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Abstract

Balancing selection is frequently invoked as a mechanism that maintains variation within and
across populations. However, there are few examples of balancing selection operating on loci
underpinning complex traits, which frequently display high levels of variation. We investigated
mechanisms that may maintain variation in a focal polymorphism—Ieaf chemical profiles of a
perennial wildflower (Boechera stricta, Brassicaceae)—explicitly interrogating multiple ecological
and genetic processes including spatial variation in selection, antagonistic pleiotropy, and
frequency-dependent selection. A suite of common garden and greenhouse experiments showed
that the alleles underlying variation in chemical profile have contrasting fitness effects across
environments, implicating two ecological drivers of selection on chemical profile: herbivory and
drought. Phenotype-environment associations and molecular genetic analyses revealed additional
evidence of past selection by these drivers. Together, these data are consistent with balancing
selection on chemical profile, likely caused by pleiotropic effects of secondary chemical
biosynthesis genes on herbivore defense and drought response.

Editor's Summary:

Evidence for balancing selection acting on loci that control complex traits is limited. Here, the
authors show evidence for past selection on chemical profile in a perennial wildflower by two
ecological drivers, herbivory and drought, consistent with balancing selection on this trait.

How genetic variation is maintained despite persistent natural selection is a central question
in evolutionary biology. Theory demonstrates that both directional and stabilizing selection
should reduce genetic variation within populations over time [1]. Since methods for
quantifying phenotypic selection were standardized [2], hundreds of studies and thousands
of measurements of selection have revealed that directional selection is common in nature
[3]. Nevertheless, high levels of additive genetic variance are frequently documented within
and among natural populations [4-5]. In addition to posing a fundamental puzzle, the
persistence of widespread genetic diversity despite selection directly influences future
adaptation: response to selection depends on the amount of genetic variation that exists for
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adaptive traits [1, 4]. Understanding whether and how populations can adapt to changing
selective pressures is of critical importance [6-8], especially as environmental change
accelerates in the Anthropocene [9].

Some models for persistent genetic diversity (e.g. [10]) suggest that a balance between new
mutations and purifying selection may explain much of complex trait variation. However,
recent experiments provide limited support for mutation-selection balance as a general
explanation for standing genetic variation [11-12]. An alternative explanation in these cases
is balancing selection, in which natural selection actively maintains genetic diversity within
or among populations [13-14]. This process can maintain trait variation with simple genetic
bases, including flower color [15] and self-incompatibility [16] in plants, and some immune
traits in humans [17]. However, evidence that balancing selection maintains complex trait
variation in nature is limited (but see [18]). Further, balancing selection can be generated by
a variety of mechanisms, including negative frequency-dependent selection, overdominance,
selection that is temporally variable within populations or spatially variable among
populations, and antagonistic pleiotropy [19]. The relative importance of these mechanisms
remains understudied, and ecological interactions generating them are often unclear [20].
Predicting evolutionary outcomes in heterogeneous environments requires a mechanistic
understanding of how ecological interactions influence fitness [21] and genetic diversity.

Here, we explicitly test multiple ecological and genetic mechanisms that may contribute to
balancing selection on a locus influencing complex trait variation. We focus on anti-
herbivore defense, a complex plant trait comprising many constituent phenotypes — e.g. leaf
toughness and hairiness [22], life-history, size and architecture [23], primary and secondary
metabolites [24-25] — all of which may have their own complex genetic architectures. In
Boechera stricta (Brassicaceae), a wild relative of Arabidopsis, glucosinolate (GS)
secondary metabolites contribute to insect resistance and fitness; furthermore, the proportion
of aliphatic GS derived from branched-chain amino acid (Val, lle) precursors, called “BC-
ratio”, is an important axis of GS variation controlled by a known biosynthetic locus [26].
Thus, BC-ratio in B. strictais an intermediary physiological trait linking complex trait
variation to a tractable genetic basis. Past work documented the molecular evolution that
allowed for diversification of BC-ratio in B. stricta [26], but fine-scale patterns of chemical
variation, as well as the specific mechanisms contributing to selection on this trait, remained
unknown. Here, we report field experiments, greenhouse experiments, and molecular genetic
analyses that test for balancing selection on this biochemical polymorphism, interrogating
multiple ecological and genetic mechanisms that may drive it, including spatial and temporal
variation in selection, antagonistic pleiotropy, and frequency-dependent selection.

Glucosinolate variation is widespread in nature

To assess variation in BC-ratio across the species range, we used high performance liquid
chromatography (HPLC) to characterize the GS profiles of accessions collected from 337
wild B. stricta populations grown in a common greenhouse environment. These new data
provide the most detailed picture of GS variation in B. strictato date. While past research
has shown that BC-ratio varies spatially [26], this fine-scaled geographic survey shows that
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BC-ratio is highly polymorphic across the species range, often at small geographic scales
(Figure 1). Because of this, we investigated a variety of evolutionary processes [13, 27-29]
which may contribute to balancing selection on this trait.

BCMAL/3 alleles confer contrasting fitness effects across environments

The tandemly-duplicated BCMA1/3 genes control BC-ratio in B. stricta by modulating the
first step in the core aliphatic GS biosynthesis pathway [26]. To determine which processes
may influence balancing selection on BC-ratio, we generated near-isogenic lines (NILs)
derived from a largely homozygous F4 individual that was heterozygous for a narrow
genomic region containing BCMA1/3[26, 30]. We screened nearby PCR markers on F5
progeny, and two homozygous F6 closest-flanking recombinants (CFRs) were crossed
together, yielding F1 and F2 CFR-NILs. Multiple independent F3 families provide
replicated, homozygous, CFR-NILs differing at ten loci adjacent to BCMA1/3 (Methods).
We used these CFR-NILs to test the effects of contrasting homozygous BCMA1/3
haplotypes conferring methionine-derived GS or branched chain amino acid-derived GS
(homozygous “MM’ and “BB” genotypes, respectively) on components of fitness in the
field and laboratory.

Across 15 common garden field environments spanning 780 km, 11 sites (Figure 1, inset),
and four years, there was significant variation in the effects of BCMA1/3alleles on insect
resistance (Supplementary Table 1). Contrasting alleles showed changes in rank resistance
across environments, with MMM and BB genotypes each conferring greater protection in
some environments, and also differentially influenced resistance to a model herbivore
(7richoplusia ni [Lepidoptera: Noctuidae]) in the laboratory (Figure 2A). In B. stricta,
herbivore damage decreases fitness by reducing reproductive output (Figure 2B;
Supplementary Table 2); thus, glucosinolate traits that influence insect resistance are subject
to variable selection by insect herbivores across environments.

BCMA1/3alleles also influenced survival in the field (Supplementary Table 3), with MM
and BB genotypes changing in rank survival across environments (Figure 2C). However,
herbivore resistance did not directly influence survival in these experiments (Supplementary
Table 4). Thus, survival tradeoffs across environments implicate other ecological forces,
along with herbivory, in shaping selection on BC-ratio.

Finally, by manipulating BCMA1/3 genotype frequencies in six field environments, we
tested for frequency-dependent effects of BCMA1/3alleles. Genotype frequency did not
affect either insect resistance or survival (Extended Data Figure 1; Supplementary Tables 1
and 3). Thus, spatial variation in selection, rather than frequency-dependent selection, may
maintain GS polymorphisms in this species.

Drought influences selection on BCMA1/3

Recent work in Arabidopsis has revealed that glucosinolates can modulate drought response
by regulating stomatal aperture [31-32]. In a subset of our field experiments showing
evidence of drought stress (Figure 3A), we tested whether drought also shapes selection on
BC-ratio. Field arrays experiencing stronger viability selection via drought showed
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significant increases in the frequency of the MM genotype (Supplementary Table 5; Figure
3B). Thus, in addition to herbivory, drought influences selection on BC-ratio, and MM
alleles appear to confer higher fitness under drought stress.

In a controlled dry-down greenhouse experiment, we found that variation in drought
response among CFR-NIL genotypes is underpinned by differing morphological responses
to drought. Specifically, the MM genotype decreases its size under drought, compared to
controls, while BB does not (Figure 3C-D; Extended Data Figure 2; Supplementary Table
6). Because size drives water use (Figure 3E—F; Supplementary Table 7), this suggests that
MM alleles reduce water use in response to drought, which may yield higher fitness under
drought stress in the field.

To determine whether GS also influence drought response in a broad range of genetic
backgrounds, we performed a second greenhouse dry-down experiment with a panel of 350
accessions from across the species range (Figure 1). BC-ratio was genetically correlated
with leaf water content under drought (Supplementary Table 8): low BC-ratio accessions
maintained higher leaf water content under drought (Figure 3G).

Finally, in this diverse panel of accessions, precipitation-related climate variables in home
environments predict the distribution of BC-ratio phenotypes across the landscape
(Supplementary Tables 9-11; Extended Data Figures 3—-4). The best climatic predictor of
BC-ratio was annual precipitation (Supplementary Table 11); natural accessions producing
low BC-ratio GS phenotypes were found in drier environments (Figure 3H). After
controlling for population structure, this genotype-environment association is evidence for
large-scale geographically heterogeneous selection on BC-ratio by climate [33].

Our findings build upon recent evidence for the involvement of GS in drought response [31-
32], suggesting that BCMA1/3alleles altering BC-ratio confer contrasting morphological
responses to drought stress. Thus, environmental variation in drought stress as well as
herbivory may favor diverse GS profiles across the landscape.

LD decays rapidly around BCMA3

Tightly linked loci near BCMA1/3 might covary with BCMA1/3alleles, possibly
contributing to observed phenotypic patterns. Using a de novo long-read assembly around
BCMA1/3 (Methods), we scanned patterns of Fsralong chromosome 7 to identify flanking
regions in which the MM and BB CFR-NIL haplotypes have divergent SNPs. This revealed
the BCMA1/3haplotype to be 212 kb in length, spanning position 11,737 to 11,949 kb on
chromosome 7, extending 42 kb in the 5’ direction and 167 kb in the 3’ direction of BCMA3
(Figure 4A). A total of 41 SNPs fall within this haplotype.

The version_2 SAD12 reference genome shows a total of eleven genes, including
BCMA1/3, in this CFR-NIL interval. Prior studies have shown that, besides BCMA1/3,
several of these genes may contribute to drought response or change expression in response
to drought (Figure 4B). Thus, other loci within the nonrecombinant interval could influence
the phenotypes observed in our common garden experiments. To determine whether flanking
genes covary with BCMAS3in nature, we used sequence data from a range-wide panel of
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natural accessions [34] to characterize LD around BCMAS3. In geographic areas with high
genetic diversity (COL and UTA [34]), LD surrounding BCMA3is low (Figure 4C). Thus,
while nearby regions cosegregate with BCMAS3in the CFR-NILs, low LD between BCMA3
and surrounding regions suggests that linked loci are unlikely to explain genetic correlations
between BC-ratio and drought response (Figure 3G) or phenotype-environment associations
between BC-ratio and drought in home environments (Figure 3H).

Molecular signatures are consistent with balancing selection on BCMA

Prior research identified functional amino acid (AA) substitutions in the BCMAS3 enzyme
that influence BC-ratio [26]. To characterize genetic variants underlying BC-ratio
phenotypes, we performed Sanger sequencing on BCMAZ3in a panel of 110 accessions. In
addition to the previously described AA substitutions altering enzyme activity [26], at least
two structural variants are present in BCMAJ3 (Supplementary Table 12). An 8bp deletion
causes a frameshift mutation upstream of both AA substitutions of interest, disrupting the
BCMAS3 enzyme after 137 AA. Additionally, several accessions showed premature stop
codons later in the AA sequence caused by nonsense mutations. All premature stop codons
are associated with low BC-ratio (Figure 5A; Supplementary Table 12), presumably because
they disrupt function of the BCMAS3 enzyme. These derived mutations are geographically
widespread; among the accessions we assayed, we found stop codon only and stop codon +
deletion variants spanning 328 km and 729 km of the species range, respectively (Figure
5B). Given low seed dispersal [35] and outcrossing [36] in Boechera, widespread variants in
natural habitats suggest that the functional genetic bases of variation in GS phenotypes have
been maintained over long periods of time, and are not ephemeral novel mutants.

Finally, a molecular hallmark of balancing selection is elevated nucleotide variation within
genes under selection [13]. We characterized nucleotide diversity (1) within BCMA3 and
genes of similar size across a panel of 54 accessions. Consistent with predictions for
balancing selection, we found that BCMAS3is more polymorphic than 97.1% of 1,689
comparable loci across the genome (Figure 5C).

Effect size of BCMA1/3

Since we aim to understand selection on genes that influence complex trait variation, we
estimated the average effect of the BCMA1/3 polymorphism on herbivore damage in nature.
The mean effect size of BCMA1/3on herbivore damage was 0.172 standard deviations,
indicating that it is a small effect QTL [37] influencing herbivore damage and fitness in
nature.

Discussion

The degree to which different evolutionary processes may explain the maintenance of
polymorphism has been the subject of debate for decades [38—-39]. Our experiments
document spatial variation in selection driving evolution of the BCMA1/3 polymorphism in
B. stricta. Specifically, functional links between genetic variation in BCMA1/3, chemical
(GS) and physiological (drought tolerance) functional traits, and fitness in nature reveal
tradeoffs of BCMA1/3alleles across environments. Changes in the sign of allelic effects on
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fitness across environments are hallmarks of balancing selection [13, 40-41]. Our data thus
show that balancing selection has maintained complex trait variation in GS profiles across
the landscape. This conclusion is corroborated by molecular analyses, which reveal that
nucleotide diversity within BCMASZ s elevated compared to other genes in this species, and
that glucosinolate phenotypes in common garden are genetically correlated with drought
conditions in home environments. Finally, while the BCMA1/3 polymorphism evolved after
B. stricta diverged from its close congener (Extended Data Figure 5), genetic variants
underlying GS profiles are geographically widespread, suggesting that selection has
maintained multiple variants over time.

While we see clear evidence of functional trait and fitness tradeoffs conferred by BCMA1/3
alleles across environments, alleles also had synergistic effects on fitness components in
some environments; conducting our experiments in a subset of sites or years could have led
to the erroneous conclusion that only one allele was favored by selection. For example, in
the GTH-2016 and 401-2016 environments, the MM allele confers both higher survival and
reduced herbivore damage (Figure 2A,C). Conditional neutrality was also common; in 7 of
15 tested field environments, contrasting BCMAI1/3alleles conferred no detectable
differences in either insect resistance or survival. Furthermore, in many environments in
which fitness tradeoffs were detectable, the magnitude of allelic effects was small. These
findings suggest that experiments must deploy large sample sizes in many environments to
detect changes in allelic effects when they do occur [42-43], and that the relative lack of
empirical evidence for balancing selection may be influenced by limited statistical power.
Beyond this practical concern, these findings reveal biologically relevant environmental
variation in the expression of tradeoffs, emphasizing the critical importance of
environmental context in understanding complex patterns of natural selection.

Our results are consistent with examples of QTL expressing contrasting effects on fitness
under variable laboratory and field conditions [44—-45], as well as pleiotropic effects of SNPs
across environments contributing to polygenic trait variation [18]. Our work builds upon
these studies by offering explanations of functional consequences for allelic variation across
environments on complex phenotypes that underlie fitness. Such mechanistic understanding
has been achieved previously in now-classic studies focusing on traits with simple genetic
architecture, including flower color [15] and self-incompatibility [16] in plants, as well as
HLA loci in humans [17]. While we have emphasized the effects of a gene of interest, the
ecological and genetic signatures of selection on BCMAI1/3show that tractable genes with
large physiological effects may have small effects on ecologically important traits, thus
influencing genetic variation of complex traits in nature. Similarly, approaches emphasizing
tractable intermediary phenotypes have helped identify genetic bases of human metabolic
variation (e.g. [46])

In addition to revealing the genetic basis of cross-environment fitness tradeoffs that drive
balancing selection on BCMA1/3, we identify two key drivers of selection on glucosinolate
evolution in B, stricta. herbivore pressure and drought stress. The magnitude of selection
exerted by each of these likely varies and/or covaries across the landscape. For example,
drought stress may alter herbivore pressure directly by changing arthropod abundance or
activity, or indirectly by influencing plant growth and secondary metabolites. This could
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yield complex, non-additive fitness landscapes influencing trait variation across
environments. We encourage further research into the implications of ecological interactions
among selective drivers on the maintenance of polymorphism.

Finally, our results build on evidence that GS are multi-functional biomolecules that, in
conjunction with hormones such as auxin and IAA, help to coordinate organismal responses
to both biotic and abiotic stressors [31, 47-49]. While classically known for mediating biotic
interactions with herbivores and microbes [50], recent functional genetics studies in
Arabidopsis have shown that mutant lines with knockouts of BCMA1/3 orthologs have
reduced drought tolerance [31] due to the effects of GS degradation products on stomatal
aperture [32]. This study suggests that allelic variation in GS molecular structure, in addition
to presence/absence or up/down-regulation of GS, may elicit differential responses to
drought as well as herbivores. Ultimately, traits that mediate biotic and abiotic interactions,
such as GS, are likely to experience complex patterns of natural selection that may decrease
the likelihood of a single variant rising to fixation. Thus, these results highlight how multiple
ecological drivers of selection can influence balancing selection on complex traits.

Characterizing GS variation across the landscape

We characterized the chemical profiles of 337 natural accessions collected from across the
species range [34]. Progeny of wild-collected seeds were self-pollinated under controlled
greenhouse conditions to minimize maternal effects. We then measured GS profiles using
high-performance liquid chromatography (HPLC) following [51] and estimated the least-
squares mean value of BC-ratio per accession by fitting a restricted maximum likelihood
(REML) model with accession ID and greenhouse block as random effects (Supplementary
Methods - HPLC).

Generation of CFR-NILs

We chose wild-collected accessions with high and low BC-ratio phenotypes (“LTM” and
“SAD12” from MT and CO, respectively; Figure 1) to generate the experimental genotypes
used here via a crossing pedigree described in Extended Data Figure 7. Previously [26] we
identified a near-isogenic F4 derived from the SAD12 x LTM cross, screened 5,213 F5s for
recombination near BCMA1/3, and then scored 13 tightly linked PCR markers on 205
homozygous F6 recombinants. Here, we identified two F6 homozygous closest flanking
recombinants (CFRs), which were crossed together, generating a heterozygous double-
recombinant F1. In the F2 we self-pollinated multiple MM and BB homozygotes, yielding
F3 families representing replicated homozygous MM and BB CFR-NILs (below,
“families”). Using genotyping by sequencing (GBS) (Supplementary Methods -
Genotyping-by-sequencing), we determined the extent of the non-recombinant BCMA1/3
haplotype (below).

Laboratory herbivory experiment

We grew 225 juvenile CFR-NILs in a randomized complete block design under controlled
greenhouse conditions (18-21° C day / 13-16° C night; 16 h day length; watering to
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saturation daily; fertilization at 300 ppm N weekly) for 6 weeks before challenging them
with a model herbivore. Five blocks each contained 45 individuals, with five replicates per
independent CFR-NIL family (4 BB families and 5 MM families). We confined trays
containing full statistical blocks in plexiglass chambers with mesh panels for ventilation.
There, we applied a single second-instar cabbage looper larva ( Trichoplusia ni, Lepidoptera:
Noctuidae) to each plant. Larvae roamed within the chambers, feeding freely within a block
for five days. We then scored each plant for insect damage as in [52].

We used a REML mixed-effects model to test for the effect of genotype on resistance to 7.
ni, we fit herbivore damage in response to the fixed effect of BCMA1/3 genotype, the
random effect of block, and the random effect of family nested within genotype. We tested
the significance of the fixed effect using both Satterthwaite’s method and Kenward-Roger’s
method, which yielded similar results (Supplementary Table 1), and tested the significance
of random effects using likelihood ratio tests.

Field experiments: common gardens

We transplanted 6,860 CFR-NILs into three experimental gardens in central Idaho and two
experimental gardens in southwest Colorado, near the source populations for the parental
accessions (Figure 1). We transplanted cohorts containing 360-1,350 individuals between
2013 and 2015, using a randomized complete block design. Transplants were spaced at
constant density and planted directly into surrounding vegetation. Each cohort contained
replicates using at least 8 CFR-NIL families to control for possible effects of unlinked loci
outside of the BCMA1/3region. We measured herbivore damage, survival, and reproduction
on these individuals to estimate effects of BCMA1/3alleles on fitness-related traits in
different environments, and to test the effects of herbivore damage on reproductive fitness.

To asses variation in insect resistance across environments (N = 3,674), we used REML
mixed-effects models to test for BCMA1/3 x environment effects on herbivore damage; we
modeled herbivory in response to fixed effects of BCMA1/3, environment, and the
BCMA1/3 x environment interaction, and random effects of statistical block and CFR-NIL
line nested within BCMA1/3 genotype. We tested the significance of fixed effects using both
Satterthwaite’s method and Kenward-Roger’s method, which yielded similar results
(Supplementary Table 1). We tested the significance of random effects using likelihood ratio
tests.

To assess variation in survival across environments (N = 6,860), we used a generalized linear
mixed effects model (binomial distribution; logit link) to fit survival in response to the same
fixed and random effects used in the herbivory model. We tested the significance of fixed
effects using both Wald tests and parametric bootstrapping, which yielded qualitatively
similar results (Supplementary Table 3), and tested the significance of random effects using
likelihood ratio tests. In both models, if we detected a significant genotype x environment
interaction, we used pairwise contrasts to compare allelic effects within each environment.

We tested for natural selection by herbivory across all transplant environments (N = 3,094)
using a generalized linear mixed-effects regression with a binomial distribution and a logit
link function; we fit reproductive success (0/1) in response to fixed effects of herbivore
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damage, environment, and the damage x environment interaction, and a random effect of
block. A significant negative effect of herbivory on reproduction indicates that selection
favors increased herbivore resistance (Supplementary Table 2). Further, in one environment
with high sample sizes (SCH-2016; N = 848), we used a linear mixed-effects model to fit
log-transformed total reproductive output of reproductive plants (number of fruits x average
fruit length) in response to the fixed effect of herbivore damage and the random effect of
block (Supplementary Table 2). Finally, in the same environment (SCH-2016; N = 1,219),
we tested for effects of herbivore damage on survival; we used a generalized linear mixed-
effects model with a binomial distribution and logit link to fit survival in 2017 in response to
the fixed effect herbivore damage in 2016 and the random effect of block (Supplementary
Table 4). In all models testing for natural selection by herbivory, we tested the significance
of fixed effects using Wald tests with Type 111 sums of squares, and of random effects using
likelihood ratio tests.

Full details about experimental conditions and statistical analyses are provided in
Supplementary Methods - Common garden experiments.

Field experiments: temporary arrays

In 2016, we deployed 5,880 CFR-NILs into six environments in Colorado (Figure 1) to test
for frequency-dependent effects of the BCMA1/3 haplotype. We grew juvenile plants in 98-
cell “cone-tainer” racks and assigned racks to three treatments with different starting
frequencies of the MM genotype: high (66% MM), medium (50% MM), and low (34%
MM). Plants were randomized within each treatment rack, and we used 10 CFR-NIL
families to account for possible effects of unlinked loci outside the BCMAI1/3region. We
arranged 10 racks (3 high, 4 mid, and 3 low MM frequency (f(MM))) in a random
configuration in each of the six array sites in CO, and sunk each rack flush with the soil and
native vegetation. We watered arrays twice per week for the first two weeks of the growing
season, and then every other day. After 8 weeks in field conditions, we censused for survival
and herbivore damage as described above. We used these data to test for variation across
environments in the effects of BCMA1/3on herbivore defense and survival, as well as
effects of genotype frequency on fithess components. Statistical models for herbivory (N =
5,193) and survival (N = 5,880) in temporary arrays were identical to those described above
for permanent field transplants, but included additional fixed effects of BCMA1/3allele
frequency and a genotype x frequency interaction (Supplementary Tables 1, 3).

Finally, we tested for array-level response to selection. Using least squares ANCOVA, we
regressed the array-level final f(MM) onto the proportion mortality of the arrays, fixed
effects of environment and starting f(A/M), and the proportion mortality x starting f(VM)
interaction (Supplementary Table 5). Full details about the experimental design and
statistical analyses are provided (Supplementary Methods - Field measurements).

Greenhouse dry-down experiments

We performed two controlled progressive dry-down experiments in the greenhouse to test
for variation in drought response among CFR-NILs (2 genotypes x 5 families per genotype
%100 replicates = 1,000 individuals) and a broad panel of genotypes (350 genotypes x 6
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replicates = 2,100 individuals). In both experiments, we withheld water incrementally to
simulate drought during the growing season. Importantly, we controlled for individual
variation in drought stress by weighing all pots daily during the drought treatments, and
watering pots with the specific volumes of water required to maintain a uniform volumetric
water content across replicates (Supplementary Methods - CFR-NIL dry-down). We
compared the morphological and physiological responses of genotypes across drought and
well-watered treatments to test the effects of BCMAI1/3alleles (CFR-NIL experiment) and
of BC-ratio (broad accession panel) on drought response.

Specifically, in the CFR-NIL experiment, we used linear mixed-effects models to fit each
phenotypic response variable (Supplementary Table 6) in response to fixed effects of
genotype, drought treatment, and the genotype x drought interaction, the fixed covariate of
initial height, and random effects of block and family line. We tested the significance of
fixed effects using Wald tests with Type 111 sums of squares, and of random effects using
likelihood ratio tests. If we detected a significant genotype x treatment effect, we assessed
pairwise group differences using a Tukey HSD post-hoc test. Further, for individuals in the
drought treatment, we tested whether genotype influences water use under drought using a
suite of linear mixed-effects models; we fit least-squares mean daily water use (averaged
over the duration of the drought treatment) in response to fixed effects of a single
morphological variable, genotype, and the genotype x morphology interaction, and random
effects of block and family line (Supplementary Table 7).

In the experiment using a broad panel of accessions, we tested for genetic covariance among
drought response and GS profile by regressing least-squares mean leaf water content upon
least-squares mean BC-ratio for each accession (see above) in a linear model. We used three
different statistical approaches to control for population structure (Supplementary Methods -
Phenotype-environment correlations), all of which yielded similar results (Supplementary
Table 8).

Full details of both experimental designs, drought treatment standardization methods, and
statistical analyses are provided in the Supplementary Methods.

Phenotype-environment correlations

To test for past selection on GS profile in B. stricta, we assessed phenotype-environment
associations between BC-ratio and climatic variables from the locations of origin for a suite
of accessions across the species range. First, we accounted for covariance among climate
variables using principal components analysis. We then used a linear model to regress
genetic mean BC-ratio for each accession upon latitude, longitude, and elevation of origin as
well as the first 5 principal component axes for climate variation (Supplementary Table 9).
We identified a targeted subset of climate variables based on loading onto the climate axis
identified as a significant multivariate predictor of BC-ratio (Supplementary Table 10).
Finally, we tested for correlations among each of these target climate variables and BC-ratio
using linear models. Due to non-normal residuals, we validated P-values using permutation
tests (Supplementary Methods - Phenotype-environment correlations; Supplementary Table
11; Extended Data Figure 4). In all of our phenotype-environment association models, we
took three different statistical approaches to controlling for population structure
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(Supplementary Methods - Plant measurements and data analysis). These approaches all
consistently identified climate Principal Component Axis 1 as the best multivariate predictor
of BC-ratio (Supplementary Table 9), but sometimes differed qualitatively in identifying
which raw climate variables loading onto PCA1 predicted BC-ratio (Supplementary Table
11). However, all modeling approaches consistently detected significant positive correlations
between BC-ratio and the following climate variables (Supplementary Table 11): annual
precipitation (Figure 3H), precipitation in the wettest month (Extended Data Figure 3B), and
precipitation in the wettest quarter (Extended Data Figure 3B).

Dissecting the BCMA1/3 region

To characterize genetic variation in the segregating CFR-NIL region, we assembled
version_2 reference genomes for the LTM (BC-GS) and SAD12 (Met-GS) parental
accessions, providing high quality long-read coverage in the BCMA1/3region (Extended
Data Figure 6). We then aligned GBS reads (Supplementary Information) from 65 replicate
CFR-NIL families to the SAD12 reference to identify SNPs segregating among CFR-NILSs.
We calculated Fg7[34] between MM and BB homozygotes in 20 kb non-overlapping
windows along chromosome 7 and used high Fs7SNPs to identify the extent of the
segregating BCMA1/3locus in the CFR-NILs.

In addition, we aligned published Illumina sequence data [34] to the de novo version_2
SAD12 reference genome for 233 accessions from the COL and UTA genetic groups, which
show high genetic diversity [34] and are polymorphic in BC-ratio. We estimated pairwise
LD (72) [53] between each pair of SNPs within a 712 kb interval around BCMA1/3
(spanning the 212 kb CFR region, plus 250 kb on each side; Supplementary Methods -
Linkage disequilibrium near BCMAL/3).

Polymorphism in BCMA3

To explore the extent of genetic variation underlying the BC-ratio polymorphism, we
Sanger-sequenced a subset of 110 accessions from the panel of 337 described above. After
trimming and aligning sequences (Supplementary Methods - Polymorphism in BCMAZ3), we
assigned accessions to three structural variant categories: complete exons vs. premature stop
and 8bp deletion vs. premature stop and no deletion. We also predicted amino acid (AA)
sequences of the BCMA3 enzyme for each accession by translating the gene sequence data
using the ‘Biostrings’ package in R [54], and identified the AA variants at positions 148 and
268, which are hypothesized to cause differential GS biosynthesis between the SAD12 and
LTM genotypes [26]. We used linear models to test how structural variants and AA variants
influence phenotypic variation in BC-ratio (Supplementary Methods - Polymorphism in
BCMAB3).

Molecular population genetic signatures of selection

To determine whether BCMA3 showed molecular signatures of balancing selection, we
compared the observed level of nucleotide diversity (i) in BCMAS3to the distribution of
in a subset of comparable genes in the B. stricta genome across 54 accessions from the COL
and UTA genetic groups, all of which have complete BCMA3exons (i.e., are not
pseudogenes). Following [34], we calculated the observed  among silent sites in BCMA3
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and other genes of similar length (1,689 genes), and compared the value for BCMAS31to the
distribution of 1t across other genes (Supplementary Information).

Extended Data

Pr(Survival) log(Herbivore damage)

&
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Extended Data Fig. 1. Genotype frequency does not alter the effect of BCMA1/3 on herbivore
resistance or survival.

In experimental arrays in which we manipulated the starting genotype frequency of the
BCMA1/3homozygotes, there was no effect of genotype frequency on herbivore damage or
survival. In each panel, points represent least-squares means estimates of the response
variable for each genotype in each BCMA1/3 frequency treatment, and error bars represent
+/- one standard error.
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Extended Data Fig. 2. Genetic variation in norms of reaction to drought stress.
BCMA1/3alleles in the CFR-NIL background confer contrasting response to drought by

altering morphological traits such as leaf size and number as well as physiological traits
such as growth. Both genotypes reduce leaf water content under drought, but genetic
differences in this response were only marginally significant. In each panel, points represent
least-squares means estimates of the response variable for each genotype in each BCMA1/3
frequency treatment, and error bars represent +/— one standard error.
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Extended Data Fig. 3. Drought-related climate variables are correlated with multivariate
climatic predictors of BC-ratio.

A: BC-ratio varies across climate space, with PC1 the strongest predictor (Supplementary
Table 9). B: Linear models and permutation tests reveal that low BC-ratio phenotypes are
significantly correlated with drier environments of origin. Points in all panels represent
phenotypic (LS mean BC-ratio) and environmental variation (WorldClim data from the
location of origin) of a broad panel of accessions. Colors represent BC-ratio, ranging from
0% (blue) to 100% (red). Shapes denote genetic groups as described in Wang et al. (2019).
COL.: circles; NOR: triangles; UTA: squares; WES: crosses. Black lines represent lines of
best fit estimated using linear models using discrete groups to control for population
structure (“approach A”) as described in Supplementary Methods.
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Extended Data Fig. 4. Permuted vs. observed F-statistics relating BC-ratio to climate variables.
Panes correspond to linear models presented in Supplementary Table 11. In each pane, gray

bars show the frequency distribution of the test statistic relating each climate variable to BC-
ratio from 10,000 permutations shuffling BC-ratio values without replacement
(Supplementary Methods), red arrows show the observed ~statistic from each true model
(Supplementary Table 11), and dashed lines mark the location of the extreme 95% tail in the
empirical cumulative distribution function of permuted /~statistics, using three different
methods to control for population structure (columns A-C; Supplementary Methods).
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Extended Data Fig. 5. Functional and copy number variation in BCMA evolved recently within

B. stricta.

Maximum likelihood phylogenetic reconstruction of BCMA copy sequences (excluding
severely truncated copies) elucidates the evolutionary history of BCMA duplications in
Boechera. Colored boxes behind (pseudo)gene names categorize features as follows: blue
boxes contain nonfunctional BCMA pseudogenes on chromosome 7, light yellow boxes
contain functional copies of BCMAZ on chromosome 2, and dark yellow boxes contain

functional copies of BCMA3and
paralogs in B. retrofracta, and gre

BCMAI on chromosome 7. Shaded boxes indicate
en box indicates the A. thaliana ortholog (CYP79FI).

Scale bar shows genetic distance in nucleotide differences per base pair.
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Extended Data Fig. 6. Long-read assemblies of the LTM and SAD12 parentsreveal substantial
variation in tandem repeats and BCMA copy number in a 200 kb region on chromosome 7.

Functional BCMA gene copies are indicated in yellow; red circles show severely truncated,
non-functional BCMA copies; blue ellipses indicate close-to-full-length copies of BCMA
containing frameshift deletions or transposon insertions. Blue and yellow elements match
those shown in Extended Data Figures 5 and 9.
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other segregating loci.
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Homozygous F6 recombinants were screened using 13 markers closely
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Extended Data Fig. 7. BCMA1/3 CFR-NILs: Chromosome 7 Pedigree.
Chromosomal pedigree showing how closest flanking recombinant near-isogenic lines

(CFR-NILs) were generated for use in laboratory and field experiments. See Methods and
Supplementary Information for details. Within each step, diploid homologous pairs of
Chromosome 7 are shown.
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Extended Data Fig. 8. Gene duplication and loss eventsyield variable BCMA copy number across
genetic groups and accessions.

Colored lines indicate the distribution of estimated BCMA copy number for population
groups as characterized in Wang et al. (2019), determined by read depth of genomic
sequence data (Supplementary Methods). Arrows indicate the distribution of estimated copy
number, for parental genotypes used to generate CFR-NILs: CO (SAD; gold) and MT (LTM;
red).
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Extended Data Fig. 9. Inferred evolutionary history of BCMA duplicationsin B. stricta.
a: Following the initial duplication event from chromosome 2 to chromosome 7, BCMA1/3

was copied several more times, with both BCMAa (BCMAS3) and BCMAc (BCMAI)
yielding progeny copies (labels following Extended Data Figure 5). b: Sequence alignment
reveals insertions and deletions that convert most gene copies into non-functional
pseudogenes, leaving high copy number in the LTM parent. c: Proposed mechanisms
causing the secondary loss of BCMA1, as in the SAD12 (CO CFR-NIL parental) genotype.
Due to the prevalence of repetitive elements in the BCMA region on chromosome 7, it is
possible that recombination events among inverted repeats (visible in Extended Data Figure
6) excised BCMA1 from some genetic backgrounds, either within a chromosome (left) or
during crossing-over among chromosomes (right). The latter scenario could also contribute
to the proliferation of the BCMA pseudogenes and flanking elements present in some
lineages (see Extended Data Figures 5 and 6).

Nat Ecol Evol. Author manuscript; available in PMC 2021 December 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Carley et al. Page 22
@]
0.08
0.064 °
B
0.04 1
0.02 1
0.00 A 000
0 500 1000 1500 2000

Number of silent sites

Extended Data Fig. 10. Nucleotide diversity is negatively correlated with gene size.
Each point represents one gene in the B. stricta genome for which m data was calculable and

greater than 0 among a subset of 54 genotypes (see Supplementary Methods). Levels of
nucleotide diversity () are highest for genes with few silent sites. To account for this, we
compared 1t gopsa to 1 of genes across the genome with a similar number of silent sites.
BCMAS3 contains 364 silent sites, so our threshold was 360 (indicated by red line).
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Figure 1. Glucosinolate variation in B. stricta is highly polymor phic and widespread.
The proportion of aliphatic glucosinolates derived from branched-chain vs. unbranched

amino acids (“BC-ratio”) is a quantitative trait that is bimodally distributed (inset) and
intermixed geographically across the species range, as shown by this survey of 337
accessions derived from natural populations. Boxes: Close range view of northern (Idaho:
ID) and southern (Colorado: CO) focal regions, showing the locations of the common
gardens (filled yellow squares), temporary arrays (green triangles), and parental genotypes
used for crosses and genome assembly (red and blue diamonds) in this study.
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Figure 2. Environmental variation in the effects of GS on fitness components.
a: Across 16 environments, contrasting BCMA1/3alleles conferred variable effects on

insect resistance (Supplementary Table 1, BCMAI/3xEnvironment: Fs 5150=2.3623,
P=0.0376; Fg 2840.39=4.1884, P<0.0001; F 6.8801=35.772, P=0.0006 in arrays, transplants,
and laboratory, respectively). b: Herbivore damage reduces fitness by decreasing fruit size
among plants that reproduce (Supplementary Table 2; Damage: /=5.5318, £=0.01867). c: In
field environments (presented in order of herbivore damage, as in a), contrasting BCMA1/3

alleles also show variable effects on survival (Supplementary Table 3;

Page 28

&
(=1

w
(=]

(=]

20 40
Herbivore damage (%)

BCMA1/3xEnvironment: x2=27.839, P=0.0010 and x?=61.769, £=0.0010 in arrays and
transplants, respectively). d: Photo of a field transplant showing substantial herbivore
damage to leaf tissue and flowering stalk. In a and c, different experiments are separated in
boxes; L-R: temporary field arrays, permanent field transplants, and controlled laboratory
conditions following a challenge with model herbivore 7richoplusia ni (Lepidoptera:

Noctuidae). Within environments, circles show least-squares means of each fitness

component after accounting for other model effects (Supplementary Tables 1-3), and error
bars show 1 standard error. Asterisks indicate pairwise significant differences among
BCMA1/3 genotypes within each environment as follows: - = < 0.10; * = < 0.05; ** = P
<0.01; *** = P£<0.0001. In b, black curve represents best-fit line from linear regression, and
gray shaded areas represent the 95% confidence interval along the curve; herbivore damage
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was log-transformed in the linear model, and here the linear predictions are back-
transformed to the raw data scale.
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Figure 3. Drought influences selection on BCMAL/3.
a: Drought stress in the field varies across sites (L: low; R: high). b: In Colorado field

arrays, frequency of the MM genotype increased significantly in arrays that experienced
stronger mortality following drought (effect of proportion mortality on f(MM): F=21.8870,
F£<0.0001; Supplementary Table 5). c-d: The MM CFR-NIL genotype suppresses growth (c:
height, d: leaf number) under drought, relative to well-watered conditions
(BCMA1/3xEnvironment: x2=27.32, P<0.0001 and x2=8.52, P=0.0035 for height and leaf
number, respectively; Supplementary Table 6). The BB genotype does not. e-f: Phenotypes
which MM genotypes suppress under drought (e: height; f: leaf number) are positively
correlated with water use under drought (X2:12.8290, P=0.0003, 5=0.0074 and
X2:44.0913, £<0.0001, £=0.0480 for height and leaf number, respectively; Supplementary
Table 7). g: Among 237 accessions, BC-ratio is genetically correlated with leaf water
content under drought (£ 231=8.17, P=0.0046; Supplementary Table 8). h: Precipitation in
283 home environments is positively correlated with BC-ratio (/=12.68, £=0.0008, 5=0.074;
Supplementary Table 11); /.e., Met-GS are more common in drier habitats. In b and e-h,
solid lines and gray shaded areas indicate linear predictions and 95% confidence intervals,
respectively; in h, linear prediction reflects coefficient estimates modeled using genetic
groups to control for population structure. In b, points represent summary statistics from
arrays with genotype frequency shown by the color of points (blue: High = 66% MM, white.
Mid = 50% MM red: Low = 34% MM). Horizontal dashed lines show the starting genotype
frequency in each treatment. In c-d, points represent least-squares mean estimates of traits in
wet and dry greenhouse environments following a 2-week progressive dry-down; error bars
show %1 standard error. Upper case letters denote pairwise significant differences among
means (Tukey’s HSD); means not connected by the same letter are significantly different
(P<0.05). e-f show the least-squares mean daily water use under drought for each individual
plant during dry-down, plotted against individual size (e: height, f: leaf number). Points are

Nat Ecol Evol. Author manuscript; available in PMC 2021 December 17.

Geno: Geno:
MM - i 0041
4 e g % g
£ . i
g b LY 43
=] L ‘ . oz Tat
AB o Bos Am A +
il 3 -, | .-.3.3 i
BC g . 5 e A
L € T P
- g o, 3! g | ¥x, T .
b 5 - w .| S ™ |
§ i 1"-;";:. g os . s AuFEH
gn = -If.1 z “a nagat
= F K
g -
061
Dry :'I|| s rln ?I'-.
Treatment Height {[mm)
Geno: | 5 Geno:
i _E' f MM
88 gs‘ 8
©
B g
=
2.
BC 8 ¢
c s e
L
® P
2l c e T =
3 R R

800



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Carley et al.

Page 31

color-coded by BCMAS3 genotype (blue: MM, red: BB). g-h: shapes denote broad genetic
groups (COL.: circles; NOR: triangles; UTA: squares; WES: crosses; Admixed: x-boxes).
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Figure4. The BCMAL/3 CFR-NIL interval containsten flanking loci, but they show little
correlation (LD) in natural populations.

a: Comparisons of GBS data between BB and MM CFR-NIL genotypes show an Fs7peak
around the BCMAS3 gene (red line), revealing a ~212 kb non-recombinant interval (delimited
by blue lines) among the CFR-NILs. b: Eleven B. stricta genes occur in the non-
recombinant CFR-NIL haplotype, including BCMAJ3. Shaded rows indicate that homologs
in A. thaliana (Al have variable expression in response to drought. Shaded rows with bold
text indicate that Azhomologs have impacts on drought response which have been validated
with functional genetic studies. Shaded row with bold red text indicates that Azhomologs
have functionally verified effects on both insect resistance and drought response. c:
Heatmaps showing pairwise linkage disequilibrium (/) in a 712 kb interval surrounding
BCMAS3, for three groups of accessions: (L-R) 157 COL accessions, 126 UTA accessions,
and 233 pooled COL+UTA accessions. Blue numbers on diagonals indicate the position on
chromosome 7, in bp, of the BCMA3 gene and the closest SNP to the limits of the
surrounding non-recombinant region in the CFR-NILs. In b, all B. stricta gene positions
reflect the version_2 SAD12 reference genome, and fall on chromosome 7.
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Figure 5. Molecular evidence of balancing selection on BCMAS3.
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a: Sanger sequencing of BCMAS3 alleles reveals structural genetic variation influencing BC-
ratio; the presence of a premature stop codon disrupting BCMAZ3 expression significantly
predicts some low BC-ratio phenotypes (F=6.8141, £=0.0110; Supplementary Table 12), in
addition to critical amino acid residues in positions 148 and 268 of BCMA3 [26]. Data
points represent the genetic mean BC-ratio for each accession, and shapes denote genetic
group [37]. Boxplots delineate 25, 50t and 75! percentiles with boxes and 1.5x the
interquartile range with whiskers. Colors show BCMA3 enzyme molecular phenotype, with
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L.148/Vv268 (blue) matching the SAD12 parental genotype, and V148/M268 (red) matching
the LTM parental genotype. Purple accessions have critical amino acid residues at 148/268
that are intermediate to the CFR-NIL parental genotypes. b: Genetic variants underlying
BC-ratio are geographically widespread across the species range. c: BCMASZ has high
nucleotide diversity (rt gcpaz= 0.00591) relative to comparable genes in the B. stricta
genome (7 = 0.00169); 1t gcpaz (red arrow) exceeds the 5% tail (dashed line) of 1,689
comparable genes in the B. strictagenome (P=0.0290).
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