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Abstract

Despite the'negative econonaind ecological impact of weeds]atively little is known about

the evolutionary mechanisms that influence their persistence in agricultural fields. Here, we use a
resurrection approach to examihe potentiafor genotypic and phenotypic evolutign

| pomoea pukpurea, an agriculturalveed that is resistant to glyphosate, the most widely used
herbicide in.currentlay agriculture. We found striking reductions in allelic diversity between
cohorts sampled nine years apart (2003 vs 2012), suggesting that populations of this species
sampled fromeagricultural fields have experienced genetic bottleneck events that have led to
lower neutral genetic diversity. Heterozygosity excess tests indicate thabthiseeclk may

have occurred prior to 2003. A greenhouse assay of individuals sampteth&dield as seed
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found that populations of this species, on average, exhibited modest increases iteherbic
resistance over timélowever, populations differed significantly between sampling years for
resistance: some populations maintained high resistance between the sampling years whereas
others exhibited increased or decreased resist@uraesults show that populations of this
noxious weed, capable of adapting to strong selection imparted by herbicida@mplimay

lose genetic variation as a result of this or other environmental factorgelyeuhcovered only
modestiincreases in resistamreaveragdetween sampling cohorts due to a strong and
previously-identified fitness cost of resistance in fpiscies, along with the potential that non-

resistant migrants germinate from the seed bank.

I ntroduction

The influence of human mediated selection is perhaps nowhere more prevalent than in
the agricultural system. Agricultural weeds, in particular, pi®excellent case studies of
adaptation.to.human-mediated selection (Baker 1974). They are exposed torrtilize
herbicides, Irrigation, as well as variable cropping techniques, and thaegmitaions can
impose frequent, strong, and highly predictab$turbance regimes (Barrett 198Bxamples of
rapid adaptation to these scenarios are present in the literature from early cases of crop mimicry
(Baker 1974; Barrett 1983) to the many recent examples of the evolution of herbgiglance
(Barrett 198). Weed/ plants, broadly defined as ‘plants that are growing out of p(&eesster
et al. 2014),.are.models for understanding rapid evolution and persistence in stressful
environments..We currently have a limited understanding, however, of the broad gemgjescha
that mayrinfluenceveed populations growing agricultural landscapes (Vigueiegal. 2013;
Waselkov & Olsen 2014). These lapses in our knowledge are striking because the population
dynamics of agricultural weeds are dirgettlevant to the global food supply. Agricultural weed
infestations reduce wordide crop yield by as much as 10% (Oerke 2005) and it has been
estimated that crop losses caused by weeds cost the US agricultural economy ~33B USD per
year (Pimenteét al. 2005). Clarifying the evolutionary forces that impact agricultural weeds can
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79  provide information on the process of rapid evolution more broadly as well as insight on how

80  weeds survive and persist in agricultural regimes.
81

82 Agriculturalweeds whichco-existand compete with crops, evolve though unintentional
83 human mediated selection rather than through direct artificial selection (Stewart & Warwick
84  2005) and.as.such thexist in a state that is considereither wild nor domesticated”

85 (Vigueiraetal=2013). Weeds are subject to the same forces influencing evolution in nature—
86  notably, genetic drift, selection, and gene flow (Jasiediak 1996)—but they often experience
87 aselection intensity that is much higher than what is usually found in otherl isgieans. For

88 example, the predominant form of weed control in current farming is through the use of

89 herbicides, which are designed to remove 90% of the weed population (Jasiehildl®96;

90 Délyeet al.2013). Individuals that survive this high integsif selection due to either chance or
91 genetic predisposition are founders for the next generation. Since the point of weedy pla

92  control regimes=whether through the use of herbicide or another control techniigue—

93 remove ofa large portion of the population, populations that re-colonize are hypedhesiz

94  showevidence ofjenetic bottleneck (Jasieniekal. 1996; Vigueiraet al. 2013). As a result,

95 weeds coulddose rare alleles important to future adaptatiore(lseil975).

96 In support of this idea, population genetic surveys have found that weeds tend to exhibit
97 less genetig,variation than other groups of plants (Haretiak 1979), and there is some
98 evidence that weed populations from cultivated land exhibit decreased geuetic diversity
99 compared to'wild populations (Kane & Rieseberg 2008). The majority of the work to date,
100 however, has compared populations across spagérom cultivated and nonultivated areas
101 (Muller et al. 2010), or “wild” versus “weedy” populations (Kane & Rieseberg 2008). In
102  contrast, asnevel approach that can provide direct evidence for evolutionary dirangé time
103  is by the usesof a resurrection approackvhich ancestor and descendant strains of species are
104 comparedsin this type @xperiment, seeds or propagules sampled from an earlier time point are
105 germinated after remaining dormant for a number of years and compared to descendant
106  populations sampled from the same location (Frahkk 2007; Orsiniet al. 2013). Although

107  resurretion experiments have been used to address key questiongablotibnary constraints
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108  in microbial systems (Lenski & Travisano 1994; Lenski 1998), such experiments in eukaryote
109  have thus far used either a limited number of accessions (Baucom & Ma&@idp or a limited
110  number of distinct populations (Frandtsal. 2007; Thomanet al. 2015).

111 Here.we'perform a resurrection experimerdétermine if populations of ayricultural
112 weedexhibitevidenceof genetic bottleneckandphenotypic evolutiomver time To do so, we
113 use temporally sampled populationd pémoea purpurea, an introduced invader of agricultural
114 and disturbed areas in the United States (Defelice 20fioea purpurea is native to the

115  central highlands of Mexico (Clegg & Durbin 2000; Defelice 2001),|lmme@dgessampled from
116  natural populations in the US exhibit low diversity relative to Mexican atmes suggesting a
117  severe bottleneck occurred following introduction (Feing. 2013). Recent work shows a

118  mosaic of glyphosate sestancan populations of. purpurea across the US, with some

119  populations exhibiting high resistance (a high proportion of the population that survives
120 glyphosate)yand others showing high susceptibility post-herbicide application (Keiedter

121 2015). Previous work has also found that an additive genetic basis underlies glyphosate
122 resistance ih. purpurea (Baucom & Mauricio 2008) and that resistance segregates in genetic

123 lines developed from a single experimem@apulation (Debbast al. 2015).

124 Although populations of. purpurea are found primarily within agricultural fields that are
125 treated with glyphosate and other herbicides, the impact of such strong selectionp and an

126  associated environmental changes on the population genetics of thiesspenains largely

127  unknown Given genetic variation underlying resistance, the consistent applicatitypbbsate

128  should lead to both genotypic and phenotypic evolutienevidence of genetic bottlenecks and
129 increasedresistanddere wetestthe prediction that agricultural populations, consistently

130 exposedto herbicide over a nine-year pesioow both reduced genetic diversity as well as

131  increasedresistanessing temporally sampled cohortslopurpurea populationsSpecifically,

132 wefirst determine if the neutral genetic differentiation and diversity jadrpurea populations

133  have changedsbetween sampling years. We pair this with greenhouse experiments totegamine
134  potentialthat these populations, sampled from the same fields nineapagi§igure 1;Table

135  S1) exhibit increased resistance over time. We find evidence of both genetic bostleme.ck

136  slight increase in the level of resistance, indicating that a noxious weed can adapt to the extreme

137  selection imposed by herbicide applioas even as genetic diversity decreases. We further find
This article is protected by copyright. All rights reserved
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some indication that highly resistant populations exhibit lower genetic divéraityless
resistant populations, suggesting that herbicide application is respoositile feduction in
neutral genetic diversity. This is the first examination, to our knowledge, of a resurrection
experiment that simultaneously identifies both loss of genetic diversity gfrauléural weed

over time as.well as potential evidence for adaptive evolution.

M aterials and-M ethods

Population. sampling. Locations and sampling strategies forl4gurpurea populations were
previouslysdeseribed in Kuesteral (Kuesteret al. 2015). Twenty-six of these populations were
sampled in"2003 and resampled in 2012 (see Figure 1 and Table S1). In 2003, we collected
replicate seeds /from betweer86 maternal individuals at least 1 m apart from one another along

a linear transect. We located the same populations in the fall of 2012 using GP8atesydi

which are.accurate to withinfaw meters. Agricultural fields are highly disturbed by tilling and
harvesting'each year, and morning glories are predominantly found in areas that haiye rece
experienced soil disturbange tilling; as a result, this system is not amenable to the
maintenanece.of long-term transects. We are thus making the assumption that adult géemis pr
within theSame agricultural field, and located within the nearest distance to the GPS coordinates
in 2012 are the descendants of the 2003 cohort. Preliminary data from >5,000 SNPs generated by
genotype-by-sequencing has identified a high number of independent genetic clusters in
population’structure analyses and a low proportion of recent immigrants into populations
(AlvaradoSerrancet al. unpublished data) inditiag that our assumptions herein are largely
realistic.We estimated population size in the 2012 sampling year by counting the numbers of

individuals down a linear transect.

Of the 26 populations that were sampled both years, we randomly chose 10 to examine
potential changes in genetic diversity between 2003 and 2012. One seed from an average of 18
maternal.lines per population per sampling year (355 individuals total) wereng&chand
cotyledons were used for DNA isolation using a CTAB method modified from Seblets2009

(see Kuesteet al. (Kuesteret al. 2015)). The numbers of maternal lines sampled per population
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were approximately equal between the sampling years and exact numbers are presented in Table
S2.

To assay herbicide resistance amoapgytations and between sampling years, we planted
two replicate.greenhouse experiments of all 26 populations at the University of Gélardia
Biology Greenhouses (Athens, GA). One seed from 10 maternal lines per population per
sampling year were scarifleand planted in pine bark soil in SC10 super conetainers (Stuewe
and SonsyTangent, OR) in six experimental treatments, described below. This design wa
replicated in its,entirety in another greenhouse for a total of 20 seeds petipopuithin each
treatment andthus an overall total of 5381 experimental individuals. Plants were lg|andom
assigned to racks that were then randomly assigned to flow trays (4 racks\vpieay).

Conetainers were watered daily and flow trays were filled with water torgrdesiccation.
Germination was slightly higher in 2003 compared to 2012 samples (87% and 84% in 2003 and
2012, respéttively;?, = 12.27, P < 0.001) and ranged from 50-98% across populations.

Plants.were sprayed wilRoundUpPowerMax® (Monsanto, St Louis, MO) 22 days
after plantingat rates around the recommended field rate (1.54 kg 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 control treatment was sprayed with water) using a hand-
held, CQ pressurized spyar (R & D Sprayers, Opelousas, LA) that delivered 1871 41206
kPa, 1.5 meters above the plants. Three weeks after glyphosate application dswsoval of
each plant. Plants were harvested, dried &€7@r 48 hours and measured for total above
ground biomass. Biomass values were adjusted to the non-sprayed controls by diviling eac
individual by.the average biomass of its population grown in thespoay control treatment
following standard protocols (Tehranchigtral. 2015).At the time of ampling survival and
biomass remaining poserbicide (3 weeks after herbicide application) none of the plants
exhibited signs of re-growth indicating that our measure of resistance does not confound

resistance with/toleranceeé Baucom and Mauricio, 2008).

SSR genotyping and scoring errors. Details on multiplexing SSR markers and scoring
procedures can'be found in Kuester et al (Kuesstar 2015). Briefly, 15 polymorphic
microsatellite loci were used to examine genetic diversity across populatidrsampling years,

and all individuals were scored by hand. To check accuracy of multi-locus genotypes we
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scored loci from 200 randomly chosen individuals and found very few scoring errors. We did not
find any large allele dreputs or errors due to stutte@ any of the locus by population by year
combinations. We also examined the influence of null alleles on genetic diversfyuaddittle
evidence that potential null alleles altered our estimates or the main conclusions. Details of these

analyses arpresented in the Supporting Information section.

Temporal ‘geneticdifferentiation and diversity. We examined the potential that seeds sampled
across collection years were genetically differentiated from one another in two ways. First, we
estimated genetidifferentiation between yearsgf using hierarchical AMOVA in GenAlEXx v.

6.5 (Peakall.&Smouse 2012). We also performed individual assignment (Petetkal995;
Cornuetet/al.[1999) of individuals to sampling year using GeneClass2 @aly 2004). For
individual assignment, the inability to assign individuals to a specific samplingvpedd

indicate that individuals sampled in 2012 had not diverged in allelic compostiapaced to

the individuals'sampled in 2003. We used the Bayesian method described by Baudouin and
Lebrun (Baudouin & Lebrun 2000) as a criterion for computation, and individual assignment was
performed using the leave-onet procedure (Paetkatial. 2004), where the genotype to be
assigned was not included in the population from which it was sampled. We report the —log
likelihood of being assigned in each sampled year, by plotting the —log likelihood value of
individual-assignment to 2003 sample year against the —log likelihood of being assigned to the
2012 sampling year. Lack of temporal change across sampling years would be indicated by
overlap ofindividuals sampled from each year. We calculated expected and observed
heterozygosity (Hand H,), the number of alleles (Na) and the number of effective alleles (Ne)
using GenalEx v 6.5 (Peakall & Smouse 2012) and and allelic richness (AR) using FSTAT v.
2.9.3.2 (Goudet 2005) and determined if there were reductions in diversity estimatsnbet
2003 and 2012 'using Wilcoxon matched pairs rank sum tests (Zar 1996). We estimated the
inbreeding coefficient () of each population in each sampling year using GenePop v 4.5.1
(Rousset 2008) to determine if there was evidence of inbreeding among populations and if thi
significantly differed according to sampling year. Finally, we examined the paggiat
populations experienced genetic bottleneck using the program BOTTLENECK(Rirg999).
This program examines the potential for greater expected heterozygosity badeticon al
diversity relative to expected heterozygosity estimated under mutiatioequilibrium (Neiet
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al. 1975; Cornuet & Luikart 1996). If a significantly high proportion of loci exhibit an allele
deficiency relative to expectations based on mutadidih equilibrium, the population would
show signs of aecent reduction in the effective population size and thus a bottlenecle(@lei
1975; Cornuet & Luikart 1996). We conditioned analyses on the infinite alleles mode), (IAM
the stepwise.mutation model (SMM) and the typtrase model (TPM) of microsaiéd mutation
since we are using microsatellites with a range of repeat motif-tyghieseric, trimeric, and
imperfect motifs—and thus we have no a priori reason to select one particular mutational model
over another(repeat types presented in STable2 ok{&ratal. 2015)). All analyses were
performed across 1000 iterations assuming mutatidhequilibrium, and significance was
calculated.using the Wilcoxon test (appropriate for sample sizes of < 30 individuéts { &
Cornuet 1998;7Luikartt al. 1998)).

Resistance screen. We examined the potential that populations and sampling years varied for
resistance using univariate mixewdel analyses of variance. Wperationally defined
resistancen, two ways—first, as a measure of the number of indilduwithin populations that
died asfa‘result'of herbicide application, and second, as a measure of the amount ef biomas
change following herbicide application standardized to conBalsausaone of the

experimental individuals showed signs ofgrewthwhen survival and biomass pagiray were
measured; our operational measures of resistance do not conflate resistance with tolerance
(which is the.ability to regrow following damage). We used the glmer option of the Ime4
package in R (Batest al. 2011) and modeled survival as a binary character (0/1) and used the
Imer option'to assess biomass remaining post-herbicide. In each model, rgpéeateouse
experiment, “herbicide treatment, collection year, and population were the indepenadies
with survival or standardized biomass as the dependent variables. We included orteracti
between population and collection year as well as population, collection yeaeanaeint.
Population andrits interaction terms were considered random effects in edehwhereas all
other effects were fixed. We previously identified a significant populati@ctsiforn the 2012
cohort for survival post-herbicide application, which indicated that populationsrvargir
respective level of resistance (Kuesteal. 2015). Here we are specifically interested in the year

term as well as interaction terms including the year effect, which would indicate that resistance
This article is protected by copyright. All rights reserved



255  varies between sampling years and/or that populations vary in their level of resistance between
256  years. A F{est was used to determine the significance of fixed effects, and the significance of
257 each random effect in the model was determined using a likelihood ratioRasti(Lwhich the

258  full model was compared to a reduced model with the effect of interesived. Thé-value

259  was determined using;dtest with one degree of freedom. We examined the normality of our
260 estimates of biomass with the Shapikilk test and by visual inspection of quantile-quantile (g-

261 Q) plot, and square root transformed this variable to improve normality of the tssidua

262

263  Results

264  Genetic diversity and differentiation. We uncovered reductions in genetic diversity between

265 sampling yearsiamong populations (Table 1), with most measures of diversity aglyific

266  reduced in.2012 compared to 2003 (Figure 2). For example, expected heterozygosity was 32%
267 lower in 2012 (W =51, P = 0.01), allelic richness was 18% lower (W =52, P = 0.01), the

268  effective number of alleles was 43% lower (W = 51, P = 0.01) and the absolute numbseof all
269  per locus were'reduced by 19% in 2012 compared to 2003 (W =50, P = 0.01). The observed
270  heterozygesity was 27% higher, on average, in 2012 compared to 2003 (W = 4, P = 0.005). This
271 differenceris likely due to the low observed compared to expected heterozygosity of the 2003
272 cohort,i.e, the inbreeding coefficient (= 1 — H/H¢) was higher in 2003 versus 2012(d; =

273 0.57% 0.054(£SE) vs. k12 = 0.13 £ 0.04, respectively; Figure 2). The difference in avergge F

274  value between2003 and 2012 was significant (W = 55, P < 0.01). Although this difference could
275  be due to selection against heterozygotes in 2003, it is more likely indicativecoéndés in the

276  mating system between sampling years of this mirating, hermaphroditic species.

277  Populations wex sampled during a slightly longer window of time in 2003 than in 2012 (10/10-
278  11/3 in 2003+ws=10/15-10/20 in 2012); however, at least five of the 10 populations were sampled
279  during thessame temporal window (10/10-10/20 both years), and these populdtibits ex

280  similar differences in F values {fos = 0.47%0.08 vs. k12 = 0.12:0.03). We do not have

281 information regarding pollinator abundance or any other reason to expect deétenertice

282  mating system between years.
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283 Bonferroni€orrected HWE tests, consemtly, indicated that more loci were not in

284  HWE equilibrium within populations in 2003 (39 out of 150 loepspulation combinations),

285 compared to 2012 (1 out of 150 locysopulation combinations). Processes that lead to

286  heterozygote deficit, such asbreeding or population substructure can cause deviations from
287 HWE; alternatively, the presence of null alleles could inflate estsyatbomozygosity and lead
288  to deviations.from,HWE (Kellgt al. 2011). We tested for the potential that null alleles altered
289  our estimates of genetic diversity by removing loci with >25% putative null allele frequencies
290 across populations and re-estimated indices of genetic diversity. We found no evidgnaci

291  with potential null alleles altered our estimates of gemtiersity or the conclusion that

292  diversity israltered between sampling years (Table S3, Supporting Information).

293 We further examined changes in the patterns of allelic diversity by investi¢faging

294 number of alleles, the number of rare alleles (<I@4uency) and the frequency of rare alleles

295 present in 2003 and 2012. At the species lewe] &cross all populations), we found no

296 evidence for.a.reduction in the total number of alleles from 2003 to 2012 (42 versuse#imllel

297 each year,respectiy@—unexpectedly, we found fewer rare alleles in 2003 than 2012 (10 vs

298  17). Only-four of the rare alleles present in 2003 were likewise present in 2012, and thei

299 frequency was not dramatically increased as would be expected if rare allele frequency changes
300 were responsible for the higher observed heterozygosity in 2012. When examining the number of
301 alleles perpopulation, however, we found that the total number of alleles wasdedeayht of

302 10 populatiens, by as much as 12-40% across populations. Two of the ten populations

303 (populations 26 and 28) exhibited gains of low frequency alleles (betweerew-alleles

304 present inf2012 at frequencies of <10%). Thus, 8 of the 10 populations show reductions in

305 diversity overtime likely due to random genetic tinfhereas two of the populations exhibit an

306 increase in the number of alleles, putatively due to migration, drift, or mutation.

307 We tested for a signature of bottleneck events in both the 2003 and 2012 samples using
308 the BOTTLENECK program, and found that significance of these tests depended dreboth t

309 specific model employed (IAM, SMM, or TPM) and the sampling year. Under the IAM, six

310 populations sampled from 2003 exhibited significant heterozygote excess followingicogect

311 for multiple tests, whereamly one — population 32 — exhibited significant heterozygote excess
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under all three models of microsatellite evolution (Table 2). No populatiomsZ012 exhibited
evidence of heterozygote excess and thus signs of a bottleneck following correctionkiple
tests (Table 2).

We next estimated the effective number of individuals from each sampling year using
expected heterozygosity and the equatigreNeu (Nagylaki 1998) with a mutation rafe, of
103 (Marriageet al. 2009). We found that the estimated number of individuals from the 2003
populations,was significantly higher, on average, compared to that of the 2012 populations (N
2003 = 85, N, 2012= 58; W = 67, P = 0.005). Furthermore, we found no significant difference
between our census samgize from the 2012 populations and the estimated effective number of
individuals from that sampling year (Population size average from census = 7Quatiiyw =
36.5, P = 0:32): While the difference in estimated number of individuals between sayepliag
indicated that'most populations experienced reductions in size (reductiomgyriiogr 20-55
individuals fewer in 2012), populations 26 and 28 both exhibited an estimated gain of 20

individuals.

In_line with lower diversity of the majority gfopulations, we found significant genetic
differentiationsbetween individuals sampled from different collection years (AMOVA year
effect, Rp=:0:218, P = 0.001, Table S4), and evidence that individuals sampled as seed in 2003
were more similar to one amatr than to individuals sampled as seed from the same location in
2012 (Figure=3)i.e., no individual assigned to 2003 was likewise assigned to 2012. We found
that the estimate ofdt was inflated by loci that potentially harbored null alleles; however, after
removing these loci from analysis, we found that thedstimate was still significantly different
from zero, indicating the presence of betwgear genetic differentiation fr(socy = 0.133, P =
0.001, Table-S4). We did not remove loci with potential null alleles from genotypic assignme

as these tests are not greatly influenced by their presence (Carlsson 2008).

Phenotypic.evolution. We examined resistance traits (survival and biomasshaobtcide
application)to,determine if there was ewide of changes in resistance between sampling years.
Our mixedeffects analyses of variance uncovered a significant year effect for biomass remaining

after herbicide application (Fs9s5= 4.72, P = 0.03; Table 3). On average across all populations,
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the biomass remaining post-spray of the 2012 cohort was slightly greater than that of the 2003
cohort (62% vs. 57% in 2012 and 2003, respectively) suggesting moderate increaseamteesist
across populations sampled in 2012 (see Table S5 for avet&iEsanong all populations).
Likewise, a higher percentage of individuals sampled in 2012 survived herbicide application
compared testhose sampled from 2003 (49% vs 42%), but this difference was not sigfkfica
s365= 2.58,)P.=0.11; Table 3).

Astin previows work (Kuesteet al. 2015), we identified significant population effects for
both measures,of resistance (Table 3), indicating that populations vary acressitivape for
their relativeslevel of herbicide resistance. Here, however, we also find populg year effects
in each analysis, indicating that populations differ in their level of resistance across years
(Survival,x%=.23.74, P < 0.001; Biomasg, = 7.92, P = 0.005; Table,3) result that was
significantaeress all treatment levels of heide (Table 3)At the herbicide level closest to the
field dose((1.7 kg ai/ha), 16 populations exhibited either the same or increased sui\z2
compared to 2003 whereas 10 populations exhibited lower survival in 2012 compared to 2003
(Table S5) One population’s survival increased by 79% compared to 2003, indicating that some
populatiens.may respond more readily with increased resistance than Dhieses differences
are likewise apparent at the highest dose of herbicide (3.4 kg ai/ha; roughly 2Xditofie),
with a significant population by year interaction for both survival and biomassniegaiost-
herbicide application (Survival: Populatierear,y? = 16.23, P < 0.001; Biomass: Population
Year,y? = 4.11, P = 0.04) indicating that thepulations differed in resistance level between
sampling years. Notably, three populations sampled from TN that were highlgmesis?012
(Kuesteretal=2015) were similarly resistant in 2003 (Figure 1 A & B, shown at 2X field rate of
RoundUm®)=The majority of the significant increases identified in the 2012 cohort cechpar
the 2003 cohort were located in NC and SC (Figure 1 A & B)—while five populationgtieom
2012 cohort of this region exhibit resistance values significantly greatetttbapeciesvide
average (56%ssurvival at 2X the field rateRifundU®, presented in Kuesteret al. 2015), the
2003 cohorts of these populations exhibited only ~14% survival at 2X field rate. Owerall,
identified a slight increase in resistance betwsgmpling years (biomass remaining post
herbicide), and the resistance phenotype appears to be dynamic between samplinglyears, w

some populations (central TN) retaining hrglsistancdéoetween sampling cohorts at high levels
This article is protected by copyright. All rights reserved



370 of herbicide, some populations (Carolinas) showing incre@sestanceind other populations

371 exhibitingresistanceleclines.
372
373  Discussion

374 Despiteithe ubiquity and persistence of weedy plant populations, there are few

375 examinations of how their neutral and adaptive genetic diversity may changereefere we

376  use a resurrectioexperiment to show that populations of weédyurpurea sampled from crop

377  fields concomitantly lose genetic diversity and show signs of potential adaypbivgien in

378 herbicide resiStance. Our experimeyitdded three novel findings. First, we found that seed

379  progenies from populations sampled in 2012 exhibited lower genetic diversity and highigr genet
380 differentiation than seed progenies sampled from the same fields andredatR003,

381  suggesting,thgtopulations have experienced genetic bottlenecks between sampling periods.
382  Second, heterozygosity excess tests indicated that a significant genetic bottleneck likely also
383  occurred priorto 2003, perhaps due to the dramatic increase in glyphosate use in the late 1990’'s
384 (see Fig 1, (Baucom & Mauricio 2004)). Although we cannot ascribe the loss of mgurtedic

385 variation torthe widespread use of herbigidese, we show that a resistance trathe amount

386  of biomass maintained following heécide applicatior—has increased, on averagem 2003 to

387 2012. We combine these results with a retrospective analysis of a largerdadgtye

388  published, dataset showing that highly resistant populations sampled in 2012 exhilciasitiyi

389  reduced heterozygosity andedic richness estimates compared to less resistant populations.

390 Below we diseuss each of these major findings.
391  Reductionsin.genetic diversity between sampling years

392 We currently have a very limited understanding of how agricultural regimes may
393 influence the population genetics of agricultural weeds. Although processesiliaingsand
394 herbicide userare hypothesized to result in genetic bottlenecks, previous ¢xersiof

395 agriculturakweed populations have either failed to uncover substantial ceguictigenome
396  wide diversity (Kane & Rieseberg 2008) or have presented largely circumseésdieshce for
397 bottlenecks (i.e., comparisons between species (Hamiratk1979)). The significant loss in

398 diversity that we uncovered across populations pdirpurea sampled from gricultural fields
This article is protected by copyright. All rights reserved
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argues fobottleneclk thatwereeither very strong or occurred more than once, or both. While
there are no studies, to our knowledge, that examine the temporal genetics of agricultural weed
populations for compars, it is of note that the average loss of allelic richness that we identified
across populations (on average 15% lower between cohorts) is similar in magmituakeof
introduced,.celonizing species (18% loss compared to native populations (DlugBsckes:

2008)). Furthermore, using expected heterozygosity estimates from each samplimgp yieeat

that the"estimated population sizes have decrdast@geen 2003 and 2012, with the majority of

the populationslosing reproductive individuals. While we did not take population census data in
2003 for comparison, we find that the estimated population size in 2012 is not significantly
different framsthe census size, suggesting that our estimated population sizes are decent
approximations of the true census size. The majority of the populations exhibited ltsle®f a
between sampling years, however, two populations—#26 and #28—exhibited gains of low
frequency alleles, and the estimated sample size of these two populations likewise increased
relative to ethepopulations. The increased diversity of these populations likely were from
dormant seeds; migration from another population, or possibly an effect of experimental
sampling differences between 2003 and 2@Eergence of seed stored in the seed bank is
incredibly=likely—this species can produce a large number of seeds in field conditions (between
3,000-10,000 per individual), and these heavy, gravity dispersed seeds can remain dormant for
~20 years in the soil (Baskin & Baskin 2000).

Interestingly, whilehe loss of allelic diversity between 2003 and 2012 suggests a genetic
bottleneck has occurred between sampling years, the vptigalation examination of
heterozygosity excesid, the bottleneck test) did not find evidence of genetic bottleneck in the
2012 populations. Instead, our tests of heterozygosity excess uncovered evidence of genetic
bottleneek-ameng six populations collected in 2003 under the IAM model, with one population
exhibiting evidence of a genetic bottleneck under all three modelsadgatellite evolution.

Other studies using heterozygosity excess tests have reported limited supportiof gene
bottleneck in species known to have experienced population declines (Hugbalu2004;

Peeryet al. 2012) with the general conclusion that heterozygasityess tests may be limited to
severely bottlenecked populations (Pestrsd. 2012). Our results suggest that a genetic

bottleneck occurred in some populations prior to the 2003 sampling, possibly following the sharp
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429 increase in the widespad use of glyphosate across Roun@UReady crops (see Fig 1 in
430 (Baucom & Mauricio 2004)). In this scenario, the loss of allelic diversity teatentified in
431 2012 may simply be a continuation of effects following the initial population bottleneck.
432 Alternatively, it is possible that demographic bottlenecks occurred prior to 2003 antuednti
433  between 2003,and 2012, but to a lesser extent between years. While a few of the 2012
434  populations.did exhibit heterozygosity excess, defined as greater heterozygasitpias

435  estimates'of allelic diversity relative to heterozygosity estiitt under mutatiodrift

436 equilibrium, tests were not significant following correctionshile it is possible that differences
437  in sampling seed could be responsible for the lowered genetic diversity betweethgting,
438  majority (80f20) populations exhibited significant declines in allele number in 20d@aced
439  to 2003, coupled with the results of bottleneck tests indicating genetic bottleracdio 2003
440  suggest that these populations have experienced demographic declines leadddgdtanrin

441  allelic diversity.

442 Another attribute of the data suggest populations experienced a genetic bottlesreck pri
443  to 2003—we found more locus by population combinations out of HWE compared to 2012. In
444  addition.to.the evolutionary forces of genetic drift, sebectmutation, migration, and nen

445  random matingy(i.e. inbreeding or nassortative mating), null alleles can also cause deviations
446  from HardyWeinberg equilibrium and will appear as heterozygote deficiency (Dabrowski et al.

447  2014). The pattern that we uncovered of low observed heterozygosity relative to expected

448  heterozygosity in our 2003 populations is consistent with the presence of null altedésob

449  consistent with high levels of inbreeding. To investigate the potential thatleldsanfluenced

450  our results, we removed loci with putative null alleles from analyses and found that estimates of
451  genetic diversity remained lower in the 2012 populations compared to their 2003 cousjterpart
452  further, Frindices remained significantly higher in the 2003 ssmpplicating widespread

453  inbreeding following a potential bottlenedkomoea purpurea is a hermaphroditic species that

454  displays a wide range of outcrossing rates in natwreatige: 0.2-0.8, across 20 populations;

455  Kuesteret alunpublished data), thus it is plausible that inbreeding could follow a large

456  demographic bottleneck in this species. The majority of our loci exhibjeel @-in 2003 across

457  populations, further pointing to a scenario of inbreeding following a large demographic change

458  rather han the influence of null alleles. Finally, it is of note that null allele detent&thods
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have been shown to exhibit low reliability when applied to non-equilibrium populations and wil
overestimate their frequency when populations have recently expedielemographic
bottleneck (Dabrowski et al. 2014).

Phenotypic evelution

Recent work provides an interesting contrast between the phenotypic and neutral gene
variation spatially distributed within this systerwhile neutral genetic differentiation angpd4
|. purpureapopulations is lowi(e., Fst = 0.127), populations are significantly differentiated for
herbicide resistance across the landscape, with some populations exhibiting higreesdesy
low resistance (Kuestet al. 2015). Our screen ofhbicide resistance in 26 of these temporally
sampled populations shows that, in addition to a mosaic of resistance acrassiscape, the
level of resistance has slightly increased, on average, between sampling dat@sdingiss
interesting inlidpt of the reduced neutral genetic variation that we identified in eight of our 10
temporally sampled populations, and alternatively, in light of evidence of potentialmsign
two of the 10 populations—reductions in diversity as well as influx of presumably non-adapted
variation would either act to impede or to counteract adaptation. These fooogswéh recent
work showing a severe fitness penalty of herbicide resistance in this species (\Vaa &tten
2015) likely.explain why the average increaseesistance that we identified among all
populations was modestperhaps the populations that maintained resistance between sampling
years (TNgpopulations) or those that exhibit large increases in resistance (NC/SC populations)
were less influenced by steptible migrants germinating from the seed bank and/or costs of
resistance than other populations. The low average increase in resistance across populations
could alsa'be due to a range of other factors: it is possible that few populatioestditive
genetic'diversity for resistance, populations may experience different selective regimes, or the
response 1o selection via glyphosate has been constrained by bottleneck evesgsniyije
there was no evidence that plants were different in size betivee/earsdata not shown),
indicating thatsthe increased resistance we detected is not due to plants simply being larger in the

2012 cohert and thus better able to withstand herbicide application.

Although we find evidence for a moderate increaseandkiel of resistance across

populations, it is important to note that our phenotypic comparisons were made uding fiel
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collected seeds. Thus our resistance estimates include potential genetic congsowetitas
environmentalnd maternal effects. This could explain the slight increase in resistance over
time: if more 2012 populations had experienced glyphosate application relative2@®ge
populations, we would perhaps be sampling from a subset of the population that experienced
herbicide relative to plants that had not, potentially inflating estimatesistance in the 2012
samples. In.2003, between 80-92% of the soy fields in the US were RoRriRiéhrly, and thus
sprayed with the herbicide, whereas approximately 20% of corn was Bp&Re&hdyw in that
sampling year. In 2012, 93% of soy planted was RourRRélly® and between #80% of corn
wasRoundUpReady’ (NASS 2015). Thus, it is possible that our comparison of the temporally
sampled phenotypes is influenced by exposure to the herbicide itself in 2012. Werednside

by using crop type as a proxy for herbicide use, and determined if biomass remainsyy @pst-
differed according to crop (restricted to soy and corn) separately for both 2003 and 2012. There
was no difference in biomass remaining post-herbicide according to crop edhereyg., the
biomass remaining post-herbicide of morning glories sampled from soy was no diffierent t
those sampledfrom corasuggesting that the populatitewel estimates of resistance are not

dependent on the crop type (as a proxy for spraying regime) in one particular sampling year

While . we cannot conclude that the phenotypic evolution of resistance identifieid here
solely due to adaptive evolution, we have previously identified an addéivetig basis
underlying, glyphosate resistance in one population of this species (Baucom &ib2018),
positive selection for increased resistance in the field (Baucom & Mauricio 2008), and further,
have shown that resistance segregates in crossesaietlab. 2015) indicating that the genetic
potential isspresent within at least one populatinrgeneral, our results suggest that resistance
evolutionsissdynamic in this system, with some populations maintaining ésggtance (as
measured by survival) between sampling years, other populations exhibiting largeemaneas
resistancend others exhibiting declines in resistance. Continued sampling and assessment of
resistance across these populations over time will be necessary to determine if the populations
that exhibited large increases in resistance between 2003 and 2012 maintain $tigihce=sis
did populations from centrdIN. Identification of the genetic basis of resistance across

populations, and an assessment of how alleles associated with resistance change over time will
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decisively test our hypothesis that selection from the use of this herbicide is leaaliagtation

in natural populations.
Has herbicide application caused the genetic bottleneck?

The populations used in this study were all sampled from crop fields that were farmed
prior to and from 2003 onward. While we do not have specific information on herbicide use over
this time, period; we have historical record for six of 10 years (Table S1) showirigetbat
locations were.used for corn and soy crops, both of which make use of herbicides—and largely
glyphosate—for weed control. Although other environmentibfa (e.g., those associated with
climate change) could be responsible for the genetic bottleneck that we repir hexbicide
use is an obvious potential factor. We examined this idea by making use of a larger and
previously published dataset of 32 populations, sampled in 2012, for which we have estimates of
both survival'and genetic diversity (Kuesterl. 2015). We performed separate regressions of
expected heterozygosity (He) and allelic richness (AR) on estimates of herbicide resistance
(proportion_survival) at 3.4 kg ai/ha of glyphosate and found a significant negative reigtionsh
i.e., more resistant populations exhibit lower genetic diversity (He vs resistanc®.&/5, P =
0.04; AR versus resistance: RG:345, P = 0.05). There is theisme indication that selection
via herbicide-application has led to the genetic bottleneck among populationstimigyea
population used in both analyses — population 32 — exhibits high survival at 3.4 kg ai/ha of
glyphosate, and was the population for which we found evidence of a pre-2003 bottleneck under

all models of-microsatellite evolution.

Conclusiohs—Weedy plant species found in agricultural fields experience strorigpseied
thus are*hypothesized to be either plastic, capable of adeptatisaved from extinction through
gene flow (Baker 1974; Parketral. 2003). By using a resurrectiapproachwe provide
evidence that even though genetic variation is lost from the system, some poputetvons s
potential signs of adaptation to herbicide application. While previous work indibatebe
majority of the gene flow across southeastern populations occurred prior taltsovaad
adoption and use of glyphosate, suggesting that resistance evolution is due to selection on

standing or novevariation within populations, that we identified evidence of potential migrants
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546  into the 2012 gene pool (in at least two populations) does not allow us to rule out the hypothesis

547  that resistance can be introduced from outside sources.

548 Further, while wdind evidence of increased resistance, we also show that the absolute
549 change between years was not drastic; large resistance gains were limited to particular

550 populations. These data suggest heightened measures should be taken to reduliedbe like
551 thatseedsare accidentally moved between crop fields through farm machinegughthr

552  contaminated seed lots. Finally, we have some evidence that the lower geitenaiversity

553 identified aeross populations is due to the application of glyphosate; howeveotevthat we

554  cannot rulesout other potential factors, since other herbicides with diffeemttamisms of action
555 are often applied in crops, other cropping techniques that reduce populationiglzesave

556  been employed, and it is also possible that populations have lost diversity due to chdrges in t
557  climate. The results shown here suggest that this weed, while being a ‘gempcse genotype’
558 (Baker 1974;"Chaney & Baucom 2014) is also capable of adaptive evolution even while losing
559  significant-alleic' diversity. How likely future adaptation to novel selective forces may be in the

560 future, in light of reduced variation is unknown.
561
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Tables

Table 1. The genetic diversity of populations between sampling years. Shown are the numisdeo{ldH), the effective number of
alleles (Ne)nthe observed and expected heterozygosity (Ho and He, respectiegbtyjichness (AR), and the inbreeding coefficient

(Fis) of each population.

Na Ne Ho He AR Fis
Population,. 2003 2012 2003 2012 2003 2012 2003 2012 2003 2012 2003 2012
2 2.27 1.93 1.53 1.37 0.09 0.17 0.30 0.22 1.96 1.68 0.71 0.24
8 2.33 1.67 1.76 1.31 0.17 0.18 0.38 0.17 2.16 1.48 0.59 -0.06
10 220 193 1.65 1.29 0.13 0.15 0.33 0.18 1.97 1.59 0.63 0.18
18 240 147 1.76 1.27 0.13 0.15 0.36 0.16 2.05 1.41 0.66 0.08
21 253 140 1.90 1.14 0.14 0.12 0.41 0.18 2.29 1.53 0.69 0.39
23 2.53 1.93 1.84 1.46 0.16 0.24 0.39 0.27 2.18 1.75 0.59 0.15
26 1.80 2.13 1.39 1.61 0.18 0.24 0.23 0.31 1.61 1.87 0.25 0.21
28 213 240 1.40 1.55 0.15 0.28 0.23 0.31 1.71 1.94 0.36 0.09
30 227 193 1.86 1.48 0.19 0.27 0.40 0.28 2.14 1.73 0.64 0.10
32 2.40 1.80 1.73 1.43 0.14 0.23 0.37 0.24 2.14 1.66 0.55 0.03
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Table 2. Tests of heterozygosity excess within populations for each sampling year using the
BOTTLENECK program (Cornuet and Luikart's 1996). Tests were performed using three
different models of microsatellite evolution, each of which assumes mutiatfoequilibrium
(IAM, infinite alleles model; SMM, stepwise mutation model; TPM, {plwase model.
Probability values from ontailed Wilcoxon tests are shown, with bolded values indicating

statistical significance following corrections for multiple tests (P < 0.005).

2003 2012
Population IAM SMM  TPM IAM SMM  TPM
2 0.117 0.810 0.396 0.313 0.615 0.539
8 0.002 0.084 0.020 0.230 0.527 0.422
10 0.016 0.249 0.047 0.765 0.945 0.867
18 0.004 0.188 0.047 0.027 0.055 0.055
21 0.003 0.122 0.016 0.371 0.473 0.371
23 0.003 0.084 0.016 0.095 0.271 0.249
26 0.117 0396 0.235 0.122 0.249 0.153
28 0.485 0.867 0.715 0.249 0.773 0.580
30 0.003 0.227 0.055 0.012 0.216 0.138
32 <0.001 0.004 0.001 0.032 0.170 0.133
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Table 3. Generalized linear mixed effects model of resistant¢epur purea. Models include
fixed effects of experimental replicategatment, sampling year, sampling x treatment
interaction; population and interactions of population x year, population x treatment, and
population x treatment x year are considered random efiicisiass remaining posterbicide

was standardized to ndreated controls prior to analysis.

) Survival Biomass

Effect Df F P Df F P
Fixed Effects
Replicate 1 14.46 <0.001 1 12.58 <0.001
Treatment 5 154.74 <0.001 5 190.98 <0.001
Year 1 2.58 0.108 1 4.72 0.030
Year x Treatment 5 0.09 0.994 5 0.86 0.511
Random Effects X2 X2
Population 1 19.18 <0.001 1 4.97 0.026
Population=x=Year 1 23.75 <0.001 1 7.92 0.005
Population x-IFreatment 1 3.70 0.054 1 <0.001 1

Population x Treatment x

1 <0.001 1 1 <0.001 1
Year
Residual DF 5365 3595
Figures

Figure 1. Mapwof populations sampled from A) 2003 and B) 2012 within the US. Populations that
were genotyped in both 2003 and 2012 are indicated by a triangle (see Table S1 for sites used for
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resistance and growth trait measurements). The percent sdoligaing 3.4 kg ai/ha of

RoundU is indicated in color. Sites were sampled at least 5 km apart.

Figure 2. Genetic diversity indices compared between sampling years (2003 and 2012). Shown
are the median/(thick line) and lower and upper quartiles fon@Ajber of alleles (Na), (B)

effective number of alleles (Ne), (C) observed heterozygosity (Ho), (D) texplketerozygosity

(He), (E) alleliesrichness (AR), and (F) inbreeding coefficients)(F

Figure 3. Scatter plots of log likelihood values from assignment tests of indiVigugburea
plants sampled-in 2003 and 2012 based on genotypic data at 15 microsatellite loci. A higher
position relative to the-gxis indicates a higher likelihood of being from 2012 pool of
individuals and a higher positioslative to the »axis indicates greater likelihood of being from

2003 pool of individuals.
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