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Abstract

Humanmediated selection can strongly influence the evolutionary response of nagarasors
within ecological timescales. But what traits allow for, or even facilitate, adaptation to the strong
selectionhumans impose on natural systems? Using a combination of lab and greentimsse st
of 32 natural populations of the common agricultural wisamoea purpurea, we show that
herbicide resistant populations skdftilize more than susceptible populations. We likewise
show that.anthestigma distance, ddral trait associated with sefiértilization in this species,
exhibits a norlinear relationship with resistance such that the most and least resistant
populations exhibit lower anther-stigma separation compared to populations wittateode

levels of restance. Overall, our results extend the general finding that plant mating can be
impacted-by-humamediated agents of selection to that of the extreme selection of the
agricultural system. This work highlights the influence of humrmesaliated selection arapid
responses of natural populations that can lead to unexpectetktamgvolutionary

consequences:
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Introductien

Pesticides are used worldde to protect agricultural crops from the damaging effects of
insects, fungi and weeds (Enseratlal. 2013)and are considered vital for maintaining the
world’s food supply(Lamberthet al. 2013). Recently we have begun to recognize that their use
can negatively impact the reproduction and mating patterns of natural organisms baek a
(Williams.et.al=2015), amphibians (Rohr & McCoy 2010), and pldRitneet al. 2003; Thomas
et al. 2004; Bauconet al. 2008; Londcet al. 2014) and can have long term evolutionary
consequences on these rtarget species. In the US, 40% of the pesticides applied across the
400 million acres of cropland are herbicid&SEPA 2011), which impose extreme selection on
naturally occurring agricultural wee@3asieniulet al. 1996; Vigueiraet al. 2013). Strikingly,
while herhicide resistance has evolved in over 200 plant species worldwigeZ6ied), the
impact on correlated, namarget trais has been largely unexplored.

Theplant mating system, or the relative rate of outcrossing versus selfing, i aréabil

(Barrett 2998;*Karromt al. 2012) that is influenced by human impacts on natural ecosystems

(Eckertet al. 2010). Habitat fragmentation by deforestation, for example, reduces the outcrossing

rate of many forest tree spec{@guilar et al. 2006; Eckertt al. 2010) Further, plants tolerant
to heavymetal contaminated soils exhibit higher rates of autonomoupalétation than non

adapted biotypes (Antoris et al. 1971) strongly suggesting that the mating system is either

influenced by or concomitantly evolves in response to heavy metal exposure (Antonovics 1968;

Antonovicset al. 1971) We predictthat the mating system of an agricultural weed showd co
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vary with the level of herbicide resistance in nature, for two main reasosis tiké reproductive
assurance hypothegiBaker 1955, 1974; Goodwilliet al. 2005; Pannekt al. 2015) would
predict resistant individuals, in a mdieited population following herbicide application, are
more likely to produce progeny if they are also highly self-pollinating rather than ourigross
Second, resistant types that gadllinate would effectively reduce the influx of non-adapted,
susceptible alleles otherwise known as the ‘prevention of gene flow’ hypothesis (Antonovics
1968). Both hypotheses predict that herbicide resistant individuals seitd a higher degree
than nonresistant individuals. Interestingly, while many herbicide resistant weed species are
reported to be predominantly selfi(dasieniulet al. 1996) there are no investigations, to our
knowledge; that examine the potahfor co-variation between mating system and herbicide
resistancein nature, a finding that would indicate the mating system may coswhelve
populations respond to the strong selection imparted by herbicides.

|pomoea purpurea, an annual weed of agultural fields and disturbed sites in the
southeastern and Midwest LIS a model for examining persistence in stressful and competitive
environments«(Baucomt al. 2011; Chaney & Baucom 2014s such the species is a
particularly*relevant candidate fstudying how mating systems may evolveenregimes of
humanmediated selection. Populations of this agricultural weed have been exposeditnsis
to the application of glyphosate, the active ingredient in the herbicide RoundUphsinate
1990’s given the widespread adoption of RoundUp Ready crops in the US (NASS 2015).
Populations vary for the level of resistance to glyphosate across its North American range; while
some populations df purpurea exhibit 100% survival following applation of the fielddose of
the herbicidessother populations exhibit high susceptibility (Fig(Kagsteret al. 2015a). In
addition, individuals of this mixed-mating, hermaphroditic species (Ennos 1981; Browrg& Cle
1984)with_a smaller anthestigma distance (ASD, the distance between the tallest anther and the
stigma; Fig..1b), selpollinate more often than individuals with a larger ASD (Ennos 1981,
Chang & Rausher 1999 ecause both anthetigma distance and glyphosate semnce in this
species aresheritable and respond to sele@onos 1981; Chang & Rausher 1999; Debdian
al. 2015) this common agricultural weed provides a unique opportunity to examine the potential
that mating systems and associated reproductive traits evolve in response to extreme regimes of

selection impos# by herbicide.
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Here, we determine if the mating systempmimoea purpurea co-varies with herbicide
resistance, and if reproductive traits associated witHesilization are likewise influenced by
resistance status. We previously estimated the pesoevival of populations following
herbicide application using a replicated dose-response greenhouse experimerttiviithals
sampled as.seed from the field in 2012. We used these popuéatedrestimates of survival as
each population’s resistance level (Fig. @&)esteret al. 2015a), and determined if molecular-
marker ‘based estimates of the mating system and measurements of floral morphekggdco
with the level'of herbicide resistance in natural populations. Further, our experimental
populations were sampled twice, once in 2003 and again in 2012 from the same location (Fig.
la), allowingus to examine the hypothesis that floral traits have changed in thesd¢igagpul
over time. Wempredict that populations with a high level of glyphosate resistance skibilit
evidence of redted outcrossing and reductions in the angitiggma distance either of which
would indicate that plant reproductive traits exhibit correlated evoluticgsjponse to strong
selection from herbicide application.

Materialsand Methods

Mating systemrestimates. We performed a progeny array analysis to estimate the mating system
of 24 populations located in the southeastern and Midwestern US (indicated besriariglg.

1a). These populations are part of a previous study in which we screened lhasghgp
resistance,.defined as the proportion each population that survived the applicatiokgof 1.

a.i./ha RoundUgKuesteret al. 2015a) a rate that is slightly higher than the current

recommended field dose. One seed randomly selected from an average of 11 fruits per maternal
line froman average of 19 maternal lines per population were agstitnate mating system
parameters (sekableS1 in Supporting Information for numbers of maternal lines and progeny
per population). Maternal plants were sampled at least two meters apart within each agricultural
field. DNA wasextracted from seedlingtgledon tissues using a CTAB method (T Culley, pers.
comm.). Imutotal, 4798 progeny were genotyped with fifteen previously described netitesat

loci for maternaline estimates of the mating system (see Kuesstar 2015a)for specific

details of the PCR conditions). All sampled genotypes were analyzed using AppissdtBms

PeakScanner 14nalytical software (Carlsbad, CA) with a PP (Primer Peaks adjustment) sizing
This article is protected by copyright. All rights reserved
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default, and scoring was doulteecked manually for errors in a random sub-sample of 200
individuals. We examined our ability to assign parentage using C@¢alisowskiet al. 2007)

and determined population-level estimates of genetic diversity and inbreeding usaigGe
(Peakall & Smouse 2012Ve estimated mating system parameters using BOR{G&ling et

al. 2012) whieh is a Bayesian method to estimate the fatelgl outcrossing rate (t) and
maternal line inbreeding coefficients (F) (Koellieigal. 2012). BORICE is reported to perform
well when“either family sizes are small or maternal genotypes are unavéflablieng et al.

2012) We"used the following default parameters when estimating mating system parameters: 1
million iterations and 99,999 burn-in steps, an outcrossing rate tuning parameter of 0.05, an
allele frequeney tuning parameter of 0.1, and an initial population outcrossing reée \4e0
examined the possibility that null alleles influenced our mating system estimatesubyirey

all analyses after excluding 4 loci that potentially exhibited null alleles (i.e., loci with ~25% null
alleles: 1P18, IP1, IP26 and IP42) as indicated by MicroChecker (Van Oosterhb@0&4).

We foundno evidence that null alleles impacted estimates across populations (correlation
between quteressing rates for all loci and 4 loci removed: r = 0.94, P < 0.001) and thus report

results using all 15 loci.

Floral phenetypes. We performed a replicated greenhouse experiment to determine if floral
morphology varied according to resistance level and to determine if flataldiffered between

two sampling years (2003 and 2012). Seeds were sampled from maternal plants from 32
randomly chesen populations located in the Southeast and Midwest US in the fall of 2012 (all
populations,indig. 1ajfifteen of these populations had been previously sampled in 2003 (see
TableS2)/We planted seeds from betwee2Qlmaternal lines (average=12.74, median=13; see
TableS2 for number of individuals) from each population and each sampling year in 4-inch pots
in a completely randomized design at the Matthaei Botanical Gardend atiteesity of

Michigan (Ann.Arbor, MI). To increase overall sample size, a second replicate experiment was
started two.weeks later in the greenhouses for a total of 640 experimental praetplants

began flowering, we measured the height of the fgsti) and the tallest stamen (cm) to

estimate anthestigma distance (ASD) of an average of 5.5 flowers per plant across 17 sampling
dates. An average of 2 flowers were measured from each plant each sampling date;

measurements taken on multiple flowers plant per sampling date were averaged prior to
This article is protected by copyright. All rights reserved
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analysis. Over the course of the experiment, we measured 3569 flowers from 622 engaérim
plants. Of the overall 32 populations sampled in 2012 for floral morphology estimates, 23 were

likewise represented in the mating system analyses, presented above.

Statistical analyses. To determine if mating system parameters (the outcrossing rate (t),
maternal inbreeding coefficient (F)) bfpurpurea co-varied with resistance, we performed
linear regressions usingd Im function in R v 3.1.1R CoreTeam 2013) in which each
population’s'mating system estimate was used as the dependent variable with the level of
resistance (proportion survival at 1.7 kg a.i./ha) as an independent variable. Wdedncl
population latitude in preliminary models as an independent variable since previéus wor
(Kuesteretal. 2015a)indicated a weak trend between resistance and latitude; however, this
effect was remaved from final models as it was never significant nor did it influence the
relationship between mating system aesistance. Preliminary analyses indicated the presence
of a nonlinear relationship between the outcrossing rate and resistance, ardves isiwtuded a
guadratic termsin a separate regressmrboth mating system parameters. Further, because a
plot of theeuterossing rate and the quadratic resistance term exhibitedingarbut not
completely.convex relationship, we performed a piss® regression to examine the potential
for two different linear relationships in the data. To do so, we use@gmeefited package of R
(Muggeo 2008) with an initial approximated breakpoint (psi) of 0.40. Each mating system
parameterwas examined for normality by performing Shapfitk-tests. Neither showed

evidene ofsnernormality and therefore were not transformed prior to analysis.

We examined whether floral morphology differed according to the level of resdiest using
populations sampled in 2012 (N = 32). To do so we performed a multivariate ANOV Aimgth
transformed values of each floral phenotype (anstigma distance, length of the tallest stamen,
and pistil height) as dependent variables in the model and the experimental replicate, resistance
level of the pepulation, and latitude of the population as fixed, independent variables Prior t
analysis, we removed the influence of sampling date (N=17) by performing a MANOMA wi
transformed variables and retained the residuals for testing our main effects of interest
(experimental replicate, resistanievel, latitude). We elected to do so because the influence of

sampling date on anther-stigma distance was not one of our primary questions and we noted a
This article is protected by copyright. All rights reserved
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highly significant influence of this effect on floral morphology. Preliminary aeslysdicated a
significant influence of population latitude on floral morphology and thus we electedudencl
this effect in the MANOVA. Further, because a scatterplot of the relationship between anther
stigma distance and resistance indicated the presence oflia@amnrelationship, we included a

quadratic term.(resistance lef)eh this and downstream analyses.

We next ransseparate univariate analyses to determine if ASD, height of the tallest stamen and
pistil heightwaried according to resistance level and if they have changed opéingarears

using the Im function of R v 3.1.R(CoreTeam 2013)For each model, the sine-transformed

floral trait of interest (ASD, height of tallest stamen, pistil height3 th@ dependent variable

with the experimental replicate, resistance level, resistancé, lamel population latitude as
independent variables in the regression models. We again performed analygessiduals

after removing the effect of sampling da&milar to the mating system analysis, if the-non

linear resistance term proved significant, we used the segmented package to perform a piece
wise regression’and examine the potential for two different linear relationships as well as the
break point:betwen slopes using an initial breakpoint of O(Miggeo 2008) . To determine if
floral morphology had changed between sampling years and/or if floral morphology differed
between years differently across resistance levels, we performed the same analyses as above
using only populations that were sampled in both 2003 and 2012 (N = 15), including a year term,
a year by tesistance level term, and a year by resistancetiweln each analysis. In these
analy®s, wewused resistance levels from each population each year of sampling (as reported in
Kuesteret al,2015Db).

Results

This article is protected by copyright. All rights reserved
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245 Mating system. The average combined exclusion probabilities across all populations was high,
246  at greater than 99%, indicating that the fifteen microsatellite loci successfully assigned parentage
247  (seeTableS1) Thus, the power is sufficient for estimating outcrossing rates among populations.
248  Values of the outcrossing rate varied substantially across populations 0&16.8), with an

249  average valuetSE) for the species of 0.50 (x0.03gpleS3).

250

251 Weruncoered a strong and striking negative linear relationséipiéen the average

252 family-levelouterossing rate of each populatidrableS3) and the level of glyphosate resistance
253 (B =-0.30%0.09; Fig. 2a); individuals from highly resistant populations self-pollinate mone tha
254  individuals.fram less resistant populations (F = 1076,0.004; Table 1). We also uncovered a
255  significant'negative quadratic relationship between resistance andttihessing rate,

256  suggesting that.outcrossing first increases at low levels of resistance and then declines as
257  resistance Increases (F = 5.88; 0.035; Table 1). Pieosise regression analysis indicated,

258 however, that the slope between the outcrossimgarad resistance was positive but not

259 significantly-different from zero at low levels of resistange (0.42+0.36, 95% CI: -0.34, 1.17)
260 whereas the slope following the estimated break point (04%7) was negative and

261 significantly-different from zerg = -0.57+0.14, 95% CI: -0.28, -0.86). In line with our finding
262  of loweroutcrossing in highly resistant populations, we found maternal inbreedifigients

263  toincrease linearly as the level of resistance increases (Fig. 2b, F £ 6.05)2; Table 1). We

264  found no evidence of a nonlinear relationship between the maternal inbreeding cosffingent
265 the level of resistanc@ogether, these results demonstrate that outcrgssites were lower

266 and maternalinbreeding coefficients higher in glgpate resistant compared to susceptible

267  populations.

268

269  Floral morphology. A multivariate analysis of variance indicated that floral morphology related
270  to selfing rates (anthestigma distance (ASD), height of the pistil and the tallest stamen) was
271 significantly.mfluenced by both the ndimear resistance term and the latitude of the population
272  (resistanceslevél Approx. F = 6.66P < 0.001; latitude, Approx. F = 2.58,= 0.05;Table S4).

273  In separate univariate ANOVAs, we found a negative quadratic relatiooestween ASD and

274  resistance (resistance le¥rdt = 5.70P = 0.02, Table 2, Fig. 3a) and a trend for a negative

275 quadratic relationship between resistance and pistil height (resistanéefevé.96 P = 0.09,
This article is protected by copyright. All rights reserved
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Table 2, Fig. 3c) but no quadratic relationship between resistance and stamen Fegeigb).(F
No linear relationships between resistance and the three floral traits were uncovered; however, a
piecewise regression analysis of ASD indicated a positive slope between ASD and resistance at
low levels of resistanced (= 0.72+0.32, 95% CI: 0.06, 1.37) and a negative sl¢pe {0.16
+0.07, 95%:Ci:0.01, -0.31) after the estimated breakpoint (803@5).

There.was.no evidence that ASD either increased or decreased between collection years
across the diset of populations sampled in both 2003 and 2012 (Year effect in ANOVA=F
0.464, P = 0.50). Further, although we again detected a significant quadratic relationshrep betwe
ASD and resistance using this subset of populations (resistance fevek 5.82, P = 0.02, Fig.
4), we uncovered no evidence that this relationship differed between years (Year by resistance
levef effect’in ANOVA: F 47 = 1.16, P = 0.28). However, when examining the relationship
between resistance lefeind ASD separatgbetween collection years, we found a significant
negative quadratic relationship for the 2012 sample (solid line in Fig=40.48+0.23, R 2=
6.07, P = 0:02)-but no evidence for a significant relationship among populations sampled in 2003
(B=-0.17£0.19, R >, =1.08, P = 0.31). Despite the relative stability of ASD values among
populations across this nkyear period (i.e., lack of a year effect), both floral traits comprising
ASD - heightwef the tallest stamen and pistil height — showed #isagrt (or trend for
significant).collection year by resistance level interaction (Pistil height; £ 4.28,P = 0.04;
Tallest stamen height;; /7= 3.27, P = 0.08). In the 2012 sample, both the pistil and stamen
height decreased as the level of resistance increased (2012 piddil08+0.05, tallest stamen
B =-0.08+0.05) whereas the pistil and stamen heights from the 2003 sample increased as

resistance_increased (2003: pift# 0.07+0.04, tallest stamep = 0.06+0.05).

Discussion

In line"with our predictions, we demonstrate that the mating system of the agricultural
weed,lpemoea purpurea, covaries with the level of glyphosate resistance. Specifically, we find
that outcrossing rates are lower and maternal inbreeding coefficieritgyher in resistant
compared to susceptible populations. We likewise find that astiggna distance, a floral trait
associated with sefertilization in this species, exhibits a nonlinear relationship with resistance
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such that the most and least sésint populations exhibit lower antk&tigma separation

compared to populations with moderate levels of resistance. Further, thenstgiiwas

present among populations sampled in 2012 but not 2003, suggesting that reproductiaytraits
have rapidly evolved in these populations over the course of nine years. Below, we elisitus

of our majorfindings and place them in the broad context of mating system changedexssoc
with humanmediated selection.

Plant mating-ehanges associated with resistance

As/anticipated by both the reproductive assurance (Baker 1955, 1974; Gooshalllie
2005; Pannelétal. 2015) and ‘prevention of gene flow’ (Antonovics 1968) hypotheses, our
work findsa'significant negative relationship between the outcrossing ratevahdfl herbicide
resistance across natural populations of an agricultural weed inditainindividuals from
highly resistant populations self more often than those from susceptible populatidiieewise
uncovered.a significant negative nonlinear relationship indicating thatitbeossing rate
initially increased at low levels of resistance and then declined as resistance increased. When
examiningthe.nonlinear relationship using piecewise regression, however, we found that the
initial positive slope was not significantly different than zero whereas the negative linear
relationship-fdlowing the estimated breakpoint was significant. Further, we found a positive,
linear relationship between maternal inbreeding coefficients and resistance, indicating that
maternal individuals from highly resistant populations were more likely to be ddegdrof self-
fertilizationsorsmating between close relatives.( biparental inbreeding) than maternal
individualsifrom susceptible populations. These results overall show that ting sytem is
altered as populations increase in resistance lewktating that the mating system may co-
evolve with resistance.

There are currently few examinations of the mating system of xenobiotic taderant
resistant species for comparison. In the most relevant example to datetoheedalt populations
of the gras.speciesnothoxanthum odoratum andAgrostis tenuis exhibit higher seHertility
comparedte nearby susceptible pasture populations (Antonovics 1968; Ant@i@Vid971).
Theoretical work by the same authors suggested that higher rates of selfing eétdHelarant
populations should evolve to reduce the influx of adapted genotypes.€., the prevention of

gene flow hypothesigAntonovics 1968)however, no potential mechanism was identified.
This article is protected by copyright. All rights reserved
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Indeed, our findings of lower outcrossing in herbicide resistant populations along with a
relationship between floral traits and resistamtsc(ssed below) supports the prevention of

gene flow hypothesis. Mechanisms that promote the self-pollination of adapteduativ

would reduce the level of gene flow from non-adapted individuals (Levin 201%) ensuring

that the offspring produced in novel or stressful/marginal environments are liksress-
tolerant(Levin 2010) In this way, the increased sédfrtilization of adapted types is
hypothesizedto lead to reproductive isolation between adapted and non-adapted individuals
(Antonovies™1968; McNeilly & Antonovics 1968), and potentially promote niche differetiati
(Levin 2010). Such shifts toward a higher propensity tofedilize in stressful habitats may not
be unusuakinmature, as a higher prgitgrio self has been identified in metal tolerant
populations‘ofArmeria maritime (Lefebvre 1970) andhlaspi caerulescens (Duboiset al. 2003)

as well as serpentine toleravitmulus (Macnair & Gardner 1998). We emphasize, however, that
the above cases compare the ability to produce seed autonomously in greenhouse conditions
between adapted and non-adapted individuals, which does not always correlateingmegeb

in nature, whereas our work presentsnegtes of the outcrossing ratelopurpurea sampled

from natural coenditions.

Our.data are likewise consistent with the reproductive assurance hypothesis. Originally
proposeddoy Baker (1955), this lothesis predicts greater selfing ability in colonizing species
since they are likely matiemited when arriving to new areas. Reproductive assurance through
seltfertility.is broadly, although not ubiquitous)ysupported by empirical research in other plan
systems, suchras small or pollinalionited populations oCapsella (Foxeet al. 2009; Gucet al.
2009),Leavanworthia (Buschet al. 2011) andClarkia (reviewed inBusch & Delph 2012).
Agricultural weeds that experience selection from herbicide applicatipopaiation reduction
via other means, such as tilling, are analogous to species that colonize novel or tew. lfradi
example, In.a.scenario in which resistance alleles dogvdtequency in the population and
strong selectioria herbicide application significantly reduces the population size, individuals
that survivesand reelonize crop fields will then likely be mate limited. Resistant individuals
with a higher propensitip selfpollinate would thus be at a relative advantage compared to those

that cannot self-pollinate.
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366 Another potential explanation for a relationship between higher selfing annesiss

367 the ‘segregation effect,” wherein an allele that causes hggieng enhances segregation and

368 forms associations with homozygotes for beneficial (and other) alleleslfizg seodifiers

369 become associated with the beneficial mutation, selfing individuals respond quiskigttion,

370 which will then lead to even higher rates of selfing in the popul@tigenoyama & Waller

371 1991). In suppert of the segregation effect, recent multilocus simulations @afubescand

372  consequences of selfing find a shift from outcrossing to high levels of selfing following the

373 introduction‘oflargesffect beneficial mutations, so long as the beneficial mutations have

374 moderate(to large fitness effe¢kamranDisfani & Agrawal 2014). This dynamic is thus

375 proposed forsspecies that are establishing a new habitat, or following episodes of ezviabnm
376  changgKamranrDisfani & Agrawal 2014) — both of which are experienced by plants exposed to
377  herbicide application. Regardless of whether the data reported hereintaepb@sed by

378  selection for reproductive isolatigAntonovics 1968)reproductive assuran@@annellet al.

379 2015) or the segregation effect (KameBxisfani & Agrawal 2014) the patterns we have

380 uncoveredramong naturally-occurring populations of this common weed show that the plant
381  mating system<can be influenced by and evolve rapidly in response to selection following the
382 application.of herbicides.

383

384  Anther-stigma distance co-varies with herbicideresistance

385 Initially, and in line with the ‘prevention of gene flow’ hypothesis, we predicted that

386 antherstigmardistance should decrease as the level of herbicide resistance increases, since a
387 lower antheistigma distance leads to an increased rate of selfing in this species (Chang and
388 Rausher 1997). Strikingly, we found a significant negative quadratic relationshipelned&D

389 and resistance but no evidence of a negative linear relationship across all populations as

390 uncovered in the mating system data. Specifically, at very low levels of resistance (e.g. from O to
391  30% survival within the population), anther stigma distance increased with the level of

392 resistance, but after 30% resistance, ASD decreased as resistaeased. One interpretation of
393 this pattermuis that at low levels of resistance, inbreeding depressiorenh gedgeny may lead

394  to selection against loSD types whereas at higher levels of resistance, increased selfing due
395 tolow ASD confers a fithess advantage (i.e., reducing the influx oadapted alleles) that is

396 greater than the cost associated with inbreeding.
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An alternative explanation for the pattern between ASD and resistance mnbESD
may be favored in both low and high resistant populations due to some other agent ohselecti
that is potentially similar between the two types of populations. This explanation is less likely
than the first, however, since |oW&D populations that are lever high-resistance are both
found in very.diferent areas of the landscap&oth R and S populations are from TN and
NC/SC-where edaphic factors such as elevation and rainfall are very different (see Fig. 1).
Further;"although we found no evidence of a negative linear relationship between ASD and
resistance across all sampled populations, the ASD of the least resistant populations was twice as
large as the ASD from the most resistant populations (ASD, <20% resiétar@t: 1.00+0.10
(mm); >80% resistant, N = 4: 0.50.20 (mm)). Thus, despitedhnitial increase in ASD with
resistance, the most resistant populations exhibit significantly lower ASD than the least resistant
populations. As above, we note that for the mating system and associated floral énaoisé¢ in
response to.resistanceofution, the benefit of producing selfed progeny should outweigh any
associatedicost, of inbreeding. While previous work has shown evidence of inbreedingaepressi
in a singlefpopulation of this species (Chang and Rausher 1999a), the level of inbreeding
depression discovered was not strong enough to counteract the transmission advarifage of se
(i.e., delta=:0.50; Chang and Rausher 1999a). Further work will thus be required tongeiferm
the costsof inbreeding relative to the benefits of selfing are responsikie ftnanges to the
mating system and ASD that we describe herein.

Unlike reports from other weedy species (&ighhornia paniculata, Vallejo-Marin &
Barrett 2009)we uncovered no evidence that decreases in ASD are the result of increased
stamen length;, and further, we found only marginal evidence that pistil height diffeaenceg
populations may explain the pattern between ASD and resistance. Although weidamniiiyt
which component of the composite trait ASD is responsible for the pattern uncovtred wi
resistanceywe;do have evidence to suggest the relationship is more pronouncearis the m
recent population sampling (in 2012 versus 2003). While the majority of the populations sampled
in 2003 had“experienced glyphosate applicatiaresteret al. 2015b), they furtheexperienced
consistent glyphosate application between sampling periods, and on average, populations in 2012
exhibit slightly higher levels of resistance compared to the same population3d@&tKuester
et al. 2015b). Interestingly, we uncovered a significant interaction between sampling year and
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resistance for pistil height: thelaonship between pistil height and resistance was negative in
2012 but positive in 2003. This again suggests that perhaps the pistil length is co-evittving w
resistance. However, fiilher work targeting the nature of the correlation between theseaitg tr
will be required to allow us to draw this conclusion with certainty.

As hypothesized above, the responses to selection and subsequent changes to the mating
system and associated floral traits that we have identified may be adaptive and due to a genetic
basis, or could alternatively be due to plastic changes influenced by the envir¢Riokst al.

1977; Brock'&Weinig 2007; van Kleunen 200/llejo-Marin & Barrett 2009)Several lines of
evidence suggest that adaptation is the more likely cause for the patterns observed in this study.
While we present field estimates of the mating system among populations, we measured floral
morphology‘insa completely randomized greenhouse experiment using replicate niaesnal
from many populations, with all individuals experiencing a common environment. Thus, the
differences we report in ASD among populations very unlikely to be explained by different
environmental factors from different populations. Further, both astiggna distance and
glyphosatesresistance have an additive genetic basis in this qjidtes & Rausher 1998;
Baucom & Mawricio 2008; Debbaat al. 2015), both traits respond rapidly to artificial selection
(Chang &Rausher 1998; Debbetral. 2015), and populations sampled for the work reported
herein were“all from agricultural fields with a history of glyphosate application. Taken together,
these data suggest that thevewiation we have uncovered between flgia¢notypes and
resistance .across many natural populations of this weed is likely due to adaptive changes

following seleetion rather than plasticity in either the mating system or the level of ASD.

Futuredirections & conclusions

Although,anecdotal reports suggest many herbicide resistant plants are pesdlymi
selfing (Jasieniulket al. 1996), ours is the first to identify co-variation between herbicide
resistance,and.estimates of the outcrossing rate, thus providing empiricate\adat the
mating or breeding system of a plant may co-evolve with resistance. We note, however, that the
results we present cannot address the causal nature of the relationship between resistance and the
mating system; although we discuss the dynamic as if the mating systmlees in response

to the evolution of resistance, it is entirplyssible that a highly selfing mating system is
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457  responsible for, or has maintained, the high levels of resistance within somatjpoulFurther,

458 like that described in the ‘segregation effect’ hypothesis, the evolution afoheaits may be

459 intertwined such that resistance evolves first, following which selfing modifiers leeltoked

460 to the beneficial resistance allele which then leads to higher rates of selfing evolving in the

461  population..Future work will thus be required to disentangle the nature of the réigttions

462  between resistance and the mating system.

463 Overall;'we have demonstrated that individuals from herbicide resistant populations self
464  more than'those from susceptible populations in natural settings and that lowstigthar

465 distance maye a potential mechanism underlying this increased rate of selfing. Our work

466 identifies human impacts on plant mating patterns that go beyond the indirect consegfience
467  environmentalsmanipulations such as forest fragmentation and metal contami@dianges in

468 mating systems can have cascading effects on the effective populati(isiney 1993), gene

469 flow and the genetic diversity of natural populations (Hamrick & Godt 188@)can determine

470 the overallevolutionary propensity of these species. Our findings thus highlightabetance

471  of consideringithe influence of human-mediated selection on correlated responsasabf nat

472  populations thatan lead to londerm evolutionary consequences. Likewise, these results show
473  that assoeiations between highly beneficial traits and plant reproduction camagadly within

474  ecologicaltimescales. The results of our work are thus applicable to otharese strong

475  selection such as climate change or scenarios wherein individuals of colonized populations are
476  matelimited,

477

478

479
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695 Table 1. Results of separate linear and quadratic regressions testing the influence of resistance on
696 the outcrossing rate (t) and the maternal inbreeding coefficient (F). Coefficients from the
697  quadratic regressions included the linear term whereas coefficients from the linearaegressi

698 were determined without the quadratic term. Effects that are significant (P < 0.05) are bolded.

699

Outcrossing rate (t) Maternal inbreeding coefficient (F)

Effect Coefficient | Df F P Coefficient Df F P
(SE) (SE)

Resistance™ 1.=0.30 (0.09)| 1, 22| 10.694| 0.004 | 0.14 (0.06) | 1,22 | 6.051| 0.022

Level

Resistance =0.77 (0.35)| 1, 21| 5.084 | 0.035 0.13(0.22) | 1,21 | 0.335( 0.569
Level

700
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719  Table 2. Results of separate ANOVAs testing the influence of population resistance level,
720  resistance lev&lpopulation latitude and experimental replicate on argtigma distance (cm),
721 pistil height (em) and height of tallest stamen (c&gnificant effects (P < 0.05) are bolded
722  whereas an ”.indicates a trend for significance.

723
724
Antherstigma distance Tallest stamen height o
Pistil height (cm)
(cm) (cm)
Effect Df F P Df F P Df F P
Resistance
1 0.724 | 0.400 1 0.124| 0.727 1 |0.860| 0.359
Level
Resistance
1 5.703 | 0.022 1 0.265| 0.610 1 | 2.955|0.093"
LeveP
Latitude 1 0.422 | 0.520 1 3.509| 0.068"| 1 | 6.392| 0.015
Replicate 1 2.688 | 0.109 1 6.140| 0.017 1 1.238| 0.272
Residuals | 42 42 42
725
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Figures

Figure 1. Map=of populations sampled within the U8Aand image of anthestigma distance in

|. purpureazb. Floral morphology was measured for all populations (N = 32) whereas the mating
system was estimated for populations indicated by triangles (N = 24). Thenchtatés the
resistance level for each population based on proportion survival following aplichtl.7 kg

ai/ha of herbicide, which slightly higher than the recommended field dose of herbicide (from

Kuesteret al*2015a) Sites were sampled at least 5 km apart.
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Figure 2. The relationship between mating system parameters and the propoviiai stieach
population fellowing application of 1.7 kg ai/ha of herbicidé.ipurpurea. a, outcrossing rate
(t), b, mean inbreeding coefficient of maternal individuals (F). Significanicelisated by a
regressionslinesA significant negative linear (dashed line) and quadratetl{se)i relationship
was detected-for the outcrass rate whereas a significant positive linear relationship was
uncovered for the maternal inbreeding coefficients (Table 1).
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769
770

771

772  Figure 3=Antheistigma distance varies ndinearly with the level of resistance. Thistyo

773  populations sampled as see®012 were usenh this analysis to determine if floral traits-co

774  varied with variation in the level of glyphosate resistance. Shown are tteaissiaveraged by

775  populatien, after removing variation due to sampling date,fantherstigma distance (cmb,

776  height of the tallest stamen (cm), angbistil height (cm) according to resistance level at 1.7 kg
777  ai/ha. A significant relationship between the trait and resistance is indicated by a solid line (P <

778  0.05) whereas a dashed line indicates a trend for significance P < 0.10 (see Table 2).
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Figure 4. Antheistigma distance (ASD) varies ntinearly with the level of resistance in 2012
(black dots;.solid line) but not 2003 (red dots; dashed Ik&genpopulations sampled as seed
in 2012 and2003, respectively, were used for this analysis to determineaifiation between
ASD and glyphosate resistance varied between years. Shown are the redidntderstigma
distances(€maccording to resistandevel at 1.7 kg ai/haafyeraged by population after
removing variation due to sampling date). A significant quadratic relationshipese&D and

resistance is present among populations sampled in 2012 (solid blagkisE, 2012:
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799  -0.48t0.23; R 22, =6.07, P = 0.02) but not in 2003 (dashed red [preSE, 2003: -0.160.19;
800 F1,22 = 1.08, P= 0.31).
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