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ABSTRACT OF THE DISSERTATION

Uncovering the Genetic Basis of Local Adaptation With
Long-Term Evolution Experiments in Barley

by

Jill May Marzolino

Doctor of Philosophy, Graduate Program in Botany and Plant Sciences
University of California, Riverside, March 2026
Dr. Daniel Koenig, Chairperson

Environmental adaptation is a critical component for the survival of plant species.
Understanding how genetic diversity is purged and preserved during evolution and the
types of traits which contribute to fithess increases over large time spans helps clarify the
relationships between genotypic and phenotypic variance. Throughout this dissertation |
use the Composite Cross Il evolution experiment in barley to explore the process of
evolution to novel environments over the course of nearly a century and connect
genotype with phenotype. The seed bank of this population provides unprecedented
access to the story of evolution in a valuable model crop species. In Chapter 1 | show
how the connection between flowering time and fecundity depends upon environmental
factors. In Chapter 2 | expand the scope to explore additional physical, developmental
traits that contribute to competitive ability in the experiment. In Chapter 3 | explore how
genetic diversity stored in the population helps preserve its fitness during radical
environmental changes and that some of the genetic controls and pathways under
selection in the original environment undergo a reversal in response to new selective

pressures.
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Introduction

Plants can survive in many varied environments because they adapt through the

accumulation of locally beneficial genetic changes (Leimu and Fischer 2008; Long et al.

2015; Schlotterer et al. 2015). However, climate change is advancing faster than plants

can adapt (Jump and Penuelas 2005; Raza et al. 2019; Ahuja et al. 2010; Chakraborty

and Newton 2011). Environmental stresses such as prolonged drought, intensifying

storms, and increased UV exposure can all damage plant tissues and inhibit crop
productivity. Flowering time, plant size, disease resistance, water use efficiency, and
drought tolerance are frequently significant subjects for plant adaptation (Milano et al.

2016; Campitelli et al. 2016:; Taylor et al. 2016). Furthermore, genotype-by-environment

interactions are important during adaptation to new environments (Lasky et al. 2015).

Annual mean temperature, annual precipitation, and precipitation in the wettest month
have been identified as crucial factors for adaptation to new environments (Zhang et al.
2019). Allele fitness in a new environment depends strongly on the environmental origin
of the population. For example, while a few quantitative trait loci (QTL) promote biomass
across multiple environments in switchgrass, other morphological changes like leaf size,

tissue density, and stomatal conductance associated with variable adaptation to drought

(Hamilton et al. 2015:; Lowry et al. 2019; Taylor et al. 2016). Providing further evidence of
how cultivated plants adapt to environmental changes adds to our understanding of the
pathways and process of evolution and can inform the breeding of crop varieties that can

withstand the challenges of shifting climates and mitigate these environmental hazards.
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Barley (Hordeum vulgare) is an excellent crop system for studying local
adaptation because it is thought to be one of the first domesticated crops and underwent
domestication in three to six independent sites in Eurasia (Stein and Muehlbauer 2018),

Lister et al. 2018: Newton et al. 2011; Morrell and Clegg 2007). The species then

spreads across the globe, adapting to diverse environments and accumulating extensive
genetic diversity (Zhou 2010). That diversity has been captured in modern gene banks
that collected over 400,000 barley accessions representing adaptation to almost every

type of environment (Knupffer 2009). Today it is the world’s fourth most important grain

crop and is a useful model species for wheat because it is easy to grow in large
numbers, 99% selfing, easy to sterilize and cross, and has a high-quality reference

genome (Stein and Muehlbauer 2018: Natural resources conservation servic...).

Studying the process of evolution in this crop system allows insight into the factors that
contribute to wide-scale and long-term environmental adaptation and provides
information about varieties’ use in different climate zones.

Studying adaptation is often limited to surveying available genetic and phenotypic
diversity from naturally occurring systems and using genome wide association studies

(GWAS) to identify associations between genetic and trait variance (Challa and Neelapu

2018: Bamba et al. 2019: Olatoye et al. 2018; Jabbari et al. 2018). These survey-style

approaches limit research because of confounding factors like population structure, the
frequency of adaptive variants, and the availability of genetic diversity. A modern
approach to this problem is combining experimental evolution with modern sequencing
technologies to monitor genetic changes in populations at the genome level in ‘evolve &

resequence’ (E&R) experiments. The majority of these experiments use small laboratory
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samples under specific selective regimes to understand evolutionary processes (Long et

al. 2015; Turner and Miller 2012; Schlbtterer et al. 2015). These laboratory experiments

often exclude complexities of the natural environment and cannot be maintained for long.
One counterexample is Lenski’s long-term experimental evolution experiment of
perpetuating progeny bacterial colonies and competing to compare fitness (Lenski 2017;

Good et al. 2017). This experiment provides evidence for how beneficial mutations

develop and compete in the E. coli system, but it is difficult to establish and maintain
such large, long-term experimental populations. Overall, experiments that can
encompass greater genetic diversity and longer time spans for genetic change allow
deeper insights into long-term patterns of evolution.

Using intercross-derived populations recombines extant genetic diversity to
expand phenotypic variance and remove population structure. The composite cross |l
(CC 1) experiment combines these features with long-term evolution and allows us to
dissect the genetic basis of adaptation to a novel environment in a multicellular organism
and crop species. The Composite Cross |l was founded by crossing 28 barley lines

collected from the major barley growing regions of the world (Harlan and Martini 1929).

The offspring of these crosses were then competed against one another in large
populations at locations across the United States for nearly a century. Each year, seed
was collected from the population and a random subset was used to plant the next

generation (Harlan and Martini 1929; Suneson and Wiebe 1942). No conscious selection

regime was exerted on progeny seeds and large population sizes (10,000 to 20,000

individuals grown each generation) minimize the effect of drift, so natural selection

shapes the genetics of the population (Zhang et al. 2004). This experimental design
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enables us to detect selection as a major factor of non-random, non-neutral, adaptive
genetic change.

Initial studies of the CC Il used allozyme markers and found that natural selection
targeted flowering time, plant height, spike number, and total seed number (Allard 1996).
Modern genomic investigations show that the CCIlI became increasingly genetically
homogenous, with two primary genotypes dominating later stages of the experiment

(Landis et al. 2024). They further uncovered genome regions associated with increasing

fithess and changes in flowering time based on phenotypes collected from a greenhouse
experiment. In this dissertation, | add to a comprehensive understanding of
environmental adaptation in this population by documenting and mapping flowering time
in a novel environment, describing additional traits associated with increased fitness
during adaptation, and investigate the effect of prior adaptation and reductions in genetic

diversity on the population’s ability to evolve in a novel location.

Chapter 1 explores the relationship between fitness and flowering time over generations

in the Composite Cross Il with a field experiment based in Riverside, California.

Chapter 2 expands our knowledge of the changes that occurred and the types of traits
under selection in the CC Il over time by leveraging developmental phenotypes

measured with a high-throughput phenotyping platform.

Chapter 3 examines the role of environment on the evolutionary process by mapping the

genetic basis of adaptation to two different environments.
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Chapter 1 - The importance of flowering time for fitness measurements in a century-long

evolution experiment in barley

Abstract

Flowering time is a critical component of plant fitness, especially for agricultural species
like cultivated barley. Using a historic evolution experiment founded from global genetic
diversity, we investigate the process of environmental adaptation with modern genomic
technology. We grew 225 genotyped lines from generations throughout the population’s
evolutionary history in the field and phenotyped flowering time, fecundity, and seed
mass. Early research conducted with this population found increases in height, flowering
time, and yield. Our experiment confirms significant increases in flowering time,
fecundity, and seed mass over time. We also confirm major diversity loss in the earliest
stage of the experiment when the most drastic trait changes occurred. The following 40
generations exhibit smaller losses and fine-tuning of population changes. Specifically, we
find evidence for stabilizing selection acting on flowering time and strong directional
selection for higher seed weight acting consistently over time. Flowering time and seed
production appear to have a quadratic relationship, which supports the idea of moderate
flowering times having the highest fitness in the population’s adapted environment.
Finally, we uncovered evidence for the genetic controls of flowering time and fecundity in
this population. This research furthers our understanding of the genetic components and

processes of crop adaptation to a novel environment.



Introduction
Because of its intrinsic link with reproductive capacity, the timing of a plant's transition
from vegetative to flowering development is critical for plant fitness. This transition is an
important life history event for plants and flowering time, the duration from germination to
flowering, has an inextricable link with an individual's fitness in the local environment
(Gaudinier and Blackman 2020). Incorrect flowering time can result in physical barriers to
outcrossing or negative environmental effects from intolerable temperatures that can
damage reproductive tissues. Plant species often show variance in flowering time that
concurs with an environmental gradient (Fournier-Level et al. 2011; Savolainen et al.
2013). Reciprocal transplant experiments can then prove populations exhibit higher
fitness in their native environment, connecting the phenology of flowering time with
fitness measurements (Hall and Willis 2006; Takou et al. 2019; Fournier-Level et al.
2022). Research in Arabidopsis documented directional selection acting on the start and
end times of flowering (Toomajian et al. 2006; Sandring and Agren 2009). Abiotic stress
and climate change research provide further evidence for the importance of flowering
time as a crucial aspect of plant fitness. Documenting the concurrence of changing local
temperature with flowering time and other measurements of ‘spring onset’ shows that
plant species repeatedly adapt with earlier flowering times and faster life cycles (Bradley
et al. 1999; Menzel and Fabian 1999; Sparks et al. 2000; Fitter and Fitter 2002; Primack
et al. 2004; Ferguson et al. 2019; Collins et al. 2025).

Breeding efforts during domestication, expansion, and improvement have
increased biotic resistance, abiotic stress tolerance, and regional fitness in small grains

like wheat and barley. Expanding a crop’s range while maintaining high yield requires
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aligning plant life cycles with local seasonality through identifying allelic variance in
flowering time (Cockram et al. 2007). When planted in a temperate zone, plants can
capitalize upon an extended growing season, but they need an appropriate vernalization
response to initiate flowering in the spring after a cold winter. On the other hand, in
Mediterranean climates, shorter vegetative phases, faster life cycles, and earlier
flowering dates are beneficial for avoiding drought during sensitive periods of flower
development and grain filling (Shavrukov et al. 2017). Although bread wheat is one of the
most important crops for food production and has undergone extensive breeding, barley
can outperform wheat yield partially through optimal flowering times across diverse
environments (Fjellheim et al. 2014; Abu-Elenein et al. 2021; Harris et al. 2025). Barley
exhibits extensive variance in flowering time that has allowed its spread through
temperate zones (Cockram et al. 2011). Understanding the genetic mechanisms
controlling flowering time in annual grasses facilitates effective manipulation of
flowering-time genes to rapidly breed plant lines tailored for specific environments.

Since plant reproductive structures are vulnerable to temperature extremes and
improper seasonal timing can radically reduce fitness, plants need to coordinate
flowering time with reliable internal and external signals. Decades of research have
documented heritable variance in flowering response and tracked the biological
mechanisms controlling all aspects of plant flowering (Levy and Dean 1998; Pifeiro and
Coupland 1998; Maple et al. 2024). Often studied in the model plant species Arabidopsis
thaliana, a small European annual, flower initiation is coordinated by several pathways,
responding to both internal and external cues. Internal controls consist of three pathways

relating to plant age (endogenous), hormone levels (gibberellic acid), and plant
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development fully independent from external cues (autonomous) (Srikanth and Schmid
2011). Two external pathways integrate environmental signals from temperature
(thermosensitive and vernalization) and light (photoperiod). The thermosensitive pathway
coordinates flowering response based on the ambient temperature, while the
vernalization pathway induces flowering after a prolonged exposure to cold temperatures
and is not present in all plant species (Jin and Ahn 2021). Finally, the photoperiod
pathway involves signals from photoreceptors indicating the length of light and dark
periods to indicate season, integrated with the day/night cycle regulated by the circadian
clock (Lin 2000). Although the central mechanisms controlling flowering time are
conserved across plant species, each species exhibits a unique genetic architecture.

Flowering time regulation in barley is controlled by the same pathways conserved
across plant life, and the environmentally sensitive vernalization and photoperiod
pathways play an important role in fine-tuning flowering time for success in local
environments. Diverse allelic variants in these pathways have allowed for broad barley
cultivation (Fernandez-Calleja et al. 2021 May 9). In barley, the VRN-H3 gene is the
conserved ortholog of the FLOWERING LOCUS T (FT) gene identified in Arabidopsis
that centrally promotes flowering (Yan et al. 2006). The central gene of the vernalization
pathway in barley, VRN-H1, promotes flowering only after prolonged cold exposure.
Non-responsive mutations in VRN-H1 are a critical component of barley’s
post-domestication expansion into colder European climates where over-winter survival
is not possible (Cockram et al. 2011). This northward movement was also facilitated by
allelic variants in photoperiod genes PPD-H1 and PPD-H?2 that allow for delayed

flowering response (Fernandez-Calleja et al. 2021 May 9). The wild, dominant allele of
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PPD-H1 increases expression of VRN-H3 under long-day light exposure to induce
flowering, and is common in lower latitudes like southern Asia and Europe and the
Mediterranean where plants can over-winter and flower in the spring. The recessive,
less-functional, photoperiod insensitive allele, ppd-h1, is common in central and northern
Europe where spring-planted barley needs an extended vegetative period for desirable
yields during an autumn harvest. The clear geographic distribution of these two
long-day-pathway alleles supports the association between this locus and the critical
climate-related flowering response. The other central photoperiod locus, PPD-H2, is
responsive to short days and also has two known allelic variants with distributions
associated with climate geography. The dominant, functional allele is common in both
winter and spring barley lines in southern Europe where it promotes flowering in
short-day conditions, while the nonfunctional, recessive allele is common in central and
northern European ranges’ winter barley lines where the allele extends the vegetative
stage. Although PPD-H2 has a large effect on flowering time and a clear environmental
association as shown through signatures of divergent selection, the gene’s exact effect is
modulated by interactions with other genes in the vernalization and photoperiod
pathways. Finally, HYCEN is perhaps the most important genetic variant for adaptation in
barley. This centromeric ortholog of the CENTRORADIALIS gene identified in
Antirrhinum, is a central flowering repressor with 3 common haplotype variants out of 13
global variations. These haplotypes are associated with either early or late flowering and
vary geographically. Again, the later flowering haplotypes predominate in European
spring lines to extend the growing season while early flowering haplotypes are common

in the Mediterranean and winter lines where accelerated development is beneficial.
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Barley’s extensive range and adaptation to diverse local environments provide a rich
genetic stock for studying evolution in novel environments.

Capitalizing on the abundant genetic diversity of barley, breeders have founded
many “composite cross” populations of interbred barley landrace lines. Here we use the
Composite Cross Il (CC II): a population made by intercrossing 28 landrace lines
collected from across the globe (Harlan and Martini 1929). The progeny of these crosses
were then set into a long-running evolution experiment by being cultivated in Davis,
California for more than 58 generations over the span of a century without conscious
selection (Allard and Jain 1962; Saghai Maroof et al. 1983). Due to large population
sizes, with upwards of 10,000 individuals per year and near complete inbreeding
(98-99%) rates, we can observe the effect of natural selection on this population over
time (Suneson 1956; Jain and Allard 1960).

Early work with the CC Il population was based on phenotyping after about 30
generations of evolution and genotyping with allozyme markers (Allard et al. 1972; Weir
et al. 1972). This and later research uncovered directional shifts in the average flowering
time, yield, and plant height in the population (Bal et al. 1959; Allard and Jain 1962).
Here we expand on this work using modern genome-sequencing techniques to
understand the genetic basis of these observations over a longer period of time. Work
published in Landis et al. 2024 found support for increased flowering time, yield, and
height and connected these phenotypic shifts with the key genes undergoing evolution in
the population. Furthermore, it documented the loss of large amounts of genetic diversity
from the population in the first 18 generations of the experiment followed by slower

decreases over the following 40 generations. Over time in the evolution experiment, one
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lineage descended from a line pre-adapted to the California environment came to
dominate the population. One of the key phenotypic advantages of this line is an early
flowering time, and the population shows evidence of purifying selection on flowering
time as the population converged around this pre-adapted parent’s flowering date.
Phenotyping for this experiment, however, was assessed in a greenhouse
environment with consistent, controlled 14:10 long days, abundant automatic watering,
and limited growing space in 1-liter pots. Here we leverage the same population and
sequencing data to better elucidate the genetic basis of phenotypic change in this
population by assessing the flowering time of genetically diverse plant lineages in the
less-controlled field environment. This field site in Riverside, California is subject to the
natural day/night cycle from fall to spring, local soil conditions, less targeted but plentiful
watering, and exposure to biotic stress. We measured flowering time, 100-seed weight,
and fecundity (the estimated total number of seeds produced per plot) for a genetically
diverse selection of 225 individuals from across 58 generations of the CC I, including all
28 CCII parents alongside 82 F,g, and 59 Fs; progeny. This plein air experiment draws
out measurable genotypic differences that help clarify the evolutionary path of natural
selection, the relationships between traits in this evolution experiment, and the genetic
basis of our fithess measurements. We uncovered evidence for stabilizing selection
acting on flowering time to remove extremely early and late flowering lines. There is also
evidence of strong directional selection for higher 100-seed weight which acted
consistently over all generations. Plant fecundity significantly increases over time, but
selective pressure for both flowering time and fecundity reversed over the course of the

experiment.
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Methods

Plant material

A total of 255 previously genotyped lines of barley (Hordeum vulgare) were used in this
experiment. These include the 28 parental lines of the Composite Cross Il population
(Harlan and Martini 1929) and 227 progeny lines from 4 generations of the evolution
experiment. Specifically, 82 genotypes from generation 18, 68 from generation 28, 18
from generation 50, and 59 lines from generation 58 were chosen to represent the widest
available selection of genetic diversity in the population (based on haplotypes identified
in Landis et al. 2024). To create a data set representative of each genotype’s frequency
in the population for a given generation, we classified each line according to its
haplotype. We know the frequencies of our haplotypes from population-level sequencing
(covered in Landis et al. 2024) and sampled the lines to represent as many as possible.
To recover a population-level representative distribution of trait values, we sampled each
haplotype’s phenotypic value to match the haplotype’s frequency in each tested
generation. This data set provides an approximation of the occurrence of both rare and
common haplotypes at their true representation within a given generation during the

population’s evolution.

Growth Conditions

Plants were grown in quarter acre fields within Riverside, California with a fall
(November) planting and spring (May/June) harvest in 2021-2022 and 2022-2023. The
field season lasted 131 days for the trial ending in 2022 and for 139 days for the trial

ending in 2023. Fields were previously used for growing cowpeas and had basic
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fertilizers applied at a low level before planting. The Composite Cross Il experiment was
rain-fed, so the population is theoretically adapted to low water requirements, but we
avoided water stress during germination and establishment as well as seed set and seed
filling by watering weekly for about 3 hours to supplement rainfall. Watering was lowered

leading up to maturation and drying.

Each plot was approximately 1 square foot and was separated from its neighbors by
about 4 feet of open space to allow easy differentiation between neighboring plants at
their mature size. Genotype planting order was randomized within one block and
duplicated without separate randomizations within the replicate block. We checked for

discernable differences due to planting location and observed no clear effect of field

position (see Supplemental Figure 1).

Plot Phenotyping

To scale seed production per plot by the number of producing individuals, we counted
the number of germinated and surviving seedlings for each plot one to three weeks after

planting when most seeds had sprouted and established to the 2-leaf stage.

Plants were checked for flowering every other day. Flowering time is defined as the
number of days between planting and when at least 50% of the plot showed awn
emergence beyond the flag leaf sheath. A few lines exhibited flowering well outside the
time frame for the bulk of the field. Early-flowering plots were marked as close as

possible to their estimated emergence date, and extremely late-flowering plots were
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revisited at weekly intervals to distinguish late flowering from plots with no flowering

within the recording time.

We harvested one sheaf of barley from each plot, threshed the heads to collect clean
seeds, and weighed the total seed mass produced by each plot. A small random subset
of seed was counted, weighed, and scaled to quantify 100-seed weight.

Specific phenotyping definitions and equations include:

yield

total weight of seed produced for a plot

100-seed weight

seed weight scaled to the number of seeds in a small sample, multiplied by 100

sample seed mass
SAmpre SeefIASE. w100
sample seed count

100-seed weight =
Trait measurements derived based on the previously defined traits follow:
seed count

estimated number of seeds making up the plots yield

total mass

100—seed mass )
100

seed count =

fecundity

estimated number of seeds produced per surviving individual

seed count
surviving plants

fecundity =
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Estimating Genetic Variance and Traits Heritability

To extract reliable phenotypes, we extracted BLUPs (best linear unbiased predictors) for

each genotype using the H2cal function from the inti package (Lozano-Isla 2025 Feb 26).

The H2cal function is specifically designed for modeling the genetically attributable
phenotype out of multi-environment field trials, including across replicate years. We used
the same random model for the three traits used for analysis (flowering time, 100-seed
weight, and fecundity):

y ~ Experiment year + Genotype + (Genotype X Experiment year)

y =XB+ Zu +WEP-p + €

where y denotes a vector of plant-replicate trait values; X is an incidence matrix
associating observations with fixed effects coefficients of the year of the experimental
replicate in vector B; Z is an incidence matrix associating observations with random
effects of biological replicate in vector y; W is the incidence matrix associating
observations with the interaction of the random and fixed effect of genotype by year; and
€ is the vector of random residuals. From this model we extracted a BLUP for each

genotype and broad-sense heritability for each trait.

The average phenotypic change over generations in the population, “R” or “response” in

Breeders equation was calculated for each trait by scaling with the scale function in R,

finding the average trait value for each generation, taking the difference between pairs of
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generations, and then dividing that phenotypic change between generations by the

number of generations between the two time points:

X - X .
R _ later earlier

number of generations between earlier & later

With the broad-sense heritability and response, we can use the Breeder’s equation
(R = H - s), rearranged to
R
S = —,
H
to estimate selection pressure for each trait over different generational time spans.

Association Mapping

Genome sequencing for individuals used in this experiment were taken from Landis et al.
2024. See population sampling, sequencing, and genome sequencing alignment and
filtering methods there. Before performing genome-wide association studies (GWAS), we

used vcftools (Danecek et al. 2011) (version 0.1.16-18) to remove indels and filter out

variants that were fixed in progeny lines. These filters left us with 425070 genome sites
and 225 sequenced progeny individuals. We then used Plink version 1.90 (Purcell et al.
2007) to generate .bed, .bim, and .fam files based on the vcf containing our filtered SNP
list and further filtered out sites with minor allele frequency below 0.01 which filtered out
74245 sites, leaving 350825 sites and 225 fully genotyped individuals. Phenotypes were
added to .fam files afterward with a custom R script. Relatedness among individuals
was also accounted for by incorporating a kinship matrix in the models. The kinship

matrix was created with GEMMA version 0.98.5 (Zhou and Stephens 2012) and used as

a covariate in the model. Remaining population structure was corrected by including 10

principal components calculated with the plink command pca as another covariate for the
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model. We conducted univariate GWAS for 350825 variants with a linear mixed model
across the 225 progeny lines for each trait using GEMMA for flowering time, 100-seed

weight, and fecundity.

Population Allele Frequency

To understand the evolutionary path taken in our population, we calculated the allele
frequencies for each generation at all genome sites by extracting allele counts from the
vcf file for all 899 previously sequenced individuals with the script extractsite _counts.py.
The allele counts were used when testing for significant change in allele frequency over
generations with a Chi square test using the ‘chisq.test’ function from the ‘stats’ package

version 3.6.2 in R.

To compare the change in allele frequencies of our significant sites with a neutral
expectation, we separated SNPS into 2 groups: sites identified by GWAS as significantly
or suggestively associated with a trait and a randomly selected subset of sites not
associated with any traits. For a more accurate comparison, we sorted neutral genome
sites into bins based on their allele frequency in the parents based on frequency bins at
intervals of 0.05 and then randomly sampled the number of sites matching those
observed for the trait-associated sites in the same interval. At these sampled sites,
progeny allele frequencies were recorded, the differences between generations were
found and averaged, and this cycle was repeated 1000 times to provide a distribution of

allele frequency changes at neutral sites.
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Results

Evidence for selection on fitness related traits in CClIl in the field

We conducted a multi-year field experiment to understand how flowering time and fitness
co-evolved in CCIl. Over two years we grew the CCII parents alongside 82 F,; and 59
Fss progeny under field conditions similar to those to which the CCIl was adapted. We
then evaluated flowering time and two fitness associated traits: 100-seed weight, and
fecundity (estimated total number of seeds per plot) for each genotype. We then fit mixed
effects linear models accounting for both year and genotype to estimate best linear
unbiased predictors (BLUP) that served as trait values for each genotype in subsequent

analyses (Dataset_2_BLUPs.tsv). By combining estimated trait values with the frequency

of each multi-locus genotype at F3 and Fs3 we could impute changes in trait distributions
over evolutionary time in CCII (Figure 1A).

We began by exploring trait variation amongst the 28 parents of the CCIl. The 28
parents contain lines with both winter and spring growth habits, two- and six-row floret
architecture, and varieties collected from all the major barley growing regions of the
world. These major barley growing regions span the breadth of global environments, so
the parental lines also represent a width of environmental adaptations. This includes
lines adapted to an environmental spectrum from cold and temperate to Mediterranean.
The progeny produced from crossing such genetic backgrounds provide ample genetic
and phenotypic variation for exploring environmental adaptation. Previous studies of
evolution of CCII can be divided into an early phase (here F, to F,3) where early
flowering was favored, seed size increased, and yields substantially improved, and a late

phase (here F5 to Fsg) where seed size continued to increase, but later flowering was
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favored and inconsistent changes in yield were observed ((Bal et al. 1959; Allard and

Jain 1962b)). We sought to confirm these observations with our genotyped data.

Significant variability across generations was found for all three traits (Table 1,
Kruskal-Wallis p < 0.05). Average flowering time decreased by 3.6 days during the early
phase (109.4 days in parents to 105.8 days in F,5, Dunn p = 0.099, Figure 1A, Table 2).
The later mean flowering time of the parents was largely due to 6 late flowering parents
(Wisconsin Winter, Sandrel, Han River, Algerian, Trebi, and Orel). The latest flowering
lines (Wisconsin Winter, Sandrel, Trebi, and Orel) are classified as winter habit and the
Mediterranean climate of California is often insufficient to fully vernalize and induce
flowering. Late flowering progeny of these parents did not appear to survive to
generation Fg (Figure 1A). In the late phase, flowering time significantly increased by
3.78 days, from 105.8 to 109.5 days (Kruskal p = 3.65x1024, Dunn post hoc p =
1.75x10™™).

In contrast to flowering time, average seed weight increased consistently across
the early and late phases of the experiment from the parents (4.6 g/100 seed) to Fs5(5.2
9/100 seed) (Dunn post hoc p = 0.012 and 3.96x102%). The rate of change in seed mass
was more rapid in the early phase (per seed increase of 176 uyg/generation) than in the
late phase (seed increase of 75 pg/generation) which is consistent with depletion of
genetic variation in this trait over time.The most direct indicator of fithess in the
experiment, fecundity, increased significantly from 0.977 to 1.01 (relative fecundity;
171.7 seeds/plant to 177.8 seeds/plant) (Dunn post hoc p = 0.04). The initial increase in
fecundity was followed by a more modest reduction to 0.99 (174.3 seeds/plant) in Fsg

(Dunn post hoc p = 7.22x10°%).
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Stabilizing selection, where phenotypic extremes are less fit than intermediate
values, has been invoked to explain the complex evolution of flowering time over the

course of CCIl (Jain and Allard 1960: Jain 1961: Allard 1988). Consistent with this

hypothesis, CCIl showed strong reductions in variance in flowering time across
generations (Levene test, peaiy = 3.92x1072, piae = 1.13x10%, Table 3). The other two
traits also show a significant reduction in variance over time (Levene test 100 seed
weight Peary = 0.007, pae = 1.13x10%; Levene test fecundity peaiy = 0.0013, Piae =
7.13x107"®) suggesting that the removal of genetic variance by drift and directional
selection may also contribute to this shift. Changes in population distributions between
the parents and progeny are not necessarily even or consistent. For flowering time, we
see the removal of both early and late flowering lines, but the strength of removal is
asymmetrical. Late-flowering lines are relatively common in the parents, but are almost
completely removed in the progeny (Figure 1B). This shift is brought about through a
strong convergence in the progeny around flowering at 110 days. Changes for seed
mass and fecundity are more unidirectional and occur through the removal of low-value
lines and an increase in higher seed weight and larger seed number individuals.

In summary, our field experiments reveal that CCIl evolved overall later flowering
time, higher seed weight, and increased seed production. Only seed weight increased
consistently over time, while flowering time and fecundity evolved in opposite directions
in the early and late stages of the experiment. All traits showed a reduction in variance
over time in the population, with the most conspicuous changes in variance being
observed for flowering time. While seed weight and fecundity appear to undergo

directional changes, flowering time seems to evolve toward less extreme values.
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The relationship between seed weight, flowering time, and fitness in CClI

We next explored the scale of selection acting on our focal traits over the course of the
experiment. First, we used our fecundity measurements as a proxy for plant fitness to
estimate the relationship between plant fithess and seed weight and flowering time. Only
flowering time had a significant correlation with fitness (Spearman’s correlation; flowering
time p =-0.217, p = 0.00047; seed weight p = -0.019, p = 0.7551). We also tested the fit
of quadratic trait relationships and found that the relationship between flowering time and
fecundity is somewhat better explained by a quadratic equation (AlC;e,r = 323, AlCyadratic

= 321; Supplementary Table 1). This data does not show a clear linear relationship

between flowering time and 100-seed weight (p = 0.099, p = 0.1132) (Figure 1D). These

results also hold true when looking at only progeny lines and when a linear model is fit to

each generation’s trait relationship (Supplementary Figure 2).

We also estimated selection coefficients (S) for each trait based on the rate of
change in trait values over evolutionary time and the heritable fraction of trait variance.
Broad sense heritabilities in the three traits estimated from our initial mixed effects model
ranged from strong to moderate for flowering time, seed weight, and fecundity
respectively (H?y,eri=0.91, H?0r1=0.68, H?,.,y=0.27, Dataset 3). Our use of broad-sense

heritability is appropriate in this calculation because barley is overwhelmingly

self-fertilizing (Brown et al. 1978). Specific heritability estimates for our time periods of
interest reflect the decreasing variance over time. Flowering time and seed weight

maintain similar heritability estimates over time (flowering time H?.,,,=0.93, H?,,=0.87;
seed weight H?,,,,=0.72, H?,,=0.65) while fecundity shows a large reduction that may

reflect the removal of useful genetic variance (H%.,=0.46, H?,,=0.15). For all three traits
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the absolute value of S is larger during the early phase than in the second phase
(flowering time, S,ny = -0.048, S, = 0.024; seed weight, S, = 0.08, S, = 0.036;
fecundity S,n, = 0.077, S, =-0.06) (Figure 1C, Table 4). The direction of selection shifts
between the early and late phases of the experiment for both flowering time and
fecundity, however S is an order of magnitude smaller for fecundity in the late phase.
This provides evidence for the strength of selection during the early part of the
experiment and the extent to which trait and genetic variance are removed over time in

the population.

VRN-H1 is the major locus controlling CCII flowering time in the field

To understand the genetic components controlling trait variance, we conducted
genome-wide association studies (GWAS) for each trait. We tested 350825 sites for 225
progeny lines and found 41 sites passed the Bonferroni correction significance threshold
(Figure 2A). Almost all of these sites (40 out of 41) are significantly associated with
flowering time and all of which are located on chromosome 5H. The other significant site
is associated with fecundity and is located on chromosome 1H. We will refer to these two
Bonferroni-threshold passed sites as “significant” candidate sites.

The significant site identified on chromosome 1H overlaps a gene encoding a
chloroplastic-like photosynthetic NDH subunit (NCBI). Allele differences at this site are
associated with a difference of 10.8 seeds/plant (Figure 2B). The significant association
on chromosome 5H is coincident with a genome region identified as under strong

selection (Landis et al. 2024). This region may contain the major flowering locus VRN-H1

which controls vernalization response in barley and would have a strong impact on

flowering time in vernalization-requiring lines (Trevaskis et al. 2003; Yan et al. 2003).
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Homozygotes with alternate alleles have an average difference in flowering time of 5
days (Figure 2B).

A non-significant peak on chromosome 4H coincides (within 25 Mb) with a
previously detected association in greenhouse experiments overlying VRN-H2 (Landis et
al. 2024) (Figure 3A). Deletions in this gene region can remove vernalization

requirements and promote earlier flowering (Yan et al. 2004). Changing alleles at this

site is associated with a 3.7 day difference in flowering time and a 3 seed difference in

fecundity (Figure 3B).

Genome Targets of Natural Selection

To expand our list of sites for subsequent analysis we also included the lead SNP
associated with 46 additional, non-significant but potentially ‘suggestive’ peaks based on
the ‘clump’ command in plink (see Methods). These additions include 12 sites for
100-seed weight, 25 sites for fecundity, and 9 sites for flowering time. This less stringent
list allows us to explore directional changes in allele frequency that may be associated
with population trait changes. We will refer to the full list of 48 suggestive and significant
SNPs as our ‘top’ candidates. For the 48 identified sites, we plotted their allele
frequencies over time in the population, polarized toward the allele associated with
increased trait values (Figure 4A). The 10 sites associated with flowering time include
sites that reach fixation after starting at a range of frequencies. While many of these sites
start near fixation and may be moved by drift, several sites show large shifts in frequency
over the generations and provide distinct candidates for investigating natural selection.
The allele frequencies for the two significant sites associated with flowering time

and fecundity are plotted in Figure 4B. The significant flowering time associated site
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shows a frequency change of 0.43 (from 0.52 in parents to 0.95 in Fs). Allele change at
this site is associated with a 2 day increase in flowering time, and the large change in
allele frequency makes this locus an interesting candidate for adaptation.

The fecundity associated site shows smaller frequency change from 0.15 in the
parents to fixation at 0 in the Fsg progeny generation. A change in allele at this site is
associated with a 13 seed yield difference (Figure 3B). Because this allele started at low
frequency, we cannot distinguish whether the allele is likely removed from the population
due to selection or drift. These identified genome regions help identify the genetic
elements controlling traits in this population, and help expand our understanding of
important evolutionary components beyond this experiment.

To identify alleles that significantly changed over generations, we extracted progeny
generations’ allele counts and tested for significant differences with a Chi squared test
comparing allele counts between parents and F,5 and between F,3 and F5s. Although we
tested the 425070 sequenced sites that segregate in the progeny and found 293118
sites with significant changes in at least one of the time periods tested, we are mostly
interested in the allele frequency changes for our top sites of interest. Landis et al.
contains a more thorough analysis of genome evolution in this population. Sites
examined were filtered to genome sites used in our GWAS analysis, but allele counts for
these sites were taken from population-level sampling progeny of 899 lines with 460
lines retained for the frequencies from relevant generation (28 parents, 218 lines from
F.s, 215 lines from Fsg). To understand whether the observed change in allele
frequencies for our top sites are indicative of selective evolutionary pressure, we made a

comparison between the allele frequency distributions of our trait-associated sites and
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randomly sampled neutral genome sites. We randomly sampled 48 neutral (i.e. not
trait-related) genome sites which have the same allele frequency as our trait-associated
sites in the parental generation to use as our comparative baseline. Then, we recorded
the allele frequency of that site in the F,5 and Fsg generations and took the median value
of these frequencies to represent the average path of allele frequency change in neutral
genome sites in our population, and this process was repeated 1000 times. That
sampling provides us with a random-genome-site frequency spectrum. Figure 4C
compares the site frequency spectrum for these two sets of genome sites - those 48
sites suggestively associated with a trait, and 1000 replicates of the randomly sampled
sites with starting allele frequency matched to that of the trait-sites, as a proportion of the
total sites. This panel explores two diverging evolutionary paths and shows the
difference in allele frequency trajectory for trait-associated, putatively naturally selected
sites and neutral, non-selected genome sites. The neutral distributions set our
expectation. Comparing the distributions of associated and neutral sites at F,5, we can
see a greater proportion of GWAS-identified sites at intermediate frequencies. This may
indicate that alleles are being driven though the population from high frequency to low
and vice versa. When comparing the allele frequency distributions in Fs; we see a
complex configuration. More GWAS-associated sites are fixed at 0 and are not present
at other frequencies below 0.5, but above that threshold the neutral sites are closer to
fixation. This suggests that deleterious trait-associated alleles are being fully removed
from the population over 58 generations while beneficial trait-associated alleles are not

completely driven to fixation or are maintained at a high frequency in the population.
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However, since many of our GWAS sites are only suggestive of trait association, we

cannot rule out these sites may not be under selection.

Discussion

We know that this population changed genetically over time based on the research in
Landis 2024, and have evidence for large phenotypic shifts in the population on average
over the course of 58 generations of evolution in the population. Previous work with the
CC Il has also documented increases in plant height, later flowering times, and higher
yields. Furthermore, most of these changes occurred during the early phase of the
experiment (from parents to F3). Here we find support for stabilizing selection acting on
flowering time and directional selection acting on 100-seed weight and fecundity. We
found further support for strong reductions in phenotypic variance within the first 18
generations in the population as highly unfit individuals are removed from the population.
For flowering time, we see a stronger initial removal of late-flowering lines in the early
generations followed by a reduction in early-flowering lines during the subsequent 40
generations. This significant shift toward a later flowering date during the progeny
generations indicates a fitness benefit in the Davis, CA environment. On the other hand,
100-seed weight shows evidence of consistent selection for larger seeds. The consistent
increase in seed weight confirms a positive relationship between seed weight and fitness
in this population. These two contrasting traits provide insight into the strength and timing
of trait selection in this large and diverse population. Investigating the genetic basis of
our three measured traits, we found one significant GWAS peak and two suggestive

peaks which account for large-effect changes in flowering time. Overall, this experiment
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provides further evidence for the evolutionary pathways of complex phenotypes in this
population as it evolved toward a local fitness maxima in the Davis environment.

Decades of research have established flowering time as a critical component of
fithess which drives local adaptation in plants. Phenotypic variance in flowering time is
especially important in crop species like barley because it allows expansion into diverse
environments. The genetic network controlling flowering time has been well studied in
Arabidopsis thaliana while a full understanding of the control mechanisms is still
unfolding in wheat and barley. Wild and landrace barley varieties harbor abundant
natural variation which could provide a clearer picture of the genetic basis of flowering
time control, including novel alleles and mutations. The Composite Cross Il is a unique
experiment that has been ongoing over nearly a century wherein a genetically diverse
population was allowed to adapt to the environment with minimal agricultural disturbance
and no conscious selection. This germplasm allows us to investigate the path of
evolution over time as a genetically diverse population adapts to its environment. Since
flowering time naturally varies across environmental gradients and is a critical life-history
trait, we focus this experiment on clarifying the relationship between flowering time and
fitness in this evolution experiment to understand the process of adaptation in a large
and diverse crop population.

Modern phenotyping efforts in the CC |l were conducted on a large number of
plants, the assessments were carried out on many genetically redundant plant lineages
which were grown and phenotyped in a controlled greenhouse environment. In this
experiment we can expand our understanding of evolution in this population by

phenotyping unique genetic backgrounds in an agricultural field environment in
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Riverside, California. Results from both experiments illustrate how strong selection acts
to remove unfit individuals from the population in the first 18 generations.

While modern research into the Composite Cross |l has uncovered some of the
genetic basis of evolutionary pressure in the population, efforts to characterize the
phenotypic shifts and understand how selective pressure acts on the population and
various traits are ongoing. Further research into this population may include more
extensive comparisons of phenotyping outcomes based on growth environment and the
underlying environmentally responsive mechanisms. The original experiment allowed the
population to adapt to the environment of Davis, California, and growing plants and
conducting observations in Riverside, California may introduce conflict around
environmentally impacted traits like flowering time which affect yield and fitness
measurements. Following research can clarify how daily growth and life cycle traits lead
to our end-point observations or the traits leading to potential trade-offs between
flowering time, seed weight, and fecundity in this population. Finally, because of the
unique growth history of this population, future research could investigate the evolution
of inter-plant “competitiveness” to clarify how specific plant lines came to dominate the
population in an unstructured agricultural environment and the traits and genetic
variance associated with these dominant lines.

Our study leverages a highly diverse, long-running evolution experiment
population, the Composite Cross Il to show how a multicellular plant species adapts to
the local environment. We show how the population reaches a local fithess maximum for
flowering time by purging first very late and then very early flowering lines. This

evolutionary change in average flowering time is also associated with small increases in
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seed production (fecundity). This finding provides support for the importance of flowering
time as an aspect of environmental adaptation in plants, and for the importance of
environmental responsiveness for appropriate flowering times. This experiment furthers
our understanding of the process of evolution by returning to assess the CC Il material
with modern genomics after further decades of evolution. We provide insight into the
initially strong action of selection removing trait variance and evidence for consistent
selective pressure for larger seed weight over 58 generations in this population. Our
findings contribute to the global understanding of the selective mechanisms that drive

evolution and how consistently diversity is maintained and expunged during evolution.
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Figure 1.1 - Consistent selection drives increases in seed mass while changing
flowering time does not appear to lead to increases in fecundity

A. Strip plots of trait values over generations with phenotype frequency imputed based
on the frequency of the corresponding genotype in the original population. The blue line
indicates trait average. B. Density plots of trait distributions for two generation-groups:
the light blue represents the parental phenotypes while the darker blue inclusively
encompasses that of all the progeny generations (F,s, Fos, Fs0, and Fsg). Vertical lines in
the corresponding color indicate the mean value for that group. Each genetic background
is represented once in this dataset as opposed to panel As haplotype-frequency imputed
data which reflects the population’s trait value with highly redundant genotypes in the
later generations. C. Strip plots showing the selection estimate as defined in the
breeder's equation (S = R - H?) for two time periods: between the parents and F g
generation and from F,g to Fss. Points are colored by trait and a line connects the two
time period’s values to emphasize the direction and magnitude of trait change in different
evolutionary time periods in the experiment. D. Heatmap of the Spearman’s correlation
value calculated for each trait pair. More saturated blue color squares indicate higher
positive correlation and red a stronger negative correlation.
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Figure 1.2 - Genetic variants connected to differences in flowering time and fecundity

A. Manhattan plots showing the -log10 p value indicating the likelihood that a given
genomic region is associated with the given trait indicated in the top-left corner.
Chromosomes are differentiated with alternating colors. The dashed line represents the
Bonferroni threshold, above which points indicate statistical significance corrected for
multiple comparisons. B. Allele effect plots from significant sites.
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Flowering Time GWAS Results across Experiments
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Figure 1.3 - Greenhouse candidate region associated with change in flowering time and
small difference in fecundity in field phenotypes

A. Manhattan plots for flowering time with phenotypes collected from the field (this
experiment, top) and the greenhouse (Landis et al. 2024). Each point represents the
likelihood that the site is associated with the trait. Chromosomes are differentiated with
alternating colors. The dashed orange line represents the Bonferroni threshold, above
which points indicate statistical significance corrected for multiple comparisons. The red
dashed line overlaps the site with the strongest association with flowering time in the
greenhouse. B. Allele effect plots for flowering time and fecundity for the ‘suggestive’
central site of the chromosome 4 peak identified with flowering time data collected in the
field.
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Figure 1.4 - Trait associated genomic sites show variable signs of selection over span of
experiment

A-B. Allele frequencies across generations for “suggestive” (A) and significant (B)
GWAS sites for each trait. Allele frequencies are polarized to trait increases, so a
decrease in the allele frequency suggests a phenotypic shift toward lower trait values or
selection against high trait values. C. A site frequency spectrum where each bar
represents the number of genomic sites with allele frequencies belonging to that
frequency bin, as a proportion of the total sites. Frequencies are binned in 0.05 spans.
Allele frequencies sourced from sites identified with GWAS and a neutral sampling of
genome sites which are colored according to group and generation, see Methods.
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Table 1.1 - ANOVA test for significant trait changes during early and late phases

ANOVA equal Parents to F,5 post [F5 to Fss post hoc
p-value trait variances |hoc p-value p-value
3.65E-24 Flowering Time FALSE 0.0993 1.75E-14
2.59E-42 100-seed weight FALSE 0.0123 3.96E-24
1.53E-06 FECUNDITY FALSE 0.0403 7.22E-04
Table 1.2 - Trait averages over generations
Flowering
Flowering |Time Fecundity |Relative |100-seed|100-seed
Generation |Time Scaled Fecundity |Scaled Fecundity |weight |weight scaled
0 109 0.238 171 -0.424 0.977 4.64 -1.55
18 105 -0.564 177 0.212 1.01 4.91 -0.52
28 107 -0.2 178 0.232 1.01 5 -0.168
50 110 0.417 174 -0.187 0.99 5.16 0.44
58 109 0.275 174 -0.161 0.999 5.16 0.427
Table 1.3 - Trait variance and Levene test results
PtoFig Fig to Fsg
traits Generation 0 |Generation 18 |Generation 58 |p-value p-value
Flowering Time 998 23 5.25 3.92E-12 1.13E-27
100-seed weight 0.187 0.088 0.027 0.007149 1.13E-23
FECUNDITY 223 148 37 0.001313 7.13E-15
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Table 1.4 - Breeders Equation results

Generation trait response H2 selection
Parents to Fg Flowering Time -0.201 0.93 -0.216
Parents to F g 100-seed weight 0.015 0.716 0.021
Parents to F g Fecundity 0.338 0.458 0.738
Parents to F s (standard

deviation) Flowering Time -0.045 0.93 -0.048
Parents to F s (standard

deviation) 100-seed weight 0.057 0.716 0.08
Parents to F s (standard

deviation) Fecundity 0.035 0.458 0.077
Fisto Fsg Flowering Time 0.095 0.874 0.108
Fis to Fsg 100-seed weight 0.0062 0.648 0.0096
Fis to Fsg Fecundity -0.089 0.152 -0.587
F.g to Fsg (standard

deviation) Flowering Time 0.0209 0.874 0.024
F.g to Fsg (standard

deviation) 100-seed weight 0.024 0.648 0.0365
F.g to Fsg (standard

deviation) Fecundity -0.009 0.152 -0.0613
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Chapter 2 - Identifying specific traits contributing to success in a competitive field

experiment in Hordeum vulgare based on high-throughput automated phenotyping

Abstract

Over nearly a century of cultivation, the barley composite cross Il (CC II) population
evolved higher fitness in the environment of Davis, California. Previous study of this
population found increases in the average height and earlier flowering time, but all
research was based on single time-point measurement. Now we are using trait
measurements from a modern high-throughput phenotyping platform to better
understand the changes that take place during adaptation to a novel environment. We
collected data for novel traits at daily resolution to clarify the developmental phenotypes
that set apart highly fit individuals in this population’s evolutionary history. The raw trait
measurements were condensed with modeling to describe the growth rate of each
genetic background. We recapitulate earlier findings of strong contractions in trait
variance during the first 18 generations of the population, and add observations of
significant changes in the growth rates of plant width, leaf width, and leaf length. These
changes take place during both early and later periods of adaptation in the population’s
history. We identify candidate genome regions associated with 9 trait components and
uncover a common genetic basis for leaf width, plant height, and flowering time.
Variance at the identified genome sites are associated with large phenotypic differences

and exhibit larger allele frequency shifts over time than neutral genome sites. This study

47



helps clarify relevant traits for adaptation to a specific environment and provides

evidence for potential developmental pathways associated with such evolutionary paths.
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Introduction

Crop species’ adaptation to novel environments has allowed global human spread.
Understanding the evolutionary process of adaptation advances basic knowledge of
biological systems and informs breeding. Research into agriculturally relevant species
frequently focuses on yield. However, many aspects like field and plant fitness, harvest
and processing ability, and product quality contribute to better productivity for the same
inputs. Plant architecture and growth pattern are important components of agricultural
production for small grain row crops. Seedling growth rate, plant height, leaf number, leaf
angle, and pigmentation can all confer fitness advantages especially in high density

plantings (Tungland et al. 1987; Kuczynska et al. 2013; Gauley and Boden 2019; Zheng

et al. 2022). The Green Revolution increased yield per acre with fertilizer use and higher
planting density of dwarf and semi-dwarf varieties with upright growth habits (Sinclair and

Sheehy 1999; Evenson and Gollin 2003; Hedden 2003). Upright posture reduces

inter-plant competition and increases harvestability while dwarfed growth channels more
photosynthetic product into fruit and prevents lodging which reduces grain harvest and

quality (Sinclair and Sheehy 1999: Caierao 2006: Rajkumara 2008). Loss-of-function

alleles in the semidwarf1 (Sdw1) or denso gene were originally popular for producing
dwarf wheat and barley varieties but have negative pleiotropic effects (Dockter and

Hansson 2015; Skov Kristensen et al. 2016). The deleterious effects drove a search for

alternatives, including control over specific aspects of plant architecture (Shaaf et al.
2019). Mutations in the Erectoides-k (Ert-k) gene produce semi-dwarf barley lines
without affecting flowering time, plant development, or climate tolerance (Skov

Kristensen et al. 2016). Ert-k alleles vary in culm length and spike architecture. Grain
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spike density, determined by rachis and internode lengths (nodes per rachis length),

confer yield increases in rice and wheat (Huang et al. 2009; Tanaka et al. 2013). This

yield benefit may be due, in part, to increased capture of a larger number of grains
spread across fewer spikes. Houston et al. (2013) uncovered the molecular interaction
controlling grain density in barley. Mutations associated with tiller angle, leaf angle, and
leaf size in barley have been associated with yield and quality differences between

varieties (Shaaf et al. 2019). Disentangling the genetic basis of such traits requires

detailed phenotyping of adequate trait diversity.

The difficulty of phenotyping minute or detailed traits reliably, in field
environments, and at large scales has prevented broad understanding of many traits that
may provide useful control over plant behavior, response, and performance. Practicality
has often limited researchers to collecting single data points per measured trait for each
tested individual. In plant sciences, measurements are often taken for seedlings to
shorten time spans or at the end of life (for annuals) or after an extended maturation
period (for perennials). However these single time points represent only a small fraction
of a plant’s life. Advancing experimental systems have allowed researchers to begin
rectifying this gap with automated phenotyping systems. These phenotyping platforms

can capture nearly limitless data points by photographing many times during a lifespan

and provide a more complete description of biological development (Pieruschka and
Schurr 2019). Image analysis software then allows the calculation and extraction of
hundreds of small and specific trait measurements for as many individuals as the

phenotyping system can hold and process (Junker et al. 2015). This technology is a vast

improvement over the limited manual phenotyping possible for individuals, and these
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systems have successfully been used to identify quantitative trait loci (QTL) underlying a

plethora of phenotypes (Tisné et al. 2013; Junker et al. 2015; Parent et al. 2015; Yang et

al. 2015; Dodig et al. 2021). Researchers have used this technology to quantify biomass

(Busemeyer et al. 2013; Neumann et al. 2017), floret length and width (Youssef et al.

2017), seedling root and shoot architecture (Abdel-Ghani et al. 2019), and many traits

simultaneously (Badr et al. 2000; Gyenis et al. 2007; Crowell et al. 2016; Genievskaya et

al. 2024). The rich data produced by phenotyping platforms can be used to rapidly
advance our understanding of trait relationships and help identify traits with a common
genetic basis. Studying sets of phenotypes and their development holistically also allows
researchers to more fully understand the genetic systems that control trait complexes
and may help uncover overlooked trait variance, fitness trade-offs, or cryptic genes.

This experiment uses measurements extracted from an automated phenotyping
platform at the Leibniz Institute of Plant Genetics and Crop Plant Research (IPK) to
quantify the growth and development of 192 genetically diverse individuals from time
points over 58 generations of a long-running evolution experiment in barley. This
population, the Composite Cross Il (CC Il), was founded in 1929 by intercrossing 28
landrace lines collected from the major barley-growing regions of the world (Harlan and
Martini 1929). The progeny of these crosses were then grown without conscious
selection in rain-fed fields in Davis, California for more than 58 generations over the span

of nearly a century (Allard 1988; Allard et al. 1992; Landis et al. 2024). A fraction of the

seeds produced were saved from each generation and provide a snapshot of the
evolutionary process of this population’s adaptation to a novel environment. Due to large

population sizes, with upwards of 10,000 individuals per year and near complete
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inbreeding (98-99%) rates, this population allows unique observation of the process and
effects of natural selection over time (Allard 1988). Earlier research into this resource
found the population evolved an earlier flowering time as well as increased plant height

and yield (Allard et al. 1992). However, modern genomic investigation found that genetic

changes were observed throughout the entire evolutionary history (58 generations) but

physical changes in yield were greater in the first 18 generations (Hockett et al. 1983;

Landis et al. 2024). This study aims to identify specific traits contributing to increased

fitness without improved yield that occurred during the population’s environmental
adaptation.

We seek to uncover evidence of additional beneficial physical changes in the
population during its adaptive path. For this experiment, we focus on identifying
developmental differences associated with fitness benefits in the population. By
quantifying the growth rate of each genetic lineage in our population, we can clarify how,
when, and if plants diverge during development. Looking beyond end-point
measurements like height and yield, we quantified the development of differences over
the plants’ lifespan as growth rates based on daily measurements from a
high-throughput phenotyping platform as intercept-slope pairs or BLUPs to represent
genetically meaningful trait values. Pairing these developmental phenotypes with
whole-genome sequencing in this population allows us to investigate the genetic basis of
changes in phenotype growth-rates that lead to the previously observed shifts in the
population’s terminal height, flowering time, and yield. The daily documentation of
growing barley across a wide variety of traits allows us to impartially investigate the traits

most important for distinguishing individuals during development, the timelines of trait
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development, and the traits most beneficial for increased fitness in this population.
Finding specific traits beyond height and yield that were under selection in this
population over time may help clarify the types of traits, developmental strategies, and
specific parameters of successful individuals and genetic backgrounds in this population.
The scope of our automatic phenotyping data also allows us to connect many specific
plant architecture traits with identifiable genetic diversity in this population and identify
potential trade offs in barley growth as well as characteristics that may hinder or benefit
agricultural plantings. To better understand the developmental sequences leading to
reproductive success, we modeled the daily collected phenotypes as growth rates using

a combination of linear and nonlinear mixed-effects model fits depending on the trait.

Methods

Plant material

This experiment uses barley (Hordeum vulgare) lines with unique genetic backgrounds
that come from the Composite Cross Il (CC II) population. The CC Il population was
made by intercrossing 28 landrace lines collected from across the globe (Harlan and

Martini 1929; Suneson 1956). The progeny from these crosses were then planted and

cultivated in rain-fed fields with minimal human inputs in Davis, California for more than
58 generations over the span of nearly a century without conscious selection (Allard
1988). Seed from each generation was saved to encapsulate the state of the population
at points throughout the history of the evolution experiment. Due to large population

sizes, with upwards of 10,000 individuals per year and near complete inbreeding
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(98-99%) rates, we can observe the effect of natural selection on this population over

time (Suneson 1956; Jain and Allard 1960).

A total of 192 previously genotyped barley lines were used in this experiment.
These included the 28 parental lines of the Composite Cross Il population and
representative sampling from four of the progeny generations (18, 28, 50, and 58)
throughout the population’s history. We selected 57 lines from generation 18, 56 lines
from generation 28, 16 lines from generation 50, and 35 lines from generation 58. Lines
were selected to maximize the examined genetic diversity, so more genotypes are used
for earlier generations of the experiment when diversity had not been removed from the

population.

Plant growth and experimental design

Seeds produced from a previous experiment published in Landis et al. 2024 at the
University of California, Riverside were shipped to the Leibniz Institute of Plant Genetics
and Crop Plant Research (IPK; Gatersleben, Germany) for imaging on the LemnaTec

automated phenotyping platforms on the IPK campus (Junker et al. 2015). Seeds were

germinated in a small phytochamber with 14 hour days and a temperature of 17°C day
and 15°C night. Each of the 192 lines were planted in a randomized order with one
genotype per carrier on both the left side and the right side of the phytochamber, so each
genotype was grown in duplicate, with each set of 192 having a unique randomization
order. Carriers were filled with soil consisting of a mix of 85% (v) Substrate 1 and 15%
(v) sand. Prior to planting, 50 mLs of water was added to each carrier and the mass of
the carrier was recorded. Six seeds were sown in each carrier in 1 cm deep holes and

lightly covered. Each day, every carrier was weighed and the appropriate amount of
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water was added to return to the starting mass. Starting three days after sowing, images
were acquired daily on the LemnaTec Scanalyzer system from both a top view and side
view in the visible light and fluorescence spectrum as previously described (Arend et al.
2016). Side images were acquired at angles of 0, 90, and 225 degrees. Visible light
images were acquired in the visible light spectrum (~390-750 nm) using a Basler (Basler
AG, Ahrensburg, Germany) Pilot piA2400-17gc (RGB) camera with a resolution of 2056
x 2454 (side) and 2454 x 2056 (top) pixels. Fluorescence images (excitation: 400-500
nm, emission: 520-750 nm) were captured using a Basler Scout scA1400-17gc (RGB)
camera with a resolution of 1234 x 1624 (side) and 1624 x 1234 (top) pixels, allowing for
the quantification of static fluorescence signals. Photosynthetic operating efficiency of

photosystem was measured once a week as a proxy for overall photosynthetic efficiency

as previously described by (Tschiersch et al. 2017).

Once imaging at nine days after sowing was complete, plants were transplanted
to the large imaging platform in the glass house with growth conditions of a 14 hour day
length and a temperature of 20°C day and 18°C night. The adult high-throughput system
consisted of 12 lanes each with 33 carriers, so we took four plants for each genotype
from the same seedling carrier and planted two plants each into two carriers following
the randomization order from the first 192 samples in the seedlings, with some parental
lines used in triplicate to fill remaining carriers. The adult carriers were imaged in the
visible light and fluorescence wavelengths from the top down and side views at 0, 45,
and 135 degrees daily followed by weighing and watering. After week 6, watering was
increased from 50 mL/plant to 125 mL/plant to obtain a higher target weight and avoid

dessication. Photosynthetic kinetic measurements occurred once a week for four lanes
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representing a subset of the samples, while 10 second light-adapted photosynthetic
measurements occurred once a week for all samples. Manual counting of tillers occurred
twice on weeks two and eight in the adults. Flowering time was checked manually twice
a week and recorded when at least one of the two plants in a carrier had started
flowering. Fresh mass was measured at time of harvest (day 65 of the experiment) and

dry mass was measured after harvested plants had been dried at 80°C for two weeks.

Multi-Camera Images Phenotypeing

The high-throughput images were processed with the Integrated Analysis Platform (IAP)

pipeline to calculate phenotypes (Klukas et al. 2014). Although other researchers using

high-throughput phenotyping platform (HTPP) systems often reduce their multi-camera

phenotyping values to the average value (Hartmann et al. 2011; Muscolo et al. 2015;

Pommerrenig et al. 2018), we found that this method led to lower-than-expected

correlations between genotype replicates. Inspecting the original photos revealed that
the automatic phenotyping software occasionally produced over-estimates based on
straight-on (0 degrees) images. These erroneously large values are excluded by simply
summarizing the repeated automatic measurements using the median instead of the

mean value which produces higher correlations between replicates.

Trait Selection

Image processing with the IAP pipeline yielded measurements for 428 and 401 traits, for
seedlings and adult plants respectively. Many of these measurements are redundant (ie.
measuring in pixels vs. millimeters or visual vs. fluorescent light). We selected 8

meaningful and non-overlapping traits measured on both the LTA (seedlings) and LTC
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(mature plants) systems. Three of these traits are color measurements which describe
plant color and the consistency of that color. The other 5 traits are related to plant size
and architecture: plant height and width, leaf length and width (measured from the top

and side), and leaf count. Supplemental Table 1 contains all measured traits and any

exclusion rationale and Supplemental Table 2 contains names and descriptions of the

traits included for analysis.

Quality Filtering

Quality image-derived measurements are not available for all 65 days of the experiment
(12 days for seedlings, 53 days for adult plants). During germination and early seedling
growth, plants are frequently too small to be detected or accurately measured, so we
excluded data for days 1 through 4. We further discarded the day plants were transferred
from the seedling to adult plant growth systems (day 13) and any days missing more
than 60% of values (days 14, 15, and 17). No data is available from days 25, 31, 39, 45,
53, and 60; this leaves measurements across 51 days.

To ensure trait measurements were not affected by the number of plants grown in
the carriers, we retained only data from carriers where exactly six seeds germinated.
This filter removed 49 carriers across 42 genotypes, representing about 13% of the raw
data (2148 rows removed out of 16896, 12.7%). This removes 7 genotypes entirely from
the seedling data set: 2 from F18, 4 from F28, and 1 from F58. Furthermore, one carrier
(037) with more than 40% missing data over all days is excluded from downstream
analysis. Since individual plants were transplanted into the adult growth system and
none are missing a large portion of daily measurements, no individuals or genotypes are

excluded from that part of the data.
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Modeling Plant Growth

We manually selected a list of traits that could potentially be meaningfully fit with a linear
model (the 5 plant size and architecture traits) and designed a model describing growth
rate based on each replicate carrier’s daily trait measurements. The singular phenotype
extracted from the model can then be used to compare accessions. The physical traits
were categorized as ‘linear’ or ‘nonlinear’ based on the goodness of fit (> > 0.5) of a
simple linear model of the form

y ~ Days after sowing

y = XB + €

where y denotes a vector of individual plant replicate observations of a given frait; X is
an incidence matrix associating observations with the fixed effect of days after sowing in
vector B; and € is the vector of random residuals. Out of the 10 traits (each trait for both
seedling and mature data sets), 7 traits were distinguished as ‘linear’ traits based on this
criteria. This goodness of fit determines the descriptive value(s) we can extract from the
model and is explained in more detail in the following sections. Modeling was done with

the Ime4 package (v1.1-35.3) in R (v4.3.0, (R Core Team 2023)).

Linear Model Slopes

For the 7 traits well fit by the simple linear model, we developed a mixed linear model to
describe the growth rate for each biological replicate with the form:
y ~ Days after Sowing + Genotype replicate

y = XB + Zp + €
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where y denotes a vector of individual plant replicate observations of a given trait; X is
an incidence matrix associating observations with the fixed effect of days after sowing in
vector f3; Z is an incidence matrix associating observations with random effects of
biological replicate in vector y; and € is the vector of random residuals. We extracted the
slope and intercept to describe the individuals’ growth, and these derived traits (referred

to as intercepts and slopes or growth rate) were used for downstream analysis.

Non-Linear Model BLUPs

Color traits and traits that did not meet the minimum threshold of model fit r> > 0.5 were
categorized as ‘non-linear’ traits. For these traits, we applied the same mixed model
described for linear model slopes above, but in this case we extracted the best linear
unbiased predictor (BLUP) for each replicate using the ranef command from the Ime4
package. Like the linear traits’ slopes, we use the biological replicates’ BLUP as a
derived phenotype for these nonlinear traits in all downstream analyses unless otherwise

stated.

Intergenerational Differences

The Levene test was used to identify significantly different variance between generations
(leveneTest from car v.3.1-2 package) for all derived traits. Traits with equal variance
were tested for significant differences in trait average over generations with an ANOVA
(aov from stats v.3.6.2 package), and traits with unequal variance between generation
samples were tested with a nonparametric test for mean differences, the Kruskal-Wallis
test (kruskal.test also from the stats package). For both tests, traits were modeled in the

form of trait ~ generation. For traits with significantly different mean values between
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generations, we applied either the post-hoc Tukey test (TukeyHSD from rstatix v0.7.2) or

the Dunn test (dunnTest from FSA v0.9.4) for pairwise comparisons.
Trait Heritability Estimates & Selection

We used the H2cal function from the inti package (v 0.6.9) (Lozano-Isla 2025 Feb 26), to
extract broad sense heritability based on the derived phenotypes described above for
each pair of biological replicates from the random model

y ~1+ (1] genotype)

y = Zu + €

where y denotes a vector of plant replicate derived trait values; Z is an incidence matrix
associating observations with random effects of biological replicate in vector y; and € is
the vector of random residuals. The broad sense heritability was calculated based on the
available genetic variance in the parents and in the generation 18 progeny. The
corresponding heritability was used when estimating selection based on responses
between the parents and F,3 and between F,3 and Fsg progeny, respectively.
The average phenotypic change over generations in the population, response in the
Breeders’ equation was calculated for each trait by scaling with the scale function in R,
finding the average trait value for each generation, taking the difference between pairs of
generations, and then dividing that phenotypic change between generations by the

number of generations between the two time points:

X, —=x
R _ later earlier
number of generations between earlier & later

With the broad-sense heritability and response, we can use the Breeders’ equation (

R=H" s), rearranged to
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to estimate selection pressure for each trait over different generational time spans.

Principal Component Analysis

We performed principal component analysis (PCA) on the complete and combined
derived-traits data set. Before performing principal component analysis, data was scaled
and mean centered. PCA values were calculated with the prcomp command from the
pcaMethods library v1.92.0 in R. PCA results were visualized with functions from the

factoextra library v1.0.6 also in R.

Sequencing & Haplotype Sampling

Genome sequences for individuals are taken from Landis et al. 2024. See population
sampling, library preparation, sequencing, and genome alignment and filtering methods
described there; however, the reference genome assembly for sequence alignment and
GWAS was updated to version 3 (Morex v3) (Navratilova et al. 2022). To create a data
set representative of each genotype’s frequency in the population for a given generation,
we classified each line according to its haplotype. We know the frequencies of
haplotypes from the population-level sequencing covered in Landis et al. 2024 and
sampled the lines to represent as many as possible. To recover a population-level
representative distribution of trait values, we sampled each haplotype’s phenotypic value
to match the haplotype’s frequency in each tested generation. This data set provides an
approximation of the occurrence of both rare and common haplotypes at their true

representation within a given generation during the population’s evolution. This
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haplotype-frequency based data set was used for analysis involving population averages

and distributions.

Association Mapping

We used vcftools (Danecek et al. 2011) (v 0.1.16-18) to remove indels and filter sites to

those with variance in the progeny lines. These filters left 358,634 genome sites and 162

sequenced progeny individuals. We used Plink version 1.90 (Purcell et al. 2007) to
generate .bed, .bim, and .fam files based on the vcf containing our filtered single
nucleotide polymorphism (SNP) list. Phenotypes were added to .fam files afterward with
a custom R script. We conducted univariate genome wide association studies (GWAS)
across the 164 progeny lines for each derived trait using GEMMA version 0.98.5 (Zhou
and Stephens 2012). Relatedness among individuals was accounted for by incorporating
a kinship matrix created with GEMMA as a covariate in the model. Remaining population
structure was corrected by including 10 principal components calculated with the plink

command pca a covariate for the model.

Population Allele Frequency

We calculated allele frequencies for each progeny generation at the sites tested in
GWAS by extracting allele counts from 899 sequenced individuals with a custom python
script (extractsite_counts.py). Allele frequencies were calculated based on the reference
allele count.

To compare the change in allele frequencies of our significantly-changed and

trait-associated sites with a neutral expectation, we separated SNPs into 3 groups:
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1. sites identified by GWAS as significantly associated with a trait that also
exhibited significant phenotypic changes in our experiment,
2. sites significantly associated with traits without any observed significant
phenotypic difference, and
3. sites not associated with any traits.
We randomly sampled neutral sites (group 3) matching the number of sites in groups 1
and 2 and with the same starting allele frequencies (based on frequency bins at intervals
of 0.05). We found the frequency difference between generations for each site and took
the average value. This cycle was repeated 1000 times to provide a distribution of allele

frequency changes at neutral sites matched to groups 1 and 2.

Results

Trait development patterns contributing to individual fitness differences

Individual lines sampled from progeny generations of the Composite Cross Il (CC 1)
were grown on an automated phenotyping platform that documented their growth with
photographs and computationally extracted phenotype measurements. Plants were
evaluated on a smaller instrument during their seedling phase, from planting to 12 days
after sowing, and a larger platform during their mature phase, from 12 days to 65 days
after sowing. We focused on 5 physical traits and plant color over 65 days of
development. The physical traits include plant height, plant width, leaf count, leaf length,
and leaf width. Plant color is measured with hue in the hsv color system, and for this
analysis we are including plant hue from the side and top-down as well as the standard

deviation of the daily measurement of plant hue. Supplemental Table 1 is a complete list
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of measured and analyzed traits, and Supplemental Table 2 has descriptions of all the

traits included in downstream analysis.
There is abundant genetic and phenotypic diversity in the founding parents of the

Composite Cross Il (Landis et al. 2024). The pictures in Figure 1A were selected to

illustrate the morphological differences within the population by showing the adult
development of two individuals from lines named “Maison Carree” and “Wisconsin
Winter.” Although the plants begin life similarly, they develop notably different mature
morphologies. These differences include leaf number and flowering time. Maison Carree
is a Mediterranean spring type barley from Algeria while Wisconsin Winter a winter type
barley from Minnesota, USA. The observed differences are likely environmental

adaptations, including the earlier flower initiation of Maison Carree (Landis et al. 2024).

Previous studies of evolution of CCll can be divided into an early phase (F, to
F.,s) where early flowering was favored, seed size increased, and yields substantially
improved, and a late phase where seed size continued to increase, but later flowering

was favored and inconsistent changes in yield were observed (Bal et al. 1959: Allard and

Jain 1962; Allard 1988; Landis et al. 2024). The following analyses are considered in this

context of an ‘early’ and ‘late’ phase of the population’s evolution. Since previous
research identifies plant height as one of the traits that changed over generations in the
population, we want to investigate when in the plants’ lifespan different genotypes may
become distinguishable from one another based on physical measurements and plant
architecture. The daily resolution of a variety of phenotypic measurements in this
experiment allows direct investigation of whether growth rates increase suddenly or if

growth differences accumulate based on smaller differences that build up over time.
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Furthermore, documenting the trait trends for a wide variety of genetic backgrounds may
provide evidence for selecting lines with specific desirable traits.

The growth trends for the five physical traits measured in seedlings are generally
consistent across individuals (Figure 1B). Height, leaf width, and the number of leaves
increase fairly consistently over the 6 days while average leaf length and plant width
reach a plateau. In adult plants, plant height increases linearly over time, but there is
greater variance in the growth rate after 20-30 days (Figure 1C). While all of these traits
values increase over days of the experiment, the leaf length has a somewhat flat trend
more similar to that seen in the seedlings. Leaf width on the other hand shows a
diverging growth pattern for average leaf width appearing around days 30 to 40. Some
genotypes appear to have consistent leaf width beyond this point while another group of
lines show consistent increases over time. Similar to leaf width, some genotypes have a
steady number of leaves throughout the experiment while most others continue to
increase leaf number past days 35 to 40. Overall plant height and width are of particular
interest in this experiment. We see broad consistency in plant width except for a few
lines with lower growth rates which may come from varieties with especially upright plant
architecture. A variety of growth patterns appear for plant height: a few lines have
exceptional height as of day 30 while several tall lines appear only after day 40. Across
these trait measurements, genetic backgrounds with unique morphology mostly
differentiate themselves starting at 30 days of growth.

To understand how individual plants' growth patterns differ, the physical trait
measurements are modeled as a slope and intercept, where appropriate, to describe the

rate of growth. Color traits and the physical traits poorly fit by a simple linear regression
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are modeled over individual lifespans as best linear unbiased predictors (BLUPS) to
describe the genotype’s daily phenotype (see Methods). Beyond distinguishing varieties
by these single traits, we can identify influential and co-varying trait groups by applying
principal component analysis (PCA) to the derived trait measurements.

PCs 1 and 2 show the wide spread of phenotypes for individuals in the parents
and generation 18 (Figure 2B). Much of the trait variance is lost in the later progeny
generations, however. PC 1 explains 27% of the variance in this data set and is largely
structured by adult leaf width slope, leaf count slope, and width slope in one direction
and adult hue standard deviation BLUP, leaf count intercept, top-down hue, and leaf
width intercept in the opposite direction. Only adult measurements contribute more than
5% to the explained variance of PC 1, and it appears to capture an inverse relationship
between trait slope and intercepts along with an opposition between plant color and color
consistency with plant width, leaf number, and leaf width. PC 2 explains an additional
15% of trait variance and is structured by adult height intercept and seeding leaf width
slope in one direction and by adult height slope, leaf length BLUP, seedling width BLUP,
and seedling leaf count slope in the other direction. Once again a trait slope and
intercept are anticorrelated, but no color traits strongly impact this component. PC 3
explains another 14% of trait variance and has major contributions from the seedling
width BLUP, adult width intercept, seedling leaf count slope, seedling height slope, and
adult height intercept in one direction and adult width slope and seedling side and
top-down hue in the opposite direction. These results emphasize the importance of adult

trait measurements for distinguishing individuals, show an inverse relationship between
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trait intercept and slope, and indicate a potential relationship between leaf size and plant

color.

Population-level morphology changes

We observed significant differences across generations for 14 trait components (slopes,
intercepts, or BLUPs) (Table 1, ANOVA or Kruskal-Wallis p < 0.05). However, 7 of these
did not have significant post hoc results when comparing trait averages between the
parents and F,; generation or between F,5 and Fsg generations (Figure 2A). This
indicates that any significant mean changes in these traits were transient. Only one
seedling trait shows significant change over generations during our period of interest.
Seedling average hue BLUP changed over the progeny generations (Tukey test pye =
0.0081). The seedling hue BLUP decreases from 4.4x10-°to -0.00014 (fraction of 1, see
Methods) over those progeny generations. In adult plants, the hue standard deviation
BLUP also significantly changed in the progeny generations (Tukey test pe = 4.71x104).
This generational difference also crosses zero (Fg = 0.0000380, Fsz = -0.0000345). No
other color traits have significant post hoc results for our periods of interest.

Several adult plant architecture traits show considerable variance over time. The
overall plant width slope and intercept show significant changes when comparing
progeny generations (Dunn test p,. = 3.75x10° and p. = 1.22x107°, respectively). The
growth rate (slope) increases from 7.1 mm/day in generation 18 to 8.1 mm/day in
generation 58 while the intercept decreases from 9 mm to -24 mm over the same time
span (Table 2). Both of these trait components also show significant reductions in
variance over generations as well (Levene test: intercept p., = 0.01 and slope pjae =

0.012) (Table 3). In addition to the overall plant width, the average leaf width slope and
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intercept also show significant differences between generations. In this case, though, the
intercept changed during the early period of the experiment (Tukey test pe,, = 0.0017)
while the slope changed during the later period (Dunn test p, = 0.0017). The leaf width
intercept increased from the parents to progeny generation 18 from 11.8 mm to 12.9 mm.
The leaf width slope also increased from 0.227 mm/day in F5 to 0.264 mm/day in F.
The average leaf width slope and intercept show inconsistent changes over
generations. Leaf width intercept decreases early in the experiment before increasing
between progeny generations (11.8 mm in parents, 12.9 mm in Fg, 12.4 mm in Fygg).
Average leaf width slope follows the opposite trend, as it decreases (from 0.248 mm/day
in parents to 0.227 mm/day in F,g) and then increases (to 0.263 mm/day in Fsg). These
inconsistencies in the direction of change may result from the modeling method used, as
each trait component may shift and be affected by changes in its counterpart. Taken
together, however, we see significant increases in first the intercept of leaf width and
then the slope, suggesting selection for wider leaves in the population over time. Finally,
adult plants show a significant decrease in the average leaf length BLUP during the early
phase of the experiment (Dunn test p.,,, = 0.021). These changes coincide with the
increases in overall adult plant width, which provides evidence for selection on a

spreading plant architecture alongside larger but shorter leaf surfaces.

The relationships between plant color, size, and flowering time

To understand the relationships between the measured traits, we calculated Spearman's
correlation coefficient between derived trait measures (slopes, intercepts, and BLUPS)
and flowering time over all genotypes. Plant growth rate phenotypes were modeled

without a fixed intercept to allow for differences in plant size after transitioning from the
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seedling to the adult phenotyping platform. As a result, many trait slope-intercept pairs
have strong negative correlations (Figure 3A). Seedlings’ trait measurements do not
show many strong correlations, but we can confirm some expected relationships from
the immature plants. From germination to the few-leaf stage (reached in about 9 days),
the growth rates for number of leaves and plant width are positively correlated (p = 0.57).
Seedling height growth is only weakly correlated with the growth rate for number of
leaves and width (p = 0.24 & 0.27, respectively). We see a similar positive relationship
between seedling height slope and adult height intercept (p = 0.34) which supports our
modeling method. The number of leaves does not follow the same pattern. Seedling leaf
number slope is not correlated with adult leaf number slope or intercept (p = 0.06 & 0.00,
respectively). Finally, seedling leaf number slope & (plant) width BLUP is moderately
correlated with adult leaf length BLUP (p = 0.31, 0.27). None of the seedling traits were
strongly related to flowering time.

Physical trait measurements in adult plants mostly show moderate correlations.
Adult plant width slope is positively correlated with leaf number slope (p = 0.46) and
negatively with leaf number intercept (p = -0.59). Leaf width slope is somewhat
correlated with leaf number slope (p = 0.38) and leaf length BLUP (p = 0.28). The lack of
strong correlation between adult plant size measurements may suggest this population
contains a variety of growth strategies. The positive relationships observed between
plant height and leaf length and between plant width, leaf number, and leaf width bolster
confidence in the measurement systems to a point.

Flowering time is a critical aspect of plant reproduction, so we are especially

interested in strong correlations between flowering time and our automatically measured
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traits. There are only 2 traits that correlate strongly (|p| = 0.7) with flowering time.
Flowering time is strongly correlated with adult leaf width slope (p = 0.8) and intercept (p
= -0.62). The other trait with a strong relationship with flowering time is the hue standard
deviation BLUP (p = -0.77). Several other traits have moderate correlations with
flowering time: top-down hue BLUP (p = -0.52), number of leaves slope (p = 0.46) and
intercept (p = -0.53), and plant width slope (p = 0.44).

The standardization and automation of this experimental setup allowed us to
investigate relationships between plant size and color. To understand the relationship
between color traits around a plant and over its lifespan, we can look at plant hue from
the side and from the top in seedlings and adult plants. Hue is strongly correlated in
seedlings (p = 0.72), likely because there is little difference between the side and top of a
plant in the seedling stage. Hue is moderately correlated across lifespan. Adult top-down
hue correlated to seedling hue (psge = 0.4, pyp = 0.43), while adult side hue has low
correlation values with the same trait (pggse = 0.17, pyp = 0.14). Hue standard deviation,
indicating the range of color values measured from a plant on a given day, has some
relationship with seedling hues (pg4e = 0.26, p, = 0.31). Within adult plants, the hue
standard deviation BLUP is more strongly associated with top-down hue (p = 0.74) than
side hue (p = -0.05). Finally, adult leaf width slope is negatively associated with top-down
hue (p =-0.52) and hue standard deviation BLUP (p = -0.76). The connection between
flowering time, leaf number, leaf width, and plant color may indicate an important
relationship between plant size, photosynthetic pigments, and maturation speed in this

population.
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Flowering time

Flowering time was manually scored periodically after 40 days and continued to the end
of the experiment (see Methods). The bulk of flowering times were recorded on the final

day (65 days, Dataset 1). On average, spring barley lines grown outside take 90 to 120

days to flower (Hickey et al. 2017; Crothers 2021: Gopinathan et al. 2025). In previous
experiments with these and other barley lines, the population’s average time between
sowing and flowering was around 110 to 125 days, varying with local conditions
(Marzolino unpublished). In speed breeding, warm temperatures (20°C days/18°C
nights) and high-light conditions (22 hour day length) can induce flowering in around 60

days (Hickey et al. 2017; Gopinathan et al. 2025). Plants in this experiment grew under

warm temperatures (20°C days/18°C nights) and long-day light conditions (14 hour day
length) which accelerated flowering times. Flowering was observed as early as 41 days
after sowing and the number of plants flowering increased until the end of the
experimental observations at 65 days. Despite the growth conditions, not all plants
reached maturity and flowered. Out of 396 plant carriers, 199 had at least one flowering
individual (50.3%). These individuals represent 108 unique genotypes out of 192 (56%),
with 86 (44.8%) genotypes with multiple replicates flowering. The percent of genotypes
that did flower is roughly equal across generations: 44% of the parents, 62% in
generation Fg, 53% in generation F.g, 47% in generation F5y, and 34% in generation Fsg
(Figure 3B). Because of the truncated time frame of the experiment and amount of
missing data it is not appropriate to statistically test for significant differences in flowering

time between generations.
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Total and genetic variance, heritability, and selection on growth rates
Earlier experiments indicate large variance redactions in the early period of the

experiment followed by smaller reductions in the late period (see Landis et al. 2024). To

see if our developmental trait measurements recapitulate these findings, we measured
total trait variance and tested for significant differences over generations. Few traits
show significant decreases in total variance during the initial phase of the experiment
(from the parents to F,3). Only seedling top-down hue, adult plant height slope, and adult
plant width intercept have large reductions in trait variance early in the experiment (Table
3 & Table 4). Adult width intercept is also the only trait with significant variance reduction
over both the early and late stages of the experiment. A variety of traits have a significant
reduction in variance in the progeny generations: seedling leaf width slope and height
slope, adult width slope, leaf width slope, leaf count slope and intercept, and side and
top-down hue.

We calculated broad sense heritability for all trait components to understand the
amount of genetic variation distinguishable across a variety of traits (Table 4).
Seedling-based traits generally have lower broad-sense heritability than adult trait
measurements (Meangeedings = 0.54, mean,q,s = 0.83). This could result from seedlings’
smaller size being difficult to measure or biological constraints which limit size
differences during early growth. Heritability scores are high for adult trait measurements
across a variety of traits, supporting the consistency of our measurement method and
the strong genetic basis of many traits. Plant height slope, leaf number slope and
intercept, top-down average hue, hue standard deviation, and flowering time all show

strong heritability estimates (H? = 0.9). The height intercept and leaf width slopes also
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show higher than average heritability (H? =2 0.85). This shows that the population
contains abundant heritable trait variance for these traits.

We estimated selection coefficients based on scaled data and using heritability
calculated for the genetic variance available in the starting generation when comparing
trait changes between parents and F,; and between F,3 and Fs; (Table 5). The average
selection coefficients were larger in the early phase of the experiment (avg. Sp.r15 =
0.0028, avg. |Sp.rig] = 0.028 & avg. Sria.rss = -0.00074, avg. |Skisrsg| = 0.012). This is also
true when comparing selection coefficient for seedlings (avg. |Sr.r1g| = 0.034, avg.
|Skis.r58] = 0.011) and adult plants (avg. |Sprg] = 0.025, avg. |Seig.rsel = 0.013). This
confirms previous findings of strong selection pressure in the early generations of this
experiment. Unlike broad-sense heritability, there is no clear difference between the
average estimated selection values for seedling and adult measurements.

Traits that show significant changes in mean alongside a high selection
coefficient suggest directional selection may have acted on these traits as the population
adapted to the Davis environment. The 7 traits with significant post hoc results have
larger selection estimates during the earlier phase of the experiment (avg. |Se.15| = 0.032,
avg. |Sqsss| = 0.021). For the early phase we found the largest selection estimates for
adult leaf length BLUP, leaf width intercept, plant width slope, and leaf width slope (in
descending order). The later phase has high selection for plant width slope, width
intercept, and hue standard deviation BLUP. This suggests that leaf width was under
selective pressure during the early phase of the experiment while plant width slope was

under more continuous pressure.
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Genetic Control of Development & Selection

We ran genome-wide association studies (GWAS) to identify any genomic sites
associated with our measured traits. Results from running univariate GWAS on each frait
identified 15 significant sites across 9 of the 19 tested trait components (slope,
intercepts, and BLUPs) (Figure 4A). Significant sites were identified on chromosomes
1H, 2H, 3H, 4H, 6H, and 7H. The majority of sites are found on chromosome 4H (8 sites)
compared to the second most on chromosomes 2H and 7H (2 sites each). Of the
significant sites identified, 8 are unique positions. Five traits are associated with one
significant position on chromosome 4H: adult leaf width slope, leaf count intercept, leaf
count slope, hue standard deviation BLUP, and flowering time (Figure 4C). This suggests
there may be pleiotropic action from an underlying variant near this site or many variants
in this genomic region contributing to trait variation. Because of the association of this
site with leaf number, leaf width, and flowering time, variation in this region may
contribute to rapid growth rates that support early flowering. Only homozygotes were
found at this site, and the allele difference between the two groups is associated with an
average difference of 11.5 days (flowering time), 0.094 mm/day (average leaf width
slope), 3 leaves (leaf number intercept), and 0.13 leaves/day (leaf number slope) (Figure
4B).

Another site on chromosome 4H is associated with three traits in adult plants:
height slope, leaf width intercept, and top-down hue BLUP. The two identified sites on
chromosome 4H are 5.5 Mb apart, but there may be some commonality between these
regions as they are both associated with plant growth rates that can support rapid

flowering. At this more distal genome site, alternate alleles in homozygotes are
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associated with a 141 mm difference in height intercept, a 5.56 mm/day difference in
height slope, and a 1.4 mm difference in leaf width intercept. Alternate alleles in an
adjacent region (within 1 kb) also show an 8 day difference in flowering time. Even with
the limited number of lines that flowered in this experiment, genetic variance in the tail of
chromosome 4H provides strong evidence for genetic features contributing to differences
in the timing of flower initiation. Finally, both leaf count intercept and slope are identified
as significantly associated with a site on chromosome 7H. This region is a valuable
target for further investigation into the control of adult leaf number in barley.

To expand our list of sites for subsequent analysis we also included the lead SNP
associated with 212 additional, non-significant but potentially ‘suggestive’ association
peaks based on the clump command in plink (see Methods). The combined peaks cover
180 unique sites across all 19 tested traits. We can compare the allele frequency
changes for trait-associated and neutral genome sites to determine how trait selection
drove evolutionary trends in the population over time. Trait-associated genome sites
were divided based on whether the trait showed significant phenotypic shifts over
generations and each group was matched to randomly sampled genome sites (see
Methods). The distribution of allele frequency changes spans a larger range for sites
associated with traits than for non-associated sites (Figure 4D). Comparing parent
frequencies to those of Fg, trait-associated sites show frequency changes from +0.56 to
-0.47 while neutral sites show changes from -0.01 to +0.11. The magnitude of changes
are similar between trait-associated sites regardless of whether the traits exhibit
significant differences over generations (significant trait sites’ changes span -0.46 to +0.5

vs. trait-associated sites’ change spanning -0.47 to +0.56). The average allele frequency
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changes in the early generations are all close to 0 (aVQgigni traits' sites = 0-055, @VQyait sites =
0.03, avg,eutrai sites = 0.06).

Progeny allele frequencies are polarized to the allele with increased frequency,
so all AAF 4, are positive. This explains why the average AAF is larger for the later
phase of the experiment (significant-trait-associated sites avg. AAF.,,, = 0.06 vs. avg.
AAF .. = 0.16). However, there is little difference in the average AAF between site
groups within the later phase of the experiment (progeny generations’ average AAF g it
stes = 0.16, AAF o trait neutral = 0.12, AAF 5 = 0.18, AAF it neura = 0.14). We still observe large
differences in the maximum allele frequency changes between trait-associated sites and
their neutral counterparts (maximum AAF g = 0.56, AAF g rait neutrat = 0.17, AAF 0 =
0.72, AAF it neutra = 0.2). The minimum AAF is also lower for trait-associated sites than
their neutral expectations (minimum AAF g .= 0.0002, AAF g rait neutral = 0.03, AAF i =
0.0001, AAF i neutra = 0.06). So overall, we see that trait-associated genome sites exhibit

a larger range of allele frequency changes than a site not associated with any traits.

Discussion

This paper seeks to build on earlier studies of the evolutionary process of the Composite
Cross Il population during its adaptation to the environment of Davis, California over the
course of nearly a century. Research reported in Landis et al. 2024 showed the
population’s genetic changes and coinciding large phenotypic shifts over 58 generations
in the population including increased plant height, later flowering time, and higher yields.
In this work, we expand our understanding of the specific developmental patterns and

physical traits that became more common in the population during this same time period.
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We grew a diverse selection of CC Il genotyped plants in a controlled greenhouse
environment at the IPK in Germany where plant growth was documented over 65 days
with daily photographs. Then automatic phenotyping software was used to extract
measurements across a wide range of physical and color traits from the photos. In this
experiment we analyze 5 major physical traits: plant height, plant width, leaf count, leaf
length, and leaf width. Plant color measures include hue (measured from the side and
top-down) and the standard deviation of the daily measurement of plant hue. We used
these measurements as the basis for a linear model describing the growth rate for each
unique genotype in the population. Traits that were not well fit by a linear model were
used to derive BLUPs which convey an average trait value representing the genetic
contribution (predicted breeding value) of the genotype. We use this data set to explore
specific physical shifts in the composite cross population during adaptation to the Davis
environment.

This experiment confirms previous findings in this population of large reductions
in trait variance during the first 18 generations of adaptation. Trait variance continues to
reduce in each subsequently tested generation, but the strongest selection acts early in
the experiment to remove highly unfit individuals. These early generations also see
significant changes in the population mean for increased leaf width intercept and
decreased leaf length, though these traits do not show significant decreases in variance
in that time period. During progeny generations, there are decreases in hue standard
deviation, decreased width intercept, and increased plant width growth rate. Those plant
width measurements also show significantly decreased trait variance and high selection

values. No traits significantly differ over both early and late periods which may indicate
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different selection strengths acting on certain traits over time. This is supported by the
larger selection values calculated for trait changes during the first 18 generations than for
those in the following 40 generations. Seedling measurements with significant mean
changes include decreased hue and increased leaf width. The seedling measures have
high selection values but not significant variance reductions. Adult and seedling
measurements have similar selection estimates, though adult traits generally have higher
broad-sense heritability. This suggests parity between seedling heritability and response.
Overall, we find evidence supporting the importance of strong selection for wider
seedling leaves, shorter adult leaves, and a faster growth rate for plant width during
development.

Looking for differentiation between individuals, we found that seedlings largely
conform to a single archetypal expression. Only seedling width has individuals with
obvious growth differences. Other experiments may still find studying seedlings useful for
identifying specific physical differences of interest, but seedling measurements were
largely uninformative in this population and experiment. It remains unclear whether
seedling form is constrained by selection or physiology. Adult plants on the other hand
generally differentiated from one another at advancing ages near and after 30 days of
this long-day greenhouse experiment. Looking for relationships between traits, seedling
traits were not meaningfully correlated with other traits. Notably, plant width is correlated
with leaf number, but not other traits which describe plant architecture. This may indicate
that these barley plants maintain a variety of morphological trait combinations and are
not restricted to one specific arrangement of plant and leaf height, width, length, and

angle. Looking at our data set collectively with principal component analysis (PCA), we

78



found that PC1 explains a large amount (27%) of trait variance. The component is
structured by leaf width, leaf count, and plant width slopes in opposition to leaf count
intercept, leaf width intercept, hue standard deviation, and top-down hue. This suggests
an anticorrelation between adult plants' general and width growth rate and the size of
seedlings and adult plant color. The following components, 2 and 3, explain 15 and 14%
of trait variance, respectively. They implicate a trade-off between seedling leaf width and
adult height intercept with adult height, average leaf length BLUP, seedling leaf count
slope, and seedling width BLUP. PC3 is powered by seedling hue BLUPs vs. seedling
width BLUP, width intercept, seedling leaf count, seedling height, and adult height
intercept. These component loadings suggest plant groups and generations are
differentiated based on plant size, leaf width, and leaf number in early development
where seedling measurements become adult intercepts. It is difficult to draw conclusions
about plant color based on these derived hue measurements, but their importance in the
PCA results note the potential for research into pigmentation in this population.

Because of the importance of flowering time for plant fithess as well as ultimate
plant height in a bolting plant like barley, the population changes and trait relationships
related to plant height should be tempered by the lack of reliable flowering time data in
this experiment. Since only about half the plants flowered, we cannot draw meaningful
conclusions on the variance of flowering phenotypes from this data set. Based on this
general importance of flowering time and the limited results for trait measurements in
seedlings, it is recommended that similar experiments prioritize documenting mature
plant growth by planting seeds several weeks before transferring to a large-scale

phenotyping platform. Because of their smaller size, seedling research may not require
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cumbersome large-scale experimental setups. Still, systems such as the automated
phenotyping platform at the IPK may be helpful if researchers want to explore specific
motivated investigations in seedlings.

A major motivator of this research is understanding the adaptive path of the CC Il
population for a wider range of traits than previously undertaken. We explore the genetic
basis of the study traits by conducting GWAS for 19 traits. We found 15 significant sites
connected to trait variance across the traits, representing 8 unique sites. We identified
common sites controlling variance for leaf width slope, leaf count intercept and slope,
and hue standard deviation. This provides evidence to motivate further research into the
underlying mechanisms contributing to leaf number, width, and color in this evolution
experiment. We further sought to clarify the role of selection by tracking changes in allele
frequency for trait-associated and neutral genome sites. We found that trait-associated
sites exhibit a larger range of allele frequency changes than non-associated sites.
Similar average frequency changes may indicate that directional selection at these sites
drives larger shifts in allele frequency during adaptation in the population. This study
leverages the phenotypic and genotypic diversity of a long-running evolution experiment
to explore the adaptive pathways and genetic controls of a broad range of agronomically
significant traits. We find evidence of strong directional selection early in the experiment
affecting leaf length and broad support for negative correlations between leaf width and
count and plant color. The results indicate a need for follow-up research into leaf
pigmentation in this population and potential for directed study into optimized plant

architecture in the Davis environment.
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Figure 2.1 - Documenting the development of diverse barley backgrounds

A. Selection of daily side-view images for two parental lines adapted to different
environments. B-C. Line plots of each genotype’s recorded growth for the analyzed
physical traits during seedling (B) and adult (C) stages.
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Figure 2.2 - The trait developments that distinguish generations

A. Selection of daily side-view images for two parental lines adapted to different
environments. B-C. Line plots of each genotype’s recorded growth for the analyzed
physical traits during seedling (B) and adult (C) stages.
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Figure 2.3 - Modeled trait relationships & flowering time

A. Heatmap of Spearman’s correlation coefficients calculated for each trait pair. A more
saturated square color indicates a higher positive (blue) or negative (red) correlation
value. The correlation coefficient for each comparison is printed in each box. B. Stacked
bar plot for flowering time observations per generation. Red bars indicate the number of
individuals in each generation for which flowering was not observed, and blue bars
represent the number of plants where flowering was observed.
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Figure 2.4 - Selection on the common genomic bases of measured developmental
phenotypes

A. Manhattan plots of sites’ association with each trait. Each point represents one tested
site’s -log10 scaled p-value. Red dashed lines represent the significance threshold at p <
0.05 with Bonferroni correction. Chromosomes are represented in alternating colors. B.
Box plots of trait values for the observed genotypes (reference allele homozygote,
alternate allele homozygote, and heterozygote if available) at selected significant GWAS
sites. The bottom, middle, and top horizontal bars of each box represent the 1st quantile,
median, and 3rd quantile values respectively. The vertical line indicates the group’s
range excluding outlier values represented by single points above and below. The
difference in average trait value between homozygotes (A1 - A2) is printed at the top of
each plot. C. Upset plot showing the number of suggestive sites identified in the GWAS
that associate with specific traits or groups of traits. D. Violin plot showing distributions of
allele frequency changes over generations for sites identified with GWAS analysis. The
four groups are sites associated with traits which significantly changed averages over
generations, sites associated with traits which did not significantly change over
generations, and sites with starting allele frequencies matching each of those groups.
The number of neutral sites examined was matched to the number of the trait-associated
counterpart group. Allele frequency changes are measured between parents and
progeny generation 18 (left) and between progeny generation 18 and 58 (right). Boxplots
are overlaid on the violin plots where the bottom, middle, and top horizontal lines of each
box represent the 1st quantile, median, and 3rd quantile values respectively. The vertical
line indicates the group’s range excluding outlier values represented by single points
above and below.
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Table 2.1 - ANOVA or Kruskal-Wallis and post hoc test results

post-hoc
ANOVA equal parents to |post-hoc
p-value [trait variance |category Fis Fig to Fsg
3.19E-06 |hue stddev BLUP adult TRUE |color 9.16E-01| 4.71E-04
1.07E-04 |hue mean BLUP seedling TRUE (color 9.92E-01| 8.05E-03
leaf width mean fluor (mm) intercept
4.26E-03 |adult TRUE |architecture | 1.66E-03| 2.49E-01
4.26E-03 |leaftip count leaftips slope seedling TRUE |architecture | 1.68E-01| 3.48E-01
leaf width mean fluor (mm) slope
9.12E-04 |seedling FALSE |architecture | 1.00E+00| 1.82E-01
1.75E-02 |height (mm) slope seedling FALSE |architecture | 4.87E-01|1.00E+00
1.61E-04 |hue mean top BLUP seedling FALSE |color 8.66E-01| 1.00E+00
1.60E-05 |width (mm) intercept adult FALSE |architecture | 9.65E-01| 3.75E-05
1.48E-06 |width (mm) slope adult FALSE |architecture | 3.33E-01| 1.22E-05
leaf width mean fluor (mm) slope
1.67E-03 |adult FALSE |architecture | 5.37E-01| 1.68E-03
2.08E-02 |leaftip count leaftips intercept adult FALSE |architecture | 9.35E-01( 1.00E+00
2.79E-02 |leaftip count leaftips slope adult FALSE |architecture | 6.36E-01| 8.70E-01
leaf length mean fluor (mm) BLUP
6.88E-03 |adult FALSE |architecture | 2.07E-02| 5.91E-02
4.56E-02 |hue mean top BLUP adult FALSE |color 1.00E+00| 1.17E-01
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Table 2.2 - Haplotype-adjusted trait averages over generations

Generation 0 Fig Fe Fso Fss
leaf width mean fluor (mm) intercept

seedling 0.82 0.82 0.82 0.82 0.82
leaf width mean fluor (mm) slope seedling 0.30 0.31 0.30 0.31 0.31
height (mm) intercept seedling -43.6 -43.6 -43.6 -43.6 -43.6
height (mm) slope seedling 11.8 12.0 11.8 12.0 12.0
leaftip count leaftips intercept seedling -2.41 -2.41 -2.41 -2.41 -2.41
leaftip count leaftips slope seedling 0.49 0.47 0.46 0.46 0.48
leaf length mean fluor (mm) BLUP seedling 0.00 0.00 0.00 0.00 0.00
width (mm) BLUP seedling 0.15 0.02 -0.12 -0.03 -0.04
hue stddev BLUP seedling 0.00 0.00 0.00 0.00 0.00
hue mean BLUP seedling 0.00 0.00 0.00 0.00 0.00
hue mean top BLUP seedling 0.00 0.00 0.00 0.00 0.00
height (mm) intercept adult -136.8 -7r7.41 -110.7 -94.3 -93.1
height (mm) slope adult 20.8 19.9 20.7 19.9 20.0
width (mm) intercept adult 1.21 9.00 -11.2 -22.3 -24.5
width (mm) slope adult 7.59 7.10 7.92 8.07 8.14
leaf width mean fluor (mm) intercept adult 11.8 12.9 12.6 12.5 12.4
leaf width mean fluor (mm) slope adult 0.25 0.23 0.24 0.26 0.26
leaftip count leaftips intercept adult -6.93 -6.77 -7.99 -7.86 -7.51
leaftip count leaftips slope adult 0.38 0.37 0.42 0.41 0.40
leaf length mean fluor (mm) BLUP adult 0.15 -0.13 -0.01 -0.10 0.01
hue mean BLUP adult -1.73E-5| 7.86E-7| 1.72E-5| 2.04E-5| -8.79E-7
hue mean top BLUP adult -6.78E-6| 5.30E-5| 5.29E-5| -2.73E-5| -4.54E-5
hue stddev BLUP adult 2.08E-5| 3.80E-5( 1.24E-5| -7.13E-5| -3.45E-5
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Table 2.3 - Trait variance and Levene test results

Generati |Generati |Generati |Parents

onO0 on 18 on 58 to Fyg Fisto Fsg
trait variance |variance [variance |p-value |p-value
leaf width mean fluor (mm) intercept
seedling 0 0 0 NA NA
leaf width mean fluor (mm) slope seedling | 3.54E-06| 2.17E-06|8.72E-07| 0.368 0.013
height (mm) intercept seedling 0 0 0 NA NA
height (mm) slope seedling 0.112 0.134 0.035| 0.338| 4.64E-04
leaftip count leaftips intercept seedling 0 0 0 NA NA
leaftip count leaftips slope seedling 0.003 0.002 0.001 0.184 0.272
leaf length mean fluor (mm) BLUP
seedling 0 0 0 NA NA
width (mm) BLUP seedling 0.529 0.302 0.083| 0.055 0.105
hue stddev BLUP seedling 0 0 0 NA NA
hue mean BLUP seedling 8.09E-08| 1.10E-07|5.25E-08| 0.698 0.238
hue mean top BLUP seedling 2.01E-06| 4.35E-07|3.06E-07| 0.028 0.253
height (mm) intercept adult 19,249 11,538| 14,685| 0.126 0.488
height (mm) slope adult 31 14 17( 0.004 0.338
width (mm) intercept adult 2,729 1,334 950| 0.011 0.010
width (mm) slope adult 1.22 1.68 0.516| 0.658 0.012
leaf width mean fluor (mm) intercept adult 1.90 2.05 1.18| 0.899 0.097
leaf width mean fluor (mm) slope adult 3.20E-03| 4.58E-03|1.71E-03| 0.462 0.019
leaftip count leaftips intercept adult 6.74 12.1 2.29 0.513 0.003
leaftip count leaftips slope adult 0.01 0.02 0.00 0.439 0.003
leaf length mean fluor (mm) BLUP adult 0.20 0.09 0.04( 0.076| 1.61E-04
hue mean BLUP adult 4 .54E-09| 8.50E-09 3.99E-09| 0.053 0.012
hue mean top BLUP adult 5.87E-08| 4.86E-08|2.87E-08| 0.787 0.005
hue stddev BLUP adult 1.22E-08| 1.31E-08 [6.08E-09| 0.567 0.163
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Table 2.4 - Genetic and phenotypic variance and broad-sense heritability

phenotypic |genetic  |broad-sense
trait data basis |variance |variance |heritability
leaf width mean fluor (mm) slope seedling |overall 1.96E-06| 7.79E-07 0.40
leaf width mean fluor (mm) slope seedling |parents 2.77E-06 0 0.00
leaf width mean fluor (mm) slope seedling |Fig 2.17E-06| 9.85E-07 0.45
height (mm) slope seedling overall 0.07 0.04 0.52
height (mm) slope seedling parents 0.09 0.03 0.34
height (mm) slope seedling Fis 0.12 0.08 0.69
leaftip count leaftips slope seedling overall 0.00 0.00 0.50
leaftip count leaftips slope seedling parents 0.00 0.00 0.49
leaftip count leaftips slope seedling Fis 0.00 0.00 0.71
width (mm) BLUP seedling overall 0.23 0.12 0.51
width (mm) BLUP seedling parents 0.47 0.37 0.78
width (mm) BLUP seedling Fis 0.32 0.21 0.65
hue mean BLUP seedling overall 7.23E-08| 5.84E-08 0.81
hue mean BLUP seedling parents 6.98E-08| 5.52E-08 0.79
hue mean BLUP seedling Fis 9.44E-08| 7.93E-08 0.84
hue mean top BLUP seedling overall 5.86E-07| 2.98E-07 0.51
hue mean top BLUP seedling parents 2.00E-06| 7.14E-07 0.36
hue mean top BLUP seedling Fig 4.18E-07| 3.21E-07 0.77
height (mm) intercept adult overall 15,783 13,497 0.86
height (mm) intercept adult parents 19,646 17,519 0.89
height (mm) intercept adult Fis 13,868 11,351 0.82
height (mm) slope adult overall 19.6 17.7 0.90
height (mm) slope adult parents 31.1 29.2 0.94
height (mm) slope adult Fis 16.8 14.4 0.86
width (mm) intercept adult overall 1,769 1,226 0.69
width (mm) intercept adult parents 2,818 2,098 0.74
width (mm) intercept adult Fie 1,462 984 0.67
width (mm) slope adult overall 1.20 0.95 0.79
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width (mm) slope adult parents 1.28 0.93 0.72
width (mm) slope adult Fis 1.53 1.26 0.83
leaf width mean fluor (mm) intercept adult |overall 2.13 1.42 0.66
leaf width mean fluor (mm) intercept adult |parents 212 1.29 0.61
leaf width mean fluor (mm) intercept adult  |Fg 2.36 1.71 0.72
leaf width mean fluor (mm) slope adult overall 0.00 0.00 0.89
leaf width mean fluor (mm) slope adult parents 0.00 0.00 0.90
leaf width mean fluor (mm) slope adult Fis 0.00 0.00 0.92
leaftip count leaftips intercept adult overall 5.66 5.1 0.90
leaftip count leaftips intercept adult parents 6.83 6.27 0.92
leaftip count leaftips intercept adult Fis 9.39 8.70 0.93
leaftip count leaftips slope adult overall 0.01 0.01 0.91
leaftip count leaftips slope adult parents 0.01 0.01 0.91
leaftip count leaftips slope adult Fis 0.02 0.02 0.94
leaf length mean fluor (mm) BLUP adult overall 0.10 0.08 0.77
leaf length mean fluor (mm) BLUP adult parents 0.20 0.17 0.85
leaf length mean fluor (mm) BLUP adult Fig 0.09 0.07 0.77
hue mean BLUP adult overall 5.06E-09| 3.80E-09 0.75
hue mean BLUP adult parents 4.52E-09| 3.85E-09 0.85
hue mean BLUP adult Fis 5.73E-09| 4.77E-09 0.83
hue mean top BLUP adult overall 3.97E-08| 3.71E-08 0.93
hue mean top BLUP adult parents 5.87E-08| 5.60E-08 0.95
hue mean top BLUP adult Fis 4.83E-08| 4.48E-08 0.93
hue stddev BLUP adult overall 9.12E-09| 8.67E-09 0.95
hue stddev BLUP adult parents 1.22E-08| 1.17E-08 0.96
hue stddev BLUP adult Fis 1.07E-08 | 1.03E-08 0.96
Flowering (Days after sowing) overall 63.5 59.9 0.94
Flowering (Days after sowing) parents 65.8 64.3 0.98
Flowering (Days after sowing) Fig 73.4 69.1 0.94
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Table 2.5 - Breeders equation results

Generation trait response |H2 selection
leaf width mean fluor mm intercept
Parents to Fg seedling 0.00000 |NA NA
Parents to F g leaf width mean fluor mm slope seedling 0.00002| 0.00000 |Inf
Parents to F height mm intercept seedling 0.00000 |NA NA
Parents to F4 height mm slope seedling 0.00671| 0.34267| 0.01957
Parents to F leaftip count leaftips intercept seedling 0.00000 |NA NA
Parents to Fg leaftip count leaftips slope seedling -0.00111| 0.49301| -0.00225
leaf length mean fluor mm BLUP
Parents to Fg seedling 0.00000 |NA NA
Parents to Fg width mm BLUP seedling -0.00710| 0.78404( -0.00905
Parents to F g hue stddev BLUP seedling 0.00000 |NA NA
Parents to F g hue mean BLUP seedling 0.00000| 0.79137( 0.00000
Parents to F g hue mean top BLUP seedling 0.00001| 0.35665( 0.00002
Parents to F g height mm intercept adult 3.29550| 0.89174( 3.69558
Parents to F g height mm slope adult -0.04510| 0.93877| -0.04804
Parents to F 4 width mm intercept adult 0.43301| 0.74460( 0.58154
Parents to F 4 width mm slope adult -0.02716| 0.72452| -0.03748
Parents to F 4 leaf width mean fluor mm intercept adult 0.06322| 0.60519( 0.10446
Parents to F 4 leaf width mean fluor mm slope adult -0.00114| 0.90256| -0.00126
Parents to F g leaftip count leaftips intercept adult 0.00930| 0.91769( 0.01014
Parents to F leaftip count leaftips slope adult -0.00047| 0.91363| -0.00051
Parents to F g leaf length mean fluor mm BLUP adult -0.01550| 0.85259| -0.01818
Parents to F 4 hue mean BLUP adult 0.00000| 0.85136| 0.00000
Parents to F 4 hue mean top BLUP adult 0.00000| 0.95417| 0.00000
Parents to Fg hue stddev BLUP adult 0.00000| 0.95854| 0.00000
leaf width mean fluor mm intercept
Parents to F,3 sd |seedling NA NA NA
Parents to F3 sd  |leaf width mean fluor mm slope seedling 0.00998| 0.00000 |Inf
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Parents to F,3 sd |height mm intercept seedling NA NA NA
Parents to F,s sd |height mm slope seedling 0.02146| 0.34267| 0.06264
Parents to F3 sd |leaftip count leaftips intercept seedling NA NA NA
Parents to F3 sd |leaftip count leaftips slope seedling -0.02676| 0.49301| -0.05428
leaf length mean fluor mm BLUP
Parents to F,s sd |seedling NA NA NA
Parents to F,g sd |width mm BLUP seedling -0.01454| 0.78404( -0.01855
Parents to F,s sd |hue stddev BLUP seedling NA NA NA
Parents to F,s sd |hue mean BLUP seedling -0.00518| 0.79137( -0.00655
Parents to F,s sd |hue mean top BLUP seedling 0.00989| 0.35665( 0.02774
Parents to F3 sd |height mm intercept adult 0.02747| 0.89174( 0.03081
Parents to F,3 sd |height mm slope adult -0.01084| 0.93877| -0.01155
Parents to Fg sd |width mm intercept adult 0.01125| 0.74460 0.01511
Parents to F3 sd |width mm slope adult -0.02462| 0.72452| -0.03398
Parents to F3 sd |leaf width mean fluor mm intercept adult 0.04491| 0.60519( 0.07422
Parents to F3 sd |leaf width mean fluor mm slope adult -0.02046| 0.90256| -0.02267
Parents to F,3 sd |leaftip count leaftips intercept adult 0.00364| 0.91769( 0.00397
Parents to F3 sd |leaftip count leaftips slope adult -0.00438| 0.91363| -0.00479
Parents to F,3 sd |leaf length mean fluor mm BLUP adult -0.04973| 0.85259| -0.05833
Parents to F,s sd |hue mean BLUP adult 0.01350| 0.85136| 0.01586
Parents to F3 sd |hue mean top BLUP adult 0.01635| 0.95417( 0.01714
Parents to F,3 sd |hue stddev BLUP adult 0.00967| 0.95854| 0.01009
leaf width mean fluor mm intercept
Fisto Fsg seedling 0.00000 |NA NA
Fisto Fsg leaf width mean fluor mm slope seedling 0.00001| 0.45493( 0.00003
Figto Fsg height mm intercept seedling 0.00000 |NA NA
Fisto Fsg height mm slope seedling 0.00103| 0.68758( 0.00150
Fisto Fsg leaftip count leaftips intercept seedling 0.00000 |NA NA
Figto Fsg leaftip count leaftips slope seedling 0.00036| 0.70507| 0.00051
leaf length mean fluor mm BLUP
Fisto Fsg seedling 0.00000 |NA NA
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Fis to Fsg width mm BLUP seedling -0.00166| 0.65490( -0.00254
Fisto Fsg hue stddev BLUP seedling 0.00000 |NA NA

Fis to Fsg hue mean BLUP seedling 0.00000( 0.84088| -0.00001
Fisto Fsg hue mean top BLUP seedling 0.00000| 0.76855| 0.00000
F.s to Fsg height mm intercept adult -0.39245| 0.81851| -0.47947
F.sto Fsg height mm slope adult 0.00199| 0.85781 0.00232
F.sto Fsg width mm intercept adult -0.83832| 0.67315| -1.24536
Fisto Fsg width mm slope adult 0.02583| 0.82829( 0.03118
Fisto Fsg leaf width mean fluor mm intercept adult -0.01321| 0.72406| -0.01824
Fisto Fsg leaf width mean fluor mm slope adult 0.00091| 0.91840( 0.00100
Fisto Fsg leaftip count leaftips intercept adult -0.01864| 0.92577| -0.02014
Fisto Fsg leaftip count leaftips slope adult 0.00073| 0.93608( 0.00078
Fisto Fsg leaf length mean fluor mm BLUP adult 0.00339| 0.77057| 0.00440
Fisto Fasg hue mean BLUP adult 0.00000( 0.83113| 0.00000
Fig to Fsg hue mean top BLUP adult 0.00000( 0.92864| 0.00000
Fig to Fsg hue stddev BLUP adult 0.00000( 0.96135| 0.00000

leaf width mean fluor mm intercept

Fis to Fsg sd seedling NA NA NA

Fis to Fsg sd leaf width mean fluor mm slope seedling 0.00916| 0.45493( 0.02014
Fisto Fsg sd height mm intercept seedling NA NA NA

Fis to Fsg sd height mm slope seedling 0.00331| 0.68758| 0.00481
Fisto Fsg sd leaftip count leaftips intercept seedling NA NA NA

Fis to Fsg sd leaftip count leaftips slope seedling 0.00869| 0.70507| 0.01233

leaf length mean fluor mm BLUP

Fis to Fsg sd seedling NA NA NA

Fis to Fsg sd width mm BLUP seedling -0.00341| 0.65490( -0.00520
Fis to Fsg sd hue stddev BLUP seedling NA NA NA

Fis to Fsg sd hue mean BLUP seedling -0.01551| 0.84088| -0.01844
Fis to Fsg sd hue mean top BLUP seedling -0.00397| 0.76855| -0.00517
F.s to Fsg sd height mm intercept adult -0.00327| 0.81851| -0.00400
F.s to Fsg sd height mm slope adult 0.00048| 0.85781| 0.00056
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Fis to Fsg sd width mm intercept adult -0.02178| 0.67315| -0.03236
Fis to Fsg sd width mm slope adult 0.02341| 0.82829| 0.02827
Fi to Fsg sd leaf width mean fluor mm intercept adult -0.00938| 0.72406| -0.01296
Fi to Fsg sd leaf width mean fluor mm slope adult 0.01648| 0.91840| 0.01794
Fis to Fsg sd leaftip count leaftips intercept adult -0.00729| 0.92577| -0.00788
F.s to Fsg sd leaftip count leaftips slope adult 0.00681| 0.93608( 0.00728
F.s to Fsg sd leaf length mean fluor mm BLUP adult 0.01088| 0.77057| 0.01412
F.s to Fsg sd hue mean BLUP adult -0.00056| 0.83113| -0.00067
F.s to Fsg sd hue mean top BLUP adult -0.01211| 0.92864| -0.01304
Fig to Fsg sd hue stddev BLUP adult -0.01838| 0.96135| -0.01912
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Chapter 3 - Evolutionary rescue by ultra-rare genotypes a quarter century after

environmental shift

Abstract

Plants are dependent on their local environment for survival, and the rapid climate shifts
arising due to climate change make it imperative to understand how plant populations
can survive such environmental changes. A population’s standing genetic diversity plays
a major role in facilitating adaptation, especially over a short time span and when gene
flow is not beneficial or available. However, it is challenging to monitor how diversity
levels change in response to real-world selective pressures over a large timespan. This
work uses a unique long-term evolution experiment in barley to clarify how segregating
genetic variants are maintained and removed in a large population over nearly 30 years
in response to extreme environmental change. The population was grown in parallel in
Davis, California and Bozeman, Montana after pre-adapting to the environment in Davis
for more than 20 generations. Pooled-population and individual genome sequencing at
multiple time points shows that extremely rare genetic variants re-emerge after the
population’s transfer. Furthermore, this study finds that the same genome sites are
associated with fitness benefit and detriment in an environment-dependent manner
(antagonistic pleiotropy). This research provides unique insight into how a real-world
plant population responds to radical environmental change and the importance of even

low levels of standing genetic diversity on long-term fitness.
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Introduction
A population faces extinction when the impact of environmental change outpaces its rate

of adaptation (Gomulkiewicz and Holt 1995). Rapid adaptation depends on the

availability of genetic variants that confer increased fithess under new conditions (Barrett

and Schluter 2008). The presence and frequency of such variants are shaped by
evolutionary history and by the fitness effects of alleles across environments

(Charlesworth 2009). Episodes of strong selection or periods of reduced population size

can erode genetic diversity through drift and both direct and linked selection (Osmond

and Coop 2020). It is essential that we understand the genetic determinants of robust

adaptive response to predict how populations will respond to this era of rapid

environmental changes.

Predominant self-fertilization, as found in many plants and crops, can facilitate
rapid adaptation by promoting the co-segregation of favorable alleles and the rapid

increase of high-fitness multilocus haplotypes (Stebbins 1957). In outcrossing

populations, recombination tends to break apart such combinations, slowing their
response to selection. However, the same process that accelerates adaptation in selfing
populations can reduce genetic diversity (Pollak 1987), thereby limiting future adaptation

through standing variation (Glémin et al. 2006; Charlesworth and Charlesworth 1995).

Consistent with this expectation, self-fertilizing species typically harbor low levels of

within-population diversity (Barrett et al. 2014), and experimental studies have

documented rapid losses of variation during adaptation (Noél et al. 2017; Landis et al.

2024). These observations raise a central question: how do self-fertilizing populations
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adapt repeatedly to environmental change when genetic diversity is expected to be

progressively depleted?

Here, we address this question by directly observing evolution after multiple
bouts of selection in the barley Composite Cross Il (CCII) long-term evolution experiment

(Harlan and Martini 1929). Barley (Hordeum vulgare ssp. vulgare) is a predominantly

self-fertilizing crop that has experienced repeated environmental transitions since

domestication approximately 10,000 years ago (Badr et al. 2000). After emerging from

the Fertile Crescent, barley spread into many environments as human populations
migrated and exchanged seed. Historical barley cultivars were genetically
heterogeneous, suggesting that adaptation to local environments may have relied on

standing genetic variation (Kahler and Allard 1981). CCIl was founded in 1929 using the

recombinant progeny of 28 barley parents chosen to represent global phenotypic and

geographic diversity (Harlan and Martini 1929) Figure 1). Over 15,000 recombinant
genotypes were generated in an all by all intercross design between the parents (half
diallel) to produce F, progeny. F, plants were selfed to generate F, families that were
combined in equal proportions to found the experiment. The population was fall planted
in Davis, CA, USA, grown with minimal human intervention and harvested in the spring.
Each year the previous harvest was used to found a new generation allowing it to evolve

to the Davis, CA environmental conditions for more than 50 generations.

Previous studies have found that, in Davis, adaptive evolution restructured

genetic and phenotypic diversity in CCIl genome-wide (Harlan et al. 1940; Bal et al.

1959: Allard 1996). Selection targeted genes involved in reproductive biology, favoring
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alleles that are common in Mediterranean environments, and by generation F,g; several

multilocus haplotypes have risen to intermediate frequencies in the population (Landis et
al. 2024). By generation F,, over half of the population is derived from a single ancestor
that was the progeny of two Mediterranean parents that has driven out most other

variation.

At generation F,,, 15,000 seed from the initial Davis site were used to found a
parallel CCll competition experiment in Bozeman, MT, USA (Figure 1) that, in contrast to

the fall planted Davis experiment, was spring planted (Allard 1996: Hockett et al. 1983).

The Bozeman CCII was propagated for an additional 26 generations using the same
methodology as that applied in Davis with minor modifications. The shift from winter
growth in Mediterranean climate to spring growth in a Continental climate parallels the
historic adaptation of barley as it was dispersed across Africa, Europe, and East Asia. In
this study we characterize how the transition to Bozeman influenced the genetics of the
CCIl and we explore the genomic basis of sequential adaptation across multiple

environments.

Methods

CClIl germplasm and growth conditions

The growth and sequencing of the CCIlI Bozeman pooled populations was conducted as
previously described for the Davis CCIl pools, but libraries were sequenced on a

Novaseq 6000 (Landis et al. 2024). The parental sequencing was described in the same

study.
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48 individual CCII progeny from generations Fy,p 35 and Foyp 268 Were placed on wet paper
towels on petrie plates and germinated in the dark for 4 days until transplanting into pots.
The plants were then grown in long day conditions 14 hours of light, 10 hours of
darkness until a leaf could be harvested into a 96-well plate for genomic DNA extraction
using the CTAB method. DNA was quantified by Quant-It PicoGreen assay (Thermo
Fisher Scientific, P11496) and libraries prepared according to the Kpnl
reduced-representation protocol described in Rowan et al. 2017. The library was

sequenced on an lllumina Hiseq4000 as single end 150bp reads.

For the whole genome sequencing dataset, the resulting DNA was used as input for the
lllumina Nextera DNA Flex Library Prep kit and was sequenced across two lanes of an
lllumina NovaSeq instrument using paired end 150bp setting. For the genotype by

sequencing dataset, samples were processed as in (Landis et al. 2024).

Variant discovery in the CCllI parents and allele counts in progeny pools

We re-analyzed the CCIl parental data using the updated Barley Morex v3 reference

genome (Mascher et al. 2021) by mapping reads using bwa mem (v.0.7.19) (Li and

Durbin 2009) and sorting and indexing the resulting bam files with samtools (v.1.22.1) (Li
et al. 2009). The resulting bam files were processed using the Genome Analysis Toolkit

(v.4.6.2.0) (Van der Auwera et al. 2013) with the markduplicates tool, haplotypecaller

and combineGVCFs tools, and ultimately variant calling using the GenotypeVCF tool.

The raw VCF file was filtered using bcftools view (v.1.22) (Danecek et al. 2021) with the

parameters ‘N_ALT=1 & N_MISSING<2 & MIN(FORMAT/DP)>1 & COUNT(GT="het")<3
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& INFO/DP<400 & QUAL>30 & TYPE="snp" followed by an additional filtering step

'FMT/GT="AA" & FMT/GQ>5'".

Characterization of allele frequencies in CCII pools

The alignment of pooled sequences was conducted in the same manner as for the
parental samples. The biallelic SNPs identified using the parental sequences were then
scored in each pool by first generating a pileup file using the bcftools mpileup tool

(v.1.22) (Danecek et al. 2021) using the -R parameter to specify the parental vcf and the

-a parameter to output "FORMAT/AD". The output of mpileup was passed to the bcftools
query tool with the parameters -f '%CHROM,%POS,%REF,%ALT,[%AD]\n' to print allelic
counts at each covered site in the pool. Prior to combining the counts from different
pools, the script process_mpile.py was used to add missing sites with count data “NA

NA” to each count file at uncovered sites in that specific pool.

The custom Rscript sum_counts.R was then used to combine count data for pools
sequenced across multiple lanes and count data were merged for all pools and the
parental allele counts were merged into a single file and were filtered to remove sites

with no coverage in any pool.

Genotypic characterization of individual CCIl progeny

Raw individual genotypes for the CCII parents, 219 F,gp, 219 Fogp, 217 Fsop, and 216 Fsgp
were generated from previously generated genotyping by sequencing data using the
same methodology (Landis et al. 2024) but substituting the newer Morex v3 barley

reference genome (Mascher et al. 2021) for the older Morex v2 reference (Monat et al.
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2019). Sequencing data for 49 F,,p 55 and 43 F,4p .65 Samples generated using the same
approach were added to the CCII Davis dataset for this publication. In brief, the CCI|
parent and progeny sequences were aligned to the Morex v3 barley reference genome

using the aligned using the bwa mem (v.0.7.19) aligner (Li and Durbin 2009) and raw

SNP calls were generated for the parents only using the bcftools mpileup (v.1.22)

(Danecek et al. 2021) to call pipeline. The parental SNPs were filtered in bcftools view

using 'TYPE="snp" & COUNT(GT="het")<4 & MIN(AD[*:0]+AD[*:1])>3 & DP>100 &
DP<1000 & QUAL>500 & N_ALT=1" and the resulting sites were scored in each progeny
bam using the site_caller2.py custom script and merged to generate a VCF file. Missing
data in the final progeny VCF were imputed with beagle (v.4.1) using the parental

genotype VCF as a reference.

Whole genome skim sequencing of Bozeman individuals

To increase the sample size of Bozeman genotypes, 96 Fyyp 35 and 96 Fyyp 56 individuals
were genotyped using a low coverage whole genome sequencing strategy. Seedlings
were germinated on plates and transferred to soil under 20h light/cycles and 22°C. Fresh
leaf tissue was flash-frozen in liquid nitrogen and homogenized in 96-well plates using a
Qiagen TissueLyser Il for DNA extraction via a standard CTAB protocol. Genomic
libraries were prepared using the lllumina DNA Prep Kit with half-reaction reagent
adjustments. Paired-end 150 bp whole-genome sequencing was then conducted on a
NovaSeq X 25B instrument at the UC Davis DNA Technologies Core. Reads were

mapped to the Morex v3 reference genome (Mascher et al. 2021) using the strategy

applied to the parental and pooled sequencing datasets. At each site identified in the
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parental GBS dataset the overlapping nucleotides were scored to generate genotype
calls using the site_caller.py script, merged into a single VCF file with missing data
imputed as described for the GBS datasets above. The GBS and low coverage whole

genome sequencing datasets were then combined using bcftools merge (Danecek et al.

2021).

Analysis of the genetic change and relationships amongst the CCIl progeny across

Bozeman and Davis sites using pooled sequencing data

Allele counts were inputted into R (v.4.5.0) and the Rstudio environment
(v.2023.09.1-494) and sites were filtered for combined coverage extremes across all
pooled sequencing datasets (bottom and top 0.01 quantile threshold). Reference allele
frequency, minor allele frequency (polarized against the minor allele in the parents), and
H. and changes in each of these statistics over time were calculated at the site level and
then averaged over all sites within each generation to explore global trajectories. To
predict He and the fraction of parental segregating SNPs at F,,; we fit a linear regression
for each diversity statistic using the observed Davis values (F,p, F1gp, Fosn, and Fsgp).
Euclidean distances between each parent and the progeny allele frequencies, treating
parent genotypes as frequencies 0, 0.5, and 1 for homozygous reference, heterozygous,

and homozygous alternate, were used to conduct multidimensional scaling analysis.

Estimation of the frequency of rare parental progeny in pooled sequencing

We used the genome-wide frequency of private alleles for each parent to generate a
lower bound estimate of the frequency (f) of the progeny of that parent at each CCII

timepoint in the pooled sequencing dataset. The average coverage in our dataset fell
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between 50-70x, which is too low to consistently detect rare recombinants in CCII.
However, by combining data across all sites, rare private alleles from each parent can be
detected. For each site, the probability of failing to recover the parent specific private

allele (pu) is:

P o=(-p"
Where d is the depth of sequencing at the site and f is the frequency of the rare
genotype in the pool. The probability of seeing the private allele at one site is:
P =1-(1-pn"
Substituting the observed proportion of sites where the private allele was detected (pobs)

and rearranging to solve for f we get:
1/d
f=1-Q0-p,)

This estimator is most accurate for low frequencies. We estimated the frequency of

progeny for each of the two-rowed parents.

Lineage frequency analysis and ancestry estimation

Genetic distances between the WGS and GBS Bozeman samples were calculated in
plink (v.1.90b6.25) and clustered with hclust using the “average” method in R. Clusters
were defined with cutree h = 0.02. Haplotype diversity and associated variance was
calculated as in (Nei 1987). A single randomly chosen individual was selected to
represent each cluster for ancestry analysis. Each cluster representative was compared

to each of the 28 parents in 500 windows to identify segments of inheritance by descent
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(IBD; distance < 0.02). Primary ancestry was assigned to the parent with the maximum
IBD segments with the representative genotype. Secondary ancestry was assigned to
the parent that had the maximum IBD segments, after removal of the IBD regions with

the primary ancestor and so on.

Identifying the footprint of directional selection

Regions targeted by selection over the first 18 generations of evolution in Davis were

identified in a previous study (Landis et al. 2024) and the coordinates of these regions

were translated manually from the Barley Morex v2 reference genome (Monat et al.

2019) to the Morex v3 reference genome (Mascher et al. 2021) by blasting overlapping

annotated genes.

To identify regions of the genome where allele frequencies changed more than would be
expected neutrally in Bozeman, we calculated Earth Mover’s Distance (EMD) (Rubner et
al. 2002) in 500 SNP windows. Briefly, EMD describes the dissimilarity between two
distributions, in this case allele frequency distributions within the same SNP window at
two different generations. A high EMD value indicates that a relatively high amount of
work would need to be done to convert one distribution into the other, and is often used
in computer science for image retrieval and edge detection, for example (Rubner et al.,

2000 and Ruzon and Tomasi, 2001) (Ruzon and Tomasi 2001: Rubner 2000). We

calculated EMD using the “stats.wasserstein_distance’ function in the scipy package in

python (Version 1.11.1) (Virtanen et al. 2020).

To compare observed EMD distributions to what would be expected under neutral

evolution, we simulated changes in allele frequencies in windows using a custom
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simulation in python (Supplemental file 1). The simulation uses real CCIl founder allele
frequencies in windows, constructs a starting population using those frequencies, and
then allows the population to change for a number of generations before calculating an
EMD comparing two intermediate generations. At each generation individuals are
chosen as parents and their genome is used as-is in the next generation. This is akin to
100% selfing in a population comprising fully homozygous individuals, which should be
conservative with regard to identifying extreme allele frequency changes. Each iteration
of the simulation uses a randomly drawn window from the real starting frequencies, and
we ran the simulation for 150k iterations to generate a null distribution. Because it is
difficult to know both the number of plants maintained in each generation of CCIl and the
resulting effective population size, we ran the simulation with both 1000 and 100

individuals to determine which null distribution best describes the real data.

Candidate genes were identified using overlaps with selected regions with genes with

known function and manual analysis .

Results

Environmental shift reverses the evolutionary trajectory of CCIlI

To understand how the shift to a new environment affected evolution in CCIl we
characterized the frequency of genetic differences throughout the genome at several
time points in both Bozeman, MT, USA and Davis, CA, USA (Figure 1B). First, we
defined the founding diversity of CCII by re-characterizing genetic variation amongst the

CCIl parents (Landis et al. 2024). Using whole genome sequencing we identified
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21,445,703 single nucleotide polymorphisms that segregated in the founding population
of CCII. We then estimated the evolutionary trajectories of each genetic variant in pools
of 1000 progeny in Davis, CA (Fgp, F2sp, and Fggp) and in Bozeman, MT (24 generations

in Davis, followed by 3 or 26 in Bozeman, MT, Fyp 35 and Fasp 26s)-

In Davis, CCII lost genetic diversity at a rapid, constant rate (H, and the fraction

of founder variants segregating) and is near homogeneity by Fsgp (Landis et al. 2024)
(Figure 2A and B). The allele frequency spectrum of genetic variants polarized by the
minor allele in the founders revealed a progressive removal of intermediate frequency
alleles, mostly due to the fixation of the rarer of the two parent alleles genome-wide
(Figure 2C). However, a portion of alleles that were initially rare have reached near
fixation by Fsgp. The existence of alleles that start at very low frequencies but rapidly rise

to near fixation is consistent with the previous finding of strong directional selection

operating on some loci in CCll in Davis (Landis et al. 2024; Saghai-Maroof et al. 1984).

The shift to Bozeman dramatically altered the evolutionary trajectory of CCII.
Over the first three generations in Bozeman, the depletion of genetic diversity
accelerated (Figure 2A and B) largely due to the loss of less common founding alleles
(Figure 2C). Over the subsequent 23 generations, the loss of genetic diversity observed
in Davis was completely reversed, and H, ultimately returned to levels closer to that of
the founders (Figure 2A and B). Unlike F5qp in Davis, the F,p 268 AFS is enriched for
intermediate frequency alleles with fewer sites falling into either the lowest or highest

frequency bins (Figure 2C).
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Globally, the pre-shift frequency of an allele is predictive of its fate in Bozeman. SNPs
found at low or intermediate frequencies in Fg; remain enriched at low or intermediate
frequencies respectively in F,,p 565 (Figure 2D). A minority of the 13,682,680 alleles
segregating in Bozeman F,4p 565 (10%) were below frequencies that we could detect in
Davis samples. However, both rare and undetected alleles in F,55 show similar
evolutionary trajectories (Figure 2D) indicating that the undetected alleles were present

in F4gp, but not sampled in our sequencing data.

Together, these results demonstrate that the return in genetic diversity in
Bozeman is due to a global movement towards intermediate allele frequencies in

combination with the reappearance of alleles that were rare in Davis.

Allelic origin drives the return of genetic diversity in CClI

Previous work found that CCIl in Davis adapted by favoring alleles from Mediterranean

environments (Landis et al. 2024). We hypothesized that the return of genetic diversity in

Bozeman was due to a shift in selection pressures favoring alleles adapted to
Continental climates. We calculated distance matrices between all the parents and the
progeny pools and fit a multidimensional scaling model to visualize the relationships over

evolutionary time in two dimensions (Figure 3).

As expected, the Davis population evolved favoring alleles from Mediterranean
barley and moves progressively toward these parents in the MDS plot over time. The
Bozeman population initially remained on a similar evolutionary trajectory, but then
reversed to become more similar to eurasian types. The F,4p 265 Sample is found at an

intermediate position relative to the parents, similar to the predicted starting position of
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the experiment, but without evidence of contribution from Asian parents that are found at

higher positions along MDS 2.

The return of diversity from Eurasian barley was notable since these types were
not common after the first decade of CCII evolution at Davis. To understand the process
by which eurasian alleles re-emerged, we genotyped 871 individuals from the Davis CCI|I
and 145 and 139 individuals from F,,p 35 and Faup 265 respectively at 425,098 genetic
markers segregating in the CCII parents. Previous work found that many near identical
samples could be found in CCII, especially in the later generations where a large number
of individuals could be collapsed into genetic clusters derived from a single CClII

recombinant (Landis et al. 2024). We also identified near identical samples in our

Bozeman dataset (Figure 4A) leading us to cluster samples by genetic similarity across
the entire experiment. Consistent with previous findings, clustering of CCII progeny
revealed a large number of near identical individuals (Figure 4B) with only 288 unique
lineages segregating amongst the sample of 1155 individuals spanning the entire

experiment.

We identified 238 discrete lineages in the 871 genotyped samples from Davis
and 60 lineages in the 284 genotyped samples from Bozeman (Figure 4B). Haplotype
diversity showed a similar pattern to the pool sequencing diversity; increased loss of
haplotype variation was observed after the shift to Bozeman, but haplotype diversity did
not fall in Bozeman at the same rate as observed in Davis (Figure 4C). Though
haplotype diversity was relatively stable in Bozeman, the composition of the population

changed substantially over time relative to the founding diversity present in Davis. In
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F.ap 38, 51.8% of the samples were assigned to a lineage that we also identified in at
least one of the Davis samples (Fgp, Fosn, Fson, OF Fsgp). However, only 24.3% of the
lineages that we observe in Fy,p 55 were found in Davis. Thus, common variation
preceding the shift is more likely to be transmitted to the Bozeman site. These fractions
dropped rapidly over the subsequent 23 generations in Bozeman. In Fyp 265 21.6% of
individuals were clustered with a multilocus haplotype identified in Davis. 16.1% of
observed lineages in Fy4p 265 Were also sampled in Davis. Eight of the ten most common
lineages three generations after the shift (accounting for 74.5% of lineages observed at
that timepoint), decreased in frequency with the other two staying approximately the
same (Figure 4D). Genotypes common directly after the shift are being replaced by
F.4p 268 With rapidly expanding lineages that were not sampled or at low frequency in

I:24D,3B'

By Fsop the Davis population is dominated by a single ancestral lineage (Landis et
al. 2024) (Lin"). With this new dataset, we can differentiate two sublineages within Lin'
that appear to be segregants from a common parent (Lin'@ and Lin™, Figure 5A-B). Lin"?,
Lin™, and a third lineage, Lin?, together compose 78% of CClI at Fs,p and 68% at Fsgp.
Lin? shows extensive similarity to Lin" and may also represent a segregant from the
same ancestor, but inherited a different haplotype on much of chromosome 5H (Figure
5B). Identification of regions of identity by descent between Lin' and Lin?and the CCII
parents reveals that all three lineages share predominant ancestry with North African
barley adapted to Mediterranean climates (Table 1). Atlas, the Californian derived

ancestor, made the largest contribution to all three successful lineages, with smaller
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contributions from the Algerian cultivar Maison Carree and the Egyptian traditional

cultivar Minia. Though barley is an infrequent outcrosser (< 2%) (Jain and Allard 1960),

ancestry from three different parents in these lineages confirms that rapid adaptation

was facilitated by outcrossing events (Kahler et al. 1975).

In Bozeman, three lineages together compose just under half (41.7%) of the
population by F,p 56s. Lin* was the most common lineage directly after the shift to
Bozeman and the second most common lineage at the end of the experiment (Figure
5A). Lin*is present in Davis samples, though at low frequencies (Fgp and Fsop less than
2%) and rose rapidly in Bozeman to compose 31.2% of the population. Like the
successful lineages in Davis, Lin' and Lin?, the genome of Lin* has extensive regional
IBD with the North African parents Atlas and Maison Carre, but it does not share
ancestry with Minia (Table 1). Lin* was less successful in the subsequent 23 years of

evolution in Bozeman leading to F,4p gp6 dropping to 11.5% of the sampled individuals.

Lin® and Lin®, the most common and third most common lineages in Bozeman
F,4p 268 Were not found in our Fyyp 35 Sample or in any Davis sample (Figure 5A). Barley
inflorescence architecture is dimorphic, with some varieties producing two rows of seed
(two-rowed) and others producing six rows (six-rowed). In previous studies, two-rowed

types were strongly selected against in Davis (Harlan et al. 1940). Both Lin® and Lin® had

significant IBD with the two-rowed Turkish barley, White Smyrna (Table 1). Though White

Smyrna geographically was sampled near the Mediterranean, it groups with Eurasian

types in genetic analysis (Landis et al. 2024) and we will refer to it as such here. Lin®also

shared ancestry with the eurasian, two-rowed parent Hannchen. The secondary and

119


https://paperpile.com/c/LOEzoL/ZhCa
https://paperpile.com/c/LOEzoL/8TW6
https://paperpile.com/c/LOEzoL/fPsE
https://paperpile.com/c/LOEzoL/63fL

tertiary ancestry in Lin®* was from Everest and Lion, though these combined contributions
were estimated to be less than 12% of the genome which may suggest a more

complicated ancestry.

These data demonstrate that many of the most successful genotypes after the
shift to Bozeman were derived from at least one two-rowed parent despite the
observation that two-rowed types are maladaptive in the Davis CCIl. We grew a random
subset of our Bozeman individuals to flowering to confirm the reappearance of
two-rowed types and found that 3.2% of F,4p 56 (N=93) and 31% of Fyyp 35 (N=84)
produced two-rowed inflorescences (Figure 5C). These included all the Lin® and Lin®
samples grown to flowering (n=14 and n=7) respectively. The other two-rowed lineages
from Fy4p 26 all had ancestry from White Smyrna and Hannchen, though the proportions
varied by accession (Figure 5D). The three two-rowed individuals found in Fyyp 35 all
belonged to the same multilocus haplotype with predominant ancestry from White

Smyrna and the six-rowed parent Sandrel.

These observations explain the pattern of evolution observed using our pooled
sequencing dataset: rare genotypes in Davis with ancestry from two-rowed, Eurasian
parents have rapidly increased to intermediate frequencies at the Bozeman site. This
process is in transition, with some progeny of Mediterranean parents still present, though

decreasing, in Fup 26p-

Ultra rare multilocus haplotypes in Davis CCl| facilitated rapid adaptation in Bozeman

The reappearance of two-rowed barley in CCll bozeman is surprising given that we have

not observed two-rowed barley in our sample of 219 F,5. However, the CCIl was grown
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at much larger population sizes of 5000-15,000 individuals per generation, and rare

progeny of two-rowed and Eurasian parents may segregate at lower frequencies than
our sampling is likely to detect. To determine whether the progeny of some two-rowed
parents may segregate at low frequencies in F,gp we characterized the segregation of

private SNPs unique to each parent in our pooled sequencing dataset.

The coverage at an individual SNP in our pooled sequencing is unlikely to sample
very rare variants. However, the rate that private alleles are sampled across thousands
of sites can be used to estimate the frequency of the progeny of a specific parent
(Materials and Methods). We detected private alleles from all of the parents segregating
in Figp. For example, 7.82% of White Smyrna private alleles were segregating in Fgp. We
used these values to estimate the frequency of progeny of two-rowed parents across the
Davis experiment, and as expected, we find that progeny of two-rowed parents are rare
(Figure 5D, f < 0.01). White Smyrna is one of the least represented parents at Fgp,
though it increases somewhat in frequency at F,g, (Figure 5D, from f = 0.001 to 0.003).

In a population of 15,000 individuals we estimate that at F,g, there were a few hundred
progeny of two-rowed parents and around 15 progeny of White Smyrna specifically.

Importantly, the evidence for two-rowed ancestry trends downward in Davis over time.

These results indicate that the rise of extremely rare variation from
two-row/eurasian types was key to the return of genetic variation in CCIl in Bozeman.
Because the rise of these initially rare multilocus genotypes has not yet wiped out all of
the previously adapted Mediterranean types by Fip.6s, the population remains in the

transitional state of high genetic diversity, presumably on its way toward homogeneity for
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eurasian type alleles. The degree of genotype replacement that we observe in Bozeman

can not be explained by drift alone given the large population sizes used in the CCII.

Allelic trade-offs during adaptation across diverging environments

The rapid replacement of Mediterranean with Continental ancestry in Bozeman is
strong evidence for local adaptation in the CCII parents. This leads us to a key question
in understanding the genetic basis of environmental adaptation: do adaptive alleles in
one environment typically have negative effects in the other environment (antagonistic
pleiotropy), or are they adaptive in one environment and neutral in the other (conditional
neutrality)? The answer to this question is directly related to the ability of populations to

harbor alleles that can facilitate adaptation to new environments (Yeaman 2022). While

the relative importance antagonistic pleiotropy and conditional neutrality have been

directly studied through QTL studies in a limited number of species (Anderson et al.

2013; Agrena et al. 2013; Oakley et al. 2023: Lowry et al. 2019: Hall et al. 2010; Troth et

al. 2018), the long-term nature of the CCIl experiments allows us to investigate the

potential consequences of evolution under these two regimes.

To answer this question, we compared the direction of allele frequency change
across the genome over the first 18 generations of evolution in Davis and the 26
generations after the shift to Bozeman. We found a strong anticorrelation in the direction
of allele frequency change throughout the genome as adaptation occurred to contrasting

environments (Figure 6A, r = -0.72; p < 2e-16).

A previous study identified 52 regions of the genome (5.04%) that showed

unusually strong patterns of directional selection over the first 18 generations of
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evolution of CCII in Davis (loss of genetic diversity and change in allele frequency)

(Landis et al. 2024). We complemented this set of regions with regions targeted by

directional selection in Bozeman after the shift by comparing allele frequency
distributions between F,,53 and Fug.6 (2.25% of the genome, see Materials and
Methods). SNPs that fell into these regions showed an even stronger pattern of
anticorrelation as compared to the genome-wide pattern consistent with antagonistic

pleiotropy operating on at least some of these strongly selected regions (Figure 6B).

The Bozeman and Davis populations show a striking overlap in their selected
genomic regions: 70.7% of Davis-selected and 21.0% of Bozeman-selected regions
overlap (p < 0.001), suggesting shared targets of selection. All of the overlapping regions
have strong negative correlations in change of allele frequency at the two sites (r <=
-0.842) indicating that selection is driving allele frequencies in the opposite direction at
the two sites. We label these regions as candidate targets of antagonistic pleiotropy (AP

targets).

AP targets were clustered on chromosome 2H and 5H near previously described

structural variants (Jayakodi et al. 2020; Jayakodi et al. 2024; Wonneberger et al. 2023).

Of the candidate genes that were highlighted as potential targets of selection in Davis

(Landis et al. 2024), HY*CENTRORADIALIS (HvCEN) was targeted by selection at both

sites. HYCEN is a key regulator of barley flowering time, and mutations in HYCEN

facilitate barley fithess across Mediterranean and Continental climates (Comadran et al.

2012; Russell et al. 2016). In Davis, the early flowering, Mediterranean allele was

favored while in Bozeman the late flowering allele from White Smyrna was favored. Vrs1,

123


https://paperpile.com/c/LOEzoL/63fL
https://paperpile.com/c/LOEzoL/InZu+Vwl2+Xrvn
https://paperpile.com/c/LOEzoL/63fL
https://paperpile.com/c/LOEzoL/VKXR+fVpr
https://paperpile.com/c/LOEzoL/VKXR+fVpr

the gene which delineates spike row number diversity in barley (Komatsuda et al. 2007),

is downstream from one of our selected regions, but does not directly overlap.

Discussion

Our analysis of the shift of CCIl from the winter planted, Mediterranean climate of Davis
to the spring planted, Continental climate of Bozeman reveals several important patterns.
First, the massive impact of local adaptation in Bozeman parallels previous observations

of the CCIl in Davis (Landis et al. 2024). Adaptation to both environments involved a

major, rapid restructuring of genetic diversity that strongly favored alleles drawn from
similar conditions to the experimental site. It is not surprising that barley contains genetic
diversity that contributes to local adaptation; this was recognized by the founders of the

CCIl nearly a century ago (Harlan and Martini 1929). However, the pace and magnitude

of the effect of selection is remarkable. The ongoing complete genomic exchange in
Bozeman and the recapitulation of the global pattern of genetic divergence in Barley over

just a few decades is not likely to be due to random chance.

Second, a small number of successful lineages have risen to high frequencies in
the population at both sites. In Davis, this eventually leads to three quarters of the
population being composed of genotypes that likely shared a single common ancestor in
the earlier generations of the CCII. At Bozeman, successful lineages do not share the
same degree of similarity, though they do share some of the same parents. Studies of
self fertilizing species in both animals and plants have found low within population

genetic diversity and local dominance of relatively few multilocus haplotypes (Hughes
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and Simons 2015; Montesinos et al. 2009: Siol et al. 2008; Barriére and Félix 2007;

Bombilies et al. 2010). Low genetic diversity in self-fertilizing species is often attributed to

neutral processes (Jullien et al. 2019). At least in the CCII, a few successful multilocus
haplotypes can emerge from a very diverse founder population predominantly due to
selection. The low effective rate of recombination in Barley, resulting from its self
fertilizing mating system, amplifies the loss of genetic diversity resulting from directional
selection. Perhaps the local homogeneity of self-fertilizing populations is influenced by

selection more than previously suggested.

While linked selection may play an important role in amplifying the wholesale
replacement of lineages across environments, it is clear that alleles selected strongly in
one environment are disadvantageous at the other environment. This contrasts with
previous findings that the majority of fitness associated QTL in experimental populations

showed evidence for conditional neutrality (Anderson et al. 2013: Agrena et al. 2013;

Oakley et al. 2023; Lowry et al. 2019; Hall et al. 2010; Troth et al. 2018). This

discrepancy might result from the effect size or seasonal stability of the two classes of
variants; if antagonistic pleiotropy is more common at loci with consistent, large effects

then it may have a larger impact over multiple generations.

Fourth, even though the progeny of two-rowed, Eurasian were not fit in Davis,
they reappear after just three generations of adaptation to Bozeman, and are found at
intermediate frequencies just 26 generations after the shift in environments. The sudden
reappearance of types that are thought to have low fitness in Davis could have several

explanations. Migration of previously extinct types, either through outcrossing with other
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barley or through direct seed contamination is one possible explanation. It is not likely
that large scale intercrossing or bulk contamination occurred given the precautions taken
against such an event. It is possible that rare events give rise to segregation of fit
individuals that were previously extinct, but this does not affect many of the conclusions
of the work. Under this model, adaptive evolution still depends on ultra-rare genotypes,
the only change is whether the non-adaptive types persisted in the Davis population.
Importantly, we find evidence that unfit types still segregate at low frequencies in Davis.
This result indicates that very rare maladapted types persist in the CCII. It is not clear
how they are maintained, but perhaps fluctuating environmental conditions from year to

year alter the fitness of these types enough for them to persist.

In the CCII, enough rare types persist in the population after 18 generations of
adaptation to seed variance for a new environment. The segregation of a small number
of such types may also seed adaptation as early varieties were transported to new sites
or when a wild self-fertilizing species is introduced to a new locale. It remains unclear
how long these rare types can be maintained in a population. Maintenance of rare types

could be critical for the longer term survival of many plant species in a changing world.
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Figure 3.1 - The design of the Composite Cross Il multisite experiment

A. The composite cross Il began with intercrosses of 28 barley accessions collected to
represent global barley diversity. After the resulting F, progeny were selfed, a large
composite population was formed from 15,000 F,. The population was grown at Davis,
CA, USA through generation F,, and a subsample of over 5,000 seed were used to
found the Bozeman, MT, USA experiment. Later generations of CCIl were propagated
using a population of 5,000 individuals. B. Sampling scheme for the CCII generations
surveyed in this study. Earlier generations were maintained as live seed by less frequent
propagation at each site. The timing of events inferred from historical notation.
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Figure 3.2 - Environmental shift redirects the evolutionary trajectory of the CCIl
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A. Expected heterozygosity (H,) and B. fraction of founder variants segregating across
CCII before and after environmental shift. The grey box indicates pre-shift values, and
post shift values are shown for CCIl Davis (orange) and CCIll Bozeman (darkblue). C.
The allele frequency spectrum across all sites and in all pools. The allele frequency
spectrum is polarized to the minor allele at the start of the experiment. The Bozeman late
sample shows an enrichment for intermediate frequency alleles relative to the late
generation Davis samples. D. The frequency spectrum in F,4p .65 Separated by starting

frequency bins in Fgp.
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Figure 3.3 - The re-emergence of Eurasian genetic diversity in CCIll Bozeman

Multidimensional scaling (MDS) analysis of genetic diversity amongst the CCII parents
and the pooled sequencing samples from Davis and Bozeman.
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Figure 3.4 - Rare haplotypes drive the return of genetic diversity in CCIll Bozeman

A. The distribution of genome-wide genetic distances between individuals at each site
and time point. B. The frequency distribution of lineages in Bozeman and Davis. C.
Haplotype diversity calculated from the frequencies of lineages at each time point and
site. D. The change in frequency of the 10 most common lineages at each Bozeman
timepoint. Lineages found amongst the top 10 at both time points are highlighted in
green.
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Figure 3.5 - The emergence of dominant lineages during adaptation.

A. The frequencies of the top 3 most common lineages at the last sampled time point at
both sites. B. Comparison of the genomes of the most common lineages in Davis in
1000 SNP windows. C. Two rowed segregant in Bozeman. Scale bar is 2 cm. D.
Estimated frequencies (f) of the progeny of each of the two-rowed parents.
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Figure 3.6 - Evidence for antagonistic pleiotropy at strongly selected loci across
environments

A. Genome-wide changes in allele frequencies in Davis (F,p - F1gp) and Bozeman (F gp-
F.ap26)- B. Correlation in allele frequency change in selected regions compared to 1000
random permutations.
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Table 3.1 - Top three ancestries assigned by IBD analysis of discussed lineages in CCII

Lineage Primary Secondary Tertiary
Atlas Maison Carree Minia
Lin1a
0.62 0.17 0.08
Atlas Minia Maison Carree
Lin1b
0.62 0.16 0.1
Atlas Minia Maison Carree
Lin2
0.66 0.15 0.08
White Smyrna Everest Lion
Lin3
0.60 0.07 0.04
Lind Atlas Maison Carree Club Mariout
in
0.71 0.11 0.03
Lins White Smyrna Hannchen Horn
in
0.72 0.26 0.00
White Smyrna Sandrel Palmella Blue
Lin251
0.66 0.31 0.00
White_Smyrna Hannchen Horn
Lin278
0.86 0.11 0.00
Hannchen White_Smyrna Orel
Lin272
0.70 0.15 0.06
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Conclusion

This dissertation explores the evolutionary process with a unique evolution experiment of
intercrossed barley conducted over the course of nearly a century. This resource
provides an opportunity for studying environmental adaptation in a multicellular and crop
species with well-documented history during adaptation to multiple environments. In
Chapter 1, | conducted field trials with genetically diverse lines from generations
throughout the population’s history where | scored flowering time, fecundity, and
100-seed weight. The experiment shows a different perspective on the population’s
environmental adaptation from a previous greenhouse experiment. Changes in flowering
time and their genetic basis are evident despite the lack of clear relationship between
flowering time and fecundity in this case. On the other hand 100-seed weight shows
consistent evolutionary drive toward higher mass. This chapter shows the potential for
antagonistic pleiotropy especially for environmentally responsive traits like flowering time
and the importance of multi-environment field trials for crop varieties.

In Chapter 2, | leveraged the power of daily photographs on an automatic
phenotyping platform to better understand the variety of traits that support increased
fitness and competition in the CC II's evolution. This experiment provides evidence for
the benefit of wider plants and leaves over an individual's lifespan and reinforces earlier
findings of strong contraction of genetic and phenotypic variance during the early phase
of the experiment. | further found evidence for the strong genetic basis and underlying
genome regions controlling trait variance and that selection appears to act non-neutrally

on these regions.
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In Chapter 3, | document how genetic diversity recovers in the Bozeman
population due to the re-emergence of rare genetic variants from extremely low
frequency in the Davis population. | show evidence for large allele frequency shifts
genome-wide at many of the same genomic locations across environments which
supports the idea of antagonistic pleiotropy at these key loci. This experiment provides
interesting insight into how populations can balance short and long term evolution
through the preservation of rare variants in large populations. It remains unclear whether
incomplete selection or year-over-year climate variation contributes more to this

phenomena.
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