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Summary

Floral traits often show correlated variation, bothwithin and across species. One explanation for

this pattern of floral integration is that different elements of floral phenotypes are controlled by

the samegenes, that is, that thegenetic architecture is pleiotropic. Recent studies froma rangeof

model systems suggest that the pleiotropy is common among the loci responsible for floral

divergence.Moreover, theeffects of allelic substitutions at these loci areoverwhelmingly aligned

with direction of divergence, suggesting that the nature of the pleiotropic effects was adaptive.

Molecular genetic studies have revealed the functional basis for some of these effects, although

much remains to be discovered with respect to the molecular, biochemical and developmental

mechanisms underlying most quantitative trait loci (QTL) responsible for floral differences.

Developing adetailed understandingof the nature of pleiotropicmutations and their phenotypic

consequences is crucial formodelinghow thegenetic architectureof trait variation influences the

tempo and trajectory of floral evolution.

I. Introduction

Traits that interact as part of a functional unit often show correlated
variation, a pattern commonly referred to as phenotypic integration
(Armbruster et al., 2014). Flowers have provided an important
model for studying the evolution of integration because interac-
tions among their parts are closely tied to their function. For
example, the position of the reproductive organs with respect to the
perianth parts influences the precision and accuracy of pollination
(Armbruster et al., 2009), and the relative lengths of the male and
female parts mediates the level of outcrossing (Motten & Stone,
2000). Given these functional interactions, transitions among
mating systems or pollination modes often involve changes in
multiple aspects of floralmorphology and physiology (Culley et al.,
2002; Fenster et al., 2004). At a macroevolutionary scale,

coordinated changes in floral traits are manifest as correlated shifts
across phylogenies (Ree, 2005; Ornelas et al., 2007). Similar
patterns of floral trait co-variation are also abundant within species
(Conner & Via, 1993; Perez-Barrales et al., 2007). The prevalence
of correlated floral variation above and below the species level raises
the question – could such concerted changes happen through one
or a few mutations, or do the transitions require a large number of
mutations in many different loci?

The answer to this question depends on the genetic architec-
ture of floral variation. Although most floral traits are controlled
by multiple loci, many of the underlying genes are pleiotropic,
creating the potential for a single mutation to simultaneously
affect multiple traits (Fig. 1). Indeed, pleiotropy is thought to be
one of the principal drivers of morphological integration
(Klingenberg, 2008) and plays a key role in generating correlated
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floral trait variation (Conner, 2002). This pleiotropic architec-
ture could facilitate rapid floral evolution if the resulting
covariation of floral traits is aligned with the direction of
selection, allowing evolution to move along genetic lines of least
resistance (Schluter, 1996). On the whole, however, pleiotropy
has been most commonly considered to act as a constraint on
evolution because mutations that move one trait toward its
optimum may move others away from their optima (reviewed in
Wagner & Zhang, 2011). This theoretical prediction is highly
dependent on, among other things, the presumed nature of
pleiotropy – that is, the number of traits controlled by
pleiotropic genes, and the magnitude and directionality of these
effects (Hansen, 2003; Pavlicev & Hansen, 2011).

With advances in statistical and molecular genetics, studies of
pleiotropy and its impact on evolution have begun to move from
theoretical to empirical. For example, genome-wide reverse genetic
screens in yeast, mice and nematodes suggest that pleiotropy is
extensive but far from universal (Wang et al., 2010, but see Hill &
Zhang, 2012). Although a handful of genes appear to affect many
traits, most affect a relatively small number of traits, allowing for
substantial modularity in genetic architecture (Wagner et al.,
2007). These results are consistent with patterns that have long
been observed from quantitative trait locus (QTL) mapping
(Juenger et al., 2005; Fig. 1), and they suggest that mutations at
pleiotropic loci may not wreak havoc across the organism, but
instead result in localized changes in a set of traits or tissues. In
addition, fine-scale investigations have begun to dissect the
mechanistic basis for pleiotropy in natural populations (Scarcelli
et al., 2007; Paaby et al., 2014). Although theory has focused
almost entirely on antagonistic pleiotropy, such empirical studies
have also uncovered cases of adaptive (positive) pleiotropy, where
mutations havemultiple positive effects on fitness (Ostrowski et al.,
2005; Lovell et al., 2013).

This paper aims to survey the extent and nature of pleiotropy in
the genetic architecture of floral-trait variation and consider the
potential mechanisms responsible for these pleiotropic effects.
Pleiotropic relationships will directly shape the range of segregating
floral phenotypes as well as the range of phenotypes likely to arise by
newmutations. Depending on the alignment of this variation with
the direction of selection, pleiotropy could either impede evolu-
tionary transitions (Otto, 2004) or facilitate them (Lovell et al.,
2013). Thus, estimating the degree of pleiotropy in the genetic

architecture of floral traits has important implications for predict-
ing the trajectory and pace of floral evolution.

II. Extent and nature of pleiotropy in floral trait
architecture

The principal approach used to estimate the genetic architecture of
trait variation is QTL mapping. This method seeks to find
statistical associations between segregating phenotypic variation
and genomic markers linked to loci (QTL) that control that
variation (Mackay, 2001). QTL mapping has been widely
employed in plants to identify regions of the genomewith potential
for crop improvement and has been instrumental in natural systems
for understanding the number, distribution and effect sizes of loci
that control differences between populations and species. In the
context of floral integration, QTLmapping can be used to identify
genomic regions that affect multiple traits and the degree to which
those alleles at those loci are adaptively pleiotropic or antagonistic.

QTL studies from a diversity of angiosperm groups demonstrate
that floral trait differences between species can arise through
changes in a few major effect QTL, many of which are pleiotropic.
Bradshaw et al. (1998) defined a major QTL as one that explains
25%ormore of the variation, and they found at least one such locus
for each of the floral traits they measured. Most of these regions
affected multiple floral traits. For example, the YUP locus on
linkage group Dc explains over 80% of the variation in carotenoid
production, and that region is also associated with differences in
petal width and the degree of petal reflexing (Bradshaw et al.,
1998). Subsequent multi-trait mapping studies in other systems
have uncovered QTL of similarly large effect sizes, particularly for
flower color (Wessinger et al., 2014, but see Nakazato et al., 2013)
as well as significant pleiotropy (Hall et al., 2006; see also Fig. 2 and
Supporting Information Table S1). Consistent with having shared
genetic bases, floral traits often show extensive correlated variation
in mapping populations, with coefficients above 0.8 for some pairs
of traits (Hall et al., 2006; Wessinger et al., 2014). Some of these
pleiotropic relationships are not surprising, for example, loci that
affect multiple aspects of flower size, which might encode genes for
shared growth regulators (Brock et al., 2012). For other traits, such
as flower shape and color, the extent of pleiotropy would have been
hard to predict given what we currently know about the genes
involved in the floral development (Specht & Howarth, 2015).
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Fig. 1 Schematic depiction of genetic architecture of quantitative floral and vegetative traits in Arabidopsis thaliana. Lines indicate a significant additive
effect of a quantitative trail locus (QTL; oval) on a trait (rectangle). All of the traits are polygenic (affected by multiple QTL). Although many of the loci are
pleiotropic (i.e. affect multiple traits), the overall structure shows modularity (dashed boxes) in that floral traits tend to share QTL and the same is true for
leaf traits. Data from Juenger et al. (2005); only a subset of the traits measured are depicted but all QTL detected for those traits are shown.
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What is particularly notable about these QTL is the nature of
their pleiotropic effects, which is nearly always aligned in the
direction of the parental phenotypes (Table S1). For example, a

QTL on linkage group 4 in Penstemon affects both petal reflexing
and nectar concentration, and the additive effect of substituting the
P. barbatus allele (the parent with more reflexed petals and more
dilute nectar) is an increase in reflexing and decrease in nectar
concentration (Wessinger et al., 2014). This is consistent with the
possibility that an allelic substitution at a single locus could have
simultaneously moved both petal position and nectar concentra-
tion from the ancestral P. neomexicanus-like state toward the
derived P. barbatus-like phenotype (Fig. 2). Moreover, the fixation
of this allele in the hummingbird-pollinated P. barbatus was likely
adaptive as the combination of reflexed petals and dilute nectar has
evolved independently in several Penstemon lineages that are
pollinated by birds (Wilson et al., 2004). Assuming that the floral
differences in other species pairs (Fig. 2) evolved due to natural
selection, the pleiotropy of the underlying QTL (Table S1) may
have been adaptive in these cases as well. Such adaptive pleiotropy
(Fig. 3) has received little attention in theoretical studies relative to
its counterpart, antagonistic pleiotropy, but presumably when such
variation arises in natural populations, it would quickly be fixed if
indeed the suite of resultant changes is favored by selection (Lovell
et al., 2013).

Although QTL studies have been instrumental in providing an
initial genome-wide assessment of pleiotropy, it is important to
note that co-localization of traits to the sameQTL does not provide
definitive evidence that particular genes or the mutations within
them are pleiotropic. Depending on the resolution of the study, a
single QTL may span a large number of genes, and thus the
observed effect of that QTL on multiple traits could be due to a
series of linked genes, which individually are not pleiotropic.
Moving from QTL affecting variation to particular genes and
individual mutations remains challenging (Mackay et al., 2009),
although the process may be accelerated if QTL contain well-
characterized candidate genes (Juenger et al., 2000). Indeed, such a
combination of fine-scale mapping and identification of candidate
genes was used to dissect a QTL controlling an entire suite of floral
traits in Petunia, including color, scent, stamen length and pistil
length (Hermann et al., 2013). Detailed analysis of introgression
lines revealed that one 0.8-cM region contained a string of genes,
including three MYB transcription factors, which independently
regulate distinct aspects of floral phenotype. Thus, what first
appeared to be a highly pleiotropic floral QTL is, in fact, a tightly
linked cluster of genes that individually are minimally pleiotropic.

Although it is possible that similar clusters of linked genes could
be found to comprise previously documented floral QTL
(Table S1), several lines of evidence suggest that truly pleiotropic
genes may often be found to underlie pleiotropic QTL. First, in at
least one case, the tight correlations among floral traits showed no
decline despite many rounds of enforced randommating (Conner,
2002), which points to pleiotropy as opposed to linkage as the
underlying cause. Second, genes with pleiotropic effects on
multiple floral traits are well known from molecular and develop-
mental studies of mutant lines in Arabidopsis and other model
systems (Aida et al., 1997;Krizek et al., 2006).Of course, one could
argue that the knock-out mutants studied in model systems are not
likely tomirror the types of pleiotropic alleles that could contribute
to adaptation in nature. However, genetic studies increasingly
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Fig. 2 Pleiotropic relationships among floral traits in model systems for floral
divergence. Floral traits are grouped into five categories (depicted in a
pentagon, clockwise from top): color, male traits, female traits, reward, and
perianth morphology. Traits measured in a given study are shown for each
pair of species (e.g. only color and morphology were measured in (a)), and
traits that share one or more quantitative trait locus (QTL) are connected by
solid lines. Species pairs used as parents in QTL studies are arranged (top to
bottom) by the number of traits measured: (a) Aquilegia formosa and
A. pubescens; (b) Petunia integrifolia and P. axillaris; (c)Mimulus guttatus
andM. nasutus; (d) Iris hexagona and I. fulva; (e)M. cardinalis and
M. lewisii; (f) Penstemon barbatus and P. neomexicanus; and (g) Ipomopsis

guttata and I. tenuifolia. Images adapted from original studies (listed in
Supporting Information Table S1), wikimedia commons or nsf.gov.
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support a role for loss-of-function (LOF) mutations in the
evolution of interspecific floral differences (Wessinger & Rausher,
2012). Moreover, a recent study in Brassica is consistent with
adaptive pleiotropy of such mutations. Zhang et al. (2015)
discovered that a transposon-mediated LOF mutation in a
carotenoid cleavage dioxygenase (CCD) simultaneously causes a
shift from white scented flowers to yellow unscented flowers in
B. napus. CCD is responsible for converting carotenoids into
apocarotenoid volatiles and thus the LOF leads directly to the
accumulation of yellow carotenoids. Although the adaptive
significance was not assessed in the B. napus case, transitions
between colored flowers without scent and pale flowers with scent
are commonly associated with shifts from diurnal to nocturnal
pollinators (Fenster et al., 2004, but see White et al., 1994).
Biochemical connections between color and scent compounds are
also known from the phenylpropanoid and terpenoid pathways
(Bar-Akiva et al., 2010), and segregating variation in shared
regulatory genes (Ben Zvi et al., 2012) could explain the co-
variation of color and scent often seen in natural populations
(Majetic et al., 2007).

III. The evolution of pleiotropy

By identifying genetic variation that contributes to differences
between present-day populations or species, quantitative and

molecular genetic studies capture a snapshot of the extent and
nature of pleiotropy in a single evolutionary timeslice. These
snapshots differ among taxa for the same sets of traits (Fig. 2),
which reflects that fact that pleiotropy itself is evolving. Thus, an
important challenge for evolutionary biologists is understanding
how pleiotropy arises and how quickly it changes over evolutionary
timescales (Arnold et al., 2008; Guillaume & Otto, 2012). One
possible explanation for the predominance of adaptive pleiotropy
in floral trait QTL (Table S1) is that, although the spectrum of
mutations includes all types of pleiotropy (Fig. 3), those which are
adaptively pleiotropic have a higher probability of fixation
(Wessinger et al., 2014). Alternatively, evolution may act to break
genotype–phenotype relationships that result in antagonistic
pleiotropy, making that class of variants rare relative to those that
result in minimal or adaptive pleiotropy. For example, changes in
gene regulation, either through mutations in cis-regulatory
elements or trans-acting factors, could reduce antagonistic
pleiotropy by erasing links in the gene regulatory network. Gene
duplication is another well-studied mechanism that reduces
pleiotropy through subfunctionalization or specialization of gene
copies (Des Marais & Rausher, 2008). In addition, modifiers may
evolve that act to modulate the level and possibly the type of
pleiotropy (reviewed in Paaby & Rockman, 2013). Quantitative
genetic methods for detecting such loci (relationship QTL or
rQTL) have thus far only been applied to animals (Pavlicev et al.,
2008), although selection experiments hint at their existence in
plant systems (Delph et al., 2011).

IV. Pleiotropy as an impediment or facilitator of
phenotypic evolution

Pleiotropy has commonly been viewed as a factor that constrains or
impedes evolution (reviewed in Wagner & Zhang, 2011). This
conclusion largely relies on assumptions about the nature of
pleiotropy – that is, that many of the effects of pleiotropic
mutations will have negative consequences for fitness. However,
some mutations may result in selectively advantageous changes in
multiple traits (Lovell et al., 2013), and over time, the genetic basis
for pleiotropy may evolve to minimize antagonistic effects, making
multivariate adaptive states more robust to gene flow and
recombination. Indeed, as reviewed above, most loci involved in
floral divergence appear to exhibit adaptive pleiotropy, with effects
aligned with the fixed differences between species. This pattern
suggests that pleiotropy does not constrain floral evolution, but
instead may play an important role in achieving the coordinated
evolution of sets of interacting floral traits. Nonetheless, we still
know little about the molecular basis for pleiotropy in any of the
model systems for floral divergence (Fig. 2). Identifying the genes
that underlie pleiotropic QTL and characterizing their mode of
action in a wide range of taxa will be key to modeling how
pleiotropy and the resulting trait–covariance structure evolve.
Building such a mechanistic framework will provide new oppor-
tunities for understanding how the genetic architecture of floral
variation shapes the rate and direction of floral evolution over short
and long evolutionary timescales (Conner et al., 2011; Bolstad
et al., 2014).

(a) Parent P1 Parent P2

(b)

No measured pleiotropy

Adaptive pleiotropy

Antagonistic pleiotropy

QTL1

QTL2

QTL3

Short length
Low scent

High pigmentation

Long length
High scent

Low pigmentation

Length PigmentationScent

Fig. 3 Types of pleiotropic quantitative trail loci (QTL) detected in crosses
between a hypothetical species pair. (a) The two parental lines (P1 and P2)
show fixed differences in three floral traits: corolla length, scent production
and pigmentation. (b) The table shows themagnitude (arrow thickness) and
direction (increase/decrease) of substituting an allele from the P2 parent at
each of the three detected QTL. For example, adding a P2 allele at QTL1
increases corolla tube length, consistent with the directionality of the
difference between the parents (P2 has the longer corolla). This QTL (QTL1)
affects just one trait and thus does not contribute to correlated floral
variation. Alternately,QTL could affectmore than one trait, and eithermove
the affected traits in opposing directions (black and red arrows, QTL2) or
consistently in the direction of the parental difference (all black arrows,
QTL3). The adaptive pleiotropyofQTL3 assumes that the trait combinations
in the parents were fixed due to adaptation. Substitution of a P2 allele could
also move one or all traits in the direction opposite to what would be
predicted (that is, all red arrows); this is not depicted, but might be expected
under past fluctuating selection or drift.

New Phytologist (2015) � 2015 The Author

New Phytologist� 2015 New Phytologist Trustwww.newphytologist.com

Review Tansley insight
New
Phytologist4



Acknowledgements

The author thanks S. Otto and B. Payseur for advice, and three
anonymous reviewers for helpful comments. This publication was
supported in part by funds from the National Science Foundation
(DEB 1355518 to S.D.S.).

References

AidaM, IshidaT, FukakiH, FujisawaH,TasakaM. 1997.Genes involved in organ

separation in Arabidopsis: an analysis of the cup-shaped cotyledon mutant. Plant
Cell 9: 841–857.

Armbruster WS, Hansen TF, Pelabon C, Perez-Barrales R, Maad J. 2009. The

adaptive accuracy of flowers: measurement and microevolutionary patterns.

Annals of Botany 103: 1529–1545.
Armbruster WS, Pelabon C, Bolstad GH, Hansen TF. 2014. Integrated

phenotypes: understanding trait covariation in plants and animals. Philosophical
Transactions of the Royal Society B 369: 20130245.

Arnold SJ, Burger R,Hohenlohe PA, Ajie BC, Jones AG. 2008.Understanding the

evolution and stability of the G-matrix. Evolution 62: 2451–2461.
Bar-Akiva A, Ovadia R, Rogachev I, Bar-Or C, Bar E, Freiman Z, Nissim-Levi A,

Gollop N, Lewinsohn E, Aharoni A et al. 2010.Metabolic networking in

Brunfelsia calycina petals after flower opening. Journal of Experimental Botany 61:
1393–1403.

Ben Zvi MM, Shklarman E, Masci T, Kalev H, Debener T, Shafir S, Ovadis M,

Vainstein A. 2012. PAP1 transcription factor enhances production of

phenylpropanoid and terpenoid scent compounds in rose flowers.NewPhytologist
195: 335–345.

Bolstad GH, Hansen TF, Pelabon C, Falahati-Anbaran M, Perez-Barrales R,

Armbruster WS. 2014. Genetic constraints predict evolutionary divergence in

Dalechampia blossoms. Philosophical Transactions of the Royal Society B 369:

20130255.

Bradshaw HD, Otto KG, Frewen BE, McKay JK, Schemske DW. 1998.

Quantitative trait loci affecting differences in floral morphology between two

species of monkeyflower (Mimulus). Genetics 149: 367–382.
Brock MT, Kover PX, Weinig C. 2012. Natural variation in GA1 associates with

floral morphology in Arabidopsis thaliana. New Phytologist 195: 58–70.
Conner J, Via S. 1993. Patterns of phenotypic and genetic correlations among

morphological and life-history traits in wild radish, Raphanus raphanistrum.
Evolution 47: 704–711.

Conner JK. 2002. Genetic mechanisms of floral trait correlations in a natural

population. Nature 420: 407–410.
Conner JK, Karoly K, Stewart C, Koelling VA, Sahli HF, Shaw FH. 2011. Rapid

independent trait evolution despite a strong pleiotropic genetic correlation.

American Naturalist 178: 429–441.
Culley TM, Weller SG, Sakai AK. 2002. The evolution of wind pollination in

angiosperms. Trends in Ecology & Evolution 17: 361–369.
DelphLF, Steven JC,Anderson IA,HerlihyCR,BrodieED. 2011.Elimination of a

genetic correlation between the sexes via artificial correlational selection.Evolution
65: 2872–2880.

DesMaraisDL,RausherMD.2008.Escape fromadaptive conflict after duplication

in an anthocyanin pathway gene. Nature 454: 762–765.
Fenster CB, Armbruster WS, Wilson P, Dudash MR, Thomson JD. 2004.

Pollination syndromes and floral specialization. Annual Review of Ecology
Evolution and Systematics 35: 375–403.

Guillaume F, Otto SP. 2012. Gene functional trade-offs and the evolution of

pleiotropy. Genetics 192: 1389–1409.
Hall MC, Basten CJ,Willis JH. 2006. Pleiotropic quantitative trait loci contribute

to population divergence in traits associatedwith life-history variation inMimulus
guttatus. Genetics 172: 1829–1844.

Hansen TF. 2003. Is modularity necessary for evolvability? Remarks on the

relationship between pleiotropy and evolvability. Biosystems 69: 83–94.
Hermann K, Klahre U, Moser M, Sheehan H, Mandel T, Kuhlemeier C. 2013.

Tight genetic linkage of prezygotic barrier loci creates amultifunctional speciation

island in Petunia. Current Biology 23: 873–877.

Hill WG, Zhang XS. 2012. On the pleiotropic structure of the genotype-

phenotype map and the evolvability of complex organisms. Genetics 190:
1131–1137.

Juenger T, Perez-Perez JM, Bernal S, Micol JL. 2005.Quantitative trait loci

mapping of floral and leaf morphology traits in Arabidopsis thaliana: evidence for
modular genetic architecture. Evolution & Development 7: 259–271.

Juenger T, Purugganan M, Mackay TFC. 2000.Quantitative trait loci for floral

morphology in Arabidopsis thaliana. Genetics 156: 1379–1392.
Klingenberg CP. 2008.Morphological integration and developmental modularity.

Annual Review of Ecology, Evolution and Systematics 39: 115–132.
Krizek BA, Lewis MW, Fletcher JC. 2006. RABBIT EARS is a second-whorl
repressor ofAGAMOUS thatmaintains spatial boundaries in Arabidopsis flowers.

Plant Journal 45: 369–383.
Lovell JT, Juenger TE, Michaels SD, Lasky JR, Platt A, Richards JH, Yu XH,

Easlon HM, Sen S, Mckay JK. 2013. Pleiotropy of FRIGIDA enhances the

potential for multivariate adaptation. Proceedings of the Royal Society B: Biological
Sciences 280: 20131043.

MackayTFC. 2001.The genetic architecture of quantitative traits.Annual Review of
Genetics 35: 303–339.

Mackay TFC, Stone EA, Ayroles JF. 2009. The genetics of quantitative traits:

challenges and prospects. Nature Reviews Genetics 10: 565–577.
Majetic CJ, Raguso RA, Tonsor SJ, Ashman TL. 2007. Flower color–flower scent

associations in polymorphic Hesperis matronalis (Brassicaceae). Phytochemistry
68: 865–874.

Motten AF, Stone JL. 2000.Heritability of stigma position and the effect of stigma-

anther separation on outcrossing in a predominantly self-fertilizing weed,Datura
stramonium (Solanaceae). American Journal of Botany 87: 339–347.

Nakazato T, Rieseberg LH,Wood TE. 2013.The genetic basis of speciation in the

Giliopsis lineage of Ipomopsis (Polemoniaceae). Heredity 111: 227–237.
Ornelas JF, Ordano M, De-Nova AJ, Quintero ME, Garland T. 2007.

Phylogenetic analysis of interspecific variation in nectar of hummingbird-visited

plants. Journal of Evolutionary Biology 20: 1904–1917.
Ostrowski EA, Rozen DE, Lenski RE. 2005. Pleiotropic effects of beneficial

mutations in Escherichia coli. Evolution 59: 2343–2352.
Otto SP. 2004.Two steps forward, one step back: the pleiotropic effects of favoured

alleles. Proceedings of the Royal Society B: Biological Sciences 271: 705–714.
Paaby AB, Bergland AO, Behrman EL, Schmidt PS. 2014. A highly pleiotropic

amino acid polymorphism in the Drosophila insulin receptor contributes to life-

history adaptation. Evolution 68: 3395–3409.
Paaby AB, Rockman MV. 2013. The many faces of pleiotropy. Trends in Genetics
29: 66–73.

Pavlicev M, Hansen TF. 2011. Genotype-phenotype maps maximizing

evolvability: modularity revisited. Evolutionary Biology 38: 371–389.
PavlicevM,Kenney-Hunt JP,Norgard EA, RosemanCC,Wolf JB, Cheverud JM.

2008.Genetic variation in pleiotropy: differential epistasis as a source of variation

in the allometric relationship between long bone lengths and body weight.

Evolution 62: 199–213.
Perez-Barrales R, Arroyo J, ArmbrusterWS. 2007.Differences in pollinator faunas

may generate geographic differences in floral morphology and integration in

Narcissus papyraceus (Alarcissiopapyraceris). Oikos 116: 1904–1918.
Ree RH. 2005. Phylogeny and the evolution of floral diversity in Pedicularis
(Orobanchaceae). International Journal of Plant Sciences 166: 595–613.

Scarcelli N, Cheverud JM, Schaal BA, Kover PX. 2007. Antagonistic pleiotropic

effects reduce thepotential adaptive value of theFRIGIDA locus.Proceedings of the
National Academy of Sciences, USA 104: 16986–16991.

SchluterD. 1996.Adaptive radiation along genetic lines of least resistance.Evolution
50: 1766–1774.

SpechtCD,HowarthDG. 2015.Adaptation in flower form: a comparative evodevo

approach. New Phytologist 206: 74–90.
Wagner GP, Pavlicev M, Cheverud JM. 2007. The road to modularity. Nature
Reviews Genetics 8: 921–931.

WagnerGP,Zhang JZ. 2011.The pleiotropic structure of the genotype–phenotype

map: the evolvability of complex organisms. Nature Reviews Genetics 12: 204–
213.

Wang Z, Liao BY, Zhang JZ. 2010. Genomic patterns of pleiotropy and the

evolution of complexity. Proceedings of the National Academy of Science, USA 107:

18034–18039.

� 2015 The Author

New Phytologist� 2015 New Phytologist Trust
New Phytologist (2015)

www.newphytologist.com

New
Phytologist Tansley insight Review 5



Wessinger CA, Hileman LC, Rausher MD. 2014. Identification of major

quantitative trait loci underlying floral pollination syndrome divergence in

Penstemon. Philosophical Transactions of the Royal Society B 369: 20130349.

WessingerCA,RausherMD.2012.Lessons fromflower colour evolution on targets

of selection. Journal of Experimental Botany 63: 5741–5749.
WhiteRH, StevensonRD,BennettRR,CutlerDE,HaberWA. 1994.Wavelength

discrimination and the role of ultraviolet vision in the feeding behavior of

hawkmoths. Biotropica 26: 427–435.
Wilson P, Castellanos MC, Hogue JN, Thomson JD, Armbruster WS. 2004. A

multivariate search for pollination syndromes among penstemons. Oikos 104:
345–361.

Zhang B, Liu C, Yao X, Wang F, Wu J, King GJ, Liu K. 2015. Disruption of a

CAROTENOID CLEAVAGE DIOXYGENASE 4 gene converts flower colour
from white to yellow in Brassica species. New Phytologist 206: 1513–1526.

Supporting Information

Additional supporting information may be found in the online
version of this article.

Table S1 Level of pleiotropy for selected floral traits from QTL
mapping studies

Please note: Wiley Blackwell are not responsible for the content or
functionality of any supporting information supplied by the
authors. Any queries (other than missing material) should be
directed to the New Phytologist Central Office.

New Phytologist is an electronic (online-only) journal owned by the New Phytologist Trust, a not-for-profit organization dedicated
to the promotion of plant science, facilitating projects from symposia to free access for our Tansley reviews. 

Regular papers, Letters, Research reviews, Rapid reports and both Modelling/Theory and Methods papers are encouraged. 
We are committed to rapid processing, from online submission through to publication ‘as ready’ via Early View – our average time
to decision is <27 days. There are no page or colour charges and a PDF version will be provided for each article. 

The journal is available online at Wiley Online Library. Visit www.newphytologist.com to search the articles and register for table
of contents email alerts.

If you have any questions, do get in touch with Central Office (np-centraloffice@lancaster.ac.uk) or, if it is more convenient,
our USA Office (np-usaoffice@lancaster.ac.uk)

For submission instructions, subscription and all the latest information visit www.newphytologist.com

New Phytologist (2015) � 2015 The Author

New Phytologist� 2015 New Phytologist Trustwww.newphytologist.com

Review Tansley insight
New
Phytologist6


