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Abstract

Adaptive phenotypic evolution is shaped by natural selection on multiple organismal traits as well
as by genetic correlations among traits. Genetic correlations can arise through pleiotropy and can
bias the production of phenotypic variation to certain combinations of traits. This phenomenon is
referred to as developmental bias or constraint. Developmental bias may accelerate or constrain
phenotypic evolution, depending on whether selection acts parallel or in opposition to genetic
correlations among traits. We discuss examples from floral evolution where genetic correlations
among floral traits contribute to rapid, coordinated evolution in multiple floral organ phenotypes
and suggest future research directions that will explore the relationship between the genetic basis
of adaptation and the pre-existing structure of genetic correlations. On the other hand, natural
selection may act perpendicular to a strong genetic correlation, for example when two traits are
encoded by a subset of the same genes and natural selection favors change in one trait and stability
in the second trait. In such cases, adaptation is constrained by the availability of genetic variation
that can influence the focal trait with minimal pleiotropic effects. Examples from plant
diversification suggest that the origin of certain adaptations depends on the prior evolution of a
gene copy with reduced pleiotropic effects, generated through the process of gene duplication
followed by subfunctionalization or neofunctionalization. A history of gene duplication in some
developmental pathways appears to have allowed particular flowering plant linages to have
repeatedly evolved adaptations that might otherwise have been developmentally constrained.
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Organisms are complex systems of developmentally and functionally related traits
(characters), and natural selection acts on more than one trait at a time. For example,
selection may favor evolutionary change in one or more traits, while at the same time favor
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stability in others. The response to selection on multiple traits will depend on the structure of
underlying genetic and developmental pathways, which can limit the production of variation
in certain phenotypic directions compared to others. This phenomenon is generally known as
developmental bias, developmental constraint, or developmental drive (Maynard Smith et al.
1985; Arnold 1992; Arthur 2001) and is predicted to shape evolutionary trajectories of
complex phenotypes (Wagner and Altenberg 1996).

Flowers, in particular, are complexes of multiple morphological and physiological traits.
While floral evolution has produced a spectacularly diverse array of phenotypes, individual
floral traits are functionally and developmentally interrelated. Therefore, flowers are an
attractive system in which to investigate evolutionary change in complex phenotypes, the
interaction between natural selection and developmental bias, and the emergence of repeated
patterns in evolution.

Developmental bias and pleiotropy in phenotypic evolution

The concept of developmental bias represents an important link between the fields of
developmental biology, quantitative genetics, and the evolution of development (Maynard
Smith 1985; Futuyma 2010; Losos 2011). This is because a population's response to
selection will be influenced by the structure of genetic correlations among the phenotypic
traits under selection (Lande and Arnold 1983). Genetic correlations are correlated patterns
of variation among phenotypic traits across individuals in a population. If two or more traits
are uncorrelated, traits can independently respond to selective pressures. However, if traits
are correlated, selection acting on one trait can produce a corresponding effect on a second
trait. An important source of genetic correlation is pleiotropy, where mutational variation in
individual genes affects multiple traits, thereby generating the observed phenotypic
correlation.

As an example, consider a developmental pathway that influences two traits. Mutations to
this pathway that increase the magnitude of one trait also increase the magnitude of the
second trait. The two traits will display a positive genetic correlation across individuals in a
population due to pleiotropy. The evolutionary consequences of this genetic correlation will
depend on how natural selection acts on these two traits. If natural selection happens to favor
phenotypic change in both traits that is parallel to the genetic correlation (i.e., selection
favors increased magnitude in both traits or a decrease in both traits), adaptive evolution
towards the fitness optimum will be relatively rapid compared to when selection favors a
phenotypic change in these traits that is perpendicular to the pattern of genetic correlation
(Fig. 1; Lande and Arnold 1983; Maynard Smith 1985; Schluter 1996; Conner 2012). In
other words, depending on the alignment between natural selection and genetic correlations
among traits, certain novel phenotypes may be more accessible (selected phenotype is more
quickly attained by a population) than others.

Some genes participate in the development of multiple essential organismal phenotypes.
When selection favors adaptive change in one trait but exerts strong stabilizing selection on
other traits, selection acts perpendicular to a genetic correlation. Adaptation in these cases
can be constrained by the availability of trait-specific mutations — those that can generate the
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favored change in one aspect of phenotype with minimal pleiotropic effects (Futuyma 2010).
The opportunity for such trait-specific mutations can arise through processes of genome
evolution. One example is gene duplication followed by the evolution of a narrowed
expression domain in one or more gene copies. This process can generate a gene paralog
with reduced developmental scope and subsequent mutations to this paralog may enable
adaptive evolution of the focal trait with minimal pleiotropic effects (Carroll 2005).

Other mechanisms besides pleiotropy can generate and maintain genetic correlations
between traits within a population. For example, genetic correlation can result from tight
genetic linkage between loci that affect different traits. In this case, genetic variation at each
of the trait-specific loci produces corresponding phenotypic variation. A genetic correlation
between the traits is generated because recombination events between the tightly linked loci
are rare. Alternatively, strong selection for certain combinations of traits (correlational
selection) can generate linkage disequilibrium between unlinked loci affecting different
traits, yielding genetic correlations among traits (Lynch and Walsh 1998). Genetic
correlations between unlinked loci are unlikely to contribute to developmental bias since
they are the result of selection and can be altered by a change in the direction of natural
selection (Sinervo and Svensson 2002). Yet consistent correlational selection over long
periods of time may alter the genetic and developmental architecture underlying traits —
favoring developmental integration of functionally related traits that experience correlational
selection, and parcellation of functionally unrelated traits into separate developmental
modules (Wagner and Altenberg 1996).

Here we discuss how the evolution of certain novel phenotypes may be accessible or may be
constrained due to developmental bias, using examples from floral evolution.

Genetic correlations among floral traits that may facilitate adaptation

A flower is a complex set of organs that facilitate reproduction through pollen movement by
abiotic and biotic factors. Animal-pollinated flowers additionally have adaptations that
attract and reward pollinators. Floral traits are functionally integrated in order to ensure
successful pollination and reproduction; therefore floral adaptation requires coordinated
change in multiple morphological and physiological traits. Despite this required complexity
for adaptive floral evolution, closely related species often exhibit strikingly divergent floral
phenotypes (Stebbins 1970, 1974). This observation generates a paradox—how does
coordinated phenotypic change in multiple traits happen on a short evolutionary timescale?
This paradox may be resolved in part by the occurrence of developmental biases that
facilitate correlated change in floral morphological traits.

Genetic correlations among floral traits are pervasive (Ashman and Majetic 2006) and a
material source of genetic correlations among floral traits is pleiotropy (Conner 2002; Smith
2016). Pleiotropy among floral traits derives in part from the developmental homology of
different floral organs. The flower is comprised of serially homologous organs: sepals,
petals, stamens, and carpels, which share developmental control (Bowman et al. 1991).
Genetic correlations also may be generated between floral organs by tight linkage or by
consistent correlational selection, for example by pollinators (Conner et al. 2009).
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Two examples of evolutionary change in floral phenotype that have occurred frequently
during angiosperm evolution are shifts from flowers adapted for outcrossing to flowers
adapted to self fertilization (a selfing syndrome), and adaptation to a novel pollinator. Both
types of evolutionary change occur on a short evolutionary timescale, with closely related
species (e.g., outcrossing versus selfing, or bee-pollinated versus hummingbird-pollinated)
differing in multiple floral traits (Stebbins 1970, 1974).

Evolution of selfing syndromes

Transition in mating system from predominantly outcrossing to highly selfing is considered
to be one of the most common evolutionary transitions in flowering plants (Stebbins 1974).
Shifts to selfing can be selectively favored for reproductive assurance when potential mates
or pollinators are scarce, for example in marginal habitats. If a self-incompatibility
mechanism exists in the outcrossing species, the evolution of selfing requires the
disintegration of this system. Shifts to selfing also frequently involve the adaptive evolution
of a selfing syndrome: small flowers (with reduced petal area, shorter stamens, and shorter
styles), reduced herkogamy (spatial separation between stigma and anthers; this may often
result simply from reduction in flower size), reduced scent and nectar production, and
reduced pollen-to-ovule ratio.

The yellow monkeyflower Mimulus guttatus is variable for life history and flower size (Wu
et al. 2008). Multiple lineages derived from this species, or a M. guttatus-like ancestor, have
transitioned to selfing and display small flowers with reduced pollen production (Ritland and
Ritland 1989). Quantitative genetic studies have examined the genetic basis of flower size
variation in the M. guttatus species complex using crosses among populations or species
(Fenster and Ritland 1994; Fishman et al. 2002; Hall et al. 2006). These studies have
identified strong positive genetic correlations among floral dimensions in segregating F2
populations (Table 1). Two of these studies also mapped floral trait QTL in F2 populations
(Fishman et al. 2002; Hall et al. 2006). In both studies, QTLs underlying different floral
dimensions mapped to exactly or nearly exactly the same location in the genome.

These data suggest that the types of genetic variants that fix during transitions to a selfing
syndome reside at pleiotropic loci that control the size of multiple floral organs. Variation at
these loci generates genetic correlations in floral organ size (e.g., between petal and stamen
size). During transitions to selfing, selection favors correlated changes in floral organ size
which are in alignment with these genetic correlations (Fig. 1). Under this scenario,
developmental bias will accelerate adaptive evolution towards the selfing syndrome in the
M. guttatus species complex, and may help explain its repeated evolution.

This developmental bias may not be a feature restricted to the M. guttatus complex; other
study systems show correlations among floral dimensions that suggest such pleiotropy. The
pink monkeyflower, M. lewisii, is distantly related to M. guttatus. It is an outcrosser and its
close relative, M. parishii, exhibits a selfing syndrome. Fishman et al. (2014) examined the
genetic architecture of floral syndrome divergence between these two species and found that
floral traits are strongly and positively correlated, again due to largely coincident QTL for
different floral dimensions (Table 1). This suggests that the floral organ sizes are
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developmentally coupled to a similar degree across multiple Mimulus lineages. Moreover,
putatively pleiotropic QTL for flower size associated with evolutionary shifts to selfing were
identified in Capsella (Slotte et al. 2012) and Leptosiphon (Goodwillie et al. 2006).

Large positive genetic correlations and coincident QTL among floral dimensions,
particularly among lengths of floral organs, are also found in crosses between different
populations of Arabidopsis thaliana, Brassica rapa, and wild radish (e.g., Conner and Via
1993; Conner and Sterling 1995; Juenger et al. 2000, 2005; Conner 2002; Brock et al. 2010,
2012; Edwards and Weinig 2011). These intraspecific data suggest that much of the standing
genetic variation in floral organ size in these species resides at pleiotropic loci, and that there
may be many genomic regions that each affect multiple floral organs.

The hypothesis that flower organ size variation is largely due to genetic variation at
pleiotropic loci is consistent with our understanding of the developmental control of floral
organ size in A. thaliana. Studies of A. thaliana mutants have identified genes that influence
the size or shape of floral organs and the majority of identified genes that control floral
organ size act pleiotropically on multiple floral organs (reviewed by Krizek and Anderson
2013). For example, a developmental pathway that includes ARGOS, AINTEGUMENTA
(ANT), ARGOS-LIKE (ARL), ORGAN SIZE RELATED 1 (OSR1), and ORGAN SIZE
RELATED 2 (OSR?2) integrates multiple hormonal signals and controls plant organ size
through both cell proliferation and cell expansion (Elliott et al. 1996; Mizukami and Fischer
2000; Hu et al. 2003, 2006; Feng et al. 2011; Qin et al. 2014). This pathway is expressed in
multiple floral organs and loss-of-function mutations have pleiotropic effects across these
floral organs. Therefore, there are likely many genetic loci that each can produce correlated
changes to floral organ size, consistent with the QTL results discussed above.

The evolutionary consequence of this genetic architecture is that concomitant shifts in the
size of different floral organs (e.g., both petals and reproductive organs) may be easily
accessible to plant populations when favored by selection since pleiotropic variation allows
adaptation in multiple traits simultaneously. This architecture may explain why the evolution
of the selfing syndrome has occurred so frequently during plant evolution.

Evolution of pollination syndromes

While strong positive correlations among floral dimensions may facilitate rapid evolutionary
transitions to a selfing syndrome, not all adaptive shifts in floral evolution can be obtained
through a modification of overall flower size; for example, adaptive shifts in pollination
syndrome. Pollination syndromes are suites of floral traits that attract and facilitate
pollination by particular animal (or abiotic) pollinators (Faegri and Van der Pijl 1979). For
example, flowers that display a bee pollination syndrome have short wide flowers with
included reproductive organs that are generally colorful (but rarely red) and produce small
amounts of nectar. Flowers with a hummingbird pollination syndrome have bright red
tubular flowers with exserted reproductive organs and produce large amounts of nectar. The
moth pollination syndrome is characterized by very long and narrow floral tubes that are
white and produce a sweet fragrance. Although adaptation to a novel pollinator requires
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coordinated change in multiple morphological and physiological traits, pollination syndrome
evolution is highly labile in some plant groups (Thomson and Wilson 2008).

Studies in Ipomopsis (Nakazato et al. 2013), Mimulus (Bradshaw et al. 1995, 1998; Fishman
et al. 2013), Nicotiana (Bissell and Diggle 2008, 2010), Penstemon (Wessinger et al. 2014),
and Petunia (Hermann et al. 2013, 2015) have used quantitative genetic analyses to examine
the genetic architecture of pollination syndrome divergence between closely related species
that display alternative pollination syndromes. In each of these study systems, the pollination
syndrome transition involves a coordinated change in corolla tube, stamen, and style lengths
(Fig. 2) that together result in a proper fit between flowers and pollinators for efficient pollen
transfer. For example shifts from bee or fly to hummingbird adaptation (e.g., Ipomopsis,
Mimulus, Penstemon) involve evolutionary increases to corolla tube, stamen and style
lengths. Transitions between hummingbird and moth pollination syndromes (e.g., Nicotiana,
Petunia) also require coordinated evolution in floral organ lengths. Longer corolla tubes,
stamens, and styles are associated with moth pollination compared to hummingbird
pollination. Similar to the evolution of selfing syndrome, coordinated changes associated
with pollination syndrome evolution may be facilitated by genetic correlations among floral
organ length traits. Quantitative genetic studies in these systems suggest that pleiotropic loci
may underlie genetic correlations and that developmental bias may facilitate pollination
syndrome evolution.

Four of these study systems (Ipomopsis, Nicotiana, Penstemon, and Petunia) estimated
correlations among floral traits in hybrid populations. In each case, the lengths of floral
organs are strongly positively correlated (Table 2). To our knowledge, correlations among
floral traits have not yet been reported in the Mimulus (M. cardinalis x M. lewisii) system.
Additionally, QTL analyses in hybrid populations were performed in four of these study
systems (Ipomopsis, Mimulus, Penstemon, and Petunia). In each case, identified QTLs
underlying variation in corolla tube, stamen, and style lengths tended to coincide, with
variation in usually at least two, and frequently all three of these traits mapping to the same
genomic location. These QTL results suggest that pleiotropic QTL may explain variation in
these traits. While QTL analysis has not been performed in Nicotiana, correlations among
floral traits were estimated in a fourth-generation hybrid population that had experienced
four generations of recombination (Bissell and Diggle 2010), thus the strong genetic
correlations among floral organ lengths in Nicotiana (Table 2) are expected to reflect
pleiotropy or tight genetic linkage. Together, these studies suggest that genetic correlations
among the lengths of floral organs are common in species that have experienced a shift in
pollination syndrome, and pleiotropic QTLs may underlie these correlations. These genetic
correlations may bias phenotypic transitions towards those that involve coordinated change
in floral organ lengths, making certain pollination syndrome transitions evolutionarily
accessible.

Genetic correlations among floral traits that may oppose adaptation

In our discussion of the evolution of selfing, we found that corolla tube width is often
positively correlated with floral organ lengths in a variety of plant species. Yet evolution of
hummingbird or moth pollination syndromes favors longer floral organ lengths and narrower
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corolla tube width. Thus evolutionary change in these cases may occur either through trait-
specific variation that allow corolla tube width to be modified independently from floral
organ lengths or through pleiotropic mutations that produce contrasting effects on width vs.
length traits. Three study systems (Ipomopsis, Nicotiana, and Penstemon) report correlations
among width and length traits (Table 2).

Both Ipomopsis and Nicotiana report modest positive correlations between corolla width and
floral organ lengths. In Ipomopsis, a subset of corolla width QTL overlap with floral length
QTLs, producing positively correlated change in corolla width and floral organ lengths; the
remaining QTLs are trait-specific, affecting either width or lengths (Nakazato et al. 2013).
These trait-specific QTLs may reflect variation that allowed adaptation to circumvent the
positive correlation between length and width traits. In Penstemon, corolla tube width was
weakly negatively correlated with floral organ lengths, and none of the QTLs for corolla
width overlapped with floral organ length QTLs (Wessinger et al. 2014). In this case, the
negative correlations likely result from linkage among QTLs in a small F2 mapping
population.

These studies suggest that evolutionary change in pollination syndrome may involve genetic
variation that has a different pattern of correlations (i.e., strong correlations among length
traits but weaker correlations between width and length traits) compared to transitions to
selfing syndrome where strong correlations exist among floral dimensions. Altered patterns
of genetic correlations ancestrally present in these lineages may have enabled the evolution
of floral tube width to be decoupled from correlated evolution of floral organ lengths.
Alternatively, they may reflect the pattern of genetic correlation that passed through the filter
of selection during adaptation to novel pollinators.

Detecting biases on the genetic variation that contributes to adaptation

The pattern of genetic correlations identified in hybrid populations (generated from crossing
a lineage that displays a derived adaptation to a lineage that retains the ancestral phenotypic
state) may reflect the genetic correlations that were present before adaptive evolution in the
ancestral population. One way to explore the validity of this assumption is to compare the
genetic architecture of phenotypic correlations before and after adaptive evolution. Studies
in Mimulus guttatus have found that outcrossing populations show the same pattern of
genetic correlations (namely, large positive correlations between floral dimensions; e.g.,
Scoville et al. 2009) as have been identified in hybrid populations derived from crosses
between outcrossing and selfing lineages (Table 1). Additionally, in Nicotiana, both the
hummingbird-adapted species N. alata and the hawkmoth-adapted species N. forgetiana
show the same pattern of genetic correlations (length traits highly correlated, but weaker
correlations between length and width traits) as were identified in a population derived from
a cross between N. alta and N. forgetiana (Table 2). These observations suggest that the
genetic correlations identified through interspecific crosses aimed at identifying the genetic
architecture of adaptive evolution reflect ancestral genetic correlations. Hence these
correlations may have facilitated the adaptive shift in each case.
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Alternatively, genetic variation that underlies adaptation may not reflect the dominant
pattern of genetic correlation that segregated within the ancestral population. Evidence of
this comes from selection experiments in wild radish. Conner et al. (2011) applied selection
over nine generations perpendicular to a strong genetic correlation (r2=0.85 in the ancestral
population) between corolla tube length and filament length in wild radish and observed an
immediate and steady response to selection. While most of the genetic variation in corolla
tube and filament lengths segregating within wild radish affects both traits and contributes to
the strong genetic correlation between these two traits, clearly there is also genetic variation
that is free from the constraint of correlation. This trait-specific variation can separately
influence floral organs, and may be the variation upon which selection acted.

These different possibilities lead to the following predictions. When selection acts parallel to
existing genetic correlations, we expect adaptation to proceed by favoring correlated genetic
variation (i.e., genetic variation that affects multiple traits in a direction parallel to selection).
This is the basis for our central prediction that genetic correlations facilitate adaptation when
selection acts parallel to the correlation. Conversely, when selection acts perpendicular to
existing genetic correlations, we expect adaptation to proceed by favoring only genetic
variation that affects traits independently.

These predictions can be tested using quantitative genetic analyses. We illustrate these
analyses using a hypothetical example similar to the wild radish study system of Conner et
al. (2011), starting with a focal population from which selection lines are derived. The first
step is to estimate QTLs for two correlated traits segregating within an ancestral population,
for example using a replicated F2 mapping design (Kelly 2009; Scoville et al. 2009). In a
system similar to wild radish, presumably QTLs for corolla tube length and stamen length
will colocalize to several genomic locations. These overlapping QTLs reflect loci that
contribute to the genetic correlation between traits. Additional QTLs would be non-
overlapping, and contribute to trait-specific phenotypic variation (Fig. 3A).

The next step is to derive four selection lines from this ancestral population by applying
artificial selection over several generations. Two of these selection lines are generated by
applying selection parallel to the genetic correlation, one line in each direction (e.g., line a:
long corolla tube, long stamen, line b: short corolla tube, short stamen). The other two
selection lines are generated by selection perpendicular to the correlation (e.g., line c: short
corolla tube, long stamen, line d: long corolla tube, short stamen). After selection, the
genetic architecture underlying the response to selection in each selection regime (i.e.,
parallel vs. perpendicular selection) is compared using QTL experiments. In particular, the
two parallel selected lines (a and b) are crossed and the two perpendicular selected lines (¢
and d) are crossed to generate two mapping populations. QTL analyses are performed on
each population. We predict that different loci will respond to selection in the parallel vs.
perpendicular selection lines: we expect overlapping QTL to predominantly contribute to the
response to selection in parallel selected lines (Fig. 3B) while trait-specific QTL contribute
to the response to selection in perpendicular selected lines (Fig. 3C).
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Evaluating the contribution of pleiotropy to genetic correlations

The studies described above clearly show that floral traits associated with the evolution of
selfing syndrome and of pollination syndrome divergence can be genetically correlated,
often parallel to the direction of selection. QTL studies suggest that genetic correlations may
result from loci with pleiotropic effects on multiple floral organs. However, overlapping
QTLs do not necessarily prove pleiotropic loci are responsible, since F2 populations do not
contain enough recombination events to separate tightly linked loci. For example, in Petunia,
fine-mapping floral traits underlying pollination syndrome divergence has revealed three
tightly linked loci in a 0.1 cM interval that separately encode (1) the presence/absence of
floral scent, (2) the presence/absence of UV absorbant pigmentation as well as visible color
and (3) the lengths of floral organs (Hermann et al. 2013; Sheehan et al. 2015).

In order to demonstrate pleiotropy, it is necessary to identify the mutational basis for
individual QTL through fine-mapping, positional cloning, and functional verification. This is
a large effort in model plant species, and even more so in non-model systems. Despite the
required effort, determining the underlying genetic variants that explain trait variation at all
loci, but most critically coincident QTL for correlated floral traits, will reveal the structure
of developmental pathways for flower size and shape and the role of pleiotropy in generating
genetic correlations among floral traits.

In advance of this substantial effort, detailed developmental analyses can provide insight into
the contribution of pleiotropy to correlated traits. These analyses will not provide direct
evidence for pleiotropy, but certain experimental outcomes could rule out pleiotropy. We
describe these analyses below using interspecific variation in floral organ lengths and corolla
width associated with pollination syndrome divergence as an example.

The developmental basis for both intra- and interspecific variation in floral organ lengths and
width results from divergent patterns of cell proliferation, cell expansion, or a combination
of these. These divergent patterns should be reflected in the average cell size and cell
number along the lengths of stamen filaments and styles, and along both the length and
width dimensions of petal tissue. Comparing the patterns of cell proliferation and cell
expansion across different floral organs is a first step towards characterizing the genetic
basis for adaptive differences in flower size and shape. For example, in Petunia adaptive
differences in style length are due to greater cell proliferation rather than greater cell
elongation (Hermann et al. 2015). Under the hypothesis that genetic correlations among
floral dimensions in Petunia involve pleiotropic genetic variation, we would expect to see
that the correlated differences in floral tube length and stamen filament length show the
same developmental alteration as is observed for style length (i.e., greater cell proliferation).
Cell size and number has not yet been reported for floral tube and stamen filament tissue in
Petunia. These developmental comparisons will not necessarily demonstrate pleiotropy, as
linked loci might produce similar changes to cell number and/or size in different floral
organs. However, if one observed a different developmental basis in different organs (e.g.,
increased cell size in stamen filaments and increased cell number in petal tissue), this would
provide strong evidence for separate organ-specific loci, even under coincident QTLs, ruling
out pleiotropy as a contributor to developmental bias.
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Circumventing genetic correlations that oppose adaptation: gene
duplication

As demonstrated above by work in radish (Conner et al. 2011), even if natural selection acts
perpendicular to a strong genetic correlation, as long as the correlation is less than one, there
remains genetic variation upon which selection may act. On the other hand, when two or
more traits rely on a completely overlapping set of genes and the genetic correlation is equal
to one, pleiotropy can constrain these traits from independently responding to natural
selection (Futuyma 2010). This absolute constraint can be alleviated by the origin of a
genomic region that has a trait-specific influence on phenotype (Wagner and Altenberg
1996). One process that can accomplish this is gene duplication followed by
subfunctionalization or neofunctionalization (Carroll 2005) of either regulatory or coding
function. This yields a new gene copy with limited scope that can harbor genetic variation
that has trait-specific (non-pleiotropic) phenotypic effects. Recent studies in plants suggest
that acquiring a gene copy with narrow expression domain can precede the evolution of
certain novel phenotypes.

Although not focused on flowers, a recent example that nicely illustrates this process comes
from leaf shape evolution. Lineages within Brassicaceae have experienced evolutionary
change in leaf complexity. The functional significance of this leaf shape diversity is not
clear, but may reflect local adaptation to climate (reviewed in Ferris et al. 2015). In at least
two lineages within this plant family, evolutionary change in the degree of leaf dissection
has involved mutations to the homeobox gene REDUCED COMPLEXITY (RCO) (Sicard et
al. 2014; Vlad et al. 2014). RCO derives from two tandem gene duplication events of a
LATE MERISTEM IDENTITY1 (LMI)-type gene in Brassicaceae yielding three homologs:
LMI1, RCO-A, and RCO-B (Vlad et al. 2014). LMI1 is a pleiotropic meristem identity
regulator with expression in floral tissue, bracts, and leaves (Saddic et al. 2006). Following
the initial duplication event, RCO gene copies have diverged in expression domain from
LMI1, having evolved a novel, highly specific expression pattern in leaf margins. A shift
from dissected to simple leaves in the lineage leading to A. thaliana has involved the loss of
both RCO paralogs (Vlad et al. 2014). A shift towards greater leaf dissection in the lineage
leading to Capsella rubella has involved a cis-regulatory mutation to RCO-A that increases
gene expression (Sicard et al. 2014). Thus, gene duplication followed by the evolution of a
narrowed expression domain has resulted in genomic material for mutations that specifically
influence leaf complexity, which may contribute to the accessibility of changes in leaf
morphology within the Brassicaceae.

Evolutionary change from flowers with petals to flowers that lack petals (apetaly) has
occurred repeatedly in Ranunculaceae, accompanying the evolution of wind pollination or
shifts towards pollination by generalized pollinators (Zhang et al. 2013). This pattern is
associated with evolution in the APETALA3 (AP3) floral organ identity gene family.
Ranunculaceae species have three paralogs of AP3, generated through two duplication
events at the base of this clade. Two of the paralogs (AP3-1 and AP3-2) are broadly
expressed in flowers and also leaves, presumably the ancestral domain of expression. The
AP3-3 paralog is highly expressed in petal tissue only, suggesting that this gene copy has
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reduced pleiotropic effects, allowing genetic control of petal identity to be partially
decoupled from the identity of other plant organs. In at least four lineages, the evolution of
apetaly involves pseudogenization or loss of AP3-3.

Loss-of-function (LOF) mutations tend to have large mutational target sizes since there are
many nucleotide positions that, if mutated, can disrupt gene function. Therefore, adaptations
that can occur through LOF mutations to non-pleiotropic genes are likely to be relatively
accessible to populations since there is a relatively short waiting time for these mutations.
Therefore, given the history of AP3 gene family evolution, it is unsurprising that apetaly
repeatedly occurred through LOF mutations to AP3-3.

Adaptive evolutionary change in flower color can often involve LOF mutations to non-
pleiotropic gene copies (reviewed by Rausher 2008; Streisfeld and Rausher 2011; Wessinger
and Rausher 2012; Sobel and Streisfeld 2013). Evolutionary transitions in anthocyanin
pigment intensity, especially shifts to white flowers, tend to involve mutations to R2R3-
MY B transcription factors that regulate the flavonoid pathway (Sobel and Streisfeld 2013).
The R2R3-MYB transcription factor gene family is very large in most plants and individual
gene copies have narrow domains of expression (Ramsay and Glover 2005). Therefore,
mutations to these genes can cause floral tissue-specific changes in pigmentation without
affecting the production of pigments or other phytoprotective flavonoids in vegetative
tissues. Similarly, evolutionary change from blue to red flowers often involves LOF
mutations to the enzyme FLAVONOID 3',5'-HYDROXYLASE (F3'5'H), an ancient gene
duplicate of FLAVONOID 3'-HYDROXYLASE (F3'H). Comparative physiology suggests
that F3'H is broadly expressed in leaves and flowers of most plants (see Wessinger and
Rausher 2012), whereas F3'5'H can show a flower-specific pattern of expression (Wessinger
and Rausher 2012, 2014), suggesting it is a relatively non-pleiotropic gene. In Penstemon,
repeated adaptive transitions to red flowers (associated with transitions to hummingbird
pollination) involves LOF mutations to F3'5'H in 12 separate cases (Wessinger and Rausher
2015), likely because this type of mutation provides an easily accessible means of producing
the adaptive phenotype with minimal pleiotropic effects.

Conclusions

During the diversification of flowering plants, novel, yet highly integrated, floral
morphologies have repeatedly evolved, even on short evolutionary timescales. An emerging
hypothesis is that repeated evolutionary shifts are facilitated by genetic correlations among
floral morphological characters in the direction of natural selection. We have outlined the
evidence for this from comparative genetic studies focused on the evolution of selfing
syndrome from outcrossing and evolutionary transitions in floral pollination syndromes.
While correlations in the direction of selection can facilitate rapid phenotypic evolution,
natural selection may favor independent evolution of different traits that share a
developmental basis. In this case, the accessibility of a selectively favored phenotype may
depend on variation in the genetic program that is outside pleiotropic loci, or especially in
the case of very strong genetic correlations may rely on the previous evolution of genomic
preadaptations that provide the genetic material for non-pleiotropic mutations. This
evolutionary contingency may help explain why certain lineages appear prone to the
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repeated evolution of certain novel phenotypes. Future work investigating the genetic
architecture and underlying basis of genetic correlations will clarify the role of genetic
correlations in facilitating or constraining adaptation. For example, artificial selection
experiments combined with quantitative genetic analyses may allow the genetic architecture
of adaptation in response to selection that acts parallel vs. perpendicular to existing genetic
correlations to be directly compared. In addition, experiments that characterize the genetic
and developmental basis for genetic correlations will begin to address the prevalence of
pleiotropic genetic variation.
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. When natural selection on two or more traits opposes correlations

Page 16
Highlights
. Developmental bias can facilitate or constrain the evolution of novel
phenotypes depending on genetic correlations among traits
experiencing selection.
. Trait correlations aligned with the direction of selection may accelerate

the evolution of certain phenotypes, which may produce a pattern of
repeated evolution; potential examples are found in the evolution of
flowers adapted to self-pollination and in evolutionary shifts among
pollination syndromes.

generated by pleiotropy, adaptations may be facilitated by gene
duplication, followed by specialization of a gene copy, yielding clade-
specific patterns of repeated evolution.
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style length

stamen length

Fig 1.

Tr?e effect of trait correlation on accessibility of adaptive phenotypes. The background
depicts the contours of a fitness landscape that displays fitness (Z axis, represented using
contour lines) associated with different combinations of stamen filament length (X axis) and
style length (Y axis). The adaptive peak is denoted by the darkest orange point. The black
dot represents the current population mean for stamen filament and style lengths. If the two
traits are correlated in a direction parallel to the direction of natural selection (solid ellipse)
then evolution towards the fitness peak is more easily accessible than a situation in which
the two traits are correlated perpendicular to the direction of natural selection (dotted
ellipse).
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Fig 2.

Tv?/o examples of correlated shifts in floral organ length that accompany pollination
syndrome evolution. Photographs of parental species showing divergent pollination
syndromes and graphical depiction of mean floral organ length in parental species. (A)
Nicotiana: images adapted from Bissell and Diggle (2008), data from Bissell and Diggle
(2010). (B) Penstemon: images and data from Wessinger et al. (2014). Error bars indicate
standard deviations.
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Fig. 3.
Example of potential results from experiments that compare genetic architectures of

adaptation to artificial selection when selection is applied parallel vs. perpendicular to a pre-
existing positive genetic correlation between two traits, corolla tube length and stamen
filament length. (A) Ancestral population shows intermediate corolla tube and filament
lengths and quantitative genetic analyses suggest that some QTLs explain variation in both
traits, while other QTLs are trait-specific. (B) Selection lines a and b result from artificial
selection applied parallel to the genetic correlation; these lines are crossed and quantitative
genetic analysis on the hybrid population reveals that overlapping QTLs that explain
variation in both corolla tube and filament length underlie the response to selection. (C)
Selection lines ¢ and d result from artificial selection applied perpendicular to the genetic
correlation; these lines are crossed and quantitative genetic analysis on the hybrid population
reveals that trait-specific QTLs underlie the response to selection.
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