012).During the 203 planting season, 88 of the soybeahectars planted
in Wisconsin werdiR (USDA-ERS2013), most likely predominantly GRIn southern
Wisconsin, approximately 80% of corn and 98% of soybean hectares were GR cultivars in
recent years (Fickett et al. 2012a,b), suggesting a high degree of selection pressure for
glyphosateresistant weeds.

Glyphosate is a potent inhibitor of the nucleacoded chloroplast enzyrbe
enolpyruvylshikimate3-phosphate synthaseRSP$, a key enzyme in the shikimate
pathway (Amrhein et al. 1980). Inhibition BPSP Sy glyphosate disrupts the production
of the aromatic amino acids tyrosine, phenylalanine, and tryptophan, ultimately causing plant
death. In addition,shikimate accumulates in plants when glyphosate competes for binding
sites onrEPSPSwith phosphoenolpyvate, a substrate the reactiorEPSPSatalyzes.

Unused shikimat8-phosphate subsequently converts to shikimate more quickly than it can
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be utilized in other metabolic pathways (Herrmann and Weaver 1998)de range of
plants are sensitive to thehibition of EPSP Sy glyphosate, making it an effective bread
spectrum herbicide (Duke and Powles 2008).

It was hypothesized that weed resistance to glyphosate conferred by a target site
mutation would be a detriment to weed competitive ability ameédig because of the
complex molecular manipulations needed to engineer glyphossitgant crops and the
resulting interference with phosphoenol pyruvate binding and normal plant functioning
(Bradshaw et al. 1997). Furthermore, resistance conferred tapotfie degradation and
overexpression dEPSPSwvas only achieved in the laboratory, thus the probability of
evolution of glyphosateesistant weeds was thought to be.ldwevertheless, the first
glyphosateresistant weed was confirmed in 1996, with GdrdrryegrasgLolium rigidum
Gaudir) in Australia (Powles et al. 1988 There are now a total of 24eed species
worldwide that havevolvedresistance to glyphosate (Heap 201Glyphosateresistant
giant ragweed was first confirmed in Ohio in 2004 had since been confirmed in 119U
stateqHeap 2013)including most recentlyn WI (Glettner 2013).

The novel mechanisms in which weeds have developed resistance to glyphosate are
of particular interest. Weeésistance to glyphosate has to datentstributed to one or
more of three mechanisms (Shaner et al. 2012): an aE@8BSarget site (Powles and Yu
2010)as noted abovyehanges in vacuolar sequestration (Ge et al. 2010) and/or reduced
translocation of glyphosate to meristematic tissuesreEPSP3s primarily expressed
(LorraineColwill et al. 2003;Shaner 2009), and gene amplificatiorE6fSPSesulting in

increased wildype EPSPSxpression (Gaines et al. 2010).
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The first case of resistancenferred byan alteredePSPSarget site was observed in
a population of glyphosatesistant goosegradsigusine indicgL.) Gaertn] in Malaysia
(Baerson et al. 2002)-eng et al. (2004) attributed resistance in horseweed to reduced
translocation of glyphosate to the phloeMore recentlyhorseweedesistance to
glyphosate has been attributedsemuestration of glyphosate in the cell vacyGle et al.
2010). ltalian ryegradd.olium perennel. ssp.multifiorum (Lam.) Husnat exemplifiesthe
ability of aplant species tlmdependentlgvolvemore than one mechanismreskistance In
apopulationfrom Oregonfesistancevasconferred by reduceglyphosatdranslocation,
whereas in a population from Chilesistancevasdue to an altered EPSPS target site
(PerezJones et al. 2007). ldentifying yet another novel mechanism of resistance, Gaines et
al. (2010) found a resistant biotypeRafimer amarantfAmaranthus palmei$. Wats) in
Georgia to have 5 to 160 times morgies of theEPSPSyene

Our understanding of the physiological mechanism or mechanisms that confer
resistance of giant ragweed to glyphosate is limitaca glyphosatgesistant biotype from
Tennessee, less shikimatecumulagdin leaf tissue followingexposure to glyphosate than
in asensitivebiotype from Arkansa@Norsworthy et al. 2010). However, differential
shikimate accumulation between the two biotypes was overcome at higher glyphosate
concentrations, indicating that resistance was not duéessaensitiv&PSPS The authors
suggestedhat resistance wamssibly dugo reduced translocatiaf glyphosate to the
target site, although this was not confirme8ubsequentasearctshowed that absorption
and translocation df C-glyphosatedid not differ between glyphosatesistant andsensitive

biotypesfrom ArkansagNorsworthy et al. 2011)In a glyphosateesistant giant ragweed
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bi otype from I ndiana with a theplygologicalnecr osi s”
mechanism of resistancenotyet known but theresponsenayallow for reduced
translocatiorof glyphosatd¢o meristematic tissue (Brabham et al. 2011).
Acetolactate SynthaseALS) Inhibitors . ALS inhibitors are a ammonly used class of
herbicidesconsising of multiple herbcide families that target the enzyme acetolactate
synthase, disrupting the synthesis of branched aatms (Eberlein et al. 1997). Due to the
widespread use of these herbicides, their soil residual activity, and multiple target site point
mutations thatonfer resistance (Tranel and Wright 2002), ALS inhibitors are the herbicide
mode of action to which the greatest number of weed species have evolved resistance (Heap
2013). The first confirmed case of resistance to ALS inhibitors was rigid ryegrass
Australia in 1982 (Heap 201L3Worldwide, there ar&33species with resistabiotypes to
ALS inhibitors (Heap 2013 In Wisconsinsix species have evolvedsistance to ALS
inhibitorsincluding eastern black nightshad@o{anunptycanthunDunal) (Volenberg et al.
2000), giant foxtail etaria faberHerrm.) (Volenberg et al. 2001), green foxt&k(aria
viridis (L.) Beauv) (Volenberg et al. 2002), and most recently giant ragweed (Marion et al.
2013) Resistance to ALS inhibitors has been afteld to reduced sensitivity of the target
ALS enzymgVolenberg et al. 2000, 2001, 2002)increased herbicide metabolism (Tranel
and Wright 2002).

Giant ragweed with resistance to ALS inhibitors has been confirms’ LhS. states
(Heap 2013) includig Wisconsin as noted abovim Ohio, a population of Giant ragweed
was confirmed to have developed high levels of cross residtascgance to two or more

herbicides conferred by a single mechanism (Beckie and Tardif 201dyransulam
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methyl, chlorimuron and imazamox (Taylor et al. 20023imilarly, giant ragweed in Indiana
that was resistant to cloransulanethyl was also found to be crassistant tahlorimuron
and imazethapyr, with resistance attributed to a mutation that caused the s stittne
aminoacid tryptophan to be replaced by leucine at the site of action (Patzolt and Tranel
2002). Intwo of these instances (Minnesota and Ohio), giant ragweed has demonstrated
multiple resistancfresistance conferred by two or mechanismsgctviare usually a result of
independent herbicide mode of action selection (Beckie and Tardif 2018){hALS
inhibitors andglyphosatgHeap 2013) ALS inhibitors, particularly cloransularmethyl
(Cullen et al. 2012; Vink et al. 20&R are arimportant option for growers to manage giant
ragweed in soybean, and for gaotive glyphosate resistance management. As such,
multiple resistance to glyphosate and ALS inlifstepresents potentially serious problems
for the effective management obgt ragweed in soybean, and constrain herbicide options

available to growers for proactive resistance management.

FATE OF HERBICIDE -RESISTANT WEEDS IN THE ENVIRONMENT
Plant Fitness and Competitive Aility . The fate ofaresistance train the enviromentis
impacted byfitness, as well athe gene mutation rate, initial frequency of resistance allele,
heritability, fitness, reproduction and gene dispersal systems (Jasieniuk et al. 1996; Roush et
al 1990). Therefore, theccurrence, persistence, amesad of resistance alleles will vary
with several factors, includingeedspeciesand biology biotypéecotype andmutation rate
associated witherbicide mode of actionAlthoughsomefactorscontributing tothe

evolution of herbicidegesistant weedsuch aghe selection pressure exerted by the reliance
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on one herbicide mode of actiarethought to bevell understoodhow resistanceersists
and spreads on the landscapget to be fully illuminated

Understandinditnesspenalties associated witesistancés particularly importantor
predicting the persistence and spread of herbicide resistRetative fithess is the ability of
a genotype to produce viable offspring relative to all other genotypes in a population (Preston
et al. 2009).Evolution of herbicide resistance is hindered when the mutation is associated
with a fitness penalty (Jasieniuk and Maxwell 1998)rthermore, the presence of a fitness
penalty would infer that when selection for resistant individuals is no longer iogioged,
thefrequency of theesistance train a populatiorwould decrease over time (Jasieniuk et al.
1996). A large fithesgpenaltymay enhance resistance management tactics such that the
frequency of resistant phenotypes decreases in years wheaiiie herbicide mode of
actions or other tactics are used (Jasieniuk et al. 1996; Preston et al. 2009).

Evidence for a fithess penalty resulting from resistance to glyphosate is dependent on
the weed species and mechanism of resistance. Tall maiorynfiggomoea pupuredl..)
Roth] tolerance to glyphosate was found to be associated with a fithess penalty, such that in
the absence of glyphosate, the frequency of tolerant individuals decreased (Baucom and
Maurio 2004). Preston and Wakelin (2008) sutgpbthat the altered translocation of
glyphosate which conferred resistance in rigid ryegrass also disrupted plant function and
carried a fitness penalty. Under greenhouse conditions, Chandi et al (2013) found that
glyphosatesusceptibld’almer amaranthampetitionreduced crop fresh weight [averaged
over corn, cotton, peanuAi@achis hypogaed.), and snap beafaseolus vulgarik.)] less

than a glyphosateesistant population, indicating there may be a differential response
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between populations in contiere ability. However, they indicated the results may not
necessarily indicate a fitness penalty due to the resistance trait, but rather may be due to
variation in the populations.

Glyphosateresistant andsusceptible phenotypes of rigid ryegréssn a single
population in Australia were found to have similar biomass accumulation and
competitivenessrhen in competition with wheat (iticum aestivuni.). Furthermore,hte
meanmassof seeds from resistant plants vggeater than from susceptibleapts. Although
at low crop densities susceptible plants produced more seddgh crop densitieshe
resistant and susceptible populations prodacsignilarnumber of seeds (Pedersen et al.
2007). No apparent fitness pengalivas observed betweetyghosateolerantand-
susceptible common lambsquartbistypesfrom Indianabased on seed production estimates
(Westhoven et al. 2008} owever, toleranbiotypes grew talleproducedmore leaf area
andaboveground plardry mass, and advanced througbwth stages more rapidly than
sensitive biotypes, but had lonanoveground plardry mass at maturityAdditionally,
tolerantbiotypes initiated flower primordiearlier tharsensitive biotypes.

Davis et al. (2009) observed no difference in seedaméass production in
populations of horseweed from Indiana or Ohio that were resistant to glyphosate, ALS
inhibitors, or both glyphosate and ALS inhibitors, when compared to susceptible populations.
This supports Zel aya e tackaflafitness pégn@tplethgen obs er v a
glyphosateresistant horseweed from Delaware and susceptible plants under greenhouse

conditions. Furthermore, a study in California identified a GR horseweed biotype that
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accumulated more than twice the amount of dry basihan the susceptible biotype,
whether isolated or in competition with grapevine (Alcorta et al. 2011).

In the case of giant ragweed, little is known almientialfitness penaies
associated with resistanttea range oherbicidemodes of actionln recent workBrabham
et al. (2011) found that glyphosatesistant giant ragweetth therapid necrosis traifnoted
above)from Indiana displayed early, rapid growth in the absence of glyphosate, flowered
earlier butproduced 25% less seed trasusceptible biotypeThus,resultsindicaiedthat
there may be fitness penalty associated with tiigphosate resistantrait and that the
frequencyof the resistant biotype could decrease in the absence of selection from glyphosate
use. Howeverinferencedrom this studymay belimited, asthe biotypes compared were
from differentgeographic locations such that the fithess response mapnifeunded with
biotype/genotype differences.

Resistanceo other herbicide modes of actibave been shown nai tarrya fithess
penalty. In Wisconsin resistance tacetylcoenzyme A carboxylas@&CCase@ inhibitors
was notassociated witheducel fitnessof giant foxtail (Wiederholt and Stoltenberg 1996
or large crabgras®jgitaria sanguinalis(L.) Scop] (Wiederholt and Stoltenberg 1996b)
Similarly, productivity and intraspecific competitive ability of a Wisconsin atragsestant
velvetleaf biotype did not differ from that of an atrazsmesceptible biotype (Gray et al.
1995).

Gene Flow Gene flow isanotherfactor influencinghe spread of a resistance trait on the
landscape. The greater the rate of gene flow, the morethegsgread of resistance in a

population (Jasieniuk et al. 1996). In most instances, the rate of gene flow is greate than th
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mutation rate for the resistance trait; as such, the length of time to establish a high frequency
of resistance in a population is less than that based on the mutation rate alone (Jasieniuk et al.
1996). Dominant alleles conferring resistance increase mapidly in a predominantly
outcrossing population when under selection pressure than recessive alleles, while in a self
pollinating species, the rate is similar for dominant and recessive alleles (Jasieniuk et al.
1996). This is particularly relevamthen considering a facultative outcrossing species, like
giant ragweed Giant ragweed gene flow via pollen dispersal can occur up to a distance of at
least60 m (Volenberg et al. 2006Brabham et al. (2011) recently found tha outcrossing
rate fora glyphosataesistance trait in an Indiaggant ragweediotype was 31% at a
distance of 76 cm, with 61% of the progeny resistant to glyphosate, indisatng
likelihood of the spread of resistance thropgiien-mediated gene flow

Knowledge abouthe inheritance of herbicide resistaimegaluablefor predicting the
persistence and spread of resistance tfditenberg et al. 200/olenberg and Stoltenberg
2002,b; Yerka et al. 2012 Altered targefsite and translocation mechanismsveed
resstanceo glyphosatare typically inherited as a dominant or incompletely dominant
nuclear trait (Powles and Preston 2006; Powles and Yu 2@E@hosate resistance in rigid
ryegrass in Australia was found to be f@redby a single dominant allele four out offive
populations, with progeny of resistant and susceptible crebsegng aresponse to
glyphosatesimilar to that ofthe resistant parent (Wakelin and Preston 20@&)jaya et al.

(2004) showed that horsewerss$istanceo glyphosatevas conferred by an incompletely
dominant, single allele in the nuclear genome and as a result, under continuous glyphosate

selection, would increase in frequen®&PSPSyene amplification is also heritable; ptants
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from a cross between a resistanterzarent witlEPSP3yene amplification and a sensitive
female parent witholEPSPSyene amplification were resistant to glyphosate, and both
EPSPSrotein expression level and the resistant phenotype segregatgalamts (Gaines et
al. 2010). In horsaveed, Davis et al. (2010) confirmed that resistance to glyphosate can be
transferred at low frequencies (1.1 to 3.8%) to nearby glyphssateptible horseweed
plants under opepollinated conditions.

Management of GlyphosateResistant Weeds.In additionto fithess and gene flow,

effective management practices and crop rotations grounded in knowledge of weed biology
play an important role in the fate of herbicigssistant weeds in the environment. In years
three and four of a foryear study of managemiepractices and crop rotation on a

horseweed population with a moderate (1 plaf} imfestation of glyphosateesistant
horseweed, a corsoybean rotation was found to reducdiéid and seed bank horseweed
densities (Davis et al. 2009). Spring apgliesidual herbicides provided the greatest
protection of crop yield potential and largest reduction in horseweed densities. The use of
springapplied residual herbicides combined with fghyphosate postemergence herbicides
reduced the ratio of GR:GS seweed from 3:1 to 1:6 (Davis et al. 2009).

Many recent papers have focused on the use of other herbicide modes of action,
besides glyphosate, to manage weeds that were previously effectively controlled by
glyphosate (Vink et al. 2011; Vink et al. 2012&pecifically, the efficacy of synthetic auxin
herbicides, has been evaluated in anticipation of the release Dfdhd dicamba tolerant
crops (Barnett et al. 2013; Byker et al. 2013; Vink et al. 2012b). Vink et al. (2012b) reported

the first study ofveed control in dicamba tolerant soybean in Canada, concluding that
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dicamba use in dicamtalerant soybean will be an effective management option for control
of giant ragweed in Ontario, with glyphosate plus dicamba applied preplant, as well as
postemergnce, providing 100% control of GR giant ragweed.

Although there is promising potential for herbicidéerant crops with multiple
resistance to herbicides to be an important tool for managing weeds with resistance to
glyphosate, many weed scientists cautgainst a silver bullet approach to managing
herbicideresistant weeds. From a resistance standpoint, there are concerns over increased
selection pressure being imposed on weeds due to rising synthetic auxin applications that will
accompany the new Hacide-resistant crops (Davis 2012; Green and Owen 2011;
Mortensen et al. 2011)Currently there have been six confirmed cases of resistancelib 2,4
in the US., with additional cases of resistance to other herbicides in the synthetic auxin
family, including multiple resistances (Heap 2013), demonstrating that resstamdeed a
realistic concern (Davis 2012).

The importance of utilizing an integrated, diversified approach to weed management
as a means to manage existing herbicasistant weesl and prevent the development of
new instances of resistance, has been stressed by many weed scientists (Buhler 2002; Davis
et al. 2007; Mortensen et al. 2011). An integrated approach to weed management is a
systems approach that is based on utilizingnge of management tactics to reduce weed
pressur e, i ncorporating weed and crop biolog
2013; Swanton and Murphy 1996). Methods include a combination of cultural, physical, and

chemical approaches, including crop timta, cover crops, competitive crop cultivars,
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decreased row spacing and increased planting density, tillage, and altering herbicide modes
of action (Davis et al. 2007; Harker and O’ L

Although weed research is still domated by chemical control methods, research on
integrated weed management has recently been gaining more attention (Harker and
O’ Donovan 201 3termstudpin loveademoristratea effagctive applications of
an integrated weed management apprpasimparing a corsoybean rotation with standard
conventional management inputs of fertilizers and herbicides, to more divense 8yr
rotations. While herbicide use was reduced by 88% in-the®4yr rotations, weed seed
bank rate of decline andleed biomass in a given crop phase was similar regardless of
cropping sequence (Davis et al. 2012; Liebman et al. 2013). Research on the use of cover
crop residue as mulch to suppress weeds demonstrates progress in the use of this technique
for profitable, effective weed management, particularly for use in organic soybean systems
(Bernstein et al. 2011, 2014; Mirsky et al. 2013). Anderson (2005) demonstrated the use of a
combination of cultural tactics to reduce herbicide use by 50% in small grainssystthe
Great Plains, while maintaining adequate control through the use of crops rotations and no
tillage practices. Furthermore, a synergistic effect of cultural tactics was identified, with a
combination of three cultural tactics reducing weed bi@hgs0% in corn and 90% in

sunflower, compared to 5 to 10% with the use of a single cultural tactic (Anderson 2005).

RESEARCH OBJECTIVES
The goal of thisesearch wat increase our understandingthe physiology ofjlyphosate

resistant giant ragweed Wisconsin andjenerate knowledge useful for informing best
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management practices and limiting its persistence and spbpadific research objectives
were to

1. determinghe wholeplant response of putatiresistantand-sensitiveaccessions
of giant ragweed from three counties in Wisconsin (Columbia County, Grant
County, and Rock County) to glyphosate ahlatansularrmethyl,

2. if resistance was confirmedermine if the mechanism of resistamees
conferred by altered absorption or tranakban,or a less sensitive enzyme target
site, and

3. if resistance was confirmedharacterizéhe noncompetitivgrowth and
fecundity ofherbicideresistant giant ragweed relative to a sensitive accession

under greenhouse conditions.
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CHAPTER 2
Confirmation and Physiological Characterization of Giant RagweedResistance to

Glyphosate in Wisconsin
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ABSTRACT

Giant ragweed is one of the most persistent and troublesome weed species in Midwestern
row cropping systems. Contributing to the difficulty of managing giant ragweed is evolved
resistance to herbicides, including glyphosate, which has beenncedfin several Midwest
states. Furthermore, giant ragweed multiple resistance to glyphosate and acetolactate
synthase (ALS) inhibitors has been confirmed in Minnesota and Ohio. In Wisconsin, three
giant ragweed populations with putative resistance tphglgate were identified. To confirm
and quantify resistance, seeds were collected from putative glyphesetant and
sensitiveplants in grower fields located in southntral (Columbia County), southest

(Grant County), and soutbast (Rock Countyyisconsin. In whole-plant doseesponse
experiments conducted under greenhouse condjtioaglyphosate Efg value (the

effective dose that reduced shoot mass 50% relative toreated plants) for the putative
resistant accession from Rock Couf@B6 + 0.24(SE) kg ae hd] was 6.5fold greater (P
0.0076) than for theensitiveaccession (0.13 + 0.0@) ae hd) 28 d after treatment. The
glyphosate Eky values for the Grant County and Columbia County giant ragweed did not
differ between putativeesistant andsensitiveaccessionsAll accessiongere sensitivéo
cloransularmmethyl. In the Rock County giant ragweedsarption and translocation 8iC-
glyphosate did not differ between resistant sedsitiveaccessionsin contrast, the

glyphosate target sité+enolpyruvylshikimate3-phosphate synthasePSP$ was 4.6 to

54f ol d |l ess sensitive (P < 0.0004) across
sensitive accession based on glyphosatg #lues (theeffective concentration that

increased shikimate accumulation 50% relative to nontreated leaf tissue). However, at high

glyphosate concentrations (1,000 to 2,000 uM), shikimate accumulation in the resistant
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accession was similar to or greater than thsisea accession. These results indicate that
Rock County giant ragweed resistance to glyphosate is not conferred by reduced absorption
or translocation of glyphosate. Our finding that differential sensitivity oEf®PSarget
site to glyphosate (astimated by shikimate accumulation) between resistant and sensitive
accessions was overcome at high glyphosate concentrations suggests that another mechanism
may be involved in conferring resistance to glyphosate in the Rock County accession.
Nomenclatue: Giant ragweedAmbrosia trifidaL. AMBTR.
Key words: ALS-inhibiting herbicides, cloransulamethyl, doseesponse, mechanism of

resistance, sitef action.
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INTRODUCTION

Giant ragweed is one of the most difficultt@nageveedspeciesn Midwestern
cropping systems due to its biology and competitive ability (Brabham et al. 2011; Harrison et
al. 2001; Kruger et al. 2009; Webster et al. 1994). Native to North America, giant ragweed is
found in riparian areas, drainage ditches, fieldesgdgoadsides, and increasingly as an
importantweedspeciesn many cropping systen{Bassett and Crompton 1982; Baysinger
and Sims 1991; Norsworthy et al. 2011). Itis distributed throughout the eastetirirtygoof
the United States and is one of thest common weeds of agronomic crops in the Midwest
(Harrison et al. 2001; Johnson et al. 2004; Norsworthy et al. 20dWisconsin, giant
ragweed is abundant bothcorn (Fickett et al. 2013a) and soybean (Fickett et al. 2013b)
production fields.As the most competitivepecieselative to other common weed species in
corn and soybean cropping systems in Wiscori§okétt et al. 2013a)bgiant ragweed
presents a challenge for management and a serious theeap yoeld potential

Adaptation to avide range of soil environments, rapid vertical growth agt h
biomass productiomake this species particularly competitiveecropping systemg@Abul-
Fatih et al. 1979, Baysinger and Sims 1991; Harrison et al, 2005. Furthermore, an
extended germation period characterized by the ability to germinate early in the season,
combined with embryo dormancy that allows for prolonged emergence, contributes to the
difficulty managing giant ragweed (Gramig and Stoltenberg 2007; Harrison et al. 2001;
Schute et al. 2012).The ability of giant ragweed to outcompete important agronomic crops
can result in dramatic yield losses. Giant ragweed at a density of 1.7 planfsh#8 the

potential to reduce corn yield by 13.6%, and up to @d&sdensity of 13.8 plants 10"m
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when giant ragweed and corn emerge simultaneously (Harrison et al. 2001). In soybean, 1
plant m? reducel yield 45to 77% (Webster et al. 1994)n Wisconsin, corn yield loss due to
competition with giant ragweed was gierathan that for velvetleaPputilon theophrasti
Medik.), common lambsquarterStfenopodium alburh.), pigweed specie®fmaranthus
ssp.), and four annual grass weed species (Moechnig 2003).

Further contributing to the difficulty ahanaginggiant ragweedhas been eveed
resistance to herbicide§iant ragweed resistance tlyghosatewas first confirmed in Ohio
in 2004 and has since befeundin severabther states (Heap 2013piant ragweed
resistance to acetolactate synthase (ALS) inhibiting hddsidas also been found in several
Midwestern statesncludingrecentlyin Wisconsin (Marion et al. 2@). In two of these
instances (Minnesota and Ohio), giant ragweedieasonstratedultiple resistance to both
glyphosate and ALS inhibiting herbicsleALS inhibiting herbicides, particularly
cloransulammethyl (Cullen et al. 2012; Vink et al. 2018yeanimportantoption for
growers to manage giant ragweed in soybean, and for proactive glyphosate resistance
management. As such, multiple resistatiacglyphosate and ALS inhibiting herbicides
represergpotentially serious problems fthie effectivemanagement of giant ragweed in
soybean, and constrain herbicide options available to growers for proactive resistance
management.

The increasing number of herbicidesistant weed species has bdea in large part
to the widespread reliance on herbicides as the primary tactic for weed management
(Mortensen et al. 2012; Owen 2012; Service 20@Vjecent survey of groweexros22

U.S. states found glyphosate to be the most commonly used herbicide for fall and spring
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applications, with as many as 69% of growers relgolglyon glyphosate, depending on the
cropping system (Prince et al. 2012). Givens et al. (2009) estimatedateathans0 and
80% of growers who planteglyphosateresistantorn andsoybean, respectively, managed
weeds solely with glyphosate. In southern Wisconsin, approximately 80% of corn and 98%
of soybean hectares wegh/phosateresistantcultivars in recenyears (Fickett et al.
2013a,b) suggesting a high degree of selection pressure for glyphesieéant weeds

Glyphosate is a potent inhibitor of the nucleacoded chloroplast enzyrbe
enolpyruvylshikimate3-phosphate synthaseRSP$, a key enzgne in the shikimate
pathway (Amrhein et al. 1980). Inhibition BPSP Sy glyphosate disrupts the production
of the aromatic amino acids tyrosine, phenylalanine, and tryptophan, ultimately causing plant
death. A wide range of plants are sensitive to ithieibition of EPSP Sy glyphosate, making
it an effective broagpectrum herbicide (Duke and Powles 2008). Weed resistance to
glyphosate has to date been attributed to one or more of three mechanisms (Shaner et al.
2012): an altereBPSPSarget site (Pa@les and Yu 2010), changes in vacuolar sequestration
(Ge et al. 2010) and/or reduced translocation of glyphosate to meristematic tissues where
EPSPSs primarily expressed_orraine Colwill et al. 2003;Shaner 2009), and amplification
of EPSPSesulting in increased witthpe EPSPSxpression (Gaines et al. 2010).

Our understanding of the physiological mechanism or mechanisms that confer
resistance of giant ragweed to glyphosate is limited. In a glyphassagtant biotype from
Tennesseegks shikimataccumulagdin leaf tissue following exposure to glyphosate than
in asensitivebiotype from Arkansa@Norsworthy et al. 2010).However, differential

shikimate accumulation between the two biotypes was overcome at higher glyphosate
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concentations, indicating that resistance was not due to a less seE$#8/S The authors
suggestedhat resistance wamssibly dudo reduced translocatiaf glyphosate to the
target site, although this was not confirme8Subsequentesearctshowed thaabsorption
and translocation df C-glyphosatedid not differ between glyphosatesistant andsensitive
biotypesfrom ArkansagNorsworthy et al. 2011)In a glyphosateesistant giant ragweed
bi otype from I ndiana wi typhosatetheplaygiologicalnecr osi s”
mechanism of resistance is ryat known but theresponsenayallow for reduced
translocatiorof glyphosatd¢o meristematic tissue (Brabham et al. 2011).

Our first objective waso determine the wholplant response of giarhigweed
accessionwith suspected resistance to glyphosate from three counties (Columbia, Grant, and
Rock) in Wisconsiro glyphosate and cloransulamethyl. If resistancéo glyphosatevas
confirmed,our second objectivwasto determine if resistance wesnferred byreduced

absorption or translocation of glyphosate, or a less sensitive enzyme tarde SIRS

MATERIALS AND METHODS
SeedSources. Giant ragweed seeds were collected from putative glyphossitgan{R)
and-sensitive (Splants in grower fields located in Columbia County (CC) in September
October 2011, Grant County (GC) in September 2009, and Rock County (RC) in September
2010. Seed samples were cleaned in anadiumn separator and stored-2® C uril
conditioning for experiments. For conditioning, seeds were placed in-mgsh bags
which were buried in saturated sand and maintaineebdt 4or 812 wk to break dormancy

(Westhoven et al. 2008)For some experiments’C-glyphosate absorptiomd
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translocation experiments and shikimate accumulation experimgets)ination rates were
increasedollowing stratification by removing the involucral hull, pericarp, and seed coat to
isolate embryos before plantigg§chutte et al. 2012)

Whole-Plant DoseResponse.The response of putatirfeandS accessions to glyphosate

and cloransularmethyl were determined in experiments conducted at the University of
WisconsinMadison Walnut Street greenhouse. Conditioned seeds (as described above) from
each acession were planted 48m deep into commercial potting madi (Metro Mix 300

potting medium, ScotBierra Horticultural Products Co., 14111 Scottslawn Road,

Marysville, OH 43041in individual cells (4cm by 6cm by 6¢cm deep) of plastic flats.

Seedlings were transplanted into individual@mb dia plastic pots containing commercial

potting mediim when the first true leaf was visible. Plants were watered daily and fertilized
(380400 ppm N; Peter’s Professional Water Sol
Parkway, Dublin, Ohio 430)%veekly. Natural light was supplementedadtificial lights

(1000W high pressure sodiyi.L. Light System, Inc. 4800 Hinan Drive, Beamsville,,ON
Canada LOR 1Bjto create a 1 photoperiod witt80/20 Cday/night temperatures.

Columbia County R and S plants betweendrid 15cm tall were treated with
glyphosatdRoundup WeatherMAX; Monsanto Company, 800 N. Lindburgh Blvd., St.
Louis, MO 63167 at 0.0, 0.0084, 0.084, 0.84, and 8.4 kg aédracloransularrmethyl
(FirstRate; Dow AgroSciences LLC., 9330 Zionsville Road, Indianapolis, IN 4&2&80,
0.1765, 1.765, 17.65 and 176.5 g ath&lyphosate treatments included 2.8 kg ha
ammonium slfate (AMS). Cloransulaamethyl treatments included 0.25% (v:v) Riomic

surfactan({NIS) and 2.24 kg HAAMS. Experiments werarranged in a completely
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randomized design with six or seven replications of each treatment ancepeaged in
time.

Grant and Rock County R and S plants betweeraf@ 15cm tall were treated with
glyphosate at 0.0, 0.1, 0.21, 0.42, 0.84, 3.36, 6.71, and 16.8 ki ae dlaransulanmethyl
at 0.0, 4.41, 8.825, 17.65, 35.3, and 70.6 g &i l@lyphosate treatments Inded 2.8 kg ha
1 AMS. Cloransularmethyl treatments included 0.25% (VN)S and 2.24 kg HAAMS.
Experiments werarranged in a completely randomized design with eight replications of
each glyphosate treatment, and four replications of eacansulan-methyltreatment
Experiments were repeated in time.

All herbicide treatments were applied in a stationary pot sprayer equipped with an
even, flatfan spray nozzle calibrated to deliver 187 [*lspray solution at the level of the
plant canopy. Plarteight was measured before treatment. After treatment, plants were
returned to the greenhouse and maintained in environmental conditions as described above.
Plants were r@andomized twice weekly on greenhouse benches to reduce effects of spatial
variation in the microenvironmentShoot tissue was cut at the soil surfaged after
treatmen{DAT), dried at 60 C until constant maasd weighed.

Dry-mass data were subjected to nonlinear regression usihguhe c t i @mce * dr m’
et al. 2012)n package d K(Ritz and Streibig 2005h R Statistical Language softwa(ie
Development Core Team 2013; R Foundation for Statistical Computing, Wien, Austria).
Regression parameters were estimated using the followingpévameter lodogistic

equation:

Y=c+{d-c /1 + exgb(log x - log e)]} [1]
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whereb is the relative slope of the curveat is the lower asymptotel is the upper
asymptote, andis the inflection point (Knezevic et al. 2007). In the case of symmetric

functions like the logogistic, eis equal to the EE, the effectivedoseof glyphosate that

decreased shoot biomass 50% relative totneeted plantsA St u d etngsts (tP < 0.

was used to determine whether Eis, valuesdiffered between accessions. Differences in
other dose@esponse model parameter estimates were determined by 95% confidence
intervak. Residuals were checked for normality and homogeneity of variance. If treatment
by experiment interactions were najrsficant, then experiments were pooled for analysis,
with experiment considered as a random effect for analysis.

GlyphosateAbsorption and Translocation. Absorption and translocation of glyphosate in
the Rock County accessiongredetermined by experients conducted at Colorado State
University following the methods of Norsworthy et al. (2011) and Yerka et al. (2013) with
modifications. Seeds were stratified in moist potting soil kept@aC4for 8 wk. Following
stratification, if the radical had hemerged, embryos were isolated as described above
before planting. Seeds or embryos were planted into square $ats @ide by 83-cm

deep filled with commercial potting mFafard Custom Mix, Sun Gro Horticulture, 770
Silver Street, Agawam, MA 010D1hat had beerievedthrougha mesh screer0(34cm

wide openings) to produce a fitextured, uniform soil, which facilitated plant root recovery
Plants were transplanted at the emergence of the first true leaf into indinadodlpots
11.5cm dia ly 8-cm deep filled with sifted potting soil. Plants were watered daily and
maintained in the greenhouse at&BC, under natural light supplemented with artificial

lighting set to deliver atf photoperiod.

0 &
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Before'C-glyphosate was appliedhe third oldest leaf of fiveto six-leafstage
plants was covered with aluminum faihd commercialhformulated glyphosate (potassium
salt) was applied at a rate@B4 kg ae haplus2.8 kg ha' AMS, in a spray chamber
(DeVries Manufacturing Corp. 8981 8750th Avenue, tlandale, MN 5604bequipped
with an evenflat-fan spray nozzle calibrated to deliver 187 L'ret the height of the
canopy at 175 kPa“*C-labeled glyphosatéspecific activity = 3,700 Bgl™; American
Radiolabeled Chemicals,dn 101 Arc Drive, St. Louis, MO 631%@/as added to an aliquot
(660 pl) of the spray sol ut itétontheérstexperinientn a | CoO
and 0. I'ZortkeBerongd (repeat) experimefbllowing application of
commerciallyfformulated glyphosateéhte f oi | was removed and 10
containing a total of 1,300 BYC-glyphosate fothe firstexperiment and 1,183 B4C-
glyphosate fothe repeat experimentas applied with a micropipette set to deliver 30 I
droplets on the adaxial surface of the third oldest leaf.

Following treatment, plants were moved to a growth chamber maintained at 30/25 C
day/night, 75% relative humidity, with a ‘photoperiod.Plant tissue wasdnvesedat 0,
6, 24, 48, and 72 h &ift treatment (HAT). To quantify absorption, the treated leaf was
excised, placed in 20-ml scintillation vial with 5 ml of 10%\(.v) aqueous methanol with
0.25%(v:v) NIS and agitated for 5 min. Unabsorb@€ in the leaf wash solution was
quantified byadding 10 ml of“C cocktail liquid Ultima Gold LLT [6013371]; PerkinElmer
Life and Analytical Sciences, Inc., 940 Winter Str&altham, MA 0245) to thevial and
performing liquidscintillation spectroscopy (LS$®packard TrCarb [Model 2500 TR];

Packard Instrument Co., 800 Research Parkway, Meriden, CT O@L8n et al. 2011).
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Translocagd **C was quantified by cutting the shoot of treated plants at the soil surface and
sectioning into five parts: treated leaf, tissue above treated leaf exclueristem, meristem
(the uppermost cm of shootncludingemerging leaves), aboveground tissue below treated
leaf (below treated tissue), and roots. The dggositethe treated leaf was included with
below treated tissue. Plant tissue was daiggD C for 24 h, weighedndcombusted for B
min, depending on the plant part, in a biological oxid{ZX500; R.J. Harvey Instrument
Co., 11 Jane Street, Tappan, NY 109830, was trapped in 10 hof cocktail OX-161;
R.J. Harvey Instrument Co., 11n#&aStreet, Tappan, NY 10988nd radioactivity was
guantified using LSS.

The experiment was arranged in a randomized complete block design, with four
replications for each treatment, and was repeated in time. Glyphosate absorption was
expressed a percame of *“C-glyphosate applied and was described by the following two
parameterd nct i on wusi ng (Pitheiro ¢ al.2B8lahgReStatistichl baaguage
software(R Development Core Team 2013; R Foundation for Statistical Computing, Wien,
Austria).

Y = AnaxX [1 —exp(-bt)] (2]

whereY is expressed as a percentag&’etglyphosate appliedmaxis the upper asymptote,

b is the relative slope, artds time after application (Kniss et al. 2QMerka et al. 2013). A

St u d etest wasusedd to determine if the parameter estimates for glyphosate absorption

di ffered between R and S (P < 0.05). Gl ypho
of *C-glyphosate absorbed, or the total amourf'@-glyphosate recovered in plant parts for

a given plant. Absorbance and translocation data for each plant part were analyzed
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individually using PROC MIXED of SAS softwaf®ersion 9.3; SAS Institute Inc., 100 SAS
Campus Drive, Cary, NC 27513If there was an overall effect of accession, LS means with
a Tukey adjustment for multiple comparisons were used to determine differences in
transl ocation between R and S at a given
significance of experiment by treatmenteraction, dataverepooled for analysis. Data
werechecked for normality and homogeneity of variance of the residuals using PROC
UNIVARIATE in SAS software.

EPSPSSensitivity to Glyphosate Shikimate accumulation in leaf tissue was measwed t
esimateEPSPSsensitivityin the Rock Countglyphosateresistan{R) and-sensitive (S)
accessions following the methods of Shaner et al. (2005). Three replicatedda leaf
discs were excised from the youngest fully emergedieatch of six plantef each
accessiomndplaced in individual wells of a 9&ell microtiter platg Nunc Microwell 96
well plate; VWR International Inc., 17750 East%Rlace, Suite 10, Aurora, CO 8001170
each well, 100 pl o& glyphosate treatment solution, consistind.@fmM (NH,)sPOy, 0.1%
(v:v) surfactan{Tween 80; Sigm&ldrich, 3050 Spruce Street, St. Louis, MO 63).@®d
glyphosate concentratiomanging from 0 to 2,000 pMyasadded. Following incubation in
light (130 pmol photons ths?) at room temperaturef@4 h, samples were frozen-26 C
and thawed to rupture placglls After the addition of 25 pl 1.25 N HCI, samples were
incubated at 60 C for 15 mirmwenty-five pl from each well was transferred to a@éll
micratiter plate(Solid Black Polystyrea Microplate; Corning Inc., Tower 2, 4th Floor, 900
Chelmsford St., Lowell, MA 0185%nd 100 pl ofa solution consisting di.0025 g mf*

periodic acidand0.0025 g mif sodiummeta-periodate was added. Following incubation of

har
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the samples at room temperature for 90 min, 100 plsuflution 0f0.6 N NaOHand 022 M
NaSO; was addegdand shikimate was quantified spectrophotometriddBECTRAFIuor
Plus, Tecan Group Ltd., Switzerlgrat 380 nm Known amounts of shikimateere alded
to wells containing leaf discs not exposed to glyphosateshikimate concentrations were
subjected to linear regression against spectrophotometer absorbance readings at 380 nm. The
resulting equation was used to report shikimate concentratiqrpstskimate mf solution
The experiment was repeated in time
Shikimate dataveresubjected to nonlinear regressimsingthef unct i @mce * dr m’

etal. 2012)np a ¢ k a g (Ritz andl Streibig 2005h R Statistical Language softwa(ie
DevelopmenCore Team 2013; R Foundation for Statistical Computing, Wien, Ausfriz
best fitting regression model for each experiment was selected on the basis of the lowest
Akaike information criteriorfAIC) value. Regression parameters were estimated using
either the fowparameter lodogistic model([Equation 1 described abova)the following
four-parameter Weibull model:

Y=c+ (d-c) exp{-exp[b(log x - €)]} [3]
whereb is the relative slope of the curveeaat is the lower asymptotel is the upper
asymptote, andis the inflection point (Knezevic et al. 2007). In the case of symmetric
functions like the logogistic, eis equal to the E&g, the effective concentration of
glyphosate that increased shikimate accumulation 50% relativeritreated plant tissue.
TheEGowas det er mi ned f or e a-ebtwascsektedetermne and a
whetherEGov al ues f or R and S a Otherdosaespanse nobdef f er e d

parameter estimates weremparedising95% conidence intervals.
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RESULTS AND DISCUSSION
Whole-Plant DoseResponse.Treatment by experiment interactions were not significant
anddata from repeateeikperiments were pooled for analysis. The glyphosatg EiD the
putativeresistan{R) accession from Rock Counft§.86 + 0.24SE) kg ae hd] was 6.5fold
greater P = 0.0076) than for theensitive (Saccession (0.13 + 0.02 kg ae'hdased on a
St u d etest28 BAT (Figure 1, Table 1)Other dosegesponse model parameters did not
differ between R and &ccessionbased on 95% confidence intervals (Table 1). The
glyphosate EE) values for Columbia County and Grant County giant ragweed did not differ
between putativ® and-S accessions (data not showW/hole-plant esponse to
cloransularmethyl did not differ between putathiRand-S accessionfrom any of the
three counties (data not shown).

Thewhole-plant level of resistance to glyphosate demonstrated by the Rock County
giant ragweed accessi@iconsistent witlthat found byNorsworthy et al. (201 1fpr two
glyphosateresistant giant ragweettcessionfrom Arkansas In greenhouse experiments,
glyphosatd_D 5 values(the lethaldose of glyphosatinatkill ed50% ofplantg for the two
accessions wer2 3- to 4.7fold and3.5- to 7.2fold greater thasensitiveaccessiong wk
after treatment (4 WAT) Similarly, Norsworthy et al. (2010) identified a glyphosate
resistant giant ragweed accession from Tennesseéedimanstrated &.3-fold greater L3y
value than a sensitivecassion from Arkansas.

GlyphosateAbsorption and Translocation. Theexperiment by treatment interacteowere
not significant for“C-glyphosate absorption or translocation in any plant pach thatata

from repeated experiments wgreoled for analysis. Tensurénomogeneity of variance of
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the residuals, translocation datar@square root transformed prior to analysis by ANOVA.
Recovery of“C was 100% immediately followinjC-glyphosateapplication (0 HAT) for
both experimentsand 88% averaged across subsequent harvest times, accessions, and
experiments. Glyphosate absorption did not differ between R and S accessions, with
absorption reaching 57 and 59% of appli& 72 HATfor R and Saccessiongespectively
(Figure?2).

Our results for**C recovery and absorption were consistent with those of previous
research. Nrsworthy et al. (201Zecovered more tha®0%of applied*’C 0 HAT and
observed maximurtfC absorptior72 HAT to be 38 and 44% of appliédC for glyphosate
restant and susceptible giant ragwéen Arkansas One explanation for the high&C
absorption in our study is thplants were maintained in a growth chamber following
treatmenwith high relative humidity (75%)Brewer and Oliver (2009) obsed/mean C
absorptiorin commonragweed Ambrosia artemisiifolid..) to vary from 38% of applied'C
48 HAT in one experiment to 80% 24AT in the other, attributing the difference in
absorption to higher relative humidity during the second experiment.

Translocation of“C-glyphosate did not differ between R and S accessions for any
plant part (Figure8A-E). By 72 HAT almost 80% of absorb&tC had translocated out of
the treated leaf for both R and S accessions (F@#yewith no overall effect of @ession.
Translocation ot“C-glyphosate to the meristem and above the treated leaf (excluding the
meristem) increased over time (FiguB&and3C). For the R accession, 42% of absorbed
4C-glyphosate translocated above the treated72dd AT, with 24% recoveredabove the

treated leaf (excluding the meristem) and 18% recovered in the meristem. For the S
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accession, 44% of absorb¥@-glyphosate translocated above the treated2aiAT, with
22%recoveredabove the treated leaf (excluding the mengtand 22% recovered in the
meristem. As “C-glyphosate translocated to the roots, the amount recoiretisdue above
the soil, below the treated ledecreasgto 14 and 13% of absorbétC for R and S
accessiongespectivelyy/2 HAT (Figure3D). Translocation to the roots increased over
time, with 24 and 21% of absorb&¢ recovered in the rootf R and S accessions,
respectively/2 HAT (Figure3E).

The resultdor **C-glyphosate translocatidn the Rock County, Wisconsin accession
of giant ragweedre consistent witthose for glyphosateesistant giant ragweed from other
states Translocation ot*C-glyphosate did not differ between glyphosegsistant and
susceptibldiotypesof giant ragveedfrom ArkansagNorsworthy et al. 2011)However,
theyobservedjlyphosatdranslocation out of the treated leati® only 3 and 34% for
resistant and susceptible biotypes, respectively, 72 HAIE greater translocati@bserved
in our studymay ke due in part tplants being maintained in high humidédg noted above
after treatment. In a study &@uropearwhite birch Betula penduldroth), increasing
relative humidity from 25% to 70% was shown to incréd€eglyphosate absorption and
translocéion five-fold (Lund-Hgie 1979).

Altered absorption and/or translocation is one of three reported mechanisms of
evolved weed resistance to glyphosate (Shaner et al. 2012). Reduced translocation has been
attributed to glyphosate resistance in many lpesy including rigid ryegras&glium
rigidum Gaudin) from Australia (Wakelin et al. 2004), horsewg€mbnyza canadens(t..)

Crong.]from Delaware (Feng et al. 2004), Italian ryegfasdium perennel. ssp.
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multiflorum (Lam.) Husnditin Mississippi (Nandula et al. 2008) and Oregon (RdmEes et
al. 2007), angdommonlambsquarters in Indiana (Yerka et al. 2013). However, in the case of
giant ragweedyeither the results presented here nor those of previous rekaae¢bund
alteredabsorption and/or translocation to confer resistance to glyphosate.
EPSPSSensitivity to Glyphosate Bestfit doseresponse models for Rock County R and S
giant ragweed accessions differed between experiments; consequently, data from repeat
experiments were analyzed separately (Table 2, Figure 4). The best fit mdeighdoiment
1 was afour-parametetog logisticmode| while the best fit model for ¥periment 2 was a
four-parameter Weibull modelShikimate accumul&n in leaf tissuevas less for the R
accessionthanfor the S accessioat glyphosate concentrationanging up to 100 uM (Figure
4). Invivo shikimate bioassays showed differential shikimate accumulation between
glyphosateresistant andsensitiveaccessions consistent with the level of resistance
demonstrated at the whebéant level. In Experiment 1,he EGo valueof the Raccession
(95.1 + 10.2uM) was4.6-fold greater P = 0.000) than for theS accession (20.5 + 2|8M)
based on -est@able@)dnrExpersnent 2, th&Csyvalueof the Raccession
(154.5 + 29.8uM) was5b.4-fold greater (P = 0.0004) than for the&essiond8.7 £ 1.7 uN)
based on -test@able@)eHoweves, the differential accumulation stiikimate
between R and &ccessiondecreaseds glyphosateoncentratiorincreased At 1,000 to
2,000 uM glyphosate, shikimate accumulationhe R accession was similar to or greater
than the S accession (Table 2, Figure 4), indicating ledfR SPS3arget site in the R
accessiols sensitive to glyphosate @itesedoses. Other dogesponse model parameters

with the exception ofl in Experinent 2,did not differ between R and&&cessionbased on



56

95% confidence intervalsThese resultsuggest that the mechanism of resistanaghbe
overcome at highaglyphosate concentrations, and thatERSPSarget site in the Rock
County glyphosateesistant giant ragweestcession isensitive to glyphosate.

Similar to our resultsNorsworthy et al. (2010) fourtat shikimate accumulation in
a glyphosateesistangiant ragweedbiotypewas3.3- to 9.8fold lessthan in asusceptible
biotype Theyconcludedthatresistance was nabnferred byan insensitive target sisend
may be due to reduced translocation, although this was not confirmdiekir researchthe
whole plant doseesponseéndicateda 5.3fold level of resistanct glyphosatewhich is
consistent with the findings ofur research

Nandula et al. (2008) observed a pattern of shikimate accumutatisistent with
our resultsn shikimate bioassayssingleaf segments from an accession of glyphesate
tolerant Italian ryegrass fromibkissippi with a threéold level of resistance to glyphosate.
Shikimate accumulated rapidly in the susceptible accession up to 100 uM glyphosate.
However, at higher concentrations, above 500 uM glyphosate, the two accessions
accumulated similar amounts of shikimag&milarly, in vivo shikimate bioassayssingleaf
disks from glyphosateesistant horseweed from Arkansas, Delaware, and Mississippi
shikimate accumulatiomwasless in resistarthan sensitivéiotypes at low glyphosa
concentrations (less than 1@M), but above 12%M glyphosate, resistant and susceptible
biotypes accumulated the same amosigigestinghe EPSPSvas sensitivéKogeret al.
2005) Also, ina resistant biotype of Italian ryegrass biotype from Orethienglyphosate

ECsowas 101.8 £ 19.2 uM compared to 8.1 + 1.75 puMdsusceptibldiotype,but



o7
shikimate acid accumulian at 1,000 uM glyphosateid not differ betweelbiotypes(Perez
Jones et al. 2005).

To date, the mechanism of resistance in glypheassietant giant ragweed has not
beenelucidatedn any biotype IncreasedEPSPSjene expression has been shown to confer
resistanceo glyphosatén Palmer ameanth @maranthus palmei$. Wats) (Gaines et al.

2010) and has been hypothesized as a mechanism of resistance in common ragweed (Brewer
and Oliver 2009).However, recent research did not find evidencEREP Sverexpression

in glyphosateresistant common ragweed from Ohio (Parrish et al. 204Bhough there

have been no known cases of altered glyphosate metabolism (Shaner et al. 2012; Powles and
Yu 2010), weed resistance has been attributed to altereididerimetabolism and

detoxificationof other herbicides (Preston 2004). Increased herbicide metabolism was a
factor in resistance in velvetleaf with resistance to atrazine (Anderson and Gronwald 1991,
Gray et al. 1996), rigid ryegrass with resistancentorsulfuron (Christopher et al. 1991),
andjunglerice[Echinochloa colondL.) Link] with resistance to propanil (Leah et al. 1994).
Mechanisms that have now been found to confer weed resistance to glyphosate, including
altered translocation and targéesnutations, were not thought of as probabecrhanisms

when initially discussing the selection for glyphosagsistant weeds (Bradshaw et al. 1997;
Shaner et al. 2012).

Our results confirmed an accession iaing ragweed from soutbast Wisconsin
(Rock County) to be 65old less sensitive to glyphosate than a viyide accession. This
was the first confirmed instance of weed resistance to glyphosate in the state of Wisconsin.

Absorption and translocation 51C-glyphosate did not differ betwe@hand S accessions.
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In vivo shikimate bioassays showed differential shikimate accumulation beRa@hS
accessions consistent with the level of resistance demonstrated at thelahblevel.
However, at high glyphosate concentrations shikimate rapaiymulated in leaf tissue Bf
plants, indicating the target site was sensitivetaatresistance was not conferreddny
alteredtargetsite. Future research will determine the rolee#SPSjene expression, as well
aseEPSPSjenomic and mRNA transgti copy numbers, in conferring resistance to

glyphosate in the Rock County, Wisconsin accession of giant ragweed.
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Table 1. Dry shoot mass for putative glyphosaésistant (R) anesensitive (S) giant

ragweed acessions from Rock County (RC), Wisconsin 28 d after treatment with glyphosate
doses ranging up to 16.8 kg aé'himcluding a nortreated check. All treatments included

2.8 kg hd ammonium sulfate. Data from repeated experiments were pooled for analysis.
Standard errors are shown in parentheses. -Bxsp®mnses are shown in Figure 1.

Doseresponse model paramefer

EDsg P value

Accession b c d EDso RS EDgp RS
—————gdry shoot biomass————— kg ae hd
RCR 0.970.20a& 0.380.62a 8.090.39ga 0.86(0.29 a
6.5 0.0076

RCS  20605%a 1.04020)a 7.100.39a 0.13(0.02b

®b=relative slope aroung

d = upper asymptote.

¢ = lower asymptote.

EDs, = effectivedoseof glyphosate thatecreased biomass accumulatiy50% relative to non
treated plants.
Pval ue determintest by a Student’'s t
“Estimatedollowed by the same lettavithin a columndo not differ at the 5% level of significance
as determined by 95% confidence intervals.
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Table 2. Shikimate concentration in leaf tissue of glyphosatastant (R) anesensitive (S)
giant ragweed accessions from Rock County (RC), Wvisio, after treatment with
glyphosate concentrations ranging from 0 to 2,000 uM. Standard errors are shown in
parentheses. Dosesponses are shown in Figure 2.

Doseresponse model paramefer

Ex- Acces EC, P value
peii-  sion b c d ECso R:S ECyoR:S
ment

—— g shikimate mf —— UM glyphosate

1 RCR -1.3(022)4 24(1.3)a 61.1(1.8)a 95.1(10.2)a
46  0.0001
RCS -25(052)a 65(1.6)a 620(l.0)a 205(29) b

2 RCR -1.0(024)a 43(1.2)a 69.1(3.9 a 154.5(29.8)a
5.4  0.0004
RCS -21(0.76)a 6.8(1.3)a 56.5(1.3)b  28.7(1L.7)b

®b=relative slope aroung

d = upper asymptote.

¢ = lower asymptote.

EGCs, = effectiveconcentratiorof glyphosate thahcreased shikimate accumulation 50% relative
to nontreated plant tissue
Pval ue determintest by a Student’'s t
Estimatedollowed by the same lettavithin a columndo not differ at the 5% level significance
as determined by 95% confidence intervals.
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Figure 1. Dry shoot biomass for putativesistant (R) anesensitive(S) giant
ragweed from Rock County (RC), Wiscons28 d after treatment with glyphosate
doses up to 16.8 kg ae h&achtreatment included 2.8 kg hammonium sulfate.
Predicted responses are described by0.38+{7.71/ 1+ exp[0.97(log) —
log(0.86)]}andY = 1.04+{6.06/ 1+ exp[2.06(log] —log(0.13)]}for RGR and RCS,
respectively.Vertical bars represent standard error of the mdaata were pooled
from repeat experiments for analysi@oseresponse model parameter values are
shown in Table 1.
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Figure 2 Absorption of*“C-glyphosate in glyphosatesistant (R) anesensitive(S)
giant ragweedccessionfrom Rock County (RC), Wisconsin during a-fi2ime
course. Predicted responses are describedf 5%6.917[texp(0.39896x)], r? = 0.95;
andY = 59.174[1exp(0.33388x)], r> = 0.9 for R andS accessions, respectively.
Vertical bars indicate standard error of the me®atafrom repeated experimenigere
pooled for analysis.



100+ 30
- Treated leaf A Meristem B
b1 )
2 2254
T
2 80 2
= =
] “E 204
=2 X
- )
= 604 154
i e
= =
3 =
2 g 10+
= 404 =z
g o 7
- RC-R = RC-R
20 T RC-s 0. <RC-S
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time (h after treatment) Time (h after treatment)
30 25
Tissue above treated leaf C Aboveground tissue below treated leaf D
z =)
225 2 5]
s 2
= =
= 20 <
= S 154
N 8
~ 154 <
= =
g £ 10
210 2
£ 5/ Lb) 51
¥ <+ RC-R 3 < RC-R
- RC-S - RC-S
0_ T T T T T T T T 0_ T T T T T T T T
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time (h after treatment) Time (h after treatment)
30
Roots E
T
2 254
[
2
G
— 204
=]
B
= 151
=}
E=
g
2 10+
W
£
g
- 57
Q
= o« RC-R
0 - RC-S

0 10 20 30 40 50 60 70
Time (h after treatment)

Figure 3 Percent of absorbédC-glyphosate recovered in the (A) treated leaf,
(B) meristem, (C) tissue above the treated leaf (excluding meristem), (D)
aboveground tissue below treated leaf, and (E) roots of glyphesaséant (R)
and-sensitive(S) giant ragweed from Rock County (R®Visconsin during
72-h timecourse after treatment withC-glyphosate.Data fromrepeat
experimentsvere pooledor analysis.Vertical bars indicate standard error of
the mean.
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Figure4. Shikimate concentration in leaf tissue of glyphosatatant (R) andsensitive (S)
giant ragweed accessions from Rock County (RC), Wisconsin at glyphosate doses ranging
from 0 to 2,000 uM after 24 h incubation under continuous light. Experiment 1 responses
are described by = 2.4+{58.7/ 1+ exp{L.3(logk) —10g(95.1)]} andY = 6.5+{55.5/ 1+ exp{
2.5(logk) —log(20.5)]}for R and S, respectivelyExperiment 2 responses are described by

= 69.1expf exp[-1.0(logk) — 107.2]} andY = 56.5exp{ exp[-2.1(logk) — 24.1]} for R and

S, respectively. Verticalars indicate standard error of the mean. Bresponse model
parameter values are shown in Table 2.
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CHAPTER 3
Noncompetitive Growth and Fecundity of Wisconsin Giant Ragweed with Resistance to

Glyphosate
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ABSTRACT

Glyphosateresistant giant ragweed has been confirmed in several Midwestern states. In
some cases, weed resistance to glyphosate has been shown to carry a fithess penalty.
Previous researdiound thata glyphosateresistant giant ragwedsotypefrom Indiana with
a“rapid necrosisresponse to glyphosatiesplayed early, rapid growth in the absence of
glyphosate, flowered earlier, but produced 25% less seed tleasid\gebiotype suggesting
that there may be a fitness penalty associated wettafiid necrosis resistantait. In
Wisconsin, we have recently identified a giant ragweed accession from Rock County with a
6.5-fold level of resistance to glyphosate that does not demonstrate the rapid necrosis
response Our objective was to deternd@rihe noncompetitive growth and fecundity of the
resistant accession in the absence of glyphosate, relative to a sensitive accession from a
nearby field border population. In greenhouse experiments, plant height, leaf area, shoot
volume, and dry shoot bnsass were similar between the resistant and sensitive accessions
during vegetative growth to the onset of flowering. The instantaneous relative growth rate,
instantaneous net assimilation rate, and instantaneous leaf area ratio also did not differ
betweeraccessions. However, resistant plants produced an average of 812 segds plant
compared to 425 seeds plafor the sensitive accession (P = 0.008). However, total seed
mass plantdid not differ (P = 0.33) between accessions, nor did the averageseeib (P

= 0.34). Seed viability also did not differ between resistant and sensitive accessions. These
results provide evidence against the occurrence of a fitness penalty associated with the
resistance of Rock County giant ragweed to glyphosate.giaer fecundity of resistant
plants suggests that even in the absence of selection by glyphosate, the frequency of the

resistance trait for glyphosate may increase in the giant ragweed population.



Nomenclature: Giant ragweedAmbrosia trifidaL. AMBTR.

Key words: Fitnessfrequency of resistance traits, rapid necrosis
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INTRODUCTION

Giant ragweed is one of the most difficulm@nageveeds in Midwestern cropping
systems (Brabham et al. 2011; Harrison et al. 2001; Kruger et al. 2009; Webster et al. 1994).
Native to North America, giant ragweed is found in riparian areas, drainage ditches, field
edges, roadsides, and increasingly asrgrortantweedspeciesn many cropping systems
(Bassett and Crompton 1982; Baysinger and Sims 1991; Norsworthy et al. 2011). Itis
distributed throughout the eastern titards of the United States and is one of the most
common weeds of agronomic crdpghe Midwest (Harrison et al. 2001; Johnson et al.
2004; Norsworthy et al. 2011)n Wisconsin, giant ragweed is abundbathin corn
(Fickett et al. 2013a) and soybean (Fickett et al. 2013b) production fields

Adaptation to a wide range of soil enviraents, an extended germination period,
rapid vertical growth, andigh biomass production make this species particularly
competitive incropping system@Abul-Fatih et al. 1979Baysinger and Sims 199Davis et
al. 2013;Harrison et al. 20QIHarrison e@l. 2007. Another aspect contributing to the
competitive ability of giant ragweed is plant resource utilization in response to changing
environmental factors (Hunt and Bazzaz 1980), including increased light use efficiency in
response to shading fromxed height canopies (Gramig et al. 2008he ability of giant
ragweed to outcompete important agronomic crops can resulbstantiayield losses.

Giant ragweed at a density of 1.7 plants I®has the potential to reduce corn yield by
13.6%, and up to 60%ta density of 13.8 plants 107when giant ragweed and corn emerge
simultaneously (Harrison et al. 2001). In soybean, 1 pl&ntetiucel yield 45to0 77%
(Webster et al. 1994)Giant ragveed is considered tmeost competitivannualweed

speciesn Wisconsincorn and soybean cropping systefgKett et al. 2013a)b
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One reason that giant ragweed is so diffitinanage ishe prolongedgermination
andemergence timeline that alloy$antsto escap@exposure to earfgeasormanagement
efforts(Davis et al. 2013Harrison et al2001; Schutte et al. 2088012). Giant ragweed
produce a diversity of seed sizes, which are able to survive under vaepwvigonmental
conditions(Abul-Fatih and Bazzaz 1979; Schutte et al. 20@3aljer and Wax.974), with
germination and emergence extending from March to July (Schutte et al. 20a8&)er,
giant ragweed was shown to have a lower leaf appearance base temperature tham five othe
common Midwestern weed species (Gramig and Stoltenberg 2004$.temporal pattern of
emergence is thought to be an adaptation that allows for success in crop fields and highly
disturbed environments (Hartnett et al. 1987) and involves a high legsilof/o dormancy
that preventsomegermination at coolesoil temperatures (Schutte et al. 201®).contrast
to this extended germination and emergence timeline, giant ragweed seeds from a riparian
habitat were observed to have an earlier and constrgtedow for emergence (Davis et al.
2013).

Further contributing to the difficulty ahanaginggiant ragweed has been eved
resistance to herbicides§iant ragweed resistance tlyghosatewas first confirmed in Ohio
in 2004 and has since befeundin severabther states (Heap 2013piant ragweed
resistance to acetolactate synthase (ALS) inhibiting herbicides has also been found in several
Midwestern statesncludingrecentlyin Wisconsin (Marion et al. 2@). In two of these
instances (Minnesotand Ohio), giant ragweed hdemonstratedultiple resistance to both
glyphosate and ALS inhibiting herbicide8LS inhibiting herbicides, particularly

cloransularmethyl (Cullen et al. 2012; Vink et al. 2012yeanimportantoption for
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growers to managgiant ragweed in soybean, and for proactive glyphosate resistance
management. As such, multiple resistance to glyphosate and ALS inhibiting herbicides
represerdgpotentially serious problems fthie effectivemanagement of giant ragweed in
soybean, andonstrain herbicide options available to growers for proactive resistance
management.

It was hypothesized that weed resistance to glyphosate conferred by a target site
mutation would be a detriment to weed competitive ability and fithess because of the
complex molecular manipulations needed to engineer glyphossitgant crops and the
resulting interference with phosphoenol pyruvate binding and normal plant functioning
(Bradshaw et al. 1997). Furthermore, resistance conferred by metabolic degraidetion
overexpression of EPSPS was only achieved in the laboratory, thus the probability of
evolution of glyphosateesistant weeds was thought to be low. Howeveedwesistance to
glyphosate has to date been attributed to one or more efrtfgehanisméShaner et al.

2012: an altered EPSPS target site (Powles and Yu 2010), changes in vacuolar sequestration
(Ge et al. 2010) and/or reduced translocation of glyphosate to meristematic tissues where
EPSPS is primarily expressdd(raine Colwill et al. 2003 Shaner 2009), and gene

amplification resulting in increased witgipe EPSPS expression (Gaines et al. 2010).

Inaglyphosate esi st ant giant ragweed biotype fr
response to glyphosatége physiologicalmechanism of restance is noyet known but the
responsenayallow for reduced translocatiaf glyphosatdo meristematic tissue (Brabham
et al. 2011).However, in the glyphosatesistant giant ragweed accesdiam Wisconsin

(thatdoesnot exhibit tke rapid necrosiresponsg absorption and translocation 8-
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glyphosate did not differ between resistant sadsitiveaccession§Glettner 2013)
Although the glyphosate target sitednolpyruvylshikimate3-phosphate synthase, EPSPS)
was 4.6 to 5.4 times less sdiv@ across experiments in the Wisconsin resistant accession
than the sensitive accession based on glyphosaievBlOes (the effective concentration that
increased shikimate accumulation 50% relative to nontreated leaf tissue), the differential
responsevas overcome at high glyphosate concentrations. Thus, another mechanism may be
involved in conferring resistance to glyphosate in the Rock County, Wisconsin accession
(Glettner 2013)

The fate ofaresistance train the environmenis determinedy the genemutation

rate, initial frequency dafheresistance allele, heritability, reproductia@ene flow, and
fithess(Jasieniuk et al. 1996; Roush et al 1990nhderstandinditnesspenalties associated
with resistancés particularly importantor predictng the persistence and spread of herbicide
resistance Relative fitness is the ability of a genotype to produce viable offspring relative to
all other genotypes in a population (Preston et al. 20B99lution of herbicide resistance is
hindered when # mutation is associated with a fithess penalty (Jasieniuk and Maxwell
1994). Furthermore, the presence of a fitness penalty would infer that when selection for
resistant individuals is no longer being imposed fithguency of theesistance traih a
populationwould decrease over time (Jasieniuk et al. 1996)arge fithesgpenaltymay
enhance resistance management tactics such that the frequency of resistant phenotypes
decreases in years when alternative herbicide mode of actions or other teati®sdr

(Jasieniuk et al. 1996; Preston et al. 2009).
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Evidence for a fithess penalty resulting from resistance to glyphosate varies with
weed species and mechanism of resistance. Tall morninggpomdea pupureél.) Roth]
tolerance to glyphosate wasufal to be associated with a fithess penalty, such that in the
absence of glyphosate, the frequency of tolerant individuals decreased (Baucom and Maurio
2004). Preston and Wakelin (2008) suggested that altered translocation of glyphosate which
conferred reistant in rigid ryegrasg.olium rigidumGaudir) also disrupted plant function
and carried a fitness penalty. Under greenhouse conditions, Chandi et al (2013) found that
glyphosatesusceptibldPalmer amarantfAmaranthus palmei$. Wats) competition reduced
crop fresh weight (averaged over corn, cotton, peanut, and snap bean) less than a glyphosate
resistant population, indicating there may be a differential response between populations in
competitive ability. However, they indicated ttesults may not necessarily indicate a
fitness penalty due to the resistance trait, but rather may be due to inherent variation between
the populations Giacomini et al. (2014) found no evidence of a fithess penalty associated
with resistance conferred liycreasedEPSPSxpression in Palmer amaranth under
greenhouse conditions and further confirmed the importance of addressing genetic variation
when evaluating fitness traits.

Glyphosateresistant andsusceptible phenotypes of rigid ryegrass from a sing|
population in Australia were found to have similar biomass accumulation and
competitivenessvhen in competition with wheat (Pederson et al. 2007). Howédwemean
massof seeds from resistant plants vgaeater than from susceptible plants. Althoaglow
crop densities susceptible plants produced more sathigih crop densitieshe resistant

and susceptible populations produeesimilarnumber of seedsNo apparent fitness penglt
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was observed betweetyghosatetolerantand-susceptible common lambsquarters
(Chenopodium alburh.) biotypesfrom Indianabased on seed production estimates
(Westhoven et al. 2068 However, toleranbiotypes grew taller, amassed more leaf area
and dry mass, and advanced through growth stages rapidly than sensitive biotypes, but
had lower dry mass at maturity.

Davis et al. (2009) identified no difference in seed or biomass production in
populations of horsewed@onyza canadens(t.) Crong.]from Indiana or Ohio that were
resistanta glyphosate, ALSnhibiting herbicides, or exhibited multiple resistance to both
glyphosate and AL$hhibiting herbicides, when compared to susceptible populations. This
supports Zelaya et al.’s (2004) odosfiness ati on
between glyphosateesistant horseweed and susceptible plants. Furthermore, a study in
California identified a glyphosatesistant horseweed biotype that accumulated more than
twice the amount of dry biomass than the susceptible biotypeh&rhsolated or in
competition with grapevine (Alcorta et al. 2011).

In the case of giant ragweed, little is known algmientialfitness penaies
associated with resistantteglyphosate In recent workBrabham et al. (2011) found that
glyphosateresistant giant ragweetth therapid necrosisesponselisplayed early, rapid
growth in the absence of glyphosate, flowered eathetproduced 25% less seed than
susceptible biotypeThus,the resultsndicatedthat there may ba fithess penaltyssociated
with theglyphosate resistan¢mit and that thérequencyof the resistant biotype could

decrease in the absence of selection from glyphosate use. Howtarencedrom this
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studymay belimited, asthe biotypes compared were from differgebgraphic locations
such that the fitness response maygdefounded with biotype/genotype differences.

In Wisconsin, we have recently identified a giant ragweed accession from Rock
County with a 6.5old level of resistance to glyphosate that doesdisglaythe rapid
necrosis respong&lettner 2013) To increase our understanding of the potential persistence
and spread of this resistance trait, we conducted reseagdeltermine the noncompetitive
growthand fecundity of the resistant accessiothmabsence of glyphosate relative to a

sensitive accessiondm a nearby field border population.

MATERIALS AND METHODS
Seed SourcesGiant ragweed seeds were collected from putative glyphossitgan{R)
and-sensitive (Splantsfoundin agrower field located in Rock County (RG)isconsinn
September 201@&nd subsequently confirmed to be resistant to glyphosate (Glettner 2013).
Seed samples were cleaned in arcalumn separator and stored2® C until conditioning
for experiments.For conditioning, seeds were placed in nytoash bags which were buried
in saturated sand and maintained-&t@ for 812 weeks to break dormey (Westhoven et
al. 2008b). To increaseseed germinatioratesfollowing conditioning,the embryo was
isolatad by removing the involucral hull, pericarp and seed ¢8ahutte et al. 2012)efore
planting.
Greenhouse Procedures.Experiments wereonducted at the University of Wisconsin
Madison Walnut Street Greenhouse facilistng methods adapted from Gretyal. (1995)

and Marshall et al. (2001 Embryosfrom each accession were plantedm& deep ito
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commercial potting medi@etro Mix 300 potting medium, Sce8ierra Horticultural
Products Co., 14111 Scdéwn Road, Marysville, OH 43041 individual cells (4-cm by 6-
cmby 6-cm deep of plasticflats. Following the emergence of the fifsur true leaves,
individual plants weré¢ransplanted intd-L pots Plants vere watered daily and fertilized
(380400 ppm N; Peter’' s PribzereEvesris,ddb@Blazewat er Sol
Parkway, Dublin, Ohio 430)%veekly. Natural light was supplementegartificial lights
(1000W highpressure sodiun®.L. Light System, Inc. 4800 Hinan Drive, Beamsville, ON,
Canada LOR 1Bjto create a 12-Bour photoperioavith 30/20 Cday/night temperatures.
Potswerespaced to eliminate interplant shading andaredomized twice each week.
Data Collection. Nondestructive measurements of plant height, estimated leaf area, and
cylindrical shoot volume were taken weektgrh tranplanting to theonset of flowering, at
which time plants were estimated to be at maximum biomass and leaf ared-&tihidt al.
1979). Leaf area per plant was estimated from the length and width of each leaf according to
the following equation:

LA = Z(LWS) [1]

whereL A is the total leaf area per plaitis the leaf lengthWis the leaf width, an&is a
speciesspecific coefficient that represents the proportional area of a rectangle occupied by a
leaf (Conley et al. 2001; Moechnig et al. 2003). The avefagdue was determined by
measuring the area of 1,800 giant ragweed leaves of variousvéilzes area meter (LI
3100 Area Meter; L-ICOR Inc, 4647 Superior Street, Lincoln, Nebraska) and dividing the
leaf area by the length and width. The aveiggeefficient used for giant ragweed in this

study was 0.52. An avera@oefficient has notden reported for giant ragweed. However,
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the S-coefficient used in this study is consistent wBthoefficients determined for other
species. Moechnig et al. (2003) determiSembefficients to be 0.73, 0.65, and 0.75 for
common lambsquarters, giant fait and corn, respectively. Cylindrical shoot volume was
determined from the height and average shoot diameter for each plant (Moechnig et al. 2003;
Wiederholt and Stoltenberg 1996). Measurements were taken from six to ten plants of each
accession at ea sampling time.

Three to fiveplants of each accessiarererandomly harvested eveRwk from
tranglanting to theonset of flowering. Three plants framach accessiomnere grown to
maturity for seed harvesPlant heightvasmeasured prior to cuttingff the shoot at the soill
surface. Shootweredried for 7 d at 6@ and weighed. Leaf area was determined for each
plant with an area meter. Instantaneous relative growth rate (RGR), instantaatansa
ratio (LAR), and instantaneounet assimilabn rate (NAR)weredetermined as described by
Hunt (1978). RGR was calculated as:
RGR= d(In W)/dt [2]

whereW s shoot biomass arids time and RGR is equal to the slope of the natural log of
shoot biomass versus time. LAR was calculated by dividing the leaf area for a given plant by
its shoot biomass. NAR was calculated by dividing RGR by LAR for each plant (Gray et al.
1995; Huntl978). Seed yield was calculated as g seed hlanmber of seeds plahtand g
seed. Seed viability was determined by categorizing a subsample of seeds (n = 50) into
categories as described by Harrison et al. (2001): tatabte (involucres conta fully
formed seeds with viability determined by tetrazolium assay), int@attviable, and empty

involucre (no seed or not fully formed seed inside). The tetrazolium assay was performed by
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imbibing unconditioned seeds for 18 h in distilled water, egtseeds in half, and soaking
cutside down in a 1.0% (v:v) aqueous solution of 2i8fhenyttetrazolium chloride for 18
h at room temperature and examining for uniform staining (Peters 2000; B Schutte, personal
communication).
Experimental Design andStatistical Analysis. Experiments were arranged in a completely
randomized design and were conducted twice. The natural log of plant height, leaf area, and
shoot volume regressed over time was fit with a quadratic regression model using the
functionn® RmSt ati st i(RBdvelopmentforeaTgan 2618;fRt wa r e
Foundation for Statistical Ctesmymsiutsedtog , Wi en,
determine if the regression coefficients for the regression models differed between R and S
accessins f or each gr owResidualmedrerchecked(fd? normalily.ars ) .
homogeneity of varianceDifferences between instantaneous growth parameters, seed yield,
and seed viability between R and-t®sacdessi on
0.05). All data was subjected to ANOVA. If the experiment by treatment interaction was

not signifiant, results from repeated experiments were pooled for analysis.

RESULTS AND DISCUSSION
Growth. Experimentby treatmeninteractions were not significant and data from repeated
experimentsvere pooled for analysid?lant height (Figure 1A), leaf are@igure 1B), and
shoot volume (Figure 1C) during the vegetative growth stage to the onset of flowering were
similar between R and S accessions. Equation parameters that describe height and leaf area

growth response did not differ between accessions (dathown). Although the-y
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intercept describing the growth of shoot volume for the S accession was greater than for the
R accession (P = 0.031), other equation parameters did not differ between accessions (data
not shown). Differentyntercepts for shoatolume regression equations suggest that early
vegetative growth shoot volume differed between R and S accessions, but shoot volume did
not differ between accessions 21 DAP to the onset of flowering (data not shown).

The onset of flowering did not diffdetween accessions, with initial appearance of
male inflorescences on both R and S plants observed between 65 and 68 DAP across
experiments. At the onset of flowering (70 DAP) average plant height was 143.0 £ 4.7 (SE)
and 155.0 + 5.3 cm for R and S assiens, respectively. Average leaf area 70 DAP was
7,730 + 580 and 7,580 + 610 tfor R and S accessions, respectively. Average shoot
volume 70 DAP was 242 + 18 and 246 +ct&’ for R and S accessions, respectively.

Brabham et al. (2011) also foundight, leaf area, and shoot dry matter accumulation
to not differ between glyphosatesistant andsusceptible giant ragweed from Indiana grown
in the field. Plant height 50 DAP, which was the last harvest and when inflorescences were
detected in the apal meristem of R plants, was 110 cm and 117 cm (calculated by C.E.G.
from published regression equations) for resistant and susceptible biotypes, respectively.
They found leaf area 50 DAP to be to be 5,886 7,170 crhplant* (calculated by C.E.G.
from published regression equations) for resistant and susceptible biotypes, respectively.

Consistent with results from nondestructive measures, dry shoot biomass during
vegetative growth stages to the onset of flowering was sibglaveen Rock County
accessions (Figure 2). Linear regression parameters did not differ between R and S

accessions (data not shown). At the onset of flowering, average dry shoot biomass was 84.1
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+ 7.7 and 89.0 + 7.9 g platfor R and S accessions, resipegly. This is consistent with the
findings of Brabham et al. (2011) that showed no difference in dry shoot biomass between
field-grown resistant and susceptible biotypes 50 DAP, with plants accumulating 86.6 and
69.8 g plant, respectively.

Instantaeous growth parameters did not differ between accessions (Table 1).
Instantaneous RGR was 0.119 and 0.118dj'dor R and S accessions, respectively. These
values are lower than mean RGR values reported by Brabham et al. (2011) for resistant
(0.149 gg* d!) and susceptible (0.130 g @) biotypes from Indiana grown in the field.

Hunt and Bazzaz (1980) estimated that mean RGR was 0.2 to O d'gar unfertilized and
fertilized greenhousgrown plants, respectively, during initial growthi42odes).

However, they found that mean RGR decreased over time in both treatments. Instantaneous
NAR was 0.097 and 0.101 g énd™ for the Rock County R and S accessions, respectively
(Table 1). Instantaneous LAR was 138rid 135.9 cig™ for R and Saccessions,

respectively. Hunt and Bazzaz (1980) estimated instantaneous LAR to-tié.3hd 1390

230 cnt g for unfertilized and fertilized plants, respectively, over 36 d. Instantaneous

growth parameter estimates in our study were also consistinthwse observed for other
broadleaf weed species includingivetleaf(Gray et al. 1995; Regnier et al. 1988) and

common ragwee@mbrosia artemisiifolid_.) (Ziska 2002).

Fecundity. Experimentby treatmentnteractions were not significant and datan

repeated experimentgere pooled for analysid-ecundity of the Rock County giant ragweed
differed between R and S accessions (Table 2). Resistant plants produced an average of 812

seeds plaftcompared to 425 seeds plafior the S accession (PG:008). However, total
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seed mass plahtid not differ between accessions (P = 0.33), nor did the average mass seed
1 (P = 0.34). Further, seed viability between R and S accessions did not differ. For the R
accession, 75.2% of seeds produced weretiatad viable, while 12.9 % were intact but
nonviable, and 11.9% were empty. For the S accession, 65.0% of the seeds produced were
intact and viable, with 14.3% intact but nonviable, and 20.7% empty.

In contrast to our results, Brabham (2011) fouretisgeld to be lower in the
resistant biotype from Indiana (1,125 seeds facwmpared to a sensitive biotype (1,493
seeds plaft), suggesting that the resistant biotype was less fit and its frequency would
decrease over time in the absence of glyphodaeler varying giant ragweed plant
densities in the field, AbdFatih et al. (1979) reported that seed production ranged fram 16
1,399 seeds planhat the lowest and highest plant densities, respectively. However, mass
seed for the Rock County accessions was consistent with other reported values for giant
ragweed seeds (Abi#atih and Bazzaz 1979; Schutte et al. 2008b), assed viability
compared to values reported for figdown plants (Harrison et al. 2001, 2003).

Our research showed no differential growth between glyphésated-S giant
ragweed accessions from Rock County, Wisconsin under noncompetitive conditioas
greenhouse. Resistant plants produced a greater number of seejsangting resistant
plants have the potential to contribute a greater proportion of seeds to the soil seed bank. The
greater fecundity of resistant plants suggests that ievie absence of selection by
glyphosate, the frequency of the resistance trait for glyphosate may increase in the giant

ragweed population (Jasieniuk and Maxwell 1994). These results provide evidence against
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the occurrence of a fitness penalty asdediavith the resistance of Rock County giant
ragweed to glyphosate.

Factors that malave affectedhe differential fecundity observed our results
include characteristics of plant rogriowth andinteractions irthe rhizosphereRoot growth
was notevaluatedn ourresearch as was by Alcorta et al. (2011yhencomparing the
growth of glyphosateesistant andsusceptible horseweed. Furthermore, microbial
communities in the rhizosphere have been shown to play a role in the differential response of
glyphosateresistant andsusceptible giant ragweed to glyphosate (Schafer et al. 2012, 2013)
The role ofrhizospherenteractions in the absence of glyphosate was not determined, but
differential susceptibility to microbial pathogens could also infleegrowth or fecundity in
the absence of glyphosatalthough genetic and phenotypic variation due to spatial factors
may not be ruled out as contributing to the differential fecundity obsé@iadomini et al.
2014; Jasieniuk et al. 199@)iant ragweed seeds used in our research were collected from
putativeR and-S plants found on the same farm. PutaBvelants were located in a nearby
field border area with no apparent history of glyphosate use. A lack of fithness penalty in the
absece of glyphosate would complicate letegm management of glyphosatsistant giant
ragweed because periods of alternative methods of management would not be expected to
reduce the frequency of the resistance trait (Preston et al. 2009). Thustarnongegrated
weed management plan that does not involve glyphsbkatddbe adopted (Davis et al.

2009).
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Table 1. Instantaneous growth parameters of glyphosaistant

(R) and-sensitive (S) giant ragweed accessions from Rock County

(RC), Wisconsin under noncompetitive condigan the

greenhouse. Data from repeated experiments were pooled for
analysis.

Instantaneougrowth parametet

Accession RGR NAR LAR
g g’ g ddr cnr gt

RC-R 0.119 8 0.097 a 139.1 a

RC-S 0.118 a 0.101 a 135.9 a

®RGR relative growth rateNAR, net assimilation ratd AR, leaf
area ratio.

®Means followed by the same lettgithin a columndo not differ

at the 5% |l evel of signif-testance
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Table 2. Fecundity of glyphosatesistat (R) and-sensitive (S) accessions of giant ragweed
from Rock County (RC), Wisconsin under noncompetitive conditions in the greenhouse.

Data from repeat experiments were pooled for analysis. Standard error of the mean is shown
in parentheses.

Seedfate category

Acces Intact Intact Empty
sion Seed yield viable nonviable involucre
gplant’  no. plant® g seed’ ——9% of seeds produced———

RCR 37.6(3.8)4 812(85)a 0.05(0.003)a 75.2(3.9)a 12.9(36)a 11.9(5.3)a

RCS 27.2(89)a 425(78)b 0.06(0.012)a 65.0(8.7)a 14.3(2.4)a 20.7(10.3)a

% Intactviable, involucres contain fully formed seeds with viability of embryo determined
by tetrazolium assay; intaobn viable; empty involucre, no seed or not fully formed seed
inside.

® Means followed by the same letter within a column do noedif the5% level of
significancea s det er mi nedestoy a Student’' s t
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Figure 1.Natural logarithm of plant height (A), plant leaf area (B), and plant shoot volume
(C) over time for glyphosateesistant (R) anesensitive(S) accessions of giant ragweed
from Rock County (RC), \ligconsinunder noncompetitive conditions in the greenhouse.
Plant height responses are described by the equations.091 + 0.150% - 0.000927 %4
(r?=0.96) andy = -0.8425 + 0.148% - 0.000286x° (r> = 0.97) for R and S accessions,
respectively. Plant leaf area responses are described by the eq¥ati#8597 + 0.348%
- 0.002565¢ (r? = 0.95) andy = -2.0887 + 0.313& - 0.002244¢* (r*= 0.94) for R and S
accessions, respectivelPlant shoot volume responses are described by the equétrons
8.0460 + 0.3736& - 0.002614¢ (r* = 0.95) andY = -6.7689 + 0.330% - 0.002235¢ (r* =
0.95) for R and S accessions, respectiv€lgta fromrepeatedxperimentsvere pooled for
analysis. Vertical bars indicate standard error of the mean.
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Figure 2. Natural logarithm oplant dry shoot biomassver time for glyphosate
resistant (R) anesensitive(S) accessions of giant ragweed from Rock County (RC),
Wisconsinunder noncompetitive conditions in the greenhoui®antdry shoot
biomassesponses are described by the equations3.45 + 0.11& (r* = 0.90 andY
=-3.26+ 0.118x(r*=0.8§ for R and S accessions, respectivdlata fromrepeated
experimentsvere pooled for analysisVertical bars indicate standard error of the
mean.



