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Abstract

Model systems in biology expand the research capacity of individuals and the
community. Closely related to Arabidopsis, the genus Boechera has emerged as an
important ecological model owing to the ability to integrate across molecular,
functional, and eco-evolutionary approaches. Boechera species are broadly distributed
in relatively undisturbed habitats predominantly in western North America and
provide one of the few experimental systems for identification of ecologically
important genes through genome-wide association studies and investigations of
selection with plants in their native habitats. The ecologically, evolutionarily, and
agriculturally important trait of apomixis (asexual reproduction via seeds) is common
in the genus, and field experiments suggest that abiotic and biotic environments shape
the evolution of sex. To date, population genetic studies have focused on the
widespread species B. stricta, detailing population divergence and demographic
history. Molecular and ecological studies show that balancing selection maintains
genetic variation in ~10% of the genome, and ecological trade-offs contribute to
complex trait variation for herbivore resistance, flowering phenology, and drought
tolerance. Microbiome analyses have shown that host genotypes influence leaf and
root microbiome composition, and the soil microbiome influences flowering
phenology and natural selection. Furthermore, Boechera offers numerous opportuni-
ties for investigating biological responses to global change. In B. stricta, climate
change has induced a shift of >2 weeks in the timing of first flowering since the 1970s,
altered patterns of natural selection, generated maladaptation in previously locally-
adapted populations, and disrupted life history trade-offs. Here we review resources
and results for this eco-evolutionary model system and discuss future research
directions.
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Model systems in biology have yielded important insights
into fundamental developmental and cellular processes, and
the genetic basis of phenotypic traits (e.g., Gasch et al., 2016;
Goldstein and King, 2016). These systems, including
Arabidopsis thaliana, are typically short-lived, easy to
cultivate in the laboratory, and amenable to numerous
experimental manipulations and genetic transformations.
Nevertheless, model systems represent a limited diversity of
form and function and cannot answer critical research
questions that apply to a diversity of species with different
life histories, geographic distributions, symbioses, or evolu-
tionary histories (Goldstein and King, 2016). For example,

the annual species A. thaliana would not be appropriate for
investigating issues pertaining to perennial species, such as
resource allocation to current vs. future reproduction under
different environmental contexts (Williams, 1966; Bell, 1980;
Obeso, 2002; Sletvold and Agren, 2015) or the extent to
which interannual temporal variation in conditions influ-
ences the evolution of adaptive plasticity in long-lived
species in which individuals can experience multiple years
of heterogeneous conditions (Van Kleunen et al., 2007;
Wagner and Mitchell-Olds, 2018; Anderson et al., 2021).
Furthermore, studies that exclusively occur in laboratory
settings with traditional model systems lack the ecological
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BOECHERA AS AN ECO-EVOLUTIONARY MODEL

relevance to inform our understanding of how multiple
abiotic and biotic factors drive evolution in complex natural
environments. In recent decades, field studies of model
systems like A. thaliana have leveraged genetic and
molecular tools developed in the laboratory to investigate
evolutionary dynamics in nature (e.g., Brachi et al., 2010;
Wilczek et al, 2014; Exposito-Alonso et al., 2019b; Ellis
et al., 2021). Similarly, biologists have developed other taxa
as emerging model systems for addressing eco-evolutionary
research questions in realistic field environments in which
these species evolved (Table 1). Such ecological models
include species with broader variation in ecologies and
evolutionary histories than genetic model systems.

Researchers developing entirely new systems often
struggle to propagate plants for field and laboratory
experiments and confront other challenges that arise from
limited resources. In contrast, ecological model species
typically offer advantages, including communities of research-
ers with expertise in experimental manipulations, genetic and
genomic studies, and functional trait analysis. Here, we
highlight key advances and emerging areas of inquiry that
have been made in Boechera (Brassicaceae), an experimentally
tractable genus that is suitable for field and laboratory
experiments. We illustrate how species in this genus can shed
light on key biological questions, such as the evolution of
apomixis, the genetic architecture of complex traits, the
ecology and evolution of biotic interactions, the importance of
phenotypic plasticity, and the responses of natural popula-
tions to global change (Figure 1).

Why Boechera?

The genus Boechera (Brassicaceae) is a relatively new
addition to ecological model systems and offers
several key benefits. First, its native range in relatively
undisturbed sites across western North America
(Alexander et al., 2013; Li et al., 2017), where the climate
is changing rapidly (Mountain Research Initiative, 2015;
Fyfe et al., 2017) provides opportunities for ecological
work across steep environmental gradients spanning short
geographic distances, with immediate relevance to climate
change work. Experiments in such complex natural
environments can address fundamental and emerging
questions at the intersection of ecology, evolution, and
genetics. Boechera has been developed as an eco-
evolutionary model system, owing in part to its related-
ness to Arabidopsis, such that molecular tools, synteny,
annotations, and information regarding gene function are
readily transferable. Its close relationship with Capsella, a
model system in evolutionary and population genetics
(Lafon-Placette et al., 2018; Koenig et al., 2019; Dziasek
et al., 2021), enables comparative work across the
Brassicaceae. Genome sequences and annotations are
now available for B. stricta, B. retrofracta, B. fecunda,
and some apomictic hybrids (Lee et al., 2017; Lovell
et al., 2017; Kliver et al., 2018; Zhang et al., 2020).

The perennial nature of some Boechera species enables
researchers to examine temporal variation in trait expres-
sion and selection (Wadgymar et al, 2017), and fitness
trade-offs across episodes of selection (Anderson et al., 2014)
and life history stages (Hamann et al., 2021b). Boechera
balances these advantages against the major downside of
perenniality, which is the longer time investment needed to
complete experiments. In field experiments many Boechera
species are short-lived perennials or effectively annual
(Rushworth et al., 2020). Thus, large-scale experiments in
natural and laboratory environments (Figure 2) can be
completed relatively rapidly. Finally, long-term ecological
and demographic data sets are available in several
Boechera species (Wadgymar et al., 2018b; Anderson and
Wadgymar, 2020; Carley et al., 2022), addressing questions
about conservation biology and biological responses to
climate change.

Well-characterized reproductive variation in Boechera
carries several advantages for experimental work. Most
Boechera species are tolerant of inbreeding (Song and
Mitchell-Olds, 2007), which facilitates genome-wide associ-
ation studies (GWAS), quantitative trait locus (QTL)
mapping, and quantitative genetic experiments. Lineages
can be crossed to produce mapping populations, which can
be developed relatively quickly because two generations can
be grown per year in the greenhouse. Finally, a public
domain panel of >400 sequenced B. stricta accessions is
available, enabling GWAS in Boechera (Yan et al.,, 2021).
Thus, interspecific comparison of the genetic architecture of
complex traits is feasible between the closely related
A. thaliana and B. stricta. Finally, although hybridization,
polyploidy, and apomixis complicate systematics of the
group (Beck et al, 2012; Li et al, 2017; Mandékova
et al,, 2020), interfertility facilitates studies of hybridization
and speciation (Alexander et al, 2013). Widespread
apomixis in the genus, particularly at the diploid level,
permits studies of this important trait in a tractable, diploid
system with a small genome (Brukhin et al., 2019).

Apomixis and reproductive ecology

The reproductive ecology of Boechera has been well
characterized, with numerous studies showing the domi-
nant mode of reproduction is self-fertilization (Roy and
Rieseberg 1989; Roy 1995; Song et al. 2006; Rushworth
et al, 2011) and apomixis, i.e., the asexual production of
seed (Schranz et al., 2005; Beck et al., 2012; Li et al., 2017).
In controlled conditions, the high frequency of self-
fertilization facilitates formation of inbred lines for genetic
work, but traits common in highly self-fertilizing species
(the “selfing syndrome,” including small flowers and
reduced pollen) complicate emasculation and hand-
pollination. Seed set of selfing species via autonomous
selfing is robust, but controlled selfing results in low seed set
(Rushworth and Mitchell-Olds, 2021). Low levels of
outcrossing occur even in highly self-fertilizing species, as
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BOECHERA AS AN ECO-EVOLUTIONARY MODEL

FIGURE 1 Boechera provides an excellent system in which to address major questions in evolutionary biology. (A) The evolution of reproductive
variation. Both apomixis and self-fertilization are likely maintained by both inbreeding and outbreeding depression (Rushworth et al., 2020). (B) The role of
balancing selection in evolution of complex traits. Phenotypic evolution in Boechera has been shaped by multiple, interacting selection pressures such as
herbivory and drought (Prasad et al., 2012; Carley et al., 2021). (C) Anthropogenic climate change (Wadgymar et al., 2018a, 2018b; Anderson and
Wadgymar, 2020; Hamann et al., 2021a). (D) Natural microbial variation underlies plasticity in plant traits. Microbial community affects flowering time
(Wagner et al., 2014), and host genotype influences leaf microbial diversity (Wagner et al., 2016). Photos by Catherine Rushworth, Lauren Carley (A), Jill

Anderson (C), and Nichole Ginnan (D).

indicated by the strong association between outcrossing and
the origination of apomictic lineages (Beck et al, 2012;
Rushworth et al., 2020), but very little is known about the
pollinators involved.

The evolution of asexuality is a fundamental question in
evolutionary biology. In addition to Boechera, several other
genera in the mustard family reproduce apomictically,
including other members of the tribe Boechereae (Manda-
kova et al., 2020). In plants, apomixis has evolved repeatedly
and has been documented in nearly 20% of angiosperm
families (Hojsgaard et al., 2014). Its widespread occurrence
across the plant tree of life suggests evolutionary impor-
tance, and apomixis research has largely focused on
identifying the environments in which apomixis has evolved
and its genetic basis, with recent developments in grasses
(Conner et al,, 2015; Khanday et al., 2019) and dandelions
(Underwood et al., 2022). Identifying the genes underlying
apomixis will enable future implementation of apomixis
as an agricultural tool (Pennisi, 2010)—for example, to
perpetuate superior hybrid phenotypes or to ensure crop
productivity against declines of pollinator species. While
this body of research lays the foundation for understanding
the evolution and ecology of apomixis, numerous questions

remain. For example, how many times has apomixis evolved
across the tree of life, and what genetic or ecological factors
have influenced these events? Why are apomixis loci often
located in highly heterochromatic genomic regions? What
phenotypes underlie selection on reproductive strategies in
wild populations, and how are ecologically important traits
shaped by reproductive diversity?

Research in Boechera offers key insights into the
genetics, ecology, and evolution of sex. While the co-
occurrence of apomixis with polyploidy and hybridization
complicates its study (Asker and Jerling, 1992), apomixis
occurs at both the diploid and polyploid level in Boechera,
and apomicts appear to be derived from outcrossing or
hybridization events (Beck et al., 2012; Li et al, 2017).
Aneuploidy is also well documented in apomicts (Kantama
et al., 2007; Mandakova et al., 2015), akin to that in
asexually reproducing cancer cells (Ben-David and
Amon, 2020) and pathogenic fungi (Ni et al., 2013), leaving
Boechera poised to become an ecological model system for
the evolution and ecology of chromosomal imbalance, and
its role in asexual reproduction in an agricultural context.
The unique complement of traits and ecological tractability
enable Boechera as an excellent system to address critical
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BOECHERA AS AN ECO-EVOLUTIONARY MODEL

FIGURE 2  Boechera enables large-scale experiments in field and controlled conditions. Field experiments: (A) Censusing during the summer field
season. (B) Replicated, randomized blocks in field site. (C) Blocks are planted into the natural vegetation. (D) An experimental plant within a block.
Controlled condition experimental setup: (E) A large growth chamber experiment. (F) Close-up of a single experimental block. Photos by Lauren Carley

(A and B) and Maggie Wagner (C-F).

open questions linking ecology and evolution, including:
How do abiotic and biotic factors shape the origins and
maintenance of apomixis in natural environments? How
does apomixis alter ecologically relevant phenotypes, in turn
shaping patterns of selection and population dynamics?
How do apomixis and mating system interact to shape
patterns of gene flow, thus impacting species formation and
hybrid zone dynamics?

Classic population genetic theory predicts that an asexual
lineage will proliferate upon origin due to reproductive
assurance, but decline over time because of deleterious
mutation accumulation and the inability to recombine
beneficial mutations onto a single background, slowing
adaptation to novel or changing environments (Maynard
Smith, 1978). Consistent with these predictions, genomic
analyses indicate that asexual Boechera lineages display

greater mutation accumulation than sexual lineages (Lovell
et al., 2017). Nevertheless, the predicted decline due to
mutation load may be slowed or offset when new asexual
lineages originate frequently, when asexuals are facultative
(reproducing both sexually and asexually), or when the local
environment, and thus selection, is temporally and/or
spatially heterogeneous. Evidence in Boechera suggests both
a single origin of apomixis that spreads via outcrossing of
apomictic pollen onto different genetic backgrounds (Lovell
et al, 2013, 2014) and multiple transitions to apomixis,
potentially occurring with each hybridization event
(Carman, 1997; Mau et al., 2015). Tracking of apomict-by-
sexual crosses across multiple generations shows inheritance
of apomixis in the F3 generation, confirming that apomictic
pollen may spread onto sexual backgrounds (Mau et al., 2021).
Whether apomixis alleles evolved once or more often, future
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studies examining the genetic or ecological decline of asexual
populations should take into account the great diversity of
apomictic Boechera lineages (Beck et al, 2012; Mau
et al., 2015; Li et al., 2017).

Detecting the loci underlying apomixis depends on
robust identification of wild apomictic lineages, which is
enabled by novel genotyping methods (Corral et al., 2013;
Mau et al., 2013; Li et al., 2017). Over the last decade, key
advances made in Boechera include identification of
regulatory changes between asexuals and sexuals (Sharbel
et al., 2010; Amiteye et al., 2011), apomixis-specific alleles in
the genes UPGRADE2 and APOLLO (Corral et al., 2013;
Mau et al, 2013), and successful reference-free genome
assembly of highly heterozygous apomictic accessions
(Brukhin et al., 2019).

Absent recombination and segregation, asexual lineages
and populations may lack ability to adapt to changing
environments (Maynard Smith, 1978). Habitat preferences
and species distributions could differ between asexual and
sexual organisms (geographical parthenogenesis; Horandl,
2006; Whitton et al., 2008). Nevertheless, one large-scale study
showed no evidence of geographic parthenogenesis in
Boechera, with asexuals occupying their parental niches
(Mau et al.,, 2015). Within smaller geographic regions, niches
differ between sexuals and asexuals and between asexual
groups representing different parental combinations, suggest-
ing that hybridization shapes environmental preference
(Rushworth et al., 2018).

Ecology influences the evolution and maintenance of
apomixis in nature. Across five common garden sites, over-
winter survival of apomictic Boechera lineages was consistently
higher than sexual survival; however, asexual lineages experi-
enced substantially higher insect herbivory during the repro-
ductive season, which in turn reduced survival in subsequent
years (Rushworth et al., 2020). Thus, both the abiotic and biotic
environment influence the evolution of sex, consistent with
observations in sexual and asexual freshwater snails (Lively and
Morran, 2014). The use of diploid accessions in this study
(Rushworth et al., 2020) revealed the fitness effects of apomixis
independent of polyploidy. Additionally, apomicts derived from
both intraspecific and interspecific outcrossing events had high
survival, consistent with heterosis; in contrast, herbivory was
highest on interspecific asexuals, suggesting outbreeding
depression in some defense traits. Tradeoffs between early
growth and chemical defenses offer a promising avenue for
future studies. Further work should also characterize the
complex genomic landscape of inbreeding and outbreeding
depression, identify the molecular changes that underlie these
fitness shifts, and disentangle the relationship between hybrid-
ization and apomixis.

Boechera diversity
Rapid divergence and rampant hybridization create complex

relationships among the roughly 80 sexual Boechera species
(Li et al, 2017). Similar to other rapid radiations with

incomplete reproductive isolation, Boechera provide unique
opportunities for understanding speciation dynamics. How-
ever, a resolved genus-wide phylogeny is not yet available and
may be complicated by the existence of hybrids, which violate
the assumptions of most phylogenetic methods. Phylogenetic
analysis of 58 sexual species successfully identified subclades
within Boechera, but relationships among these clades remain
unresolved (Alexander et al., 2013). Recent studies have
clarified relationships within several different clades, includ-
ing the Boechera fendleri group (Alexander et al., 2015b),
the Boechera suffrutescens group (Morin et al,, 2018), and the
Boechera puberula group (Schilling et al, 2018). Similar
issues—backbone discordance and hybridization—have com-
plicated phylogenetic resolution of other, similarly diverse
ecological model systems such as Mimulus (Beardsley
et al., 2004; Morales-Briones et al., 2022) and Aquilegia (Fior
et al,, 2013) Two additional issues lend further complexity to
phylogenetic resolution of Boechera: (1) the prevalence of
polyploids (Schranz et al, 2005) and (2) the possibility of
de novo evolution of sexual populations from rare
recombination in facultatively asexual lineages (Carman
et al,, 2019), which would result in novel hybrid species like
those found in other plant groups (e.g., Rieseberg et al., 2003).
Newer methods have enabled robust resolution of Brassica-
ceae more broadly (Nikolov et al., 2019). Novel reduced-
representation (Jordon-Thaden et al., 2020) and phylogenetic
methods (De Maio et al., 2015; Hendriks et al., 2021) offer
promise for a robust phylogeny of Boechera, which is
currently in progress (M. D. Windham, Duke University,
personal communication).

Despite its phylogenetic complexity, cytological work
has improved our understanding of evolution in this
group. Using comparative chromosomal painting (CCP),
Mandékova et al. (2020) identified an ancestral cruciferous
karyotype of x =8 in the sister tribe Halimoboleae and the
causes of chromosome loss in Boechereae (which has a base
number of x =7). Chromosomal inversions and transloca-
tions are shared among multiple species within the
Boechereae (Mandakova et al., 2020) and offer promise to
resolve conflicts between the existing Boechera phylogeny
(Alexander et al., 2013) and a larger Brassicaceae phylogeny
(Beilstein et al., 2010). For example, while Alexander et al.
(2013) found weak evidence for a clade including B.
oxylobula and B. gracilipes, to the exclusion of B. formosa,
a 9.83-Mb inversion shared by B. formosa and B. oxylobula
suggests they are sister species. In contrast, conflicts remain
between outgroup Nevada and Boechereae genera Phoeni-
caulis and Borodinia, where both putative sister taxa share
one inversion with Nevada (Manddkova et al., 2020).
Extensive chromosomal divergence suggests a role for
inversions and translocations in Boechera speciation, as
seen in B. stricta ecotypes, which are polymorphic for an
inversion on Chromosome 1 (Lee et al., 2017).

Extensive diversity within Boechera offers many possi-
bilities for studies of hybridization and speciation. Diploid
hybridization is common in Boechera habitats (Alexander
et al., 2013; Carman et al., 2019), and hybrids or controlled
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crosses can generate interspecific pedigrees (Mau et al., 2021;
Rushworth and Mitchell-Olds, 2021) for trait mapping or
transcriptomics (Hibbins and Hahn, 2021). Patterns of
speciation in Boechera are likely complex due to substantial
shared variation and hybridization among taxa. Artificial
crosses between B. retrofracta and B. stricta reveal
prezygotic and postzygotic reproductive isolation including
unilateral asymmetry in crossing success, such that inter-
specific crosses succeed only when B. stricta is the maternal
parent (Rushworth and Mitchell-Olds, 2021). Future work
will characterize reproductive isolation in this complex
group and assess the relative importance of mating system
variation, genetic load, and hybrid incompatibilities in
hybrid zone dynamics.

Variation in Boechera stricta

Boechera stricta is widespread across western North
America and has been the focus of many eco-evolutionary
studies. Populations from the Rocky Mountains and
intermountain west comprise two subspecies (Lee and
Mitchell-Olds, 2011, 2013). The western subspecies typically
occupies habitats with greater water availability than the
eastern subspecies (Lee and Mitchell-Olds, 2013). Further-
more, the subspecies differ for a major QTL that influences
morphology and fecundity (Lin et al., 2021). In addition, a
number of genomic regions associated with precipitation
show genetic divergence between subspecies. Analysis of
whole-genome resequencing data from >500 B. stricta
accessions validated the western subspecies and identified
three genetic groups (COL, UTA, and NOR) within the
eastern subspecies (Wang et al., 2019). Geographic overlap
among groups is modest, except for sympatry in parts of
Montana and Idaho between the western subspecies and the
NOR group of the eastern subspecies. Coalescent simula-
tions suggest eastern and western subspecies separated
about 180 kya, and the subgroups of the eastern subspecies
diverged about 30-70 kya. Historical effective population
sizes range from 10*-10°, with low levels of gene flow
among population groups (Wang et al., 2019). Future
research in areas where the species is uncommon (Califor-
nia, Nevada, the Pacific Northwest, Canada, and Alaska)
will enhance our understanding of population differentia-
tion and adaptation of B. stricta across its entire range.
About 10% of the B. stricta genome shows elevated
polymorphism compatible with long-term balancing selec-
tion, but not with variation in mutation rate, recombination
rate, or gene density (Wang et al, 2019). These regions
show a 6-fold enrichment of NBS-LRR genes, suggesting
balancing selection on disease resistance genes (Karasov
et al., 2014; Koenig et al., 2019). Furthermore, these
balanced regions in B. stricta are syntenic with regions of
elevated polymorphism in A. thaliana (Clark et al., 2007),
suggesting long-term balancing selection since the diver-
gence of these genera (Wang et al.,, 2019). Likewise, in a
large study of five Primulina (Gesneriaceae) species, Ke et al.

(2021) found that ancient polymorphism in some genomic
regions contributed to adaptation and speciation of endemic
species. Thus, differential sorting of old polymorphisms can
influence divergent genomic regions among populations or
congeners.

Genetic architecture of complex traits

Information on population structure enables GWAS identifi-
cation of candidate genes controlling the ecology and
evolution of functional traits. Although this task has rarely
been accomplished for native plants in their natural habitats,
GWAS hits can have resolution within a handful of genes
(Brachi et al., 2010; Monnahan et al., 2021; Yan et al., 2021).
Using this approach, Yan et al. (2021) analyzed flowering
time variation for ~400 genotypes across 10 environments in
B. stricta. They found two large effect flowering QTLs and
dozens of significant QTLs that control flowering time,
association with the climate in home environments, or
genotype x environment interactions. Closely linked candi-
date genes near QTL peaks suggest that regulatory genes
contribute to genotype-by-environment interaction affecting
complex traits.

One variant (qtl6.2, near the TERMINAL FLOWER 1
candidate gene; Wickland and Hanzawa, 2015) controls
up to 14.6% of the genetic variation in flowering time.
The derived allele at this locus delays flowering and is
more common in sites with greater water availability.
As expected for a widespread species growing across
heterogeneous environments, molecular population
genetic searches for adaptive nucleotide variation found
little evidence for hard selective sweeps that favored new
variant alleles (Stephan, 2019). Instead, at least one
large-effect QTL showed significant evidence for a soft
selective sweep on standing variation. Thus, nucleotide
polymorphism data from the B. stricta GWAS panel
can identify ecologically important QTLs and reveal
historical selection on candidate genes using molecular
population genetics.

Finally, the experimental tractability of Boechera has
enabled progress toward understanding the role of
pleiotropy in functional trait evolution. Pleiotropy occurs
when a genetic polymorphism influences variation in
several traits or development of a single trait in several
environments (Auge et al., 2019). To understand the
evolutionary significance of pleiotropy, high-resolution
GWAS analyses can examine data from multiple traits,
environments, or studies (Watanabe et al., 2019; Yan
et al,, 2021). Antagonistic selection on pleiotropic traits
may constrain responses to natural selection (Auge
et al,, 2019; Keith and Mitchell-Olds, 2019; Tsuchimatsu
et al., 2020). Genome-wide association studies showing
that alternate QTL alleles are favored in specific environ-
ments suggest antagonistic pleiotropy for climate-related
traits (Hamilton et al., 2015; Yan et al., 2021). Genome-
wide association studies in Boechera and Arabidopsis will
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facilitate further evolutionary analysis of pleiotropic
constraints.

Selection and local adaptation

Environmental conditions vary spatially and temporally
across the landscape, especially in mountainous systems
where the environment can change substantially over
short distances (Korner, 2007), potentially driving local
adaptation at small spatial scales (Hereford, 2009). Like
many systems, Boechera exhibits substantial trait varia-
tion and genetic differentiation across populations (Song
and Mitchell-Olds, 2007; Lee and Mitchell-Olds,
2011, 2013; Leamy et al., 2014; Anderson and Gezon,
2015; Wadgymar et al., 2017). Field, greenhouse, and
growth chamber experiments in B. stricta have demon-
strated strong local adaptation, across eastern and
western subspecies (Lee and Mitchell-Olds, 2011, 2013)
and within regions (Anderson et al., 2015; Anderson and
Wadgymar, 2020).

A fundamental question in evolutionary ecology is
whether genetic polymorphisms are contextually beneficial
and maintained by balancing selection (Delph and
Kelly, 2014; Charlesworth, 2015) or are deleterious but not
yet been eliminated by selection (Huang et al., 2016). Field
experiments with B. stricta recombinant inbred lines
transplanted into parental environments in Colorado and
Montana revealed that local adaptation arises through both
genetic trade-offs and conditional neutrality at fitness-related
QTL (Anderson et al., 2013, 2014). For example, at a key
flowering phenology QTL, the local allele conferred a fitness
advantage in its home site and incurred a fitness cost in the
alternative environment (Anderson et al., 2013). However, in
other portions of the genome, the local allele is advantageous
in its home environment but has no fitness cost elsewhere
(conditional neutrality, Anderson et al., 2013).

One key result to emerge from studies of B. stricta is the
importance of water availability in driving local adaptation.
Lee and Mitchell-Olds (2011) genotyped accessions from 239
natural populations across western North America and
discovered that the primary drivers of population divergence
included winter precipitation and distance to the nearest
stream. Subsequent greenhouse experiments documented that
trait divergence aligns with the niche models, such that water
availability—and other selective pressures—likely underlie
local adaptation (Lee and Mitchell-Olds, 2013). A separate
greenhouse manipulation of water and nutrient availability
found that fitness declined with source elevation for Colorado
accessions exposed to drought stress (MacTavish and
Anderson, 2020), which is consistent with local adaptation
of low-elevation accessions to restricted water availability
(Anderson and Wadgymar, 2020). Finally, a field study in five
Colorado gardens revealed local adaptation to historical
winter snowpack, again highlighting the importance of water
in exerting selection on natural populations (Anderson and
Wadgymar, 2020). Taken together, these results suggest that

balancing selection operates across the landscape to maintain
quantitative genetic variation.

Common garden experiments in Colorado uncovered
clear concordance between optimal trait values for specific
leaf area from multivariate genotypic selection analyses and
the values expressed by local accessions (Wadgymar
et al., 2017). These results confirm that natural populations
have adapted to their local selective regime and that
genetically based clines likely evolved in response to variable
selection across elevations. However, local trait values did
not correspond with the optima for flowering phenology.
Instead, selection favored earlier flowering at larger sizes,
with local accessions lagging behind optimal flowering times
by >10 days in both gardens and reproducing at 5-10 cm
shorter stature than optimal (Wadgymar et al., 2017). This
maladaptive trait expression of local genotypes could arise if
climate change has shifted the adaptive landscape, as other
studies in this system have documented that novel climates
favor accelerated reproduction (Anderson et al., 2012;
Bemmels and Anderson, 2019). Alternatively, selection on
linked traits could constrain the evolution of flowering time.

Genetic correlations between complex traits can constrain
adaptive responses to selection (Etterson and Shaw, 2001).
Studies in B. stricta have evaluated these constraints primarily
by modeling the genetic variance-covariance (G) matrix
(Anderson et al, 2012; Bemmels and Anderson, 2019;
Hamann et al, 2021b; Keith and Mitchell-Olds, 2019;
MacTavish and Anderson, 2020, 2022). A reciprocal transplant
experiment in Colorado of B. stricta accessions into ambient
conditions and early snow removal (simulating climate
change) found that limited genetic variation in complex traits
will present a larger impediment to adaptation to novel
conditions than genetic correlations across traits (Bemmels
and Anderson, 2019). However, a common garden experiment
in Idaho revealed strong genetic correlations between the
profile of secondary defenses (glucosinolates) in leaf and fruit
tissues, which was antagonistic to the direction of selection
(Keith and Mitchell-Olds, 2019). Thus, genetic correlations can
restrict evolutionary responses to selection in B. stricta.
Together, these studies indicate that the extent to which
genetic covariances constrain or facilitate adaptive responses to
selection likely depends on the traits that are the most
important for local adaptation.

Glucosinolates and ecological variation

Glucosinolates are secondary metabolites in the Brassica-
ceae that influence biological interactions with mammalian
and insect herbivores (Hopkins et al., 2009) and pathogens
and microbial mutualists (Halkier and Gershenzon, 2006;
Bressan et al., 2009; Poveda et al., 2020). Biochemical and
evolutionary genetics of glucosinolates have been studied
extensively in Arabidopsis (Brachi et al., 2015; Davila Olivas
et al., 2017; Katz et al., 2021). In B. stricta, ecologically
important glucosinolate variation includes polymorphism
for the proportion of aliphatic glucosinolates derived from
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branched-chain amino acids (“BC-ratio”). This variation is
controlled by a tandem duplication of a Branched-Chain
Methionine Allocation (BCMA) locus, with selectively favored
amino acid changes causing a gain of enzyme function,
enabling synthesis of glucosinolates derived from branched-
chain amino acids (Prasad et al, 2012). This cytochrome
P450 locus controls metabolic flux in the Arabidopsis
thaliana glucosinolate pathway (Olson-Manning et al., 2013),
with higher flux causing lower feeding rate by a generalist
insect herbivore (Olson-Manning et al., 2015). The BCMA
QTL has small effects on herbivore damage in nature (Carley
et al., 2021). Across 16 environments in Idaho and Colorado,
BCMA alleles show significant rank changes in herbivore
damage and survival, suggesting that this polymorphism is
maintained by balancing selection (Carley et al., 2021). The
rank changes in herbivore damage between the BCMA alleles
may reflect differences in herbivore communities or
abundances among sites and years (Figure 3), although this
hypothesis remains to be tested.

Glucosinolates also affect drought tolerance in Arabidopsis
and B. stricta (Hossain et al., 2013; Salehin et al.,, 2019; Carley
et al,, 2021). Notably, the BCMA allele for methionine-derived
glucosinolates enables plants to reduce their water-use under
drought stress, thereby augmenting fitness during droughts
(Carley et al,, 2021). The exact mechanisms linking glucosino-
late variation to drought tolerance in B. stricta have not yet been
identified. However, more is known in Arabidopsis, where
several glucosinolate-derived compounds regulate stomatal

closure by inducing buildup of reactive oxygen species in guard
cells (Hossain et al., 2013; Salehin et al., 2019). Spatial variation
across the landscape favors different alleles of the BCMA gene,
likely due to heterogeneity in water availability and rates of
herbivory (Carley et al, 2021). In Colorado, high-elevation
B. stricta populations experience less herbivory than low-
elevation populations (Anderson et al, 2015), and aridity
decreases with elevation (Anderson and Wadgymar, 2020).
When accessions originating from a range of elevations are
planted in common gardens, resistance to insect herbivory
declines with source elevation across years and sites (Anderson
et al,, 2015), which we hypothesize is an evolved response to
reduced herbivore pressure at high elevation. Thus, in this
region, the rate of herbivory covaries with drought stress, and
pleiotropy at the BCMA locus could influence fitness of low-
elevation genotypes in future climates, if both drought stress and
herbivore pressures increase (Hamann et al., 2021b; Masson-
Delmotte et al., 2021).

Phenotypic plasticity

Most plant species studied to date express phenotypic
plasticity in one or more traits (Palacio-Lopez et al., 2015).
Adaptive plasticity can evolve when individuals confront
multiple environments within their lifespans and they can
accurately sense and respond to predictable shifts in
environmental conditions, genetic variation exists for

FIGURE 3  Boechera interacts with diverse natural enemies and potentially beneficial symbionts. (A-D) Common insect herbivores on Boechera.

(A) Euchloe sp. caterpillar on wild Boechera stricta. (B) Aphids on wild Boechera stricta hybrid. (C) Anthocharis sara caterpillar and (D) Pontia sp. caterpillar
on wild B. retrofracta hybrids in Idaho. (E) Droplets of extrafloral nectar at the base of B. stricta sepals. (F) Fungal endophyte emerging from a healthy,
surface-sterilized B. stricta leaf. (G) Puccinia rust fungus infecting B. stricta in Idaho. (H) B. stricta stem infected by Leptosphaeria. (I) An unidentified
gall-forming pathogen (perhaps Synchytrium) disfiguring the lower stem and cauline leaves of B. stricta in central Idaho. Photos by Lauren Carley (A, B),
Catherine Rushworth (C, D), Maggie Wagner (E), Posy Busby (F, G, I), and Thomas Mitchell-Olds (H).
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plasticity, and gene flow is extensive relative to the spatial
scale of environmental variation, such that the progeny
establish in environments different from those of
their parents (Levins, 1963; Moran, 1992; Alpert and
Simms, 2002; Sultan and Spencer, 2002; Reed et al., 2010;
Hendry, 2015; Palacio-Lopez et al, 2015). In montane
ecosystems, the environment differs dramatically over short
spatial scales across elevations (e.g., Korner, 2007). Thus,
alpine plants—even those with short-distance movement of
seed and pollen—could routinely disperse their offspring
into nonparental conditions. Plasticity could be especially
adaptive for perennial species in topographically complex
landscapes because they experience fine-grained temporal
and spatial variation in conditions.

Indeed, B. stricta maintains significant plasticity in
phenological, physiological, floral, and defensive traits
(Anderson et al., 2010, 2012; Anderson and Gezon, 2015;
Vaidya et al, 2018; Wagner and Mitchell-Olds, 2018;
Wadgymar et al, 2018a). For example, relative to low
elevation, high-elevation environments induce greater
stomatal density, leaf water content, specific leaf area, foliar
N content, and reduced stomatal length (Anderson and
Gezon, 2015). Identifying the drivers of plasticity requires
manipulative studies of abiotic and biotic conditions. For
instance, field and greenhouse manipulations revealed that
arid, low-elevation environments and drought stress can
induce pink or purple floral color in this predominantly
white-flowered self-pollinating species (Vaidya et al., 2018),
Similarly, variation in soil properties can induce strong
shifts in flowering time (Wagner et al. 2014). These
examples indicate that unexpected abiotic factors can drive
the expression of floral traits typically presumed to evolve
via pollinator-mediated selection. Notably, B. stricta harbors
genetic variation for the magnitude and sometimes the
direction of plasticity for a wide range of traits, including
flowering time (Wagner et al. 2014), flower color (Vaidya
et al. 2018), foliar glucosinolate content (Wagner and
Mitchell-Olds, 2018), specific leaf area, and height at
flowering (Anderson and Gezon, 2015). In fact, most traits
that have been quantified under multiple conditions in
common garden studies with B. stricta display clear
evidence for genotype-by-environment interactions, indi-
cating extensive genetic variation in the degree of plasticity
in this species (Anderson et al., 2010, 2012; Anderson and
Gezon, 2015; Vaidya et al., 2018; Wagner and Mitchell-
Olds, 2018; Wadgymar et al., 2018a).

Plasticity does not necessarily always increase fitness. In
some cases, it could be neutral or even a maladaptive stress
response. Determining whether plasticity is adaptive
requires selection analyses that test whether plasticity
augments fitness under natural field conditions (e.g.,
Scheiner and Callahan, 1999; Schmitt et al., 1999). Wagner
and Mitchell-Olds (2018) examined the fitness effects of
plasticity in glucosinolate content of 25 B. stricta genotypes
in four common gardens in Idaho. Overall, 73% of all
genotype-specific plastic responses (i.e., the observed
garden-specific genotypic values of each trait minus the

experiment-wide mean genotypic value) were not strong
enough to affect fitness, based on the estimated selection
gradients on the same traits in the same environments.
Nevertheless, when non-neutral plasticity was observed, it
was advantageous more often than predicted by chance
alone. Similarly, in a separate experiment in two Colorado
common gardens, the direction of plasticity in functional
traits was concordant with genetic clines in these traits and
selection on these traits (Wadgymar et al., 2017). For
example, the dry low-elevation garden induced higher
water-use efficiency (plasticity), genotypes from low eleva-
tions expressed greater water-use efficiency (genetic cline),
and selection via viability and fecundity favored water-use
efficiency values of local genotypes (Wadgymar et al., 2017).
The co-gradient nature of plasticity, genetic clines, and
selection suggests that plasticity and genetic clines could
have evolved in response to variable selection across the
landscape. Plastic changes in ecologically important traits
could facilitate adaptation to heterogeneous environments.

In addition to plasticity that is expressed within a
generation, plasticity can also arise across generations, when
the environment of the parents influences offspring
phenotypes. Transgenerational plasticity can be advanta-
geous if the environment is predictable, such that the
conditions that parents confront are strong indicators of the
conditions that offspring will experience. Researchers—
including us (e.g., Anderson et al, 2010; Anderson and
Wadgymar, 2020; Rushworth et al., 2020; Carley et al., 2021;
Yan et al., 2021)—often treat transgenerational plasticity as
a nuisance factor in eco-evolutionary studies by growing
seeds under controlled conditions for >1 generation to
homogenize maternal effects. Nevertheless, transgenera-
tional plasticity can have important fitness consequences
(Galloway and Etterson, 2007). In B. stricta, transgenera-
tional plasticity influences seedling establishment and
maternal effects can persist beyond the seedling stage
(Wadgymar et al., 2018a). Future studies will evaluate the
extent to which different aspects of the parental environ-
ment influence offspring trait expression and fitness and
illuminate the role of transgenerational plasticity in
mediating the effects of climate change.

Phenotypic plasticity is a trait subject to selection that
can evolve as long as sufficient heritability exists (genotype-
by-environment variation). Research in B. stricta has
chronicled extensive genetic variation for plasticity in
functional traits. We hypothesize that accessions from
regions with greater spatial or temporal variation in
conditions could maintain higher plasticity. However,
glucosinolate plasticity in response to fine-grained environ-
mental variation had no discernable fitness effects (Wagner
and Mitchell-Olds, 2018). Studies that quantify genetically
based clines in plasticity and evaluate whether selection on
plasticity differs across the landscape will generate novel
insights into the conditions under which plasticity could be
adaptive. For example, in B. stricta, within-generation
plasticity in germination success increases with source
elevation in common gardens in Colorado, whereas
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transgenerational plasticity in this trait shows the opposite
pattern (Wadgymar et al., 2018a). From these patterns, we
might infer that high-elevation locales have greater tempo-
ral variation in conditions relative to lower-elevation sites.
This inference derives from theoretical expectations that
within generation plasticity is an evolutionary response to
reliable, predictable, and detectable shifts in environmental
conditions that occur within the lifespan of an individual
(Moran, 1992; Stratton and Bennington, 1998). In contrast,
transgenerational plasticity can be favored in stable
environments in which the conditions that the parents
experience are tightly correlated and predictive of the
conditions in which offspring will establish (Schlichting and
Levin, 1986; Scheiner, 1993; Donohue and Schmitt, 1998;
Galloway, 2005; Uller, 2008). Future research could examine
the extent of temporal variation in climate across this
elevational gradient and test whether within-generation and
transgenerational plasticity differ in their fitness effects.

Microbiome

As evidence mounts that microbiomes shape their hosts’
phenotype and fitness, research interest in the evolution of
plant-microbiome interactions has also grown. The experi-
mental tractability of Boechera makes it a prime system for
investigating related topics such as the extent to which
microbiome composition and function can be considered
heritable “extended phenotypes” of macroorganisms; how
microbiomes affect the evolutionary trajectories of plants;
and the concordance or tension between the evolutionary
interests of plants and microbes (O'Brien et al., 2021).

Although Boechera is nonmycorrhizal, the diverse
communities of bacteria, fungi, and other microbes that
colonize its aboveground and belowground organs are
broadly comparable to those observed in mycorrhizal plants
(e.g., Hestrin et al, 2021). Boechera-colonizing microbes
appear to originate from local soil microbiomes, which—
much like soil texture and chemistry—differ substantially
among habitats. This naturally occurring soil microbiome
variation affects flowering time and alters selection on
flowering time, whereas abiotic soil variation influences
phenology but not selection (Wagner et al., 2014). The
effects of the microbiome on disease resistance, drought
tolerance, and other functional traits have been described in
other plants (Petipas et al. 2020) but remain to be explored
in Boechera.

The existence of microbiome heritability suggests the
potential for Boechera-microbiome interactions to have
been shaped by natural selection. In a long-term, multi-site
field experiment, genetic variation among five B. stricta
populations influenced bacterial alpha- and beta-diversity in
leaves, but not roots (Wagner et al., 2016). The strength of
these host-genotype effects varied substantially among
habitats. The causal genes and traits underlying host-
genotype microbiome control in Boechera are currently
unknown; however, ongoing work (L. Carley et al,

unpublished manuscript) leverages genetic resources in
B. stricta to test how glucosinolate variation affects
rhizosphere microbiomes (Bressan et al., 2009), and how
this trait-mediated community filtering influences fitness.
Future research will integrate microbiome heritability into
the context of B. stricta ecological genomics and local
adaptation.

The functional roles of most Boechera-associated microbes
are unknown, but likely diverse. For instance, ammonia-
oxidizing Nitrososphaera and diazotrophic Bradyrhizobia
colonize B. stricta roots (Wagner et al., 2016), potentially
influencing nutrient availability. Some groups (e.g., Burkhol-
deria spp.; Eberal and Vandamme, 2016) likely include both
beneficial symbionts and weak pathogens. Several major
pathogens of Boechera occur on stems and leaves, but are
generally not well-characterized (Figure 3). One exception is
the rust fungus Puccinia monoica, which causes infected plants
to produce tightly packed, bright yellow, spore-laden,
fragranced leaf rosettes called pseudoflowers (Rushworth
et al, 2011). Pseudoflower formation results from transcrip-
tional modification of cell differentiation, volatile synthesis,
and shoot development (Cano et al, 2013). The over-
representation of NBS-LRR genes in B. stricta genomic regions
under balancing selection (Wang et al., 2019) suggests that the
influence of pathogens on Boechera evolution may be stronger
than currently appreciated.

Boechera offers the opportunity to examine temporal
microbiome dynamics in perennials, which are under-
studied relative to annual plants. Perennial microbiomes
present an interesting evolutionary scenario, where a
microbial lineage originates from soil but then persists
and evolves in planta for many generations. Carefully
designed experiments can disentangle the effects of host age
from seasonal weather patterns. As B. stricta individuals
aged from 2 to 4 years, root bacterial community
composition shifted, and alpha-diversity declined mono-
tonically (Wagner et al., 2016). In contrast, host age did not
influence leaf-associated microbiomes, perhaps because
leaves often senesce before winter and grow anew the
following spring; i.e., leaves are not necessarily perennial
structures, unlike root systems which persist for years.

Global climate change

Anthropogenic climate change has influenced plant traits,
fitness, and population persistence directly through elevated
CO, concentrations, increasing temperatures, new precipi-
tation patterns and other abiotic change (Becklin et al., 2016;
Hamann et al, 2018; Walker and Ward, 2018), and
indirectly through novel biotic interactions (Robinson
et al., 2012; Alexander et al., 2015a; Descombes et al., 2020;
Hamann et al., 2021a). Boechera species inhabit a dynamic
landscape where the climate is changing rapidly. In
particular, warming winters have reduced snowfall in high
elevation and high latitude ecosystems, which has decreased
the snowbank and caused snow to melt earlier in the spring
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(Mountain Research Initiative, 2015; Fyfe et al, 2017;
Masson-Delmotte et al,, 2021). Early snowmelt depresses
plant fecundity by exposing sensitive floral tissues to frost
damage, which they would not have experienced historically
(Inouye, 2008). In addition, worsening winter droughts in
concert with elevated spring and summer temperatures have
augmented aridity, with increasingly severe consequences
for the persistence of populations—especially those in the
trailing range edges at lower elevations (Anderson and
Wadgymar, 2020).

Boechera offers numerous opportunities to examine how
shifting abiotic conditions and biotic communities influence
adaptive dynamics and the risk of population decline under
climate change. For one, wide-ranging species in this genus,
like B. stricta, occur across broad latitudinal and elevational
gradients, so accessions can be sourced from populations
that have experienced disparate climate conditions through-
out their evolution. Phylogeographic data suggest that
B. stricta likely recolonized high-elevation and high-
latitude sites rapidly after the retreat of the Pleistocene
glaciers (Song et al., 2006; Kiefer et al., 2009), suggesting
that this species quickly responded to episodes of climate
change in the geological past. Furthermore, manipulative
experiments in the field, greenhouse, and growth chamber
can expose diverse accessions to historical, contemporary,
and future climatic conditions (Wadgymar et al., 2018a,
2018; Bemmels and Anderson, 2019; Anderson and
Wadgymar, 2020; MacTavish and Anderson, 2020). These
studies evaluate how climate change could alter the adaptive
landscape and whether populations could keep pace with
novel conditions via plasticity or adaptation.

Plasticity could enable populations to persist through
rapid anthropogenic climate change, at least in the short
term (e.g., Nicotra et al., 2010; Valladares et al., 2014; De
Kort et al., 2020). Climate change has advanced the
flowering time of B. stricta by >2 weeks since the mid-
1970s (Wadgymar et al., 2018b), and elevated temperatures,
reduced winter duration, and early snowmelt induce early
flowering (Anderson et al., 2010, 2012; Anderson and
Gezon, 2015). Continued projected changes in these
climatic factors (Masson-Delmotte et al., 2021) could
further alter phenology in B. stricta and other species
(Colautti et al., 2017; Wadgymar et al, 2018b). Experi-
mental snow removal in Colorado decreases snowpack,
advances snowmelt, and can reduce soil water availability,
all of which are predicted to shift with climate change;
additionally, snow removal induces similar advancements in
flowering time as seen in long-term records (Anderson and
Gezon, 2015). Ongoing selection analyses evaluate whether
phenological plasticity is sufficient to maintain positive
population growth rates.

Climate change has likely strongly altered patterns of
natural selection, favoring traits associated with increased
thermal and drought tolerance (Hamann et al., 2018) along
with increased defenses against antagonists like herbivores
(Hamann et al., 2021a). Self-pollinating species like B.
stricta are likely constrained by limited within-population

genetic variation even when selection strongly favors new
phenotypic optima (Bemmels and Anderson, 2019). How-
ever, genetically based clines in functional traits and
phenology across elevational gradients (Anderson and
Gezon, 2015; Wadgymar et al., 2017) indicate that extensive
among-population variation in these traits exists over short
geographic scales; thus, gene flow could potentially facilitate
local population persistence if genotypes from other
locations express trait values closer to new optima. Novel
climates have reduced fitness of local accessions (Wadgymar
et al., 2018b), favoring lower elevation genotypes, which
evolved in relatively hot arid climates, over local genotypes
(Anderson and Wadgymar, 2020). Snow removal exacer-
bated this pattern, but a signature of local maladaptation
emerged even under contemporary climates (Anderson and
Wadgymar, 2020). Snow additions—reflecting climates of
the recent past—restored the fitness advantage of local
genotypes, indicating that climate change has already
disrupted long-standing patterns of local adaptation in
B. stricta (Anderson and Wadgymar, 2020). Future work
examining Boechera trait expression and fitness under
extreme events will generate more robust predictions of
population persistence in a more temporally variable
climate.

Herbivores exert strong selection on plants, including
Boechera (e.g., Prasad et al, 2012; Carley et al., 2021)
(Figure 3), and the extent of herbivory also varies across
elevational gradients (e.g., Rasmann et al., 2014; Descombes
et al, 2020). In B. stricta, high-elevation accessions
experience greater rates of foliar damage from insect
herbivores than their low elevation counterparts irrespective
of the elevation of the common garden (Anderson
et al., 2015); these genetic clines in herbivore resistance
could reflect an evolutionary response to reduced herbivore
pressure in high elevation locales. If—as predicted—rates
of herbivory increase under climate change (Stiling
and Cornelissen, 2007; Robinson et al, 2012; Hamann
et al, 202la), high-elevation populations could be at
increased risk of decline owing to novel herbivore stresses.
We hypothesize that continued climate change will favor
novel suites of traits that do not currently exist in any
natural B. stricta populations along elevational or latitudinal
gradients, such as the rapid flowering phenology of high-
elevation/latitude populations combined with the drought
tolerance and resistance to insect herbivory of low-
elevation/latitude populations (Anderson et al., 2012, 2015;
Wadgymar et al., 2017; Carley et al., 2021). Boechera species
provide powerful study systems with which to examine how
climate change is altering selection and evolutionary
dynamics, especially under novel biotic interactions.

Rare species could be particularly prone to extinction
under climate change (Enquist et al., 2019). Comparisons of
geographically restricted vs. widespread Boechera species
(Lovell and McKay, 2015) will yield insights into the
population persistence of rare species under climate change.
In B. stricta, we have already documented accelerated
flowering phenologies, population declines in the trailing
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edge and expansions in the leading edge, novel selection,
and disrupted local adaptation from climate change.
Similar approaches in rare and endangered species (e.g.,
B. crandallii, B. vivariensis, and B. fecunda) could predict
extinction risks under climate change and guide conserva-
tion efforts. Even when extensive field research programs
are not feasible in very rare endemic species, population
genomic, greenhouse, and growth chamber studies can still
illuminate the extent of genetic variation and adaptive
potential under novel conditions.

CONCLUSIONS

Boechera populations occupy heterogeneous, relatively
undisturbed habitats where short geographic distances
are associated with large changes in abiotic and biotic
environments. Thus, evolutionary patterns in Boechera
offer key insight into evolutionary processes playing out
in the natural habitat in which it has evolved. The
experimental tractability of Boechera species allows
researchers to address foundational questions in evolu-
tionary genetics, including the consequences of repro-
ductive variation on ecologically relevant traits, gene
flow, and speciation, as well as emerging questions about
adaptive dynamics through rapid environmental change.
Numerous full siblings from inbred accessions and
mapping populations can be transplanted into field
gardens in diverse habitats to ascertain how agents of
selection interact to shape evolution. Additionally,
researchers can manipulate abiotic factors and biotic
interactions—such as herbivore load—to test how these
agents of selection interact to influence the evolution of
complex traits under current climates and projected
climate change. These manipulative experiments can
dissect which factors drive the evolution of traits that
serve multiple functions, such as glucosinolates, can
interrogate the degree to which global change could
impose new patterns of selection on natural populations
and can generate robust predictions about population
growth rates under projected climate change. Further-
more, these studies can illuminate whether increasing
variability in conditions under climate change could
favor phenotypic plasticity (Charmantier et al., 2008;
Nicotra et al., 2010) while simultaneously quantifying
the degree of genetic variation in plasticity through
genotype by environment interactions. Complementing
field research programs with genomic analyses can
identify loci associated with adaptation and speciation,
infer the evolutionary history of alleles at those loci, and
potentially predict landscape-level responses to climate
change by evaluating the fitness consequences of future
climates for local alleles. As a result of its experimental
tractability, available genomic resources, and unique
suite of traits, the Boechera system offers an excellent
complement to the diverse set of ecological model
systems used in research today.
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