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Abstract

Strong humammediatedselectionvia herbicide application in agroecosystenas repeatedly led
to the eveolution ofresistance in weedy plantlthough resistancean occur among separate
populations of‘a speciegross the landscapgbe spatial scal®f resistancéen many weedss
often left unexaminedVe assessethe potential that resistance tioe herbicideglyphosate in
the agricultural weetbomoea purpure&as evolved independently multiple tinesoss its

North American rangale examinedoth adaptivend neutral genetic variation 44

This article is protected by copyright. All rights reserved


mailto:kuesteam@umich.edu
mailto:smchang@uga.edu
mailto:rsbaucom@umich.edu

53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83

populationsof I. purpureaby pairing areplicated doseesponse greenhouse experimeitl
SSR genotyping of experimental individudlée uncovere@ mosaic pattern of resistaremeross
the landscapewith some populations exhibiting high survival post-herbicide and other
populations showing high death. SSR genotyping revéditilecevidence of isolation by distance
and very little.neutral genetic structuesociated witigeographyAn approximate Bayesian
computation (ABC) analysis uncovered evidence for migration and admathoeg
populations‘before the widespread use of glyphosate rather than very recent carieggre
flow. The pattern of adaptive and neutral genetic variation inditiaéeresistance in this mixed
mating weed species appears to have evolved in independent hatipatsharthrough

transmissien of resistance alleles across the landscape.

Key Words: Morning Glory, Glyphosate, SSR, Weed, Resistdpomoea purpurea

appioximate Bayesian computation

I ntroduction

The evolution of herbicide resistance in weedy plantariexcellent example of
adaptation, to.strong humamnediated selection (Vigum et al, 2013), and one that, like other
examples of resistance to xenobiotics, carries an imnemwegical ana&tconomic cost. @er
230 cases.of resistance have evolvetthe relatively short period of time in which herbicides
have been‘utilized for weed contrbldap 2014. This resistance evolution, in practical terms,
can mean a dramatic loss of efficaafyweed control for large areas of laad,well asa
concomitant change the weed populations inhabiting both cfagdds and crop margins

(Culpepper, 2006)Vebster& Nichols, 2012). In addition to providing nov&lidy systems for
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84  rapid evolutionary change, examination of the forces underlying the evolutientaide

85 resistance across populations is key to developing strategies for rethairighpact—one that

86 isestimatedo be as high a33 billion USD, yearly (Pimentet al.2005).

87 The ability of a population to adapt to the strong seledtmm herbicide applicatiors

88 ultimatelydependent on the amount and type of genetic varidigtris available to satéon

89 (Jasieniuk et al1996;Delye et al. 2013. Thus the populatiosize,genetic architecture

90 standing genetic variatipamount of gene flow, artie mutation ratgHedrick et al. 1976)are

91 all interactingfactorsthat dictatehe emergencef resistancecross populationgVhile it has

92 been hypaothesizetthatgene flow between populations may be a more likely cause than novel

93  mutations forsthe appearance of resistance across the land3asipaiulet al, 1996), & the

94 few species‘that have been investigatedy highly selfpollinating species exhibit isolation by

95 distance in the level of resistarea patterrconsistent with the idea that gene flow contributes

96 to the spread of resistance alleles (Osuna,e2@l1;0Okada et a).2013). In comparison, the

97  outcrossinggrassspeciesAlopecurus myosuroideschibits a mosaicesistancgpattern and no

98 evidence ofisalation by distance across populatismggesting that resistarnttas evolved

99 independently=on a local sealDelye et a] 2010). Unfortunatelyhecaus¢he majority of
100 herbicideresistance studies are generally either descriptive examinatibadenfel of
101 resistancesacross an often limited number of natural populdBeckie et al.2000; Preston &
102 Powles, 2002)Neve& Powles 2005Bernards et gl2012), or investigations of the molecular
103  basis of resistance (Marshé&lIMoss, 2008 Cseh et a).2009 Beckie et al.2011;Lang et al.
104 2011;Sadaretal.2013), we currently have a very limited view of heithin- and between-
105 population‘precesses, such as gene flow and heterogeneous selection can influemge herbic
106 resistance evolutioacross the landscafg@uchexaminations are, to our knowledge, lacking in
107  species that employ mixed mating systems eveuagh ~32% of weedy plants exhibit a mixed-
108  mating strategy. (Kuester et,a@014). Thus, in addition to the need for more examinations of
109 resistance. evolution across the landscape, we also have a broad gap in owandidgrst the
110 spatial context of resiance evolution in species that are predominately insect pollinated and/or
111  exhibit mixed.mating.
112 The study of thepatial scale of herbicide resistance is relet@bibth basic evolutionary
113  biologists and applied scientigts somewhat disparate reaspavolutionary researchers are

114  fascinated by the repeatability of the evolutionary process whereas aggpististsywho want
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to maintain low levels of resistance in najureedto understand where control effosie best
implementedFor example, different management recommendations would be mmedist&nce
evolved in a single population and spreathpared to a scenario whérerbicide resistance
evolved independently in separate populatidiosdetermine which scenario is mosiely for a
given weed.speciesesearchers generally pair an assessment of the level of resistance across
populations_collected from the landscape, often in a common garden studgnextémination

of the pattern‘of neutral genetic variation acrosselsesne populations. If, for example, the
level of resistance displays a pattern of isolation by distance, one cathatfeesistance is
spread by gene flow either on a local scale or at greater distances; an asseiSseutral

genetic variation thdikewise identifiessolation by distance would add further weight to the
idea that genesflow is responsible for the spread of resistance. IfAamyosuroidesa mosaic
pattern of resistance is identified such that highly resistant populatioluxaied in close
proximity to susceptible populationise(, no evidence of isolation by distance and variation in
resistance.across populations), then it is inferred that populations are indelyendsving
resistancesacrass the landscape. In this cgsstern of high neutral genetic structure across
populations weuld suggest rather limited gene exchange among populations, supporting the
possibilitysthat populations are independent evolutionary udéace pairing an assessment of
the level efresistance across the landscape with investigation of the géneticre of a weed
canallow us to identifytheevolutionary units of herbicide resistance (Menchari et al., 2007)—
and likewise,provide initial information regarding the repeatability of the evolutionaryga®c
(Ralph & CGoop; 2010). Such examinations may gise insight into the ability of populations to
respond toether abiotic and biotic selective agiatiswing extreme bouts of selectida.g.,the
likelihood of evolutionary rescu&onzalezt al, 2013).Finally, once the level of resistance and
patterns of neutral genetic differentiation are characterized across thealaadfie more
challenging.question of how resistance has arisen, through selection on standing genetic
variation, or.due to novel mutations across populatioresr-be addressed.

Ipomeea purpureathe common morning glory, scompetitivecrop weedwithin the
Southeadrnand Midwestern regions of the Sefelice 2001). This species hascome an
increasinglyproblematicspeciessince the increased use of glyphosate (Culpepper, 2006;
Webster& Nichols, 2012), which is the main ingredient in the widely used herbicide RoundUp.

Previous work haancoveredoth additivegenetic variation imesistanceo glyphosate and
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positive selection oresistancashowing that the criteria for the evolution of a higher level of
resistance are méBaucom &Mauricio, 2008). Additionally, historially preserveaccessions
exhibitgenetic variability in herbicide defensaiggesting that the ability to evolve resistance in
this species was present ancestr@igucom& Mauricio, 2010).Although this species is
considered.an.emerging glyphosate resistant weed (reviewed by Sang&ot®) we

currently de_not know ithe levelresistance varies among populations across the species’ range,
nor do we"know the extent to which populations may be conneiaggne flow across the
landscape: Herand as part of our broader goal to detiee if resistance in this species has
arisen fom independent, novel mutatiowithin separate populationdifferent regimes of
selection acrass farmsr has spreadia gene flow from a single or few sous;&ve examine

both the level of herbicideesistance and the structure of neugeietic variation across many
natural populations afs range across North America. \Werformeda replicatedylyphosate
doseresponse experiment andsessed the pattern of neutral genetic variation within thigespe
using micresatellite markers to address the following specific questiris there a geographic
mosaic patterof glyphosate resistange |. purpureg indicatingthat resistance hawvolved
independentlysin separate populations across the landscape, or, is there a pattatiooflsol
distance suggesting a single orig{&) Does the pattern afeutralgenetic structuracross this
speciesrangeprovide evidence thagopulations are genetically isolated or that gene,flow
whether historical ocontemporaryhas occurred or is occurrid@nd(3) Isthere evidence for
migration between populations of the southeastern US after glyphosate was put@gpread
use acrosstthelandscape, indicathmag contemporary gene flow is responsible for the spread of
resistanc@ While the majority ostudies that assessutral genetic variatioim herbicide

resistant weeds hawavestigated eithgoredominantly outcrossing, winabllinated speciegr
alternatively highly selfing speciethe work presented heneconsidersa species that exhibits a
mixed-mating.system, and, one that, by all indications) the early stages of glyphosate

resistant evolution across the landscape.

Materials and,M ethods

Field collections and greenhouse resistance scredks-collected leaf material and seeds from
44 populations of. purpurealocated within soy, cotton, corn or alfalfa fielslsected at random
from six states across thidwesternand SoutheastetdS (IN, OH, VA, NC, SC, TN; Figure
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la, Table S1). We collected betweendZDseeds and leaf material from a single matqxiaait
every 2 meters at each of our gites until we had sampled from at least 30 individuals per
population. Each population was sampled from a discrete agricultural field, whidsweeato
represent discrete units of selection. Populations were abl&asapart.

We planted two experiments to assay herbicide resistance across populatioms bh, J
2013 in separate greenhouses at the University of Georgia Plant Biology Gresn{#dabsens,

GA). Ten seeds from each population (one seed per maternal line) were stzifigidnted in

pine bark soil'in SC10 super conetainers (Stuewe and Sons, Tangent, OR) in each of six
experimental treatments, described below. Individual plants were randssignad toacks

that were thensrandomly assigned to flow trays (4 racks per flow tray)wemswvatered daily

and flow trayswere filled with water to prevent desiccatfonly pants that germinated prior to

June 262013, were included irhé experimert-however, germination was higé8% overall)

in both experiments and ranged from 50-100% among populafidotal of 4,614plants were

used in our resistance assays, with 1,995 and 2,619 individuals planted in each experiment. The
number ofsindividuals per population and treatment combination used in the experiment can be
found in TablesS1 and Table S2spectively.

We:measured the height of the stem and number of leaves of each individual ttkee wee
after planting, when the majority ofdividuals were at the-eaf stage. Average height of the
plants prior to herbicide application was E)13 cm. Plants were then sprayed with RoundUp
PowerMax,(Monsanto, St Louis, MO) at rates around the recommended fieltl. bdt&q ai/ha)
of 0, 0.21,/0:42;, 0.84, 1.70 and 3.40 kg a.i./ha (the 0 kg a.i./ha treatment was used as a water
control) using7a hand-held, G@ressurized sprayer (Spraying Systems Co., WhekfpriThe
same applicator treated each of the two replicate experinVgatsprayed plarst at a rate of 187
liters/ ha at 30 psi with a stride pace of 90 paces per minute at 1.5 meters aboaetthd piee
weeks after.glyphosate application we scored survival and the height of thestetngf each
plant.

DNA extraetion and genotypirgWe isolated DNA fromapproximately 18naternal lines per
population using a modified CTAB protocol developed by T. Culbeyq. comn). All DNA
samples were quantified by spectrophotometry and diluted to 20 ng/ul for subsedgaelt®C
identified 15 SSR loci that showed compatibility for multiplexing and were easily scafakle

that were previously described fopurpurea(Table S3 Kuester et al. 2012). Forward primers
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were fluorescently tagged with 6-FAM, VIC, NED or PET. All unlabeled aR@B} primers
were obtained from Integrated DNA Technologies (Corralville, Re VIC, NED, and PET
primers were purchased from Life Technologies (Carlsbad, CA).

Because_fragment size and dye incompatibilities precluded running alli 115 ¢oe
multiplex, wessplit loci into two multiplex PCR reactions. One multiplex consisted of 0.15 uM of
IPS8, 1P2, P27, 0.20 uM of IP31, and 0.25 uM of IP34, IP18 and IP1. The second multiplex
consisted of 0:05'uM P36, 0.10 uM of IP47, 0.15 uM of IP6, and 0.25 uM of IP12, IP21, IP45,
IP26, and IP427Ten pL PCR reactions were run with Qiagen Master Mix (Valencia, CA).
Thermocycler conditions consisted of 95 °C for 3 minutes, 35 cycles of 94 °C for 30 s, 50 °C for
90 s, 72 °C:farm60 s, and a final extension at 72 °C fonihOteson an EppendoriNew York,
New York)‘MasterCycler Pro themycler. One pl of PCR product was used for fragment
detection usingian Applied Biosystems 3730 DNA Analyzer (Carlsbad, CA) at thellQofe
Sciences Core Facility (Ithaca, NY). An ABI GS500 for multiplex 1 and GS600 fdiphewl 2
size standards were used for fragment length comparison. All samplgmeEnaere analyzed
using Applied-Biosystems PeakScanner 1.0 analytical software (Carlshady P (Primer
Peaks adjustment) sizing default was used for the analysis.

Data Analysis

We included populations with at least 10 germinants per exper(aletreatments
combined)n the analyses of spatial variation of herbicide resistancdirgVeeport a species
dose respoanse,curaad therfollow with patterns of survival across populations at doses above

the recommended field rate

Doseresponse @rve—Preliminary analysis showedsignificant effect of replicate experiment

on the proportiothat died Thus, we used residuahluesafter accounting fothe effect of
greenhouse. experimetatestimateour dose response curves. The use of residual is
recommended by Kell§ Rice (1990) to smooth curves in dose response analyses, and has been
perfaomedinether dose response contexts (Kilsby et al.,)28@plicate experiments differed
primarily due toa higher rate ofleath in one greenhouse at both the 1.7 and 3.4 kg a.i./ha
herbicide levelsbut the correlation between proportion survival per population across each

greenhouse was moderate and significantly different from zero across alttatices(R =
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0.480, P = 0.004), showing that although we identify differences in the survival of plants in
separatgreenhouse experiments, the populations perfosmeithrly relative to one another in
the different experiment3.0 estimate the dose response cunefirst fit the residualdy
regressing a general linear model of survivorship on experwigna binomial distributiono
account for.the effect of replicate. The residual eaee therfit to a Weibull 2.4 parameter
model (Weibull; 1951) using the drc package (Rit3®&eibig 2013) in R (R Development Core
Team 2012)"The Weibull 2 mod&las used to extrapolate the effective dose at eliminating 50%
of a population(ER) was expressed as:

Y =c + (dc)(2-\exp(b(log(x)-\log(e))))

Where Y is the response (survivorship), c is the upper limit of the curve, d is theitovef |
the curvegris the ERy, and b is the relative slope around e. We first estimate a sj@oits
EDso using all individuals, followed by a regional (Southeasand Midwesérn US EDsg

value, ancEDsg values per state. We included state in the models becauseutbésized that
management policies and herbicide procedures might vary at the statamelvidis could

influencethegevel of resistance among states.

Survival fellowing herbicide applicatierWe assessed survival at the 1.7 and 3.4 kg a.i./ha
treatmentevels(a rate that is similar to the suggested field rate of Hghd.i./ha and dose that
is twice thaj to determine if there was a significant effect of population, saatdpr region of
origin on survival post-herbicide. To do this, sual was modeled as a binary character (1/0) in
a generalizedilinear model with a binomial distribution using the Imer option of the Ime4
package (Bate2010)in R (R Development Core TearB019. Fixed effects in the model were
herbicide treatment, replicate experiment and sthite random variables included population
nested within state and the interaction between population and herbicide tredmestimated
a 95% confidence intervédr the species survivaly bootstrapping across populationshgs
non-parametric bootstrapping method in the boot packagety& Ripley, 2014) in RR
Development™Core Tegra012).

Spatial autocorrelatior-We calculated Moran’s | to determine if there was a correlation

between survivdbollowing herbicide applicatioand geographic distance. Specifically, we

calculated the correlatidmetween survivorship and ggatial lag using the Spatial
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270  Autocorrelation Analysis in Macroecology (SAM 4.0, Rangel et al., 2010). The sayrekoof

271 thel value was determid by permuting around 0, where a value of 0 would reflect no spatial
272  pattern(or spatial dispersionip the dataBivand et al., 2008 We further performed a principle
273  coordinates analysis (PCoAh the absolute value of the pairwise difference in gatvi

274  (AResistance.=abs(Rpopulation; — Rpopulatioy) using the covariance standardized option in
275 GenAlEx (Peakalk Smouse, 2006) across populations to determine if populations clustered
276  according‘to'geographic origin or to resistance staeis(rvival).

277

278 SSR error rate, reliability, independence and neutraitye evaluated SSR loci for reliability,
279 independencepand neutrality under mutatiaft-equilibrium to make sure interpretations of
280 downstream analyses were appropriate éssumptias made by analyses were not grossly
281 violated).We used MicroChecker (Van Oosterhout et2004) to check for scoring errors per
282  population, which could result from stuttering, large allele drop outs, and null #Deégoody
283 et al, 2006). Each SSRcuswas tested for HardWeinberg Equilibrium (HWE) per population
284  using the Hardy Weinberg Exact Test in Gaogon the Web (Subption 3: Probability test;

285 Raymond & Rousset, 1995; Rousset, 2008). SSR loci were also tested for linkage digequilibr
286  for each pair.of loci in each population using the genotypic linkage disequilibrium test with
287  default Markov chain parameters in Genepop. A global test of LD for each paai ofds

288 performed across populations using Fisher’'s method. We then applied a sequentiabBionfer
289  correction Miller, 1981 to correct for multiple testdoci were independently scored twice to
290 check for aceuracy, and we recorded the scoring error within the spec2@®fsamples. Loci
291 that did notamplify aftetwo independent attertgpwere scored as missing ddtee frequency

292  of missing data for eadbcusis reported inTable S3

293

294  Genetic differentiatior-We assessed patterns of neutral genetic variation across this species’
295 rangeusing.a.variety of metrics to determingyénetic diversity and population structure were
296 influenced.byrecent selectioma herbicide applicatiomand in addition, to assess the likelihood
297 that gene flow.could introducer hashistoricallyintroducedresistance alleles tince-

298 susceptible populations. &¥irst determinedhe genetic structure of this species by estimating
299 Weir & Cockerham’s (19849 usingSPAGeDi#1.2 (Hardy& Vekemans2002) A confidence

300 interval around the global &tatistic was estimatealith 1000 permutation per locus and 1000
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301 jackknifed replicates to detect signifidasheviationfrom 0. This confidence interval was used to
302 compare with previous estimates of differentiation within the species (Epp&r€legg, 198Y.
303 Weevaluated multlocus estimates of &, a measure of genetic differentiation usirgjepwise
304 mutationmodel of marker evolution. Pending no significdifiterence between & andFst

305 estimates, we,report only differentiatioging those based o+ In preliminary analyses, we
306 assessed the influenoénull alleleson our measure of genetic differentiation udingeNA

307 (Chapuis &Estoup, 200Dy excluding null alleleand comparing & to non-adjusted

308 estimatesSincihe twoestimetes were comparable, we repamon-adjusted dt (95% C.I.

309  Fsradi 0.071-0.171, 95% C.I.drunadj 0.071-0.168).

310 We.nextimplemented a hierarchical AMOVA to test the level of genetic differentiation
311 across regions'(MW, SE)tages within egions (IN, OH, VA, SCNC, TN), and population

312 nestedwithin statesusing GenAlEx v. 6.1 (Peakall & Smouse, 2006). To assess the potential for
313  contemporary or historical admixture between populations, we clustered indhaduzds the
314  Southeadrnand Midwestérn USusing STRUCTURE v. 2.2.3 (Pritchard et al., 20@d@h an

315 admixturegmoedeandan MCMC length of 400,000 iterations (100,000 bumn-likelihood

316  valuesof the number of cluster&én(P(D)), were assessed from five runsing a range dt

317 valuesfrom.l through 35. We used the delta-k method (Evanno et al., gd@8jermine the

318 most likelysnumber of clusters in our data $%€ alsoperformed a princi@gl coordinates

319 analysis to determine if the neutral genetic variatiopopiulations clustered together according
320 to geographical distanee GenAlEx v. 6.1 Peakall& Smouse, 2006)), and further, tesfed

321 isolation bysdistance using Rousset’s (1997) linearizgdfst/(1-Fst), and CavalliSforza

322 distance overthe natural log of geographic distance using ISOLDE, Optione®@Gp

323 (Raymond & Rousset, 1995; Rousset, 2008).

324 Wethen performed pairwise comparisons of genetic structure between populations t
325 determinaf populationsveresignificantly differentiated from one another and thus less likely to
326 share a similarevolutionary histoRairwise estimatesf genetic differentiation among all

327 sampled populationsereestimated by &t (Weir & Cockerham, 1984) using the program

328 FSTAT v. 2:9.3 (Goudet, 2001), and thaignificancewasdetermined using 1000 permutations
329 and asequentiaBonferronicorrection for multiple test$zinally, we estimated Nei’'s pairwise
330 genetic distance and a subsequent principle coordinates analysis usingatiencev

331 standardized option in GenAlEx v. 6.1 (Peakall & Smouse, 2006).
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Approximate Bayesian computation (ABC) analy3ige-next used a Bayesian coalescent
approach (approximate Bayesian computation; Beaumont, 20&gamaine the likelihood that
migration occurred recently between resistant populations in the southeaS{esaeResult
compared to.a scenarwd gene flow between populations prior to the widespread use of
glyphosate,across the landscape. If the former scenariowaeeelikely, we would reason that
contemporary‘gene flovs(ch as through the movementohtaminating morning glorseed
between farms‘in seed |pis likely to beresponsible for resistance acrpspulationsif,
however, the latter scenario of migration before the widespread use of glyphessttee more
likely one,wesmwould infer that resistance has independently evolved in separateipagulat
Although ABCranalysis can be used to make inferences about complex populationghistorie
estimate population parameters such as effective populatioTsifmdgn et al. 2008), and, has
recently been used to model many different ades of herbicide resistance evolution (Okada et
al., 2013), we elected to model the relatively singiternativescenaris of migration betweeh
purpureapopulations pre- or post-glyphosate use &hployedhe software DIYABC v 2
(Cornuet et a):2008)to testthree scenarios (Figug& using themicrosatellite data from North
Carolinaand Tennesspepulations—wo areas of the landscap#ere we observed the highest
resistances«(seResulty. The first scenario assuch@o admixture across populations. The second
scenario assundeadmixturebefore the use of glyphosdte time t4) and a third scenario
assumd admixture after the use of glyphosdieng t5 within NC and TN regions.

We estimated t5 as the number of generations that have occuned 8it# (a range of
2-38), whichsis‘the year that RoundUp was approved for chemical weed control (Duke &
Powles 2008). We included a bottleneck event across all populations around the start of
glyphosate use,in 1974, where population size reduced by®@t#get value of many
herbicides (denoted by dashed line at timeftBm an initial effective population () size
ranging between 250-1000 individuals, which encompasses the range of previousleddtimat
for I. purpurea(Gonzales et gl2012). Additional time points at which weedy populations were
first observed,in the region and diverged (t1 and t2, 180- 210 generations from present) had
previously been described in Defelice (2001) and were included in the mdemeter values
for tested mdels can be found in Table S4. The probability estimatesodehscenarios were

compared using posteriprobabilities from docal logistic egression of the scenario set, and
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363  100,000runs were assessed per scenakie.ran these simulations using 15 populations over
364  four trials with four populations per trial. Each trial included tandomly chosepopulations
365 from TN andNC eachwith one population (30) used twice across trials.

366

367 Results

368 DoseresponseThe overall speciekevel EDsp estimate fol. purpureg based on survivalvas
369 1.6 kg a'i./ha(95% ClI: 1.12-2.10), whichsigilar tothe manufacturersscommendedield

370 dose of 1.54°kg a.i./h@welve populations, all of which were fromMA, SC, NC and TN

371 exhibited @ proportion survivéthatwassignificantly higherthan the species average.,

372  resistancewvalues that were greater than the species 98%g@k 1; Figure3a).Nineteen

373  populationgellssignificantlybelow the species averagd?2 of these werérom the Southeastn
374 US(SC, NC, and TINand sevemverefrom the Midwestérn US(IN and OH)(Figure3a).

375 Populationtevel EDso estimates were considerably variglilewever overall, populations

376  within the Southeastn US principally North Carolina and TennessedibitedEDs values

377 above thespeciedevel 95%ClI, whereagpopulations irthe Midwestern USmainly Ohio and
378 Indianaexhibited response levels beldhe averagelable S though the difference was not
379  statisticallysignificant

380

381 Spatial variation in resistaneeAlthough the specie€Ds, value was very close to the

382 recommefded field dose, we found a significant effect of population of ofginl45.34, P <
383 0.001)andstate,orsurvival(Fs, g152=2.540; P = 0.030Tablel), indicatingthe presence of

384  geographiarariationin thelevel ofresistance. Wéound no effect of region, although we

385 observed that northern sites tended to exhibit lower survival than southern populations at 1.7 and
386 3.4 kg a.l./lha (Figure 1a and 1b dfidures3aand3b, respectively). The interaction between
387  population.and.herbicide dose (Population x Treatpfent0.040; P = 0.980Table1) was not
388 significant.suggesting that even though some populations exhibited higher survival then others,
389 thepopulations responded in a relatively consistent manner to the different herbicisle dose
390 namely, increasing death at a higher herbiejgiglicationrate There was significant spatial
391 autocorrelation of resistance at distances at a local scale (within 40 Mules1's | = 0.829, P =
392 0.013), butwe observedho isolation by geographic distance across all sampled populations in
393 survival(R =0.020, P = 0.269). The SoutheaistUSexhibitsgreater diversity itthe proportion
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survival per population than the Midwest US though the most resistant populations do not, in
generalcluster together in a PCoA (Figufég An exception to this was the highly resistant TN
populations, which tended to cluster together.

Genetic diversity and differentiatienlnformation on scoring errors, deviations fréfardy
Weinberg Equiltbrium and locus pair linkage disequilibrium can be found in the ‘Supplment
Materials''sectionThe number of alleles per locus x population ranged from 1.60 to 2.27 (mean
= 2.00), and-allelic richness per multilocus genotype x population combination ranged between
1.23 and 1.37 (mean = 1.30). Expected) (@&hd observed (¥) heterozygosity ranged between
0.230-0.372 (mean = 0.304) and 0.191-0.400 (mean = 0.294), respediniaegs0).

TheAMOVA uncoveredevidence for low but significant genetic differentiation across
region (Frr=0.043, P = 0.0QIrable2), states within regions gr=0.119, P = 0.001) and
populations within states §g= 0.157, P = 0.001). The majority géneticvariation inl.
purpureais.found within populations (= 0.428, P = 0.001).

WesestimatedVeir and Cockerham’s (1984 )xfacross the species’ range to be 0.127,
(95% CI: 0:072-0.183), which is lower than a previous estimate using floral ceglor (F218,
Eppersonand Clegg 198TVe detected no difference betweegy Bnd Fst estimates (Br =
0.068, 95.9%6°Cl: 0.0681- 0.122). One hundred and eight (21%) of 595 pairyyisatées
between populations were significantly greater than 0, and ranged from 0.035 (Burgand NC
IN10; TableS7) to 0.274 (Hare Road, NWillis Grove, TN;TableS7). We found no evidence
of genetic differentiation among 79% of populations; the majority of significantdues were
between populations sampled fralifferent states (86%Pf the significah Fst values among
states, thénajority wereobserved betweepmopulationsn TN andNC (15%) and SC (15%)—
interestingly these were stateés which we observed highest levels of resistafbere was
however, no.indication that resistant populations exhibited more or less diffecentiatnpared
to other populations, since the majority (64%) of the significant pairnggs-were among
populationssthat exhibited resistance values within the species’ 95% ClI, arttale286 of the
significant pairwse Fst's were between resistant and susceptible populations.

Further, althoughve found a moderate level of genetic differentiation across populations
sampled from North America, o&TRUCTUREanalysis uncovered a pattern of widespread

migration and admixturamong individuals within populatiorfgigure5). The most likely
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number ofgenetic cluster within the sampled range forpurpureawask = 3 (In(P(D) =-

8265.7). Al 3 genotypicclusters werdound within individualssampledrom North Carolina
suggesting thgtopulations within this sta@reeitherthe source of introduction for other weedy
populations, orthis statéhas had multiple introductions of different seed lots.

Our PCoAof neutral genetic variation revealedlaght clustering of MidwesterdS
populations, which had similarly been found in the AMOVA result for regional genetic
differentiation”(flrt = 0.043, P = 0.001). However, these populations were contained within the
range of variation across the Southeasté® populations (Figure)oand the first two axes of
the PCoA explained only 8.9% and 6.3% of the variation. Thus, geography explains only a small
portion of thesneutral genetic diversity of this species,thadnajority of neutral genetic
variation aeross this species’ range in the US is present within the southeratipopul

Wilcoxon tests on the first 2 axes of the principle coordinates found no differerass acr
either axis, for the populations when assigned either ‘resistant’ (< 50% death, M= 11)
‘susceptible’ (>50% death, N = 22) in PC1 or PC2 mean scores (Axis 1: W = 157, P = 0.175;
Axis 2: W =106, P = 0.585). Hence, there was no indicatiorthiateutral genetic variation of
this specieglustered according to resistance statiserthan geographyas would be expected
if propagules from, for example, resistant TN populations had migrated tesib&ant Carolina
populations*and established and/or admiX®d.did not uncover evidence olation by
distance using linearizedsFover geographic distance {R 0.012, P = 0.142), nor did we
uncover significant isolation by distance measured as the C&¥atlia Edwards chord distance
(R* = 0.0107P= 0.192pPairwise estimates of Nei's genetic distasiteilarly did not correlate
with geographical distance (R-8.065 P =0.11), reinforcing our findingf either widespread
gene flowacross populations or colonization following a recent bottleneck.

Approximate Bayesian computation analkysi&/e found overwhelming support for admixture

prior to glyphosate use (Table 3, average posterior probability across faistfi&1515,
0.9413-0.9617)ather than the scenamd gene flow and admixture after 1974, or the time that
glyphosate'was put into widespread use (average posterior probability = 0.0474, 0.0372-0.0575).
This scenario was also more likely than the scenanm@&dmixture (average posterior

probability = 0.0012, 0.0004-0.0021
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456  Discussion

457 Our comprehensive analysis of herbicide resistance and neutral genetiowanitie

458 weedlpomoea purpuredas uncovered four major findings. Finshile wefind thatthe overall
459  specie€Ds valueis similar to the recommended field doses observed considerable spatial
460 heterogeneity,in resistance with some populations exhibiting ~100% survivah atdsgs of

461 glyphosate.and others exhibiting high susceptibiigcond, w found little indication that the
462 level of'resistance exhibits isolation by distance suggestinga$iatance across populations of
463  thisspeciegesults fromeither novel mutations within each populatams a result ofdiffering
464  rates andiexposures to herbicide applicagicnoss the landscap@rikingly, we uncovered little
465  evidence far asgenetic signal via isolation by distance or strong geograaphtarsng in our

466  assay of neutral genetic variatienwe instead detected a pattern of widespread migration and
467  admixtureacross this species’ range in the.Bi®ally, our ABC analysis indicated that gene
468 flow between populations most likely occurred prior to the wide-spread use of thedwerbic
469 rather than very recentlpverall, these results support the idea that some populatibns of
470 purpureahavewrapidlydeveloped higher levels of resistance to this herbigitlén a short time
471 frame(since the widespread use of RoundUp beginning in the early 1998arig]},thatit is

472  unlikely inereased resistance is due to contemporary gene flow between poylatirather,
473  results fromndependent regimes of selectia the herbicideWe discuss each of thesain

474  points below.

475

476  The geographic mosaic of herbicide resistard®e uncovered broad variation in resistance
477  across populations collected from the SoutheasteriMahslesternUsS, with a pattern that

478 indicatesherbicide resistance is evolving independently in a mosaic of hotspots. Altveugh
479 found thatthe specieaverage level of resistanisecomparable to the suggesfieeld dose (1.54
480 kg a.i./ha),we uncovered populations that exhibited verydnigery low survivorship post-

481  herbicide application. Populations that exhibited high survival and thus high resistance did not
482  appear to_cluster in one region of the landscaipg+esistanipopulations \ere located near

483  susceptible'pepulations—suggestthgt resistance has independently evolved across disparate
484  areas of this species’ distribution. This pattern of potentially independestares hotspots has
485  beenshownin other resistant weed spec{@enchari et al.2007;Delye et al. 2010), and can

486  result from differences in management practices across geography éDaly2010),
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differences in the structure of genetic variation within populations adredaridscape (Mopper
et al, 2000; Brodieet al, 2002 Bemhardsson et al., 201Bglye et al, 2013) or a combination
of differences in herbicide use patterns and variation istdr&ling genetic veation of
populationsThat we detectedo evidence foisolation by distancen the lesel of resistance
further strengthens the cabatresistancénas evolved independently several tiraemoss
populationsof this speciesWe did, howeveruncover evidence for locgeographic structuring
of resistancéwithin 40 mile9. This finding, in addition to the lack of isolation by distance
across all'populations suggests that the individual farm is the independent unitafcesis
evolution,aconclusionthatis similar tothat of ACCase resistarlackgrass in France
(Alopecurus myosuroidefDelye et al,. 2010).

Although we uncovered evidence of a geographic mosaic of resistance, we also found
regionaldifferences irsurvivorship—statesn the SoutheastnUS tended to have higheEbsg
estimates and survivorship compared to MidwedtEipopulationsBecause management
practices are often regulated at the state level, it is possibkaehdifference in resistance
betweerregions may result frordifferences in the recommended dose across.dfens
example, TN has the highest recommended application rate in corn (0.75-1.5 Ib &idbleelet
al., 2014)ywhereas OH and IN have the lowest recommended application rate (0.56-1.12 Ib
a.i./ha, Loux'et al., 2013); our Epvalues for TN and OH and IN align with the upper end of
these recommended rates (TN.5 Ibs a.i./haOH =1.12 Ibs a.i./halN = 1.12 Ibs a.i./hpas
does survival post-herbicide (Figure 1a).

Patterns ofigenetic variation and population structith some notable exceptions (Okada
al. 2013) the neutral genetic variatiai many weeds exhibits little structure or spatial
patterning.€.g.,Bommarco et a].2010;Delye et al, 2010;Campitelli& Stinchcombe, 2012),
potentially. due to either their recent expansion across the landéaag®grriers to gene floyor
humanmedated modes of dispersa.{.dispersal through farm machinery or through
contaminated'crop seed; ThillMallory-Smith, 1997;0wené& Zelaya 2005). While we find
evidence forlow to moderate genetic structure agropslationgFst= 0.127, P = 0.001)ye
find little evidence for a geographic pattern to that strudtesend the slight clustering of

MidwesternUS populations identified in the PCoA. In particular, we found no isolation by
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517 distance within the speciesuggesting scenario of either widespread gene flow between

518 populations otheir relativelyrecent colonization.

519 We hypothesize thaecent colonization and introduction patterns are responsible for the
520 lack of geographic structure in this speclepurpureais a verypopular ornamental thags

521 been reintroduced to the Southeasta&ss (Deklice, 2001;Fang et al.2013) many times

522  following flower color domestication (Glover et,al996), and thispecies does particularly well
523 in warmrclimatess it is native t@entral Mexico Thus, he Southeasrn USin particularmay

524  have experienced repeatesintroductionand establishmemf this speciesfollowing which

525 subsequent range expansion or colonization into mantkern areasccurred Perhapghe

526 presence gomegenetic structure and yet evidence for migration and admixture between
527 populations‘ofithis species is due to the re-introductialiofited but variable pool of

528 germplasm, a scenario similar to that posited.fpurpurea’ssister species, hedeacea

529 (Campetilli& Stinchcombe, 2014). The CarolinapécificallyNC) have a relatively high

530 density of populations df purpureacompared to other statesand populations within this

531 rangecontainall of the genotypes that we detected in our survey, suggesting NC abla possi
532  source for'subsequent introductions into other areas of the Soatheast theMidwesern US
533 Thelow level of genetic structure across populations of this species could also be due to
534  contemporary migration and admixture between populations, and this scenaricstraudyly

535 suggest that gene flow could be a major driver of resistance evolution in thessspiebis were
536 the caseghowever, we would expect to see patterns of isolation by distance in either our
537 phenotypigcrreistance data or in patterns of neutral genetic variat@admittedly, a line of

538 reasoninghatassumes little chance of long distance propagule or pollen moveradéniman

539 influence. Thus, theverall mosaigattern of phenotypic variatian this systensuggests

540 resistance has emergedabgh independent evolutionary events whereas the genetic data
541 provide little evidence thahe populations are genetically independent. To resolve these two
542  patterns, we used a Bayesian coalescent approach and explicitly considesednarios of

543  population.eonnectedness—one in which migration among populations occurred primarily
544  before the'eammercial approval and widespread use of the herbicide (1974; FigutahBa
545  Mauricio, 2004) and another that examined the pholity associated with very recempiost-

546  widespread glyphosate use. This analysis consistently identified suppbe poe-herbicide
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migrationscenario compared toscenario of recent, and post-herbicide use migration, pointing
to the independent evolution of resistance across populations in a mosaic fashion.

An interestingand remaining question is whether or notgbeentialindependent
evolutionaof resistanceés due to selection on pexistingand hence similar genetic variation, or
due to novel.mutations e same odifferent genomic architecture. Previous work in this
species has identified genetic variation for glyphosate defemse@ssionsf |. purpurea
collectedin'the™1980’sprior to the widespread use of RoundUp in the early 1983siom&
Mauricio, 2010);such thathe genetic potential for resistaneaspresent ancestrallyithin this
speciesThis wauld suggest that independent and increasing regimes of selection on standing
genetic variatiotvia the use of RoundUp is responsible fiesistance uncovered in separate
populationsi @r data taken in a geographic contalsbshowthat it ishighly unlikely that there
was asingleorigin of resistanceas the landscape of resistance is heterogeneous even at small
areas|t is more plausible that rapid and relatively recent (post-Columbbantill historical
gene flowis responsible for thew geneticdifferentiation Populations then went through rapid
adaptatiomfinereased resistaneeross separate areashin the past-20yearsdue to the
prevalent usexdRoundup herbicidél o conclusively rule out the possibilithatrare gene flow
eventsmay:have introducegksistance alleles across disparate ateasever, wavill need to
determinesifthegenetic basis of resistance across populatidfess, and perform aanalysis of

the phylogeographic history of resistance alleles.
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760  within stat¢ andthe population x treatment interaction. Shown are the degrees of freedom (df), F

761  ory’statistic and associat&lvalue.

762
Effect df F P
Fixed Effects
Treatment 5 155.47 <0.001
Replicate 1 8.28 0.004
State 5 254 0.026
Random Effetts 22 P
Population(State) 2 145.34 <0.001
Population(State) Xreatment 2 0.04 0.980
763

764  Populations used for this test are listed under the column "2012 SurvivorsigdileS1
765  Table 2. Analysis of Molecular Variance (AMOVA) of neutral genetic data. Shown arsie
766  effects ofRegion (MidwestrnandSoutheastrn U, State, Population and Individyd-

767  statistiggandsF=and P values.

768
Effect F-statistic F P
Region Frr 0.043 0.001
State(Region) Fsr 0.119 0.001
Population(State Fps 0.157 0.001
Individual Frr 0.428 0.001
769
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Table 3. The sterior probabilitieandassociated confidence inters&br different histories of. purpureapopulations, based on the
logistic estimaterbm the ABC analysid.ogistic regressions we performedisingthree scenariosScenario 1, no admixture;

Scenaio 2, admixture beforthe widespread use of the herbicide; and Scenario 3, admixture after the herbicide imés put
widespread.use in agriculture. The populatiosesd in each triadre shown, along with the posterior probability and associated 95%
confidence interval of each scenario for 4 replicate trialdtagidoverall average?osterior probabilities that are significant are

indicatedrin"bold text.

Trial Populations Scenario 1 Scenario 2 Scenario 3
95% 95% 95%
Posterior Confidence Posterior Confidence Posterior Confidence
Probability Interval Probability Interval Probability Interval
1 2,14,30,31 0.0001 0.0000-0.0002  0.9918 0.9889-0.9948 0.0081 0.0051-0.0110
2 29,4,20,26 0.0005 0.0001-0.0009  0.9682 0.9596-0.9768 0.0313 0.0227-0.0398
3 11,10,46,23 0.0001 0.0000-0.0011  0.9399 0.9244-0.9554 0.0600 0.0445-0.0755
4 19,21,30,32 0.0039 0.0015-0.0063  0.9060 0.8923-0.9196 0.0901 0.0766-0.1036
Average 0.0012 0.0004-0.0021  0.9515 0.9413-0.9617 0.0474 0.0372-0.0575

Figure 1. Survival three weeks post- RoundUp herbicide application amqgugpureapopulations at the rate of (a) 1.7 kg a.i./ha and

(b) 3.4 kg.a.ilha. The proportion survival within each population is indicated by color.

Figure 2=Three simple scenarios usedie ABC analyses dpomoea purpure@opulations sampled from NC and TN. Four
populations each trial were used to model (a) no gene flow among populations, (b) aduhkextated r) that occurred befdbe

widespread use of the herbicide, and (c) admixture after widespread glgphesathe origin of the populations occurred at t1, or

This article is protected by copyright. All rights reserved



784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805

28

the time at which the species was identified as an agricultural weed imiteel States, taken from (Defelice 2001). Population
divergence between TN and NC populations are indicated by t2. Widespread glyphosaiedisa&ted in t3 and denoted with a
dotted line, corresponding to the year at which glyphosate was released fogrctahose in US agriculture (1974). Admixur
events are_ indicated either with t4 (gene flow prior to glyphosate use) or t5 @eragtér glyphosate use). Also included in the
model were the effective population size of each population at t2 (Ne) and subsegotneefize post-glyphosate bottleneck (N1).

Parameter éstimates are shown in Table S4.

Figure 3.1. purpureapopulations greater or less than the species’ average of resistanck aifad (b) 3.4 kg a.i./ha. Horizontal
dashed bars‘indicate the bootstrap estimates of the 95% confidence interval aropedésermean. Asterisks indicate ptgiions

that fall aukide the 95% confidence interval.

Figure4. PCoA of pairwise differences in resistance values between populations at i./h&agRopulations are assigned to state
(shape), and'resistance level by color {pee gradient).Coordinate 1 explained 16.4 % and Coordinate 2 explained 13.5 % of the

variation in survival. The dashed open circle represents the coordinate spaantegedl of the Midwestern US populations.

Figure 5. STRUCTURE assignment of individuals to genetic clusters. Small baesegpithe assignment of individuals to clusters,
with sampling locations differentiated by thick black lines for 35 populations sdimphown are each population denote&tae:

IN = Indiana,;OH = Ohio, NC = North Carolina, SC = South Carolina, TN = Tennessee W#inia and population ID number.
Figure 6. Principle coordinate analysis of pairwise Nei's genetic distance. Pomdare assigned to state (shape) and resistance

level by celer (reeblue gradient). The proportion of genetic variance explained by coordinates 1 arel@and 6.3 %,

respectively. The dashed open circle represents the coordinate spacetiegraef the Midwestern US populations.

This article is protected by copyright. All rights reserved



LA

b 5
Survival [ Y/f\j
» 0.00-0.25 j{ J 1\ €
0.25-0,50 e
50-0.75 )

eval2290-fig-0001.eps

This article is protected by copyright. All rights reserved



Author Manuscript

MHe
N1
Pop1 Pop2 Pop3 Pop4
. B
fle /T-‘ e fle r "—'q, ke
Fi = =
7 M1 N1 w
Popl  FPop2 Pop3 Pop4d
.
Ne //- Me he Mg
N | N1 r \M'i
Pop 1 Pop 2 Pop3  Popd
NC TN

eval2290-fig-0002.eps

This article is protected by copyright. All rights reserved

t1

@ R

tl

GE R

G BA



Survivarship

Survivorship

| =

=

0.6

0.2
i

00
|
::
::

o LT TR S | TG T O T R T I G

Population

1.0

A0 o T

This articl&¥s protgé’tied byygbyright. All r@;ﬁlsj Eﬁijeigved 5C TH

eval2290-fig-0003.eps



Coordinate 2

Principal Coordinates (PCoA)

b=

ascript

Midwest

FiS
A +
“ A = 2 *
. = o
& &
&
c 94 .
(]
@ =
A &
A
Pl
Coordinate 1

eval2290-fig-0004.eps

Author Ma

This article is protected by copyright. All rights reserved



Assignment Probability

1.00
080
060
040
020
0 00

@ #his aﬁlcleﬂ:s pﬁtectgi by cepyright. All rights reserved = E

N _Gﬂ_ﬁ——ﬁﬁ——ﬁl_—v’_



Coordinate 1

Sript

®
B

>0
P
¢

O
=
:

-

B

FRUSCr

0.00-0.25
035050
0.50-0.75
0.75-1.00

Coondinate 2

eval2290-fig-0006.eps

Author M

This article is protected by copyright. All rights reserved



