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Rapid weed adaptation and range expansion in
response to agriculture over the past two centuries
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North America has experienced a massive increase in cropland use since 1800, accompanied more
recently by the intensification of agricultural practices. Through genome analysis of present-day and
historical samples spanning environments over the past two centuries, we studied the effect of

these changes in farming on the extent and tempo of evolution across the native range of the common
waterhemp (Amaranthus tuberculatus), a now pervasive agricultural weed. Modern agriculture has
imposed strengths of selection rarely observed in the wild, with notable shifts in allele frequency
trajectories since agricultural intensification in the 1960s. An evolutionary response to this extreme
selection was facilitated by a concurrent human-mediated range shift. By reshaping genome-wide
diversity across the landscape, agriculture has driven the success of this weed in the 21st century.

gricultural practices across North America

have rapidly intensified over the past

two centuries through cropland expansion

(I), monoculture plantings (2, 3), and

increased chemical inputs (4, 5). Since
the beginning of the 1800s, cropland usage
has expanded from 8 million to 200 million
hectares in Canada and the United States
alone (7). Since the mid-1900s, development
of new crop varieties—including high-yield
and herbicide-resistant wheat, corn, and soy
(6, 7)—has greatly improved the efficiency of
food production in all farming sectors. Com-
bined with increased reliance on pesticides,
fertilizers, irrigation, and large-scale mecha-
nization, this global transformation is often
referred to as the agricultural Green Revolution
(8-10). Pesticide effectiveness, however, has
been limited by the evolution of resistance
across numerous pest species (17-14). Although
technological innovation for efficient food pro-
duction has risen with increasing global food
demands, the concomitant landscape conver-
sion has become one of the foremost drivers
of global biodiversity loss (15).

Species that have managed to survive, and
even thrive, in the face of such extreme envi-
ronmental change provide notable examples of
rapid adaptation on contemporary time scales
and illustrate the evolutionary consequences
of anthropogenic change. One such species
is the common waterhemp (Amaranthus
tuberculatus), an agricultural weed that is
native to North America and persists in large
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part in natural, riparian habitats (16, 17), which
provides an opportunity to investigate the time
scale and extent of contemporary agricultural
adaptation. The genetic changes underlying
weediness are particularly important to under-
stand in A. tuberculatus because it has recently
become one of the most problematic agricul-
tural weeds in North America as a result of its
widespread adaptation to herbicides, its per-
sistence in fields across seasons, and its strong
ability to compete with both soy and corn
(18, 19). Determining the roles of newly arisen
mutations, genetic variants predating the onset
of environmental change (20, 21), migration
across the range (22), and their interactions
(23, 24)) will inform the temporal and spatial
scales at which contemporary adaptation occurs
and management strategies should be used.
To understand how changing agricultural
practices have shaped the success of a ubiqg-
uitous weed, we analyze genomic data from
contemporary paired natural and agricultural
populations alongside historical herbarium sam-
ples collected from 1828 until 2011 (Fig. 1). With
this design, we identify candidate agriculturally
adaptive alleles (i.e., those that occur at consist-
ently higher frequencies in agricultural compared
with nearby natural sites), track their frequencies
across nearly two centuries, and link the tempo
of weed adaptation to demographic changes
and key cultural shifts in modern agriculture.

The genome-wide signatures of
agricultural adaptation

To find alleles favored under current farming
practices, we looked for those that were con-
sistently overrepresented in extant populations
collected in agricultural habitats compared with
neighboring riparian (natural) habitats (25)
using Cochran-Mantel-Haenszel (CMH) tests
(Fig. 2A). Alleles associated with agricultural
environments [the 0.1% of single-nucleotide
polymorphisms (SNPs) with the lowest CMH
Pvalues; n = 7264] are significantly enriched
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for 29 gene ontology (GO) biological process
terms related to growth and development;
reproduction; cellular metabolic processes;
and responses to abiotic, endogenous, and ex-
ternal stimuli, including responses to chem-
icals (table S1). The importance of chemical
inputs in shaping weed agricultural adapta-
tion is clear in that the most significant agri-
culturally associated SNP {raw P value = 8.6 x
107", [false discovery rate (FDR)-corrected]
Q value = 0.00062} falls just 80 kb outside the
gene protoporphyrinogen oxidase (PPO)—the
target of PPO-inhibiting herbicides (Fig. 2B).
PPO-inhibiting herbicides were widely used in
the 1990s and have had a recent resurgence
to control and slow the spread of glyphosate-
resistant weeds (26, 27). Other genes with the
strongest agricultural associations include
ACOI, which has been shown to confer oxi-
dative stress tolerance (28); HB13, involved
in pollen viability (29) as well as drought and
salt tolerance (30); PMES3, involved in growth
through germination timing (31); CAM1, a regu-
lator of senescence in response to stress (32, 33);
and both CRY2 and CPD, two key regulators of
photomorphogenesis and flowering through
brassinosteroid signaling (34-37) (table S2).
These changes are consistent with agricultural
selection to grow in high-stress and high-
disturbance environments among fast-growing
crops. Natural-versus-agricultural allele fre-
quency differentiation (Fgr) is highly corre-
lated with the CMH test statistic (Pearson’s
correlation coefficient 7 = 0.987), with 78% (98%)
of CMH focal SNPs overlapping with the top
0.01% (0.1%) of Fgr hits (fig. S1). Despite neg-
ligible genome-wide differentiation among en-
vironments suggesting widespread gene flow
(Fst = 0.0008; with even lower mean Fgr be-
tween paired sites = —0.0029; Fig. 2C), our re-
sults suggest that strong antagonistic selection
acts to maintain spatial differentiation for par-
ticular alleles, with 403 SNPs showing a CMH
Q < 0.10 (251 after aggregating linked SNPs).
To further investigate the extent to which
herbicides shape adaptation to agriculture,
we assayed patterns of environmental dif-
ferentiation by known herbicide-resistance
variants. Eight such alleles were present in
contemporary samples, only six of which were
common (table S3): a deletion of codon 210
within PPO (38), a copy number amplifica-
tion and a nonsynonymous mutation within
5-enolpyruvylshikimate-3-phosphate synthase
(EPSPS) conferring resistance to glyphosate her-
bicides (39), and 3 separate nonsynonymous
mutations within acetolactate synthase (ALS)
conferring resistance to ALS-inhibiting herbi-
cides (19). Although these resistance alleles
were at intermediate frequencies in agricul-
tural populations, ranging from 0.08 to 0.35,
they tended to be rarer but still frequent in
natural populations, ranging from 0.04 to 0.22
(Fig. 2C). Four of six common resistance alleles
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Fig. 1. Sequenced waterhemp collections through space and time. (A) Map of 17 contemporary paired natural-agricultural populations [n = 187, collected and
sequenced by Kreiner et al. (25)] along with 108 newly sequenced herbarium specimens dating back to 1828 collected across three environment types: agricultural
(Ag), natural (Nat), and disturbed (Dist) (metadata provided in data S2). (B) Distribution of sequenced herbarium samples through time.

show significant allele frequency differences
across environments (EPSPSamp: F = 9.02,
P =0.008; PPO210: F = 53.39, P = 1.04 x 107",
ALS574: F = 4.95, P = 0.028; ALS376: F = 4.37,
P =0.038), two of which are among the strongest
signals of differentiation genome-wide. Natural-
versus-agricultural Fgr at the PPO210 deletion,
0.21, is higher than anywhere else in the ge-
nome and is even stronger when calculated
within population pairs (Fgr = 0.27) (Fig. 2C).
Similarly, the EPSPS amplification is ranked
20th among genome-wide biallelic Fgy values
at 0.14 (within-pair Fst = 0.22), in support of
herbicides as a foremost driver of agricultural
adaptation (Fig. 2D).

To infer the importance of selective trade-
offs in adaptation across natural and agricultural
environments, we implemented a Wright-Fisher
allele frequency-based migration-selection bal-
ance model for these four differentiated resist-
ance alleles as well as the top 30 independent
CMH outliers. Assuming that these alleles
are at a steady state between migration and
selection, we inferred that the costs of resist-
ance per migrant that has arrived into natural
environments are consistently higher than the
benefits of resistance per migrant that has
arrived into agricultural environments (per-
migrant cost-to-benefit ratio ranges from 1.39
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for EPSPSamp to 5.03 for the PPO210 dele-
tion; Fig. 2D and table S3). Thus, the spread of
these four common herbicide-resistance alleles
appears to be constrained either by more con-
sistent selection against resistance in herbicide-
free, natural environments or by particularly
high rates of migration of susceptible alleles
from natural into agricultural environments. In
comparison, for the top 30 independent CMH
outliers, the costs per migrant that has arrived
in natural environments were about equally
likely to be stronger or weaker (12/28, 42%)
than the benefits per migrant in agricultural
environments (fig. S2). This population genetic
inference provides a previously unused and
sensitive alternative to experimental studies of
fitness costs that vary greatly depending on
context (40), highlighting the potentially im-
portant role of resistance costs across a diverse
set of individuals within complex agricultural
and natural environments. In these field set-
tings, further work is necessary to understand
the contributions of temporal and spatial het-
erogeneity in both migration and selection for
and against resistance across the landscape.

Agriculturally adaptive alleles change rapidly

With the genome-wide set of 251 modern
agriculture-associated alleles, we searched for
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signatures of temporal evolution using newly
collected whole-genome sequence data from a
set of historical herbarium samples (2 = 108)
dating back to 1828. These samples provide
snapshots of the genetic changes that have
occurred over this time period and across envi-
ronment types, with collections from natural
and weedy (agricultural and disturbed) hab-
itats (Fig. 1). Of the 165 loci for which we had
sufficient information in the historical SNP
set (sequenced to 10x coverage, on average),
151 were segregating with the same reference-
alternate allele combination (i.e., 11 were
dropped because of multiallelism), and only
three were invariant. To model allele frequency
change through time at these alleles, we im-
plemented logistic regressions of genotypes
(within-individual allele frequencies) at each
locus by collection year, where twice the slope
of the logit-transform is equivalent to the
strength of selection (s) in a diploid model of
selection [where s is the fitness difference be-
tween homozygotes, assuming additivity; see
materials and methods for model and simu-
lations (41)].

Consistent with the rapid change in land
use and farming practices in the recent past,
the frequency of these 154 contemporary agri-
cultural alleles has increased substantially over
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Fig. 2. Signals of contemporary agricultural adaptation, gene flow, and
antagonistic selection across the genome in A. tuberculatus. (A) Results
from CMH tests for SNPs with consistent differentiation among environments
across contemporary natural-agricultural population pairs. A 10% FDR
threshold is indicated by the lower dashed horizontal black line, whereas
the Bonferroni-corrected P < 0.1 cut-off is shown by the upper dashed
horizontal gray line. Red points indicate focal agricultural-associated SNPs
after aggregating linked variation (r* > 0.25 within 1 Mb). Candidate
agriculturally adaptive genes for peaks that are significant at a 10% FDR
threshold are named. (B) CMH results from the scaffold containing the most
significant CMH P value, corresponding to variants linked to the PPO210
deletion conferring herbicide resistance and to the nearby herbicide-targeted

gene ALS. (C) Distribution of Fs7 values between all agricultural and natural
samples for ~3 million genome-wide SNPs (minor allele frequency > 0.05).
Vertical lines indicate Fsr values for the 10 candidate genes named in (A).
(D) Population-level frequencies of six common herbicide-resistance alleles
across geographically paired agricultural and natural habitats sampled

in 2018 (pairs connected by horizontal lines). The first four columns are
nonsynonymous variants in ALS and EPSPS followed by EPSPSamp (a 10-Mb-
scale amplification that includes EPSPS) and an in-frame single-codon
deletion in PPO. Estimates of per-migrant natural cost-to—agricultural benefit
ratio (C:B) are shown in the top right corner for the four resistance

alleles with significant (indicated by asterisks) allele frequency differences
(AFA) across environment types in a multiple linear regression.

the past two centuries. Whereas in natural
environments agriculturally associated alleles
have increased by 6% on average since 1870—
the earliest time point at which we have col-
lections across environment types—these same
alleles have increased by 22% in disturbed and
agricultural environments (Fig. 3A). This ob-
served change greatly exceeds the expected
change over this time period, based on genome-
wide patterns that reflect drift, migration, se-
lection, and demographic change [null 95%
interquantile range for allele frequency change
in natural sites = (2.7, 2.0.%); for change in
agricultural and disturbed sites = (3.3, 7.9%)].
We generated these null expectations by ran-
domly sampling a set of 154 1oci with the same
distribution of contemporary allele frequencies
(fig. S4) and calculating their frequency change
through time across herbarium samples, sep-
arately in each environment, 1000 times [see
materials and methods (41)]. That the observed
change in natural environments is also more
extreme than what is expected is consistent
with ongoing migration of agriculturally se-
lected alleles and subsequent costs in natural
environments.

The considerable increase in frequency of
these alleles across environments corresponds

Kreiner et al., Science 378, 1079-1085 (2022)

to notably strong selection, even when esti-
mated over century-long time periods. The
154 agriculture-associated alleles collectively
exhibit a selective strength of s = 0.022 since
the 1870s in agricultural and disturbed habi-
tats. However, these alleles exhibit much weaker
selection,s = 0.0056, in natural habitats [agri-
cultural and disturbed null interquantile range =
(0.0026, 0.0068); natural null interquantile
range = (—0.0018, 0.0018)]. An open question
in evolutionary biology is what distribution
of selection coefficients underlie adaptation
(42). We estimate that selection on agricultural-
associated loci varies between —0.196 and 0.150
in natural habitats and between —0.090 and
0.372 in agricultural and disturbed habitats,
reflective of left- and right-skewed distribu-
tions, respectively (Fig. 3B and fig. S5). The
top 15 agriculture-associated alleles that we
infer have experienced the strongest selection
over the past ~150 years include SNPs that map
near PPO, ACOI1, CCB2, WRKY13, BPL3, and
ATPD (table S4). We find that both the total
frequency change of agriculture-associated
alleles and the estimated strength of selection
in agricultural and disturbed environments
are positively correlated with the extent of
contemporary linkage disequilibrium around

9 December 2022

these loci (the number of SNPs within 1 Mb
with 72 > 0.25) (frequency change: F = 5.16, P =
0.024, r = 0.12; strength of selection: F = 3.99,
P = 0.048, r = 0.058; fig. S6), consistent with
theoretical expectations for the genomic sig-
natures of recent positive selection (43, 44).
‘We next investigated how well the trajectory
of modern agricultural alleles reflects the rise
of industrialized agricultural regimes over the
past century. When we split our samples into
those that predate versus those that come after
the intensification of agriculture during the
Green Revolution, we find that the increase in
frequency of agricultural alleles was negligible
in agricultural and disturbed environments be-
fore the 1960s (predicted 1870-t0-1960 change =
0.005). By contrast, change subsequent to 1960
nearly completely accounts for the observed
rise in frequency of modern agricultural alleles
(predicted 1960-t0-2018 change = 0.219 versus
total 1870-t0-2018 change = 0.221) (Fig. 3C).
Corresponding estimates of selection by logistic
regression using only data from before 1960
show no evidence of selection on these loci in
disturbed and agricultural habitats [s = 0.0008,
null interquantile range = (—0.0044:, 0.0020)]
or in natural habitats [s = 0.0006, null inter-
quantile range = (-0.004, 0.004)]. However,
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Fig. 3. Genomic signatures of agricultural adaptation through time.

(A) Agricultural allele frequency trajectories for each of the 154 focal SNPs
in agricultural and disturbed habitats (left) and in natural habitats (right).
Trajectories are colored by the empirical range of the allele frequency change
quantile in agricultural and disturbed habitats. Transparent lines indicate
those with nonsignificant evidence of selection at o = 0.05 after FDR = 10%
correction. (B) The distribution of selective strengths on agricultural alleles
in natural (dark gray) and agricultural and disturbed (light gray) habitats
between 1870 and 2018. (C) Environment-specific agricultural allele
frequency trajectories before and after the start of agricultural intensification

(over both loci and individuals) of allele frequencies, whereas dots represent
raw genotype data for each locus and sample from which the allele frequency
trajectory is estimated. Cropland use per capita in North America data

are from (1), reflecting the intensity of agricultural practices. (D) The
trajectory of alleles at known herbicide-resistance loci through time, fit by
logistic regression for each of the biallelic resistance alleles present in our
contemporary data (excluding EPSPSamp with its complex allelic structure).
Dots represent genotypes for each historical and contemporary sample at
each herbicide-resistance locus. The 95% Cls of the maximum likelihood
estimates of selection between 1960 and 2018 are provided in the legend for

in 1960 (vertical dashed line). Large circles represent moving averages

samples collected after 1960 reflect a marked
shift in selection—a collective s = 0.054 in
disturbed and agricultural environments and
a collective s = 0.028 in natural environments
[agricultural and disturbed null interquantile
range = (0.0064, 0.0020); natural null inter-
quantile range = (-0.0056, 0.0054)] (Fig. 3C
and fig. S8). Together, these results suggest
that although most contemporary agricultural
alleles were present in historical populations,
these alleles only became associated with agri-
cultural and human-managed sites over the past
century, on time scales and at rates consistent
with the rapid uptake and intensification of
agrochemicals, controlled irrigation, and mech-
anization in agriculture.

The historical trajectory of known herbicide-
resistance alleles epitomizes extreme selec-
tion over the past 50 years (Fig. 3D). Five of
seven known biallelic herbicide-resistance
alleles present in our contemporary, paired-

Kreiner et al., Science 378, 1079-1085 (2022)

each resistance allele.

environment collections are absent from our
historical samples, consistent with the sug-
gested importance of resistance adaptation
from de novo mutation (13, 45) and a particu-
larly recent increase in their frequency. Only 3
of 108 historical samples show variation for
herbicide resistance—two samples homozygous
for resistance at ALS574 and one heterozygous
for resistance at ALS122—all of which were
sampled after the onset of herbicide applica-
tions in the 1960s (Fig. 3D). Resolving the very
low historical and much higher contemporary
frequencies of resistance, we estimate that
since the approximate onset of herbicide use
in 1960, these seven resistance alleles have
collectively experienced a selective strength
of s = 0.198 (logistic Z value = 2.11, P = 0.035)
per year across environment types. Maximum
likelihood-based estimates of selective strengths
for each resistance allele are significant for five
of the seven and are strongest for PPO210 (s >

9 December 2022

0.194)), EPSPS106 (s > 0.106), and ALS574 (s >
0.088) (Fig. 3D and table S3).

Concurrent temporal shifts in ancestry
underlie agricultural adaptation

Finally, we explored whether historical de-
mographic change over the past two centuries
has played a role in agricultural adaptation.
Early taxonomy described two different
A. tuberculatus varieties as separate species, with
few distinguishing characteristics [seed dehis-
cence and tepal length (16)]. Sauer’s 1955 revision
of the genus, which used herbarium speci-
mens to gauge the distribution and migration
of congeners over the past two centuries
(46), led him to describe an expansion of the
southwestern var. rudis type [at the time,
A. tamariscinus (Sauer)] northeastward into the
territory of var. tuberculatus [A. tuberculatus
(Sauer)] sometime between 1856 to 1905 and
1906 to 1955. Our sequencing of >100 herbarium
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Fig. 4. Temporal shifts in the distribution of var. rudis ancestry have
facilitated polygenic agricultural adaptation. (A) Longitudinal clines in var.
rudis ancestry over three time spans, illustrating the expansion of var. rudis
ancestry eastward over the past two centuries. In (A) to (C), dots represent
individual-level ancestry estimates. (B) The distribution of individual-level

var. rudis ancestry by state and through time, illustrating state-specific
changes in ancestry. Horizonal lines within each distribution represent first and

samples dating back to 1828, combined with
349 contemporary sequences (25, 47), allowed
us to directly observe the change in the distri-
bution of these two ancestral types, adding
further temporal resolution to Sauer’s mor-
phological observations of the species’ range
shifts, and to assess the role of agriculturally
adaptive standing genetic variation across
varieties.

Range-wide, we see clear shifts in the dis-
tribution of var. rudis ancestry based on
fastSTRUCTURE (48) inference at K (number

Kreiner et al., Science 378, 1079-1085 (2022)

100 kb average

of subpopulations) = 2 (fig. S9) across three
time spans—1830 to 1920, 1920 to 1980, and
1980 to 2018 (time span: F = 5.47, P = 0.0045)—
and particularly so in the east (time span x
longitude: F = 5.49, P = 0.0045), consistent
with a recent expansion of var. rudis ancestry
(Fig. 4A). Furthermore, we see strong state- and
province-specific shifts in ancestry through time
in our historical sequences (time span by state
interaction: F = 4.22, P = 7 x 10~%), highlighting
not only the shift of var. rudis eastward (with
increases through time in Ontario, Ohio, Illinois,

9 December 2022

100kb average

third quartiles of ancestry. (C) Increasing sorting of individual-level var. rudis
ancestry into agricultural environments (Env.) on contemporary time scales.
(D) Environment-specific metrics of selection [CMH P value and cross-population
extended haplotype homozygosity (XPEHH)] across the genome in 100-kb
windows positively correlate with var. rudis ancestry in agricultural but not
natural habitats (XPEHH by environment: F = 10.97, P = 9.3 x 10™% CMH by
environment; F = 108.51, P < 107%9),

and Missouri) but also the recent introduc-
tion of var. tuberculatus ancestry into the most
western part of the range in Kansas (Fig. 4B).
A. tuberculatus demography thus appears to
have been markedly influenced by human-
mediated landscape change over the past two
centuries, consistent with the massive recent
expansion of effective population size that we
had previously inferred from contemporary
samples over this same time frame (45). That
this shift has been most notable over the
past 40 years is further consistent with the
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time scale of agricultural intensification,
shifts toward conservation tillage, and ram-
pant herbicide-resistance evolution within the
species (19, 45, 49, 50), which suggests that
selection may facilitate the colonization of var.
rudis ancestry outside its historical range.
Along these lines, we find that this contem-
porary range expansion has facilitated the
sorting of var. rudis ancestry across environ-
ments (a longitude by time span by environ-
ment interaction: F = 5.13, P = 4 x 10”°; Fig.
4C), with increasing overrepresentation of var.
rudis ancestry in agricultural and disturbed
environments in the eastern portion of the
range through time, as has been previously
suggested (25).

To investigate whether agricultural adapta-
tion has drawn disproportionately from var.
rudis ancestry, we reconstructed fine-scale
ancestry across the genome. On the basis of
analyses in 100-kb windows, we find a least
squares mean of 5.5% [95% confidence inter-
val (CI) = (5.0, 5.9%)] more var. rudis ancestry
genome-wide in agricultural environments
compared with the adjacent natural habitat
(fig. S10). The environment-specific propor-
tion of var. rudis ancestry is not only positively
correlated with recombination rate (¥ = 18.85,
P=14x10"% r=0.056) and gene density (F =
8.53, P = 0.004, r = 0.050) but also with SNP
and haplotype-based evidence of environment-
specific selection. Agricultural but not natural
populations have an excess of cross-population
haplotype homozygosity (agricultural versus
natural XPEHH) and within-pair environmen-
tal differentiation (CMH P value) in genomic
regions of high var. rudis ancestry (XPEHH by
environment: F = 10.97, P = 9.3 x 10~*; CMH by
environment: F = 108.51, P < 107'5; Fig. 4D),
which implies that ancestry composition
genome-wide in large part determines the
extent of polygenic agricultural adaptation.
These findings suggest that the expansion of
var. rudis ancestry across the range, partic-
ularly in the past 40 years, has facilitated
waterhemp’s success in agricultural habitats
by providing access to preadapted, standing
genetic variation.

Discussion

Agricultural adaptation in A. tuberculatus, a
native plant in North America, has occurred
over extremely short time scales, facilitated by
range shifts in response to the agriculturaliza-
tion of its native habitat. The human-mediated
expansion of the southwestern lineage of the
species northeastward since the latter half of
the 20th century has introduced new genetic
variation across the range, on which selection
in agricultural settings could act. Negligible
genome-wide differentiation across habitats
in this species refutes the idea of agricultural
populations existing as separate to natural eco-
systems (51). Despite substantial gene flow,
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the prevalence of agricultural alleles has in-
creased rapidly since the intensification of
agriculture over the past 60 years—in agricul-
tural environments by a selection coefficient
of nearly 6% per year and even in natural hab-
itats by >2% per year. The selective intensity of
industrial agriculture is on par with the inten-
sities that Arabidopsis populations in extreme
hot and dry environments are predicted to face
by 2070 under the high-emissions scenario of
climate change (52). The effects of agricultural
herbicides are even more extreme—range-wide,
evolved resistance mutations have experienced
selective strengths of 20% on average per
year since herbicides were first introduced—
permeating even into natural habitats.
Although modern, industrial agriculture im-
poses strengths of selection rarely observed in
the wild, A. tuberculatus has in turn escalated
the weed management-evolution arms race
through a multitude of interdependent mech-
anisms: range expansion, polygenic adaptation
from standing genetic variation, and large-
effect herbicide-resistance mutations. Together,
these results highlight that anthropogenic
change not only leads to the formation of new
habitats but also provides an opportunity for
range expansion that may facilitate and in-
teract with local adaptation, reshaping genetic
variation for fitness within native species.

REFERENCES AND NOTES

1. K. Klein Goldewijk, A. Beusen, J. Doelman, E. Stehfest, Earth
Syst. Sci. Data 9, 927-953 (2017).

2. G. F. Sassenrath et al., Renew. Agric. Food Syst. 23, 285-295
(2008).

3. T.E Crews, W. Carton, L. Olsson, Glob. Sustain. 1, E11 (2018).

4. E. Malaj, L. Freistadt, C. A. Morrissey, Front. Environ. Sci. 8,
556452 (2020).

5. J. Fernandez-Cornejo, “Pesticide Use in U.S. Agriculture:
21 Selected Crops, 1960-2008" (USDA-ERS Economic
Information Bulletin, Number 124, 2014); http://dx.doi.org/
10.2139/5ssrn.2502986.

6. N. E. Borlaug, Science 219, 689-693 (1983).

7. H. J. Beckie et al., Can. J. Plant Sci. 86, 1243-1264 (2006).

8. C. Mann, Science 277, 1038-1043 (1997).

9. P. L. Pingali, Proc. Natl. Acad. Sci. U.S.A. 109, 12302-12308
(2012).

10. P. Pellegrini, R. J. Fernandez, Proc. Natl. Acad. Sci. U.S.A. 115,
2335-2340 (2018).

11. J. Mallet, Trends Ecol. Evol. 4, 336-340 (1989).

12. C. Délye, M. Jasieniuk, V. Le Corre, Trends Genet. 29, 649-658
(2013).

13. N. J. Hawkins, C. Bass, A. Dixon, P. Neve, Biol. Rev. 94,
135-155 (2018).

14. F. Gould, Z. S. Brown, J. Kuzma, Science 360, 728-732 (2018).

15. F. Zabel et al., Nat. Commun. 10, 2844 (2019).

16. J. D. Sauer, Madrorio 13, 5-46 (1955).

17. K. E. Waselkov, K. M. Olsen, Am. J. Bot. 101, 1726-1736 (2014).

18. M. Costea, S. E. Weaver, F. J. Tardif, Can. J. Plant Sci. 85,
507-522 (2005).

19. P. J. Tranel, Pest Manag. Sci. 77, 43-54 (2021).

20. J. Hermisson, P. S. Pennings, Genetics 169, 2335-2352 (2005).

21. R.D. H. Barrett, D. Schluter, Trends Ecol. Evol. 23, 38-44 (2008).

22. M. Alleaume-Benharira, I. R. Pen, O. Ronce, J. Evol. Biol. 19,
203-215 (2006).

23. R. 1. Colautti, S. C. H. Barrett, Science 342, 364-366 (2013).

24. M. Szlics et al., Proc. Natl. Acad. Sci. U.S.A. 114, 13501-13506
(2017).

25. J. M. Kreiner, A. Caballero, S. I. Wright, J. R. Stinchcombe,
Evolution 76, 70-85 (2022).

26. F. E. Dayan, S. O. Duke, in Hayes' Handbook of Pesticide
Toxicology, R. Krieger, Ed. (Academic Press, 2010),
pp. 1733-1751.

9 December 2022

27. J. G. Moraes et al., Agronomy 11, 754 (2021).

28. W. Moeder, O. Del Pozo, D. A. Navarre, G. B. Martin,
D. F. Klessig, Plant Mol. Biol. 63, 273-287 (2007).

29. P. A. Ribone, M. Capella, R. L. Chan, J. Exp. Bot. 66,
5929-5943 (2015).

30. J. V. Cabello, R. L. Chan, Plant Biotechnol. J. 10, 815-825
(2012).

31. S. Guénin et al., J. Exp. Bot. 68, 1083-1095 (2017).

32. S. Zhou et al., PLOS Genet. 12, €1006255 (2016).

33. C. Dai, Y. Lee, I. C. Lee, H. G. Nam, J. M. Kwak, Front. Plant Sci.
9, 803 (2018).

34. H. Guo, H. Yang, T. C. Mockler, C. Lin, Science 279, 1360-1363
(1998).

35. T. Mockler et al., Proc. Natl. Acad. Sci. U.S.A. 100, 2140-2145
(2003).

36. W. Wang et al., Plant Cell 30, 1989-2005 (2018).

37. J.Li, Y. Li, S. Chen, L. An, J. Exp. Bot. 61, 4221-4230 (2010).

38. F. E. Dayan et al., Biochim. Biophys. Acta 1804, 1548-1556
(2010).

39. H. M. Cockerton et al., Front. Plant Sci. 12, 10.3389/
fpls.2021.651381 (2021).

40. M. M. Vila-Aiub, Plants 8, 469 (2019).

41. Materials and methods are available as supplementary
materials.

42. N. H. Barton, Proc. Natl. Acad. Sci. U.S.A. 119, e2122147119
(2022).

43. M. Przeworski, Genetics 160, 1179-1189 (2002).

44. Y. Kim, R. Nielsen, Genetics 167, 1513-1524 (2004).

45, J. M. Kreiner et al., eLife 11, 70242 (2022).

46. J. Sauer, Evolution 11, 11-31 (1957).

47. J. M. Kreiner et al., Proc. Natl. Acad. Sci. U.S.A. 116,
21076-21084 (2019).

48. A.Raj, M. Stephens, J. K. Pritchard, Genetics 197, 573-589 (2014).

49. M. J. Foes, L. Liu, P. J. Tranel, L. M. Wax, E. W. Stoller, Weed
Sci. 46, 514-520 (1998).

50. P. J. Tranel, C. W. Riggins, M. S. Bell, A. G. Hager, J. Agric. Food
Chem. 59, 5808-5812 (2011).

51. Q. C. B. Cronk, J. L. Fuller, Plant Invaders: The Threat to Natural
Ecosystems (Routledge, 2014).

52. M. Exposito-Alonso et al., Nature 573, 126-129 (2019).

53. J. Kreiner, jkreinz/TemporalAdaptation: 0ct92022_
TemporalAdaptationCode, version 1.0.0, Zenodo (2022);
https://doi.org/10.5281/zenodo.7178764.

ACKNOWLEDGMENTS

We appreciate the pivotal contributions of numerous herbaria
toward this research, especially the help of E. Knox at the Indiana
University Herbarium, J. L. Minnaert-Grote at the University of
lllinois INHS Herbarium, T. Mesfin at the University of Ohio
Herbarium, A. Reznicek at the University of Michigan Herbarium,
J. Solomon at the Missouri Botanical Gardens, C. Morse at the
McGregor Herbarium at the University of Kansas, T. Smith and

S. Wang at Agricultural and Agrifood Canada, and D. Metsger and
T. Dickinson at the Royal Ontario Museum. We thank M. Whitlock
and T. Booker (University of British Columbia), A. Agrawal and

T. Kent (University of Toronto), and A. Macpherson (Simon Fraser
University) for input on the work; C. Lanz and R. Schwab (Max
Planck Institute) for coordinating the sequencing of herbarium
samples; E. Reiter (University of Leipzig) for scheduling and
coordinating logistics for clean room facility work; and P. Lang,
S. Kersten, and H. Budde (Max Planck Institute) for advice

on molecular protocols troubleshooting. Funding: J.M.K. was
supported by the Biodiversity Research Institute at the University
of British Columbia and a Killam Fellowship. S...W. was supported
by the NSERC (RGPIN-2020-05850) and a Canada research
chair. J.R.S. was supported by the NSERC (RGPIN-2022-04366).
S.P.0. was supported by NSERC RGPIN-2022-03726. SM.L.,
H.A.B., and D.W. were supported by the Max Planck Society.
Author contributions: JM.K., JR.S,, and S.I.W. conceptualized the
paired sampling design; JM.K., HAB., D.W,, JR.S, and S..W.
conceptualized the use of herbarium data; J.M.K. performed
contemporary collections and curated the herbarium samples;
S.M.L. and H.A.B. conceptualized and designed the molecular
work with herbarium specimens; S.M.L. coordinated the clean
room facility work; JM.K. and S.M.L. performed DNA extraction
and library preparations of herbarium tissue; and S.M.L. oversaw
the sequencing of herbarium specimens. J.M.K. performed
analyses with input from S.P.0., S.LW., and J.R.S. S.P.0. wrote
the migration-selection balance and maximum likelihood models.
J.M.K. wrote and revised the paper with inputs from all authors.
Competing interests: D.W. holds equity in Computomics,

which advises breeders. D.W. consults for KWS SE, a plant breeder
and seed producer. The authors declare no other competing

6 of 7

£202 ‘20 Afenuer uo 0juoJo] Jo AISIOAIUN Te BI0°80Us 195 MMM//:SANY WO PaPE0 JUMOC


http://dx.doi.org/10.2139/ssrn.2502986
http://dx.doi.org/10.2139/ssrn.2502986
https://doi.org/10.5281/zenodo.7178764

RESEARCH | RESEARCH ARTICLE

interests. Data and materials availability: All new sequence
data have been archived at the NCBI Sequence Read Archive
(BioProject ID PRINA878842). Scripts and accompanying
metadata have been archived on Github (www.github.com/
jkreinz/TemporalAdaptation) and on Zenodo (53). License

information: Copyright © 2022 the authors, some rights reserved;

exclusive licensee American Association for the Advancement of

Kreiner et al., Science 378, 1079-1085 (2022)

Science. No claim to original US government works. https://www.

science.org/about/science-licenses-journal-article-reuse

SUPPLEMENTARY MATERIALS
science.org/doi/10.1126/science.abo7293
Materials and Methods

Figs. S1 to S13

9 December 2022

Tables S1 to S4
References (54-68)
Data S1 and S2

Submitted 25 February 2022; resubmitted 24 June 2022
Accepted 17 October 2022
10.1126/science.abo7293

7of 7

£202 ‘20 Afenuer uo 0juoJo] Jo AISIOAIUN Te BI0°80Us 195 MMM//:SANY WO PaPE0 JUMOC


https://www.science.org/about/science-licenses-journal-article-reuse
https://www.science.org/about/science-licenses-journal-article-reuse
https://science.org/doi/10.1126/science.abo7293

Science

Rapid weed adaptation and range expansion in response to agriculture over the
past two centuries
Julia M. KreinerSergio M. LatorreHernan A. BurbanoJohn R. StinchcombeSarah P. OttoDetlef WeigelStephen |. Wright

Science, 378 (6624), « DOI: 10.1126/science.abo7293

Selection by modern agriculture

Intensive agriculture creates extreme environmental changes, including soil disturbance, water and nutrient addition,
and application of chemical pesticides. Kreiner et al. documented how these extreme environments have driven
changes to a native North American agricultural weed, common waterhemp (Amaranthus tuberculatus), using genomic
data from paired agricultural and natural settings, as well as historic herbarium samples from both habitat types (see
the Perspective by Waselkov and Olsen). The authors found that eastward range expansion of a distinct southwestern
variety introduced new genetic diversity and facilitated rapid adaptation to agricultural environments in genes related to
growth, environmental tolerance, and herbicide resistance. —BEL
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