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The selection pressure exerted by herbicides has led to the re-

peated evolution of resistance in weeds. The evolution of her-

bicide resistance on contemporary timescales provides an out-

standing opportunity to investigate key open questions about

the genetics of adaptation, in particular the relative impor-

tance of adaptation from new mutations, standing genetic vari-

ation, and geographic spread of adaptive alleles through gene

flow. Glyphosate-resistant Amaranthus tuberculatus poses one

of the most significant threats to crop yields in the midwest-

ern United States (1), with both agricultural populations and

resistance only recently emerging in Canada (2, 3). To under-

stand the evolutionary mechanisms driving the spread of resis-

tance, we sequenced and assembled the A. tuberculatus genome

and investigated the origins and population genomics of 163

resequenced glyphosate-resistant and susceptible individuals in

Canada and the USA. In Canada, we discovered multiple modes

of convergent evolution: in one locality, resistance appears to

have evolved through introductions of preadapted US geno-

types, while in another, there is evidence for the independent

evolution of resistance on genomic backgrounds that are histori-

cally non-agricultural. Moreover, resistance on these local, non-

agricultural backgrounds appears to have occurred predomi-

nantly through the partial sweep of a single amplification haplo-

type. In contrast, US genotypes and those in Canada introduced

from the US show multiple amplification haplotypes segregating

both between and within populations. Therefore, while the re-

markable diversity of A. tuberculatus has facilitated geographic

parallel adaptation of glyphosate resistance, different timescales

of selection have favored either adaptation from standing varia-

tion or de novo mutation in certain parts of the range.

Glyphosate-resistant A. tuberculatus was first re-
ported in Missouri in 2005, but has since been documented
in 19 American states (1), with resistant biotypes harming
corn and soybean yields (3, 4). Agriculturally-associated A.
tuberculatus emerged in Canada in the province of Ontario
only in the early 2000’s, with reports of glyphosate resis-
tance following a decade later (2, 3). As with other herbi-
cides, resistance can evolve via substitutions at the direct tar-
get of glyphosate, 5-enolpyruvylshikimate-3-phosphate syn-

thase (EPSPS), or by polygenic adaptation involving differ-
ent loci in the genome (5–9). More often, glyphosate resis-
tance in Amaranthus has an unusual genetic basis: amplifica-
tion of the EPSPS locus (10–14). Gene amplification appar-
ently evolved independently in two Amaranthus species (13–
16), raising the possibility that it could have evolved multiple
times independently (17). While glyphosate resistance has
been studied from multiple angles (18–22), the recent dis-
covery of glyphosate-resistant A. tuberculatus in southwest-
ern Ontario affords the unique opportunity to evaluate evo-
lutionary origins and processes driving the recent spread of
herbicide resistance in an agronomically important weed.

We assembled a high-quality reference genome for A.
tuberculatus from a single individual with 58 Gb (approx.
87X genome coverage) of long read data collected on the
Pacific Biosciences Sequel platform using 15 SMRT cells.
After assembly, polishing, and haplotype merging, the refer-
ence genome consisted of 2,514 contigs with a total size of
663 Mb and an N50 of 1.7 Mb (see Sup Table 1 for details).
Our final genome size is consistent with recent cytometric es-
timates of 676 Mb (SE=27 Mb) for A. tuberculatus (23). The
new reference included 88% of the near-universal single copy
orthologs present in BUSCO’s Embryophyta benchmarking
dataset with 6% marked as duplicate (24). For chromosome-
scale sweep scan analyses, we further scaffolded our contigs
onto the resolved A. hypochondriacus genome (25), resulting
in 16 final pseudomolecules for analysis, including 99.8% of
our original assembly (see methods).

We resequenced whole genomes of 163 individuals to
10X coverage from 19 agricultural fields in Missouri, Illi-
nois, and two regions where glyphosate resistance has re-
cently appeared in Ontario—Essex County, an agriculturally
important region in southwestern Ontario, and Walpole Is-
land, an expansive wetland with growing agricultural activity.
We also sampled 10 individuals from natural populations in
Ontario as a non-agricultural, native Canadian comparison.
Genome-wide diversity in A. tuberculatus is extremely high,
even relative to other wind-pollinated outcrossers (26), with
diversity at four-fold degenerate sites = 0.041. The frequen-
cies of glyphosate resistance in our focal agricultural fields
ranged from 13% to 88%, based on greenhouse trials (see
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Fig. 1. Population structure and demographic history in A. tuberculatus. A) Demographic model of A. tuberculatus subspecies. Na refers to ancestral effective population
size. B) A PCA of genotypes from all samples across Ontario and the Midwest, with both PC1 and PC2 significantly relating to both longitude and latitude. C) Treemix results
showing the maximum likelihood of relatedness between all populations based on allele frequencies. D) STRUCTURE plot of admixture across regions and populations from
west (left) to east (right), with most likely number of clusters (K) = 2. Predominantly resistant populations are indicated by an asterix.

Methods). Samples from natural populations in Ontario had
no glyphosate resistance.

To dissect the genetic origins of convergent adaptation
to glyphosate across the sampled range, we first characterized
genome-wide patterns of population structure, demography,
and differentiation. Population structure, demographic mod-
elling (Fig 1), and phenotypic characterization confirmed the
presence of two previously hypothesized ancestral lineages
(27, 28): A. tuberculatus var. rudis, which arose in the south-
ern midwest US and is thought to be pre-adapted to agricul-
tural environments (27, 28), and A. tuberculatus var. tubercu-
latus, a variety native to the northeast US and Canada, found
primarily in riparian environments (3). Population structure
largely reflects historical range limits (28): natural Ontario
populations possess the diagnostic indehiscent seed pheno-
type and are genetically homogeneous for ancestry of the var.
tuberculatus lineage, Missouri samples are homogeneous for
the var. rudis lineage, while Illinois, a region of sympatry in
the historical range of the two subspecies, is admixed, with
the amount of admixture generally increasing from west to
east (Fig 1C,D). The most likely tuberculatus-rudis demo-
graphic model is one of secondary contact, with var. rudis

having undergone a bottleneck followed by a dramatic ex-
pansion (Fig 1A). Therefore, population genomic analyses
largely support the interpretation of two varieties diverging
on either side of the Mississippi river, which were recently
brought back into contact through human-mediated expan-
sion of var. rudis.

Analysis of agricultural populations in Ontario, which
have only recently become problematic, shed new light on the
demographic source of the A. tuberculatus invasion. Popula-
tions from Essex county fall completely within the var. rudis
cluster, with a treemix model indicating that Essex popula-
tions are most closely related to the most western Missouri
population (Fig 1C), from which 99.6% of the Essex genome
derived (f statistic, (29)). These patterns of population struc-
ture are distinct from the continuous gradient of west-east
ancestry previously reported (27), and support the hypoth-
esis that glyphosate-resistant A. tuberculatus was introduced
to Ontario through seed-contaminated agricultural machinery
(3) or animal-mediated seed dispersal (30).

In contrast, populations from Walpole Island, where
glyphosate resistance was first reported in Ontario (2), are
mainly of the eastern var. tuberculatus type (Fig 1). Con-
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Fig. 2. EPSPS copy number variation among individuals, and its relationship with resistance. A) EPSPS copy number significantly explains phenotypic resistance within each
agricultural region (solid linear regression line), with proline-106-serine EPSPS substitution (in red) substantially increasing the variation explained in Essex and the Midwest,
but not in Walpole (dashed linear regression line).

sistent with structure analyses, Walpole populations are the
least differentiated from nearby natural populations (DXY =
0.0448; Sup Fig 1). This is surprising given past sugges-
tions that var. rudis ancestry is a key prerequisite for agri-
cultural invasion (3, 27), and suggests that these populations
may have experienced strong and rapid local adaptation upon
the conversion of wetlands to agricultural fields. A GO en-
richment test for the top 1% of loci with excess differentiation
between Walpole and natural populations for a given level
of Walpole diversity (representing loci that have undergone
positive selection in Walpole; Sup Fig 2) showed significant
enriched for biological processes involved in gene expres-
sion, RNA processing, and several metabolism related classes
(Sup Table 3) that broadly function in flowering time, growth,
stress response, nitrogen metabolism, and heavy metal detox-
ification. Flowering time and growth rate have previously
been identified as playing a role in A. tuberculatus agricul-
tural adaptation (31), while the other traits are strong candi-
dates for future investigations of phenotypes and genes that
underlie high fitness in these frequently disturbed environ-
ments that experience a wide array of synthetic inputs. More-
over, mutations in one outlier gene identified, CHY1, a per-
oxisomal hydrolase involved in cold tolerance (32), has been
shown in Arabidopsis to confer resistance to the herbicide
2,4-dichlorophenoxybutyric acid (2,4-DB) by preventing its
— ≠ oxidation to toxic 2,4-D(33).

While Walpole presents itself as a striking example of
rapid agricultural adaptation, whereas Essex is an introduc-
tion of a preadapted genotype to a new locale, this conver-
gent evolution on agricultural fields may not be solely the
result of de novo mutations. Populations from Walpole Is-
land show some level of introgression from var. rudis (f =
17.8%), while treemix estimates that 9/10 migration events
(explaining 2.5% of SNP variation) across all samples in-
volve Walpole (Fig 1C). Thus, both adaptive introgression
from the western var. rudis clade and/or de novo adaptation
from local natural populations could be playing a role in the
adaptation to agricultural environments, and possibly the evo-

lution of glyphosate resistance.
Two major evolutionary paths to glyphosate resistance

are amplification of wild-type EPSPS or non-synonymous
mutations that make the enzyme resistant to glyphosate inhi-
bition. To better understand the genetic mechanisms under-
pinning glyphosate resistance, we investigated how variation
in resistance relates to these two classes of EPSPS mutations.
Using our genomic data to quantify sequence copy number
(see methods), we found that of 84 individuals assayed in
the greenhouse as resistant, 60 (71%) had elevated EPSPS
copy number. While EPSPS amplification was most frequent
in the Midwest (82.5% of resistant individuals, compared to
70% in Walpole and 52% in Essex), the magnitude of the
amplification in resistant individuals was on average almost
twice in Walpole (~9 copies, compared to 5 in the Midwest,
and 4 in Essex). Previous estimates of EPSPS copy number
in resistant A. tuberculatus are up to 17.5X that of diploid
susceptibles (10); we found two individuals in Walpole with
29X copy number (Fig 2). A regression of resistance onto
copy number was significant in all three geographic regions
(Walpole p = 2.6e-07; Essex p = 0.002; Midwest p = 3.5e-06),
explaining 48% of the variation in resistance in Walpole, but
only 23% and 27% in Essex and the Midwest, where an addi-
tional 10% of variation was explained by a non-synonymous
change, proline-106-serine (Fig 2).

Our chromosome-scale genome assembly provided a
unique opportunity to determine the genomic footprint of se-
lection around EPSPS in different populations. Across all
populations, the EPSPS amplification was much more ex-
tensive than the 10 kb EPSPS gene—phenotypically resis-
tant individuals were characterized by an increase in copy
number mean and variance for up to 7 Mb of the reference
genome, encompassing 108 genes (Sup Fig 3). While the
EPSPS amplification showed the strongest selective signal on
the EPSPS-bearing chromosome, we found distinct selective
patterns associated with EPSPS across agricultural regions.
Sweepfinder2 (35, 36) estimated the strongest amplification-
related sweep signal in Walpole; the top 5% of putatively
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Fig. 3. Population genetic signals of selection near EPSPS. Comparisons of the deficit of diversity (top row), relative differentiation (middle row), and extended haplotype
homozygosity (XP-EHH (34)) (bottom row) between phenotypically resistant and susceptible individuals in each agricultural region, across chromosome 5. EPSPS is delimited
by the vertical grey dashed line, while the EPSPS-related amplification spans 23 - 30 Mb on chromosome 5.

selected windows experienced an estimated 50x and 100x
stronger selection in phenotypically resistant individuals in
Walpole compared to Essex and the Midwest, respectively
(Sup Fig 4). Moreover, there was a marked reduction in ge-
netic diversity around EPSPS, as well as elevated differenti-
ation and extended haplotype homozygosity XP-EHH score
(34), in resistant compared to susceptible individuals from
Walpole (across the 7 Mb region: fires-fisus = -0.0087, FST
= 0.0059, XP-EHH = 0.0472) (Fig 3). In contrast, diversity
was elevated and differentiation reduced in resistant individ-
uals from Essex and the Midwest, where the latter actually
showed excess heterozygosity (Essex: fires-fisus = 0.0013,
FST = 0.0028, XP-EHH = 0.0297; Midwest: fires-fisus =
0.0078, FST = 0.0006, XP-EHH = -0.0019) (Fig 3).

These differences in the estimated severity of selec-
tion and the extent of sweep signals among agricultural re-
gions are thus likely to be driven by whether adaptation is
proceeding from soft versus hard sweeps (37–40). We there-
fore mapped the distribution of copy number onto a maxi-
mum likelihood haplotype tree of SNPs within EPSPS (Fig
4), and indeed, patterns suggest that the number of origins of
resistance varies considerably between agricultural regions.
Whereas Walpole resistant haplotypes are highly clustered,
implying a single independent origin, resistant haplotypes
in Essex are scattered between susceptible haplotypes, both
within and between populations. Similarly in the Midwest,
EPSPS resistant haplotypes show soft state-level patterns,
however the tree is punctuated both by clusters of resistant
populations and populations where resistant individuals are
spread across the tree, implying both independent evolution-
ary origins within and among populations in the Midwest
(Fig 4).

To further assess these polymorphism-based infer-
ences, we also looked at the similarity in the copy num-
ber profiles of the EPSPS amplified region; Indeed, they
vary considerably across our samples (Fig 5A), suggesting
multiple independent amplification events that subsequently
spread through a range-wide soft selective sweep. To quan-
tify this, we calculated for all possible pairs of resistant in-

dividuals, how well genomic coverage in the 1 Mb region
surrounding EPSPS was correlated between them (Fig 5B).
Again, the two Canadian regions showed very different pat-
terns; coverage in individuals from Walpole island was very
highly correlated (average of Spearman’s r= 0.95), suggest-
ing the spread of a single amplification haplotype through a
hard selective sweep, while the average correlation was much
lower in Essex (r= 0.56), even when comparing individuals
from the same populations (r= 0.54 and 0.61), suggestive of
multiple independent amplification haplotypes (Fig 4). Simi-
lar to Essex, there appeared to be multiple amplification hap-
lotypes in the Midwest (r= 0.47), with evidence consistent
with either hard (r= 0.94, 0.95, 0.93) and soft sweeps (r=
0.66, 0.74, 0.75) in individual populations (Fig 4).

Further investigations into these patterns of genetic
differentiation and similarity in the amplification profile
among agricultural regions can help to distinguish among
modes of adaptation and the evolutionary mechanisms by
which glyphosate resistance has spread. Although Walpole
shows signs of admixture from var. rudis, polymorphism at
EPSPS in Walpole is clearly differentiated from both Essex
and the Midwest (Sup Fig 5), and while copy number pro-
files are almost perfectly correlated within Walpole, they are
distinct from those found in Essex and the Midwest (Fig 5).
This suggests that the evolution of glyphosate resistance in
Walpole occurred independently, likely from selection on a
de novo mutation. However, adaptive introgression of the
EPSPS amplification into Walpole from an unsampled popu-
lation is also possible. In contrast to Walpole, Essex shows
low differentiation chromosome-wide and at EPSPS with the
Midwest (Sup Fig 5), low within region copy profile corre-
lations, but interestingly, has sporadic high correlations with
a number of individuals that span many Midwestern popu-
lations (Fig 5). Distinct from these patterns, the Midwest
shows high within-population correlations, where amplified
individuals in these populations typically have one to a few
high frequency amplification haplotypes segregating. Given
the strength of within population correlations in the Midwest,
and that from our demographic inference Essex appears to be
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a recent seed-mediated dispersal event, the shared origins of
this amplification between Essex and the Midwest is likely
to have occurred via gene flow. Thus, together with results
from population structure and demographic history, resis-
tance evolution on the more agriculturally-naive var. tubercu-
latus background seems to be occurring in a mutation-limited
framework, relying on evolutionary rescue via de novo mu-
tation. In contrast, and as suggested in Ralph & Coop 2010
and Kreiner et al., 2018 (41, 42), a longer history of tempo-
rally and geographically fluctuating selection for glyphosate
resistance on the var. rudis background in the Midwest seems
to be maintaining multiple independent amplification haplo-
types both within and among populations, some of which ap-
pear to have spread to Essex via gene flow.

In summary, this work highlights multiple modes of
convergent evolution in the spread of glyphosate resistance,
through several independent origins from new mutations,
selection from recently arisen pre-existing variation, and
gene flow via seed translocation. Moreover, we show that
the propensity for adaptation from soft selective sweeps
depends on the timescale of selection, with populations naive
to agricultural environments being apparently limited to
adaptation from new mutation. That agricultural adaptation
of historically non-weedy lineages can occur on contem-
porary timescales calls for broader management strategies
that encompass preventing seemingly benign weeds from
establishing and adapting, regional seed containment, and
local integrative control of herbicide-resistant weeds.
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Methods
Plant Collections. Seed was collected from Ontario natural populations and agricultural fields in the fall of 2016, and Mid-
western populations in 2010 initially for investigation in Chatham et al., 2015 (1). Agricultural fields that exhibited poor control
of A. tuberculatus were selected for sampling and thus are biased towards particularly high levels of glyphosate resistance, and
do not accurately represent levels of resistance across randomly sampled populations across the range.

High Molecular Weight DNA Extraction. High molecular weight (HMW) DNA was extracted from the leaf tissue of a
single 28-day-old glyphosate-resistant male A. tuberculatus plant from the Midwest United States using a modified version of
the Doyle and Doyle nuclei isolation protocol (2).

Nuclei isolation was carried out by incubating 30 g of ground leaf tissue in a buffer comprising
tris(hydroxymethyl)aminomethane, potassium chloride, ethylenediaminetetraacetic acid, sucrose, spermidine and sper-
mine tetrahydrochloride (Sigma-Aldrich, MO, USA). The homogenate was subsequently filtered using miracloth and
precipitated by centrifugation. G2 lysis buffer, RNase A and Proteinase K (Qiagen, Venlo, Netherlands) were then added prior
to an overnight incubation at 50°C and centrifugation at 4°C. The supernatant containing the DNA solution was then added
to an equilibrated Qiagen genomic tip 100 (Qiagen, Venlo, Netherlands). Following this, clean genomic DNA was eluted and
precipitated using isopropanol. Finally, high molecular weight DNA was isolated by DNA spooling.

SMRTbell Library Preparation and Sequencing. HMW genomic DNA was sheared to 30 kb using the Megaruptor®
2 (Diagenode SA, Seraing, Belgium). DNA-damage and end repair was carried out on the fragmented DNA prior to
blunt adaptor ligation and exonuclease purification using ExoIII and ExoVII, in accordance with the protocol described by
Pacific Biosciences (P/N 101-024- 600-02, Pacific Biosciences, California, USA). The resultant SMRTbell templates were
size-selected using a BluePippin™ (SageScience, MA, USA) instrument with a 15 kb cut off and a 0.75% DF Marker S1
high-pass 15 kb -20 kb gel cassette. The final library was sequenced on a Sequel System (Pacific Biosciences, CA, USA) with
a v2 sequencing chemistry, MagBead loading and SMRT Link UI v4.

Lucigen PCR-free Library Preparation and Sequencing. DNA from natural and agricultural A. tuberculatus populations
sampled from the Midwest United States and Ontario was fragmented to a 350 bp insert size using a Covaris S2 Focused
Ultrasonicator (Covaris, MA, USA). Subsequent end-repair, A-tailing, Lucigen adaptor ligation and size-selection was
performed using the Lucigen NxSeq® AMPFree Low DNA Library Kit (Lucigen, WI, USA). Libraries were quantified using
the Qubit 2.0 (Life Technologies, CA, USA) while library profiles were analysed using a Bioanalyzer High Sensitivity Chip on
an Agilent Bioanalyzer 2100 (Agilent Technologies, CA, USA). The libraries were then sequenced to a coverage depth of 10X
on an Illumina HiSeq 3000 instrument using a HiSeq 3000/4000 SBS kit and paired-end 150 base read chemistry.

Genome assembly & haplotype merging. The genome was assembled from 58 Gb of long read data using Canu (version
1.6; genomeSize=544m; other parameters default) (3). Raw contigs were polished with Arrow (ConsensusCore2 version
3.0.0; consensus models S/P2-C2 and S/P2-C2/5.0; other parameters default) and Pilon (version 1.22; parameters default)
(4). Polished contigs were repeat masked using WindowMasker (version 1.0.0; -checkdup; other parameters default) (5).
Repeat-masked contigs were screened for misjoints and subjected to haplotype merging using HaploMerger2 (commit
95f8589; identity=80, other parameters default (6). A custom scoring matrix was supplied to both lastz steps of Haplomerger2
(misjoint and haplotype detection). The scoring matrix was inferred from an all-vs-all contig alignment using minimap2
(version 2.10; preset asm10; other parameters default) (7) taking only the best contig-to-contig alignments into account. The
final assembly was finished against the chromosome-resolved A. hypochondriacus genome (8) using reveal finish (commit
98d3ad1; –fixedgapsize –gapsize 15,000; other parameters default) (9). The 16 resulting pseudo chromosomes represented
99.6% of our original assembly and were used for all chromosome-wide scans, such as sweep signal detection

Assembly, SNP calling, and gene annotation. We used freebayes (10) parallel to call SNPs jointly on all samples. For
whole genome analyses, we used a thoroughly filtered SNP set following the guidelines of Fang 2014 and dDocent (11, 12)
adapted for whole genome data: sites were removed based on missing data (>80%), complexity, indels, allelic bias ( <0.25
& >0.75), whether there was a discrepancy in paired status of reads supporting reference or alternate alleles, mapping quality
(QUAL < 30, representing sites with greater than a 1/1000 error rate), and lastly, individuals with excess missing data (>5%)
were dropped. This led to a final, high confident set of 10,280,132 SNPs. For EPSPS specific analyses and genome wide
investigations that required invariant sites, we recalled SNPs with samtools(V1.7) and bwa-mem (V0.7.17). Bams were sorted
and duplicates marked with sambamba (V0.6.6), while read groups were added with picard (V2.17.11). Sites were minimally
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filtered on mapping quality and missing data, (keeping only sites with MQ > 30 & < 20% missing data), so that we did not bias
our diversity estimates by preferentially retaining invariant or variant sites.

We performed gene annotation on both our final assembly and the hypochondriacus-finished pseudoassembly using
the MAKER annotation pipeline. A. tuberculatus-specific repeats were identified using RepeatModeler (v1.0.11; (13)), com-
bined with the RepBase repeat library, and masked with RepeatMasker (v4.0.7; (14)). This repeat-masked genome was then
run through MAKER (v2.31.8; (15)), using EST evidence from an A. tuberculatus transcriptome assembly (16) and protein
homology evidence from A. hypochondriacus (17). The gene models were further annotated using InterProScan (v69.0; (18)),
resulting in a total of 30,771 genes and 40,766 transcripts with a mean transcript length of 1245 bp. The mean annotation edit
distance (AED) score was 0.21 and 98.1% of the gene predictions had an AED score of less than 0.5, indicating high quality
annotations.

Phenotyping. Seedlings from each population were grown in a 1:1:1:1 soil:peat:Torpedo Sand:LC1 (SunGro commercial
potting mix) medium supplemented with 13-13-13 Osmocote in a greenhouse that was maintained at 28/22°C day/night
temperatures for a 16:8 h photoperiod. Plants were sprayed at the 5-7 leaf stage with 1,260 g active ingredient per hectare
glyphosate (WeatherMax 4.5 L, Monsanto, Chesterfield, MO). Fourteen days after treatment, plants were rated visually on a
scale of 0 (highly sensitive) to 5 (no injury). Plants rated with a 2 or higher were classified as resistant. Prior to herbicide
treatment, single leaf samples were taken from each plant and stored at -80°C until ready for gDNA extraction. Tissue from
plants rated as highly glyphosate-resistant or susceptible were selected from each population for genomic DNA extraction
using a modified CTAB method (2).

Copy number estimates. The scaled coverage haplotype and copy number at EPSPS was estimated by dividing the coverage
at each site across the focal region by the mode of genome wide coverage after excluding centromeric regions and regions of
low coverage (<3X), which should represent the coverage of single-copy genes.

Structure, demographic modelling & summary statistics. In order to model neutral demographic history and estimate
neutral diversity, we used a python script (available at https://github.com/tvkent/Degeneracy) to score 0-fold
and 4-fold degenerate sites across the genome. This procedure estimated there to be 17,454,116 0-fold and 4,316,850 4-fold
sites across the genome, and after intersecting with our final high quality freebayes-called SNP set, resulted in 345,543 0-fold
SNPs and 326,459 4-fold SNPs. The later was used as input for demographic modelling.

Our two-population demographic model of A. tuberculatus modelled the split between the A. tuberculatus var. tu-

berculatus and var. rudis subspecies, by collapsing individuals into one of the two lineages by their predominant an-
cestry as identified in our STRUCTURE analyses. This was estimated in ai (V1.7.0)(19) using the pipeline available on
https://github.com/dportik/dadi_pipeline (20). 1D and 2D site frequency spectrums were estimated using
the program easySFS (https://github.com/isaacovercast/easySFS), where samples where our SFS were pro-
jected downwards to exclude missing data, while maximizing the total number of sites and individuals. We ensured that the
log-likelihood of our parameter set had optimized by iterating the analysis over four rounds of increasing reps, from 10 to 40.
We tested a set of 20 diversification models, that varied split times, symmetry of migration, constancy of migration, population
sizes, and size changes. The most likely inferred demography followed a model of secondary contact, where initially popula-
tions split with no gene flow, followed by size change with asymmetrical gene flow. estimated 8 parameters: size of population
1 after split (nu1a), size of population 2 after split (nu2a), the scaled time between the split and the secondary contact (in units
of 2*Na generations) (T1), the scaled time between the secondary contact and present (T2), size of population 1 after time
interval (nu1b), size of population 2 after time interval (nu2b), migration from pop 2 to pop 1 (2*Na*m12), and migration from
pop 1 to pop 2 (m21). N

e

was calculated by subbing the per site theta estimate (after controlling for the effective sequence
length to account for losses in the alignment and missed or filtered calls), and the A. thaliana mutation rate (7*10-9) (21) into
the equation ◊ = 4N eµ.

We used PLINK (V1.9) to perform a PCA of genotypes from our final freebayes SNP set after thinning for linkage
disequilibrium, STRUCTURE (V2.3.4) (22) to estimate admixture across populations, and treemix (V3) (23) to infer patterns
of population splitting and migration events. To calculate summary statistics (fi, FST, DXY), we used scripts from the genomics
general pipeline available at https://github.com/simonhmartin/genomics_general, binning SNPs into 10 kb
windows, overlapping by 1 kb. To estimate the proportion of introgression of var. rudis ancestry into Walpole agricultural
populations (f ), we also used the genomics general pipeline, however using a window sizes of 100 kb with 10 kb overlaps, to
minimize stochasticity in these estimates due to a low number of SNPs. Specifically, we looked at the proportion of introgres-
sion from Essex (P3) into Walpole (P2), relative to natural populations (P1), as well as the proportion of introgression from
Midwestern populations (P3) into Essex (P2), relative to natural populations (P1), using A. hypochondriacus as an outgroup.
We then used a blocked jacknife to attain confidence interval estimates for f, using a block size of 1 Mb. To use A. hypochon-
driacus as the outgroup, we aligned the hypochondriacus genome to our A. tuberculatus pseudoreference with LASTZ (24). For
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the outlier analysis of putative genes underlying contemporary agricultural adaptation in Walpole, we performed a regression
of within Walpole diversity against between Walpole-Natural population differentiation. We then classified windows as outliers
that had the top 1% of extreme values of differentiation for a given level of diversity, which should represent regions in the
genome, specific to Walpole, that have recently undergone positive selection. A GO enrichment test was then performed for
these outlier regions, after finding their intersect annotated A. tuberculatus genes, and their orthologues in A. thaliana using
orthofinder (25).

Detecting selective sweeps & estimating recombination rate. To detect differences in the strength and breadth of sweep
signal associated with selection from glyphosate herbicides across geographic regions, we used SNPs called from the psue-
doassembly of our A. tuberculatus reference mapped onto the fully resolved A. hypochondriacus genome (as described above,
with same calling procedures as in the SNP calling section). Sweep detection can be strongly influenced by heterogeneity in
recombination rate, and so as a control (in our Sweepfinder2 and XPEHH analyses), we used the interval function in LDhat

(26) to estimate variable recombination rate independently across all 16 chromosomes of the pseudoassembly, using a precom-
puted lookup table for a theta of 0.01 for 192 chromosomes. Accordingly, we randomly subsetted individuals to retain only
96 individuals for computation of recombination rate estimates, which was implemented by segmenting the genome into 2,000
SNP windows, following the workflow outline in https://github.com/QuentinRougemont/LDhat_workflow.

We ran BEAGLE (V4.0) (27) to phased haplotypes on chromosome 5, where the EPSPS gene is localized. These
phased haplotypes were used for the haplotype-homozygosity based sweep analyses, XP-EHH (28), calculated based on the
difference in haplotype homozygosity between resistant and susceptible individuals for each geographic region after controlling
for recombination rate, all of which was implemented in selscan (29). Phased haplotypes were also used to calculate a maximum
likelihood tree for the 235 SNPs that fell within the EPSPS gene. For each tree, we realigned sequences before bootstrapping
1,000 replicates of our haplotree with clustal omega (30). In contrast to haplotype-based methods that required phased data, we
also ran Sweepfinder2 (31, 32) a program that compares the likelihood of a selective skew in the site frequency spectrum (SFS)
at focal windows compared to the background SFS while controlling for heterogeneity in recombination rate. The SFSs of 10
kb windows across chromosome 5 were compared to the genome-wide SFSs at 4-fold degenerate sites. Lastly, we investigated
similarity in the EPSPS amplification within and among populations and regions by estimating the Spearman’s rank correlation
coefficient for all pairwise comparisons of resistant, amplification-containing individuals. This was done for the 1 Mb region
surrounding EPSPS, for the length of the most proximal, continuous segment of the amplification.
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Supplemental Tables & Figures

Sup Table 1. Metrics of the raw and the haplotype-reduced reference genome assemblies

Total Size Sequence N50 Longest sequence Completeness Duplicates
(Mb) (#) (bp) (bp) (%) (%)

Raw Assembly 1,159,758,700 4,207 905,938 9,167,955 90 71

Assembly

Haploid Assembly 68713,655,7241,738,8712,514663,660,067

Sup Table 2. Correlation of PC1 and PC2 with both longitude and latitude. From four separately run ANOVAs.

Longitude
PC1 r2=0.05279 p=0.00190 F1,160=9.073
PC2 r2=0.7685 p=<2.2e-16 F1,160=535.3

Latitude
PC1 r2=0.08058 p=0.0001482 F1,160=15.11
PC2 r2=0.6025 p=<2.2e-16 F1,160=245.1

Sup Table 3. GO enrichment. Based on the 1% outliers of windows with excess differentiation between Walpole and Natural populations
for a given level of Walpole diversity.

GO biological process complete expected Fold Enrichment raw P value FDR
RNA processing 5.51 3.27 1.45E-05 7.16E-03
RNA metabolic process 9.47 2.75 3.79E-06 2.24E-03
nucleic acid metabolic process 12.59 2.94 4.22E-09 1.25E-05
nucleobase-containing compound metabolic process 16.11 2.67 3.12E-09 1.84E-05
organic cyclic compound metabolic process 20.33 2.31 5.01E-08 5.93E-05
organic substance metabolic process 59.14 1.49 1.52E-05 6.90E-03
metabolic process 67.16 1.4 7.96E-05 3.14E-02
cellular nitrogen compound metabolic process 22.25 2.16 3.55E-07 3.51E-04
nitrogen compound metabolic process 45.92 1.65 1.71E-06 1.44E-03
cellular metabolic process 56.36 1.54 3.61E-06 2.37E-03
cellular process 81.17 1.34 7.54E-05 3.19E-02
heterocycle metabolic process 18.32 2.46 1.84E-08 2.72E-05
cellular aromatic compound metabolic process 19.48 2.41 1.24E-08 2.44E-05
primary metabolic process 53.96 1.54 8.71E-06 4.68E-03
macromolecule metabolic process 40 1.72 1.82E-06 1.34E-03
gene expression 11.38 2.28 9.08E-05 3.36E-02
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Sup Figure 1. The relationship between absolute diversity (DXT), relative diversity (FST), and within population diversities (fi) for among
geographic region comparisons. For each comparison, points refer to the mean of 100 kb windows, with corresponding boxplots and
density curves for each summary statistic.
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Sup Figure 2. Walpole diversity against differentiation between Walpole and Natural populations for 10 kb windows across the genome.
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Sup Figure 3. Median and variance in EPSPS copy number for resistant (yellow) and susceptible (green) individuals across the
chromosome 5 in each region. Dashed vertical lines indicate location of EPSPS.
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Sup Figure 4. Sweepfinder2 likelihood ratio scores of a sweep occurring across chromosome 5. Scores were controlled for recombi-
nation rate variation and the genome-wide neutral site frequency spectrum. Alpha refers to the relative strength of recombination vs
selection, with small values indicating strong selection (31).
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Sup Figure 5. Relative differentiation (FST) for 10 kb windows among agricultural populations across chromosome 5. EPSPS delimited
by the vertical dashed line.
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