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INTRODUCTION: Plant domestication by ancient
farmers typically occurred in a limited geo-
graphic area, but trade andmigration dispersed
these early crops across entire continents. Once
introduced to a new locale, crop plants were
confronted with different environments and
farming practices. Genetic variation segregat-
ing within each field facilitated rapid adapta-
tion by targeting advantageous alleles under
local conditions. Understanding the process of
environmental adaptation in crops and the
number and types of genes that drive it has
important agronomic implications in a rap-
idly changing world. However, the long gen-
eration times of large, multicellular organisms
make it difficult to study the process of adap-
tation directly.

RATIONALE:We characterized the effect of nat-
ural selection on genetic diversity during adapta-
tion over the course of a long-term competition
experiment, barley composite cross II (CCII).
CCII was founded in 1929 from thousands
of distinct recombinant genotypes and has
been grown in Davis, California, USA, for
more than 58 generations. We sequenced the

genomes of the parents of CCII and charac-
terized the evolutionary trajectory of millions
of genetic variants over the course of the ex-
periment. We explored the origin of the al-
leles that were favored in the experiment,
searched for loci targeted by unusually strong
selection, and linked genetic shifts to pheno-
typic change over time.

RESULTS: CCII initially segregated for nearly
all the common genetic variation in barley.
However, CCII lost this variation rapidly, put-
ting the population on a path to near complete
homogenization. Genetic diversity has been
driven out of CCII by the ascendance of a sin-
gle dominant lineage that constitutes over half
of sampled individuals in later generations.
Adaptation to local environmental conditions
has played a major role in this process, with
surviving alleles being drawn from ances-
tors that grew in climates similar to Davis.
Loci targeted by strong directional selection
often played a role in reproductive develop-
ment and included some of the most well-
characterized barley diversification loci: Vrs1,
HvCEN, and Ppd-H1. Selection favored alleles

that accelerate completion of the life cycle
at the latter two loci, presumably to avoid
the dry summer season.However, in this study,
we show that stabilizing selection shapes
reproductive timing on longer timescales,
with selection eventually removing the ear-
liest flowering genotypes by targeting another
locus, Vrn-H2.

CONCLUSION: We found that natural selec-
tion has dominated the evolution of CCII.
The speed of wholesale genetic restructur-
ing in CCII suggests that the magnitude of
selection in a real-world environment is larger
than typically assumed. However, the degree
to which diversity was lost genome-wide is
almost certainly due to linked selection. In
CCII, this factor has led to the extinction of
all but a small number of lineages. Thus, even
in the presence of extremely high founding
diversity, populations of self-fertilizing plants
may be doomed by selection to genetic ho-
mogeneity. Despite the clear signal of environ-
mental adaptation in CCII, yield increases
did not keep pace with pedigree-based breed-
ing approaches. An improved understanding
of the trade-offs between local adaptation,
plant competitiveness, and crop yield could
aid in the development of more-resilient crop
varieties and improve our understanding of
plant evolution.▪
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Rapid adaptation
in CCII. We used a
long-term evolutionary
experiment competing
thousands of recombi-
nant barley over the
course of the last
century to understand
the genomic and
phenotypic basis
of adaptation in a real-
world environment.
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Direct observation is central to our understanding of adaptation, but evolution is rarely documented
in a large, multicellular organism for more than a few generations. In this study, we observed evolution
across a century-scale competition experiment, barley composite cross II (CCII). CCII was founded in
1929 in Davis, California, with thousands of genotypes, but we found that natural selection has massively
reduced genetic diversity, leading to a single lineage constituting most of the population by generation 50.
Selection favored alleles originating from climates similar to that of Davis and targeted loci contributing
to reproductive development, including the barley diversification loci Vrs1, HvCEN, Ppd-H1, and
Vrn-H2. Our findings point to selection as the predominant force shaping genomic variation in one
of the world’s oldest biological experiments.

T
he survival of cultivated plants after their
dispersal is a classic exampleof rapidadapt-
ive evolution (1). Early farmers brought
newly domesticated crops to wildly dif-
ferent environments, subjecting them to

strong natural and artificial selective forces.
These early crop varieties were phenotypically
and genetically diverse, providing ample raw
material to facilitate adaptation (2). Ultimate-
ly, evolution resulted in locally adapted vari-
eties that formed the backbone of early human
civilization.
The history of the Neolithic founder crop

barley (Hordeum vulgare) is a prototypical ex-
ample of this process. Barley is a self-fertilizing,
annual plant domesticated over 10,000 years
ago and was dispersed from the Fertile Cres-
cent to become a major source of nutrition for
humans and livestock throughout Europe, Asia,
and Northern Africa over just a few thousand
generations (1). Studies of collections of early
cultivars have uncovered some of the popu-
lation genetic history of the crop (3–6) and
mapped loci that contributed to its spread
(7–9). However, precise estimates of the impor-
tant parameters of genetic adaptation, such as
the number and types of genes involved and
the magnitude of selection at these loci, are
limited without direct observation (10).
We used a long-term competition experi-

ment in barley to observe the process of local
adaptation over decades. Composite cross II

(CCII) is a multigenerational common garden
experiment started in 1929 to adapt a genet-
ically diverse population to the environmental
conditions of Davis, California, USA (11, 12).
Twenty-eight varieties were selected to repre-
sent the ecological, phenotypic, and geograph-
ical diversity of barley (table S1) andwere crossed
in all possible combinations, omitting reciprocal
crosses (half-diallel) to generate 20,000 recom-
binant F2 progeny. Progeny from each cross
were combined in equal proportion to found
the experiment. Each year the population was
propagated, 5,000 to 20,000 seeds from CCII
were sown, allowed to compete with minimal
human intervention, and harvested in bulk (13).
The harvested seeds were used in the follow-
ing year to continue the experiment, and live
seeds of early generations were maintained by
less-frequent propagation of parallel lineages
(Fig. 1 and fig. S1). Barley predominantly re-
produces by self-fertilization (98 to 99%) (14),
meaning that after the early generations, CCII
is expected to be primarily composed of genetic
lineages equivalent to recombinant inbred lines
with a limitednumber of progeny resulting from
recent hybridization.
Comparison of early and late generations of

CCII has previously revealed substantial shifts
in fitness-associated traits (12, 15–17). These
include changes in the timing of reproduction,
increases in plant biomass, and increases in
seed size and number, indicating that natu-
ral selection was an important force shaping
phenotypic diversity in CCII. In this study,
we leveragedmodern sequencing technologies
to characterize the genetic underpinnings of
adaptation over a half-century of evolution.

The genetic diversity of CCII founders

We began by sequencing each of the genomes
of the 28 CCII parents to a coverage depth of

8 to 15× and identified 12,922,667 variants that
were segregating at the founding of the exper-
iment. Segregating variation in the founders
included 64.8% of 1,316,845 single-nucleotide
polymorphisms (SNPs) segregating in a global
survey of barley genetic diversity (9), including
96.4% of common alleles (allele frequency > 0.1,
fig. S2); the estimated allele frequencies of
genetic variants co-segregating in the par-
ents and global datasets were well correlated
(Spearman’s r = 0.81, P < 2 × 10−16, fig. S3).
Principal components analysis (PCA) showed
that CCII parents are well dispersed among
global barley diversity along the first two PCs,
representing 20.2% of the variance in the
dataset (Fig. 1A and fig. S4). We conclude
that the traditional cultivars selected to found
CCII in the 1920s reflect the distribution of
common genetic variation in barley.

Rapid evolution in CCII

To understand how genetic diversity in CCII
changed over time, we traced the evolutionary
trajectory of each polymorphism from the
founding population to generations F18, F28,
and F58 (fig. S1) by sequencing pools of 1000
individuals at each time point. Genetic diver-
sity of CCII, as measured by mean expected
heterozygosity (He) across all sites and the
shape of the allele frequency spectrum, changed
rapidly throughout the experiment (Fig. 2A
and fig. S5). The rate of decrease of He was
constant [−0.003 He per generation or 1.4%
He

0 per generation, P < 0.0012, coefficient of
determination (R2) = 0.996] with a predicted
genome-wide average of 0 by generation 71
at our sequencing depth. Allele frequency in
the founding population was a strong pre-
dictor of eventual fixation genome-wide (figs.
S5 and S6), with 78% of all alleles and 93% of
rare alleles [minor allele frequency (MAF) <
0.05] undetectable in F58. Near complete loss
of genetic variation (He < 0.01) was initially
restricted to a few regions of the genome (0.7%
in F18); however, by generations F50 and F58,
29.8% of the genome was near fixed at our
sequencing depth. The average genome-wide
FSTwas 0.18 between the founders and F58 (fig.
S7). Genome-wide FST was linearly associated
with generational time increasing at a rate of
0.0027 DFST per generation (P < 0.003, R2 =
0.88, fig. S7). CCII lost genetic variation at a
rate similar to that of neutral simulations con-
ducted with population sizes two orders of
magnitude smaller than the actual size of the
experiment (Fig. 2A), much faster than would
be expected because of genetic drift alone.

A genome-wide signal
of environmental adaptation

We considered two forms of selection that
might be responsible for the unusually rapid
genome-wide loss of diversity in CCII: selec-
tion against generally deleterious variants or
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positive selection for locally adapted alleles.
Whereas deleterious variation is not expected
to show strong regional differences among
barley varieties, locally adapted alleles would
presumably be more common in parental lines
from environments similar to Davis.
To distinguish between these possibilities,

we examined the evolution of CCII over time
by calculating Nei’s genetic distance between
genome-wide allele frequencies at each time
point and the genotypes of each parental ac-
cession (fig. S8). We then used a multidimen-
sional scaling procedure [see supplementary
materials (SM), materials and methods] to
determine the relationship of each CCII gen-
eration to the parents (Fig. 2B). CCII quickly
evolved toward North African parents that
grow in Mediterranean climates similar to
that of Davis. Examination of the genetic dis-
tances over time revealed this process to be
dynamic, with the population most similar to

the North African variety Arequipa collected in
Peru at time point F18; but in the later stages
of the experiment, alleles derived from the
variety Atlas were favored (fig. S8). Atlas is a
selection from the traditional variety brought
by Spanish colonists to California in the late
18th century (18).
The success of Mediterranean alleles was

also evident for rare alleles that rose in fre-
quency in the population. Minor alleles that
increased in frequency were much more likely
to be found in North African parents (fig. S8).
Alleles identical to Atlas comprised 90.8% of
fixed minor alleles (N = 779,883) and 82.2% of
fixed private alleles (N = 10,739) in generation
F58 (table S3).
These results provide a picture of adaptation

resembling historical experiments with barley
that predate CCII (19). These experiments were
designed to permit competition among barley
varieties, rather than recombinants, at many

sites throughout the United States. Maladapted
varieties rapidly decreased in number, allowing
several varieties to increase in initial genera-
tions, but as time passed, competition between
the remaining lines led to a new round of ex-
tinction. It is notable that alleles from the local
variety, Atlas, show evidence for increased fit-
ness in the population even though Atlas was
only brought to California around a century and
a half before the start of the experiment (20).

The emergence of a dominant lineage in CCII

The paucity of genetic diversity found in gen-
eration F58 suggested that relatively few ge-
netic lineages may have survived into the later
stages of CCII. To understand the composition
of the genomes of individual progeny, we con-
ducted a genotyping by sequencing (GBS) ex-
periment on CCII parents and 878 total progeny
sampled across generations F18, F28, F50, and F58.
After alignment, SNP calling, and filtering,
we identified 263,238 sites suitable for further
analysis.
Consistent with large-scale loss of genetic di-

versity in CCII over time, we found that the av-
erage genome-wide genetic distance between
lines fell dramatically in later generations (Fig. 3A
and fig. S9). After hierarchical clustering of lines
according to genetic distance, we found nearly
identical whole-genome haplotypes at all time
points that have risen to high enough frequency
(froman initial 1/30,000) to be sampledmultiple
times (Fig. 3B).
Of the 878 sequenced progeny across all four

generations, we identified only 261 distinct
lineages by these criteria. These lineages are
functionally equivalent to recombinant inbred
lines. Of these, 177 (68%) occurred just once in
our sample. The remainder occurredmore than
once, with most individuals (445) belonging
to just eight clusters. One lineage, Lin1, was
found at exceptionally high frequency, making
up 34.9% of all sampled individuals (Fig. 3B).

A B C

D

Fig. 1. The design of CCII. (A) A PCA of genetic diversity showing the distribution of the 28 CCII parents (dark gray) in a global panel of traditional varieties
(light gray). (B) The crossing scheme of CCII, in which each of the 28 parents was crossed to each other’s parent in a single direction to generate 379 segregating
families. (C) Illustration of the propagation of CCII with less-frequent grow outs of parallel lineages to retain live seed from earlier generations. (D) Seed reserved
from previous grow outs can be used to compare changes over evolutionary time in phenotype and genotype.
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Fig. 2. Rapid adaptive shift in CCII. (A) Genome-wide loss of genetic diversity over time in CCII compared
with 1000 simulations of neutral evolution in the population, using three different sizes. (B) Multidimensional
scaling analysis showing the evolution of CCII relative to the parents over time. Orange points indicate
parents from Mediterranean climates in North Africa, and gray points indicate all other parents.
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PCA of representative samples from each
multilocus haplotype cluster revealed a close
relationship between the most successful clus-
ters and North African–derived parents (fig.
S9). To understand which specific parents
contributed to successful lineages over time,
we inferred the dominant ancestry of each mul-
tilocus haplotype. We assigned each lineage
a primary and secondary parent, defined as
those that shared the greatest and second-
greatest fraction of the line’s genome in near
identity [genetic distance (D) < 0.01]. Ten of
the original 28 parents were assigned a pri-
mary relationship with at least one lineage,
and 19 were assigned a secondary relation-
ship (Fig. 3C). Six of the eight primary parents
identified in this analysis came from theNorth
African group. All nine North African vari-
eties were identified as secondary parents of
at least one lineage. The Californian historical
variety, Atlas, was the primary parent rela-
tionship in 59.7% of lineages, a massive en-
richment from the expected 3.6% (c2 test, P <
1 × 10−46). Potential Atlas and Arequipa prog-
eny were the most common (19.5%), with At-
las and Maison Carre being a close second
(14.9%). Themost abundant lineage, Lin1, fell
into this latter group (fig. S10). These pat-
terns confirm that a relatively limited num-
ber of lineages, predominantly derived from

Mediterranean-adapted parents, were able to
succeed in CCII.
The abundances of each of the 261 lineages

were not static over evolutionary time. The
number of sampled lineages decreased in later
generations (93 in F18, 93 in F28, 38 in F50, and
55 in F58). This drop in diversity was largely the
result of a dramatic increase in the abundance
of Lin1 over time, rising from a frequency of
0.005 in F18 to a frequency >0.586 in our sam-
ple of generations F50 and F58 (Fig. 3C). A sub-
tle increase in the total number of lineages
was seen between F50 and F58, but this change
was not statistically significant (c2 = 3.4904;
P = 0.06172). The runaway success of Lin1

appears to be driving out most of the diver-
sity in CCII, putting the population on a path
to genetic homogeneity within the coming
decades.

The targets of natural selection in CCII

We next sought to pinpoint the genes tar-
geted by directional selection during rapid
adaptation in CCII. Strong selection at a lo-
cus can leave a footprint of depleted genetic
diversity and strong allele frequency change
surrounding the targeted site relative to the
rest of the genome (21). Because genetic var-
iation in CCII had become so depleted by F58,
we focused on identifying selected loci in

the first phase of the experiment by compar-
ing F2 and F18.
For 25,844 sliding windows (1000 SNP win-

dows, 500 SNP step size) covering the barley
genome, we calculated the combined proba-
bility of the observed He and mean change in
allele frequency (between F2 and F18) in a set
of 100,000 simulations of neutral evolution
(see SM, materials and methods). After false
discovery rate correction, we identified 58 ge-
nomic regions that showed significant evi-
dence for selection (Fig. 4 and figs. S11 to S14).
These regions ranged from 162 kb to more
than 42 Mb in size, with a median size of just
under 1 Mb (928.691 kb, table S2), covering a
total of 3.5% of the barley genome.
Several compelling candidates overlapped

with regions of the genome targeted by nat-
ural selection. Vrs1, a homeobox gene that
controls a major dimorphism in inflorescence
architecture in barley (22), overlapped with a
2.06-Mb selected region on the long arm of
chromosome 2H (Fig. 4, table S2, and fig. S15).
Wild barley and some cultivated barley have
inflorescences that produce two rows of seeds
(two-rowed), but plants that carry loss-of-
function mutations of the Vrs1 gene produce
up to six rows of seeds (six-rowed or inter-
medium types). Seven of the 28 CCII parents
carried two-rowed alleles (table S1; four from
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Fig. 3. The rapid rise of select lineages in CCII. (A) Density plots of the
distribution of pairwise genetic distances within generation across five time
points in CCII. (B) Nearly identical lineage abundance in CCII combined across
all sampled progeny from F18, F28, F50, and F58. The purple arrowhead marks
Lin1. (C) Primary (x axis) and secondary (y axis) ancestry for the CCII
lineages across all generations. The adjacent bar plots indicate the sum of

individuals that show a primary or secondary relationship with each observed
parent, and the colors of the heatmap indicate the number of individuals
with ancestry from a particular combination of parents. (D) Muller plot
showing the proportion of sampled individuals belonging to the top 10 most
common lineages over time. The gray portion of the plot represents the
sum of all other lineages.
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Europe, one from North Africa, and two hy-
brids), but by F18 the population is fixed for the
six-rowed allele vrs1.a1 in our pooled-sequencing
data. This allele contains a single–base pair de-
letion that generates a frameshift in the last
exon of Vrs1. Ultimately, the success of this
allele led to the extinction of the two-rowed
phenotype in the population (15, 16).
The frequency of six-rowed types in culti-

vated barley is often attributed to artificial se-
lection by early farmers (22). However, these
results indicate that natural selection at Davis
for the six-rowed type is likely very strong,
perhaps because of the larger number of seeds
produced per head. Several other genes over-
lapping selected regions had homology to fac-
tors that affect floral development in plants
(table S2). These included genes characterized
in rice (OsLa,OsMADS22,OsLBD12,OsLG3,MINI
ZINC FINGER2, Shattering1, and ABERRANT
PANICLE ORGANIZATION1) and in the plant
model system A. thaliana (AINTEGUMENTA,
KRYPTONITE2, and UNICORN), pointing to
inflorescence development as an important
target of selection in the experiment (23–32).
However, these genes have not been charac-
terized in barley, and the evidence that they
were directly targeted by selection should be
treated with caution.
We also found that the signal of selection over-

lapped with genes that play a role in the timing
of reproduction, a key adaptive trait in barley
(33). The most well-studied are the pseudore-
sponse regulator genePHOTOPERIOD1 (Ppd-H1)
and the phosphatidyl ethanolamine–binding

protein–encoding geneHvCENTRORADIALIS
(HvCEN). Ppd-H1 and HvCEN regulate the tim-
ing of flowering via the day-length sensing
and autonomous genetic pathways, respectively
(34, 35). Early flowering ancestral alleles were
nearly fixed at both loci in F18 (Fig. 4B and figs.
S16 and S17). The late-flowering phenotype of
derived alleles of HvCEN is thought to result
froma proline-to-alanine change at position 135
in the protein sequence. The late-flowering
allele at HvCEN was found at intermediate
frequencies in the parents (12/28), but pooled-
sequencing data found only limited evidence
of its continued segregation in the progeny
(1/39 in F18, 1/17 in F28, and 0/21 in F58). Sim-
ilarly, a late-flowering allele at Ppd-H1 was
found in 8/28 parents but was no longer de-
tected in the later generations. It should be
noted that an allelic series at Ppd-H1 regulat-
ing flowering time with differing effect sizes
has been proposed, although in our dataset it
seems that just one allele predominates (36).
Other selected regions overlapped with homo-
logs of genes involved in flowering time in other
species, including OsLF and Hd3a BINDING
REPRESSOR FACTOR2 (HBF2) (37, 38). These
last two genes have yet to be studied in barley,
and their involvement in adaptation remains
preliminary. Also, even for the best-studied can-
didates listed above, it is possible that polymor-
phism inmultiple genes within a regionmight
contribute to adaptation.
Two unusually large selected regions were

found on chromosome 2H and chromosome
5H (table S2 and fig. S14). The first overlapped

withHvCEN and a known large-inversion poly-
morphism that segregates in barley (39). The
exceptionally large footprint that we identified
in our analysis (29.2 Mb) is likely the result of
suppressed recombination from the inversion.
The largest selected region (42.9Mb)was found
in the pericentromere of chromosome 5H. We
did not identify a previously characterized can-
didate gene in this region, but it colocalizes with
a region that appears to have been targeted by
strong selection in barley breeding lines over
the course of the past century (40). It remains
to be determined whether the strong signal
of local adaptation in these regions might be
driven by more than one gene.
The selected regions identified here have be-

come nearly fixed in just a few decades without
conscious human-mediated selection. This sug-
gests that adaptive alleles that emerged during
early agriculture could dominate a locale during
a farmer’s lifetime.

The genetic basis of stabilizing
selection in CCII

We next asked how genetic shifts in CCII trans-
lated into adaptive phenotypic change. We fo-
cused on the timing of reproduction because
of its general importance in plant fitness (41)
and because our selection scans uncovered
several candidate genes associated with this
process.
The appropriate timing of reproduction is a

critical contributor to barley local adaptation
(42). Flowering too early can expose delicate
inflorescences to winter frosts and limits the
accumulation of vegetative biomass. However,
late flowering risks failure to set seeds before
the onset of the hot, dry summer season. Pre-
vious work with CCII indicated that these
combined forces favor intermediate flowering
times, a process known as stabilizing selection
(12, 17, 43).
We confirmed these results by observing CCII

progeny from F18, F28, F50, and F58 alongside
the 28 parents in our greenhouses. Median
flowering time (as estimated by days to awn
emergence) fell modestly from the midparent
values by 5.6 days (Mann-Whitney test, P < 1 ×
10−7) over the first 18 generations with a no-
table reduction in variance due to the extinction
of late-flowering outliers (F test, F = 1.14177, P <
0.001; Fig. 5 and fig. S19). After generation F18,
flowering time slowly rose to just above the
founding mean (+1.4 days comparing F2 with
F58, +7 days comparing F18 with F58; Mann-
Whitney test, P < 1 × 10−6) with greatly re-
duced variance (F test, P < 1 × 10−13; Fig. 5).
In our experiments with continued watering
throughout the plant’s lifetime, flowering time
was positively correlated with fitness-related
traits, including plant height and fecundity
(Fig. 5B and figs. S18 and S20; P = 3.5 × 10−56,
adjusted R2 = 0.62). Despite the advantages of
late flowering, the population did not favor

Fig. 4. The footprint of selection in CCII. (A) Manhattan plot showing −log10(p) of significant selected
regions (light blue points) over the first 18 generations of CCII. P values were calculated in 1000 SNP windows by
using the joint probability of the observed He and mean absolute change in allele frequency (DAF) in 100,000
simulations of neutral evolution for each window. (B) Highlighted selected regions with the significant region
shown as a box. Parental haplotypes are shown in the top row and F18 in the lower row. For visualization purposes,
SNPs were polarized against the Atlas genotype across the region so that lighter colors indicate similarity
to a North African parent.
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the latest-flowering genotypes; instead, the
dominant Lin1 showed an intermediate flow-
ering time (fig. S21). Together, these observa-
tions indicate that flowering time in CCII is
the target of stabilizing selection, which drives
populations toward intermediate phenotypes
by removing phenotypic extremes. An initial
shift in phenotypic mean is predicted by the-
ory if the trait distribution is skewed (44), as is
the case here, but stabilizing selection on the
timing of reproduction only becomes apparent
in CCII on longer timescales (43).
ThesuccessofallelesderivedfromMediterranean-

adapted parents at Ppd-H1 and HvCEN is con-
sistent with selection against late-flowering
types in CCII (Fig. 4 and figs. S14 and S15).
This left us to explore how stabilizing selection
could drive a second shift by eliminating the
earliest-flowering progeny. We conducted a
genome-wide association study (GWAS) to dis-
cover loci associated with variation in flower-
ing time.We identified a single significant peak
on the long arm of chromosome 4H (Fig. 5C),
which we verified using a subset of lines in
the following year (fig. S22). The lead SNP in
our analysis was 5.42 Mb distal to a well-
characterized regulator of adaptive shifts in

barley flowering time, VERNALIZATION2
(Vrn-H2). A second significant SNP was 53 kb
away from Vrn-H2 and in linkage disequilib-
rium (LD) with the lead SNP (R2 = 0.83). This
led us to investigate the possibility that Vrn-H2
may be driving the shift toward later flowering
in the later generations of CCII.
The ancestral barley Vrn-H2 locus encodes

three zinc-finger/CCT domain (ZCCT) transcrip-
tion factors that repress flowering without
prolonged cold treatment, preventing early
flowering during the winter (45, 46). A large
deletion common in Northern European bar-
ley spans all three genes and drives early flow-
ering without extended cold exposure. CCII
segregated for eight haplotypes at the Vrn-H2
locus, five of which were found at an allele
frequency >0.05 in at least one of the sampled
generations (Fig. 5D). Three North African
alleles (haplotypes 2, 4, and 5) conferred late
flowering and together were found in 92.4%
of the sampled progeny and 81.8% of the F18
(Fig. 5, E and F). The two early-flowering al-
leles, haplotypes 1 and 3, were less common
and less geographically restricted, being shared
by Mediterranean and Northern European
parents (16.4% of F18 and 5.9% of all sampled

progeny). The late-flowering haplotype 4 from
Atlas increased rapidly over time, and by gen-
eration F58 88.9% of individuals carried this
allele, while early flowering alleles dropped to
2.3% of the sample. The rise of haplotype 4 cor-
responds to an almost complete loss of the mi-
nor allele at the tag SNP in our GWAS.
By realigning the parental whole-genome se-

quences to a reference that contained a functional
ZCCT gene cluster (H. vulgare ssp. spontaneum,
B1K-04-12; fig. S24) (39), we found clear evi-
dence for the presence of the ZCCT genes in
the three late-flowering haplotypes 2, 4, and 5,
and in the pooled-sequencing samples at all
time points (Fig. 5G). The two early-flowering
alleles lacked coverage across both genes, con-
sistent with a deletion.
Taken together, our results indicate that sta-

bilizing selection tuned flowering time in CCII
through a two-step process. First, selection
forMediterranean alleles at Ppd-H1,HvCEN,
and perhaps other loci ensured completion of
the life cycle before the onset of the dry season.
Second, selection for a functional Vrn-H2 al-
lele from Atlas eliminated premature flower-
ing in the winter or early spring. The unusual
length of the CCII experimentmade it possible
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Fig. 5. The dynamic process of purifying selection on reproductive timing.
(A) Evolution of the time to reproduction as measured by an estimate of
heading date (the first appearance of awns in the shoot) in CCII. The F2
distribution was estimated from midparent means (teal). The black dot shows
the value Lin1. (B) The relationship between days to heading and fecundity
based on seed number estimates. (C) The GWAS of days to heading
shows a single significant peak (Bonferroni corrected P < 0.05) on Chr4H.
(D) Haplotype structure surrounding the Vrn-H2 locus. The highlighted

SNP is the nearest significant SNP to the Vrn-H2 deletion. (E) Muller plot
showing haplotype frequency from generation 18 to 58. (F) Distribution of
days to heading across the five main haplotypes segregating in CCII.
(G) Coverage of sequencing reads across the Vrn-H2 locus in the B1K-04-12
H. vulgare ssp. spontaneum assembly for examples of each haplotype group.
The highlighted region (light blue) shows the segregating deletion, which
overlaps with two annotated ZCCT genes. The three bottom tracks show
coverage for each progeny pool.
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to resolve the long-term trend of stabilizing
selection that emerges from shorter direc-
tional shifts in flowering time.

Discussion

Our analysis of CCII reveals the power of se-
lection to rapidly drive strong directional evo-
lution even in a variable environment, which
is consistent with recent results from field ex-
periments with Drosophila (47). Low genetic
diversity in wild populations of self-fertilizing
plants is often attributed to founder effects,
although linked selection has also been pro-
posed as a potentially important driver (48).
The latter appears to be the most important
force in CCII, with high genetic diversity in
the founding population rapidly obscured by
the pervasive effects of natural selection. The
footprint of early selective events has already
begun to decay after only a few dozen gen-
erations, suggesting that historical selection
may be obscured when divergences are larger
than a few tens of generations. However, the
length of the CCII experiment allowed us to
observe the dynamics of asymmetric stabiliz-
ing selection, which would have been disguised
as directional selection over shorter periods.
These findings highlight the challenge of in-
terpreting patterns of genetic diversity in large
multicellular organisms; long-term observa-
tion is difficult but crucial. An improved mod-
el of the dynamics of adaptive evolution based
on observation has great potential to facilitate
prediction of patterns of genetic diversity and
to aid in the development of strategies for
countering the impacts of rapidly changing
environments.
CCII was founded to adapt a diverse gene

pool to local conditions in Davis (11, 13). Unfit
genotypes were expected to go extinct over
time, leaving the breeders with usefulmaterial
to conduct selections for release to farmers.
This “evolutionary breeding” approach was
also convenient because it didnot require breed-
ers to independently maintain many families
generated by intercrosses. The adaptation in
CCII resembles the process that allowed an-
cient farmers to adapt early crops to new envi-
ronments. We found considerable evidence
that local adaptation dominates evolution in
this experiment. However, despite early, rapid
gains in yield in CCII, the evolutionary breed-
ing approach failed to keep pace with the
gains observed from pedigree-based breed-
ing methods (49). Understanding why the
most competitive genotypes produced dur-
ing local adaptation are not necessarily the
highest yielding will be of great interest in
the future.

Materials and methods
Plant material

The CCII experiment has been propagated every
few years since its inception in population sizes

of approximately 5,000 to 25,000 plants. Seed
viability for early generations was maintained
by propagating less frequently, for example
every 5 years rather than every year (Fig. 1).
The population was maintained with minimal
human intervention excepting planting in the
fall and harvest in the spring. The material
used for the experiments here was from a grow-
out in the 2015 field season. These seed were
made available to us by the former curator of
the population, Cal Qualset at UC Davis (see
SM for further details).

CCII parent whole-genome sequencing

Nuclear genomic DNAwas extracted using the
CTAB method independently from two plants
from each of the 28 parents of CCII (50). The
first replicate of DNA extractions was used as
input for the Illumina TruSeq DNA PCR-
Free library preparation kit. Libraries were
each sequenced on a single lane of an Illumina
HiSeq 4000 instrument on the paired-end
150-bp read setting. To increase the depth of
coverage across the parents, libraries were
generated from the second replicate using the
Nextera DNA Flex library preparation kit.
These libraries were pooled and sequenced on
an Illumina NovaSeq instrument to generated
paired-end 150-bp reads.

Pooled DNA extractions and genome sequencing

One thousand seeds from generations F18, F28,
and F58 were planted in flats and grown until
the two-leaf stage. A hole punch of leaf tissue
was taken fromeachplant and combined across
all plants to generate a single pool of tissue that
was then ground in liquid nitrogen to homo-
geneity with a mortar and pestle. A subsample
was then taken and used as input for CTAB
genomic DNA extraction and sheared to 300-bp
fragments on a Covaris S220 Ultrasonicator.
A library for each generation was constructed
with the NEB Nextseq kit library preparation
kit. The three libraries were independently
pooled four times and run on four lanes of an
IlluminaHiSeq 4000. To increase coverage, the
parents were resampled and extracted DNA
was used to generate sequencing librarieswith
the Illumina Nextera Flex library prepara-
tion kit pooled and sequenced on an Illumina
Novaseq instrument.

Sequence alignment and variant calling
for CCII parents

The parental and progeny pool DNA sequences
were aligned to theMorex 2019 TRITEX barley
reference genome assembly (also referred to as
v.2) (51) using the bwa mem short read align-
ment algorithm v. 0.7.17-r1188 (52) and sorted
using samtools v. 1.14 (53). Sorted bam files
were input into the standard pipeline to iden-
tify SNPs usingGATK v. 4.1.4.1 (54). Initial align-
ments were screened for PCR duplications
using the markduplicates tool in GATK, with

the subsequent alignment files being used
one chromosome and sample at a time as
input for the GATK haplotypecaller tool. The
CombineGVCFs tool was used to combine data
across parents, and then variant calls were
made using the GenotypeGVCFs tool allow-
ing a maximum of two alternate alleles at var-
iant sites. The raw variant dataset from each
chromosome was filtered using vcftools v. 0.1.17
(55) and bcftools v. 1.15 (56) to include only SNPs
with no more than four parents having miss-
ing data, a minimum genotype quality of five,
a variant quality of 30, a maximum of two al-
leles, no more than six heterozygous calls, and
a minimum per sample depth of two. We also
required at least one observation of an indi-
vidual homozygous for the alternate allele. The
bcftools concat tool was then used to combine
the multiple chromosomes of barley into a
single file. Variant sites were annotated using
SNPeff (v.5.1) (57).

Exome-capture variant calling and analysis
with CCII parents

Raw Illumina read data from the barley exome
capture panel (9) were downloaded from the
European Nucleotide Archive and aligned with
bwa mem to the Morex 2019 Tritex assembly
(51). Adapter sequences were trimmed using
trim_galore wrapper for cutadapt (v0.6.7) (58).
Variant calling proceeded according to the
standard practices recommended for the
GATK tool as described for the whole-genome
sequencing for CCII parents. SNP filtering was
performed using vcftools v.0.1.16-18 (55) with
the options –max-missing 0.8 –maf 0.01 –mac 3
–minDP 10 –maxDP 500 –minQ 10 –min-alleles 2
–max-alleles 2.
Genotype calls for each parental accession

were made at each polymorphic site in the
exome panel using the samtools mpileup and
call tools (56) and merged with the exome data-
set using bcftools merge. The final dataset was
filtered to include only domesticated sam-
ples from the exome capture dataset, leaving
1,739,465 biallelic SNPs.
PCA of the combined sample was conducted

with the software PLINK v1.90b6.25 (59) consid-
ering the first 25 axes of variation. Plotting and
analysis of allele frequencieswasperformedusing
the R statistical computing environment (60).

Pooled-sequencing allele frequency
and diversity estimations

Alignments for pooled-sequencing samples
were conducted as described for parental ge-
nome sequences. Allele counts at each of the
sites polymorphic in the parents were gen-
erated for each alignment file using the script
extractsite_counts.py which directly extracts
the observed nucleotides at each position from
the alignment. Count data were then summed
across bam files to generate a final allele count
dataset for F18, F28, and F58, which was then
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combined with allele counts from the parents
generated from the filtered VCF file using the
script Process_Filtered.py. A final filter was
applied to keep sites with a coverage of <300
across all samples and >10 counts for each
generation in the R statistical computing en-
vironment (60).
Allele frequenciespandq inpopulationnat site

l were calculated from the count data as follows:

pn;l ¼
covn;l
covt;l

qn;l ¼ 1" pn;l

where covt is the total coverage of the site, and
covn is the coverage of the first allele at the site.
For genome-wide expected heterozygosity cal-
culation and simulation, only sites with com-
plete data across the parents were considered.
Expected heterozygosity for a specific popula-
tion was calculated at each site as follows:

Hl ¼ 2 plð Þ qlð Þ

where Hl is the estimate of expected hetero-
zygosity at site l.
For windowed of genome wide estimates:

!
H ¼

X

l

Hl

n

where n is the total number of segregating sites
in the window.
Genome-wide pairwise Wright’s FST was cal-

culated as:

FST ¼ N
D

where

N ¼ p1 q2 " q1ð Þ þ p2 q1 " q2ð Þ
D ¼ N þ p1q1 þ p2q2

with n being the specific pool. The mean across
sites was used to describe genome-wide FST.
To understand the relationships between the

population and the parents over time, we calcu-
lated Nei’s genetic distance (61). Let Xu be the
frequency of allele u in population X and Yu be
the frequency of allele u in population Y at site
l. L is the total number of segregating sites in
the sample, and JX and JY are themean of allele
frequencies in populations X and Y. The dis-
tance D between each population was calcu-
lated as follows:

D ¼ ln
JXYffiffiffiffiffiffiffiffiffiffi
JXJY

p
" #

where

JX ¼
X

u

X2
u

L

JY ¼
X

u

Y 2
u

L

JXY ¼
X

l

X
u

Xu;lYu;l

L

Allele frequencies for individual samples
were 0, 0.5, and 1 for homozygous reference,
heterozygous, and homozygous alternate gen-
otypes. The resulting distancematrix was used
to conduct a multidimensional scaling analy-
sis implemented in R (62).

Simulations of CCII

Simulations of loss of genome-wideHe over time
wereconducted inRusing the scriptSim_Script.R.
The simulations were initializedwithN homo-
zygous recombinants each generated from
two randomly drawn parental genomes with
one randomly positioned crossover per chro-
mosome. Generations Fn+1 were generated
from random draws of Fn with replacement
assuming complete selfing. Expected hetero-
zygosity was calculated for generations F18,
F28, and F58 as above, using the summed al-
lele counts of the remaining genomes at each
time point. Each simulation was initialized
with a different random subset of 10,000 sites
with no missing data across all the parents
(1,166,976 sites).

Realignment of the whole-genome sequences
against the H. vulgare ssp. spontaneum reference

The Morex reference contains the null, dele-
tion allele at Vrn-H2 preventing us from de-
termining segregation of functional alleles in
the parents. For this purpose, the parental and
pooled-sequencing readswere realigned against
the H. vulgare ssp. spontaneum reference B1K-
04-12 (4), which contains two of the three char-
acterized ZCCT genes. The sequencing depth
was calculated per base pair using samtools
v. 1.14 for primary read mappings of a mini-
mum mapping quality of 60. The reported
coverage data shows 21-bp sliding medians
of these values calculated and plotted in R.

Selection scans

We scanned the genome in 1000 SNPwindows
for signals of selection between generations
F0 and F18 using the combined signals of
change in allele frequency (Dp) and loss of He.
We began by simulating neutral evolution of
each window using the known starting allele
frequencies. The simulated population sizes
were held at the very conservative size of N =
100 to account for the genome-wide loss of
genetic diversity due to LD. Coverage variabil-
ity was simulated for each site as normally
distributed, with a mean of 25 and variance of
7.2. Evolution was then simulated for 16 gen-
erations (equivalent to F18) for each window,
like the whole genome simulations described
above. At the final time point, the mean Dp
andHe were calculated and recorded. 100,000
simulations were conducted to generate the
distribution of both statistics expected under a
neutral model.
A one-sided P value was then calculated for

each statistic in each window based on the

likelihood of the observed value in the simu-
lated data, and Fisher’s method was used to
generate a combined p-value for both tests.
Significant regions were defined as those which
showed P < 0.05 after multiple testing correc-
tion using the Benjamini-Hochberg procedure.
Regions were additionally required to have P <
0.05 for bothHe and Dp tests without multiple
testing correction. Adjacent windows were col-
lapsed into single regions for reporting.
To identify candidate genes that might be

targeted by selection within the regions we
first extracted all genes overlapping each re-
gion and searched for those with a previously
characterized role in barley diversification.
We identified Vrs1, Ppd-h1, and HvCEN and
directly scored the frequency of previously
reported causal mutations. These were not
necessarily included in our parental variant
panel because of stringent filtering or because
we excluded deletions from this set. We di-
rectly observed the frequency of alleles across
generations in our alignment files using the
Integrative Genomics Viewer (63).
For regions which did not overlap with a

previously described barley diversification lo-
cus, we searched for genes that have been
studied in other plant species. We list these
genes in table S2 because of their potential
interest to the barley research community,
but the evidence that they have been directly
targeted by natural selection is weak and
they should be treated with caution.

Genotype by sequencing dataset

A random selection of 220 seeds from each of
F18, F28, F50, and F58 and the parents were
surface sterilized and stratified for 1 week on
wet paper towels before germination on the
bench top. Individual seedlings were trans-
planted into pots in the greenhouse within a
week of germination. Young leaf tissue from
each progeny and three replicates of each
parent was harvested and transferred into
96 well plates. CTAB genomic DNA extractions
were performed for each sample, followed by
DNAquantification and quality assessment on
agarose gels and using the Quant-It PicoGreen
assay (Thermo Fisher Scientific, P11496). Se-
quencing library construction followed (64).
Sequencing was performed on an Illumina
HiSeq 4000 instrument using single-end PE
150-bp run mode.
Reads for the parents were parsed by bar-

code, trimmed for adaptor sequences and
low-quality ends using the software package
trimmomatic v.0.39 (65), and aligned to the
TRITEX barley reference genome (51) using
the minimap2 software v.2.1 (66). Alignments
were sorted using samtools v.1.17 (53). Poly-
morphic sites were identified using bcftools
v.1.17 (56) using the mpileup and call tools
with the flags -c -v. bcftools was then used to
filter the raw calls to include only SNPs with
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<4 heterozygous calls, a minimum coverage of
three reads in each parent, a total depth <100
but less than 1000 across all parents, a quality
ofmore than 500 and nomore than 1 alternate
allele.
Trimming and alignmentwas conducted for

the progeny as described for the parents. SNP
calling at each parental polymorphism in the
progeny was conducted using the approach
implemented in STITCH (67) using a K = 28
and nGen = 60. Imputed genotype data were
thenmerged across chromosomes and filtered
with bcftools for sites with missing data <0.05
and <5 heterozygous calls. Two lines with very
low coverage were removed from the analysis.
Genetic distance calculation and principal

component analysis between progeny and
parent datasets were performed using PLINK
v.1.90b6.25 (59). Genetic distance (D) in PLINK
is calculated as the distance in allele counts
as follows:

D ¼

Xn

i"1
pi " qij j
n

where p is the allele count for the first in-
dividual at SNP i, q is the allele count for the
second individual at SNP i, and n is the total
number of sites.
Genetic distances of progeny lines were

used as input for hierarchical clustering with
average linkage and a tree cut with a 0.001
threshold. This approach was used to select a
randommember of each cluster for GWASs. A
consensus haplotype was also generated for
ancestry estimation based on themajority rule
at each site. The consensus was then used as
input for ancestry calculations.
Assignment of primary and secondary an-

cestry was accomplished using a windowed
analysis. For each progeny, the total number
of 1-Mb genomic windows falling below a ge-
netic distance threshold of 0.01 from a parent
was recorded. The parent with the largest frac-
tion of windows falling below this threshold
was assigned as the primary parent. The sec-
ondary parent was assigned as the parent with
the largest fraction of remaining windows fall-
ing under the 0.01 threshold. This approach is
approximate because of allele sharing between
the parents, segregating variation within the
parent accession not captured in our rese-
quencing samples, and several near-identical
parents.

Greenhouse flowering-time experiment

In the fall of 2016 and 2017, seeds from the
parents and progeny were surface sterilized
using 15% bleach, washed with distilled water,
and placed on a damp paper towel in a plastic
container. Each container was stratified at 4°C
for 1 week in the dark, and then seeds were
placed at room temperature on the benchtop
for 4 days to allow germination. Individual

seedlings were transplanted into 1L pots con-
taining UC Soil mix 3 in a greenhouse in
Riverside, CA, USA set to maintain temper-
atures above 20°C and with artificial light
set for 14:10 long day conditions in a com-
pletely randomized design. In 2016, four repli-
cates of each parent were transplanted, with
one individual each of the progeny genotypes.
In 2017, a subset of progeny genotypes was
selected based on pruning of nearly identical
samples and two replicates per linewere planted
in a completely randomized design. For both
experiments, measurements of individuals
deemed mix ups in our genetic analysis were
excluded. Flowering time (heading date) was
estimated based on the emergence of awns
(awn tipping) from the first inflorescence. Plant
height was measured after plant dry down
during harvest. An estimate of the total seed
number, Ŝ, was generated with the following
formula:

Ŝ ¼ 100& wt

w100

" #

Where wt is total seed weight and w100 is hun-
dred seed weight.
When available, replicate data were sum-

marized for both parents and progeny as the
mean of observed values.

GWAS

The down-sampled progeny dataset, which
contained a single member drawn at random
from each of the near-clonal genetic lineages,
was used to conduct a GWAS on heading date.
GWASs were conducted using the software
gemma v.0.98.1 (68) with cryptic relatedness
correction using a kinship matrix calculated
from the subsampled genetic dataset.
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