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A growing body of evidence suggests that alterations in transcriptional regulation of genes involved in modulating develop-
ment are an important part of phenotypic evolution, and this can be documented among species and within populations.
While the effects of differential transcriptional regulation in organismal development have been preferentially studied in ani-
mal systems, this phenomenon has also been addressed in plants. In this review, we summarize evidence for cis-regulatory
mutations, trans-regulatory changes and epigenetic modifications as molecular events underlying important phenotypic
alterations, and thus shaping the evolution of plant development. We postulate that a mechanistic understanding of why
such molecular alterations have a key role in development, morphology and evolution will have to rely on dynamic models of
complex regulatory networks that consider the concerted action of genetic and nongenetic components, and that also incor-
porate the restrictions underlying the genotype to phenotype mapping process. Developmental Dynamics 244:1074–1095,
2015. VC 2015 Wiley Periodicals, Inc.

Key words: phenotypic evolution; gene regulation; epigenetics; evo-devo; gene regulatory networks

Submitted 16 October 2014; First Decision 24 February 2015; Accepted 24 February 2015; Published online 2 March 2015

Introduction

In this review article, we will provide evidence to connect natural
phenotypic variation in plants to heritable changes in epigenetic
and transcriptional regulation and discuss how plant phenotypic
alteration can be explained by the relative position of regulators
within gene regulatory networks. In the first section of the article,
we show how plant phenotypic variation can be generated by dif-
ferent mechanisms of gene transcriptional regulation. The second
section comprises diverse evidence for plant phenotypic evolution
related to three main regulatory alterations: epigenetic modifica-
tions, cis-regulatory changes, and trans-regulatory changes. We
also briefly talk about the fitness costs of natural regulatory vari-
ation in plant populations. Finally, we address the importance of
a systems perspective for understanding how genetic and epige-
netic alterations map onto phenotypic changes by altering com-
plex gene regulatory networks and affecting the evolution of

plant phenotype, and discuss some of the technological
approaches that could advance this field.

Background

In the early 20th century, the modern evolutionary synthesis
came to reconcile the mechanisms of inheritance studied through
Mendelian genetics with inquiries on the role of natural selection
and gradual transition in an attempt to explain the evolution and
diversification of life forms. The synthesis generated a strong
conceptual framework but failed to satisfactorily address one of
the oldest biological problems: how phenotypic variation is gen-
erated and modulated within and among species (Stern, 2000;
M€uller, 2007; Carroll, 2008; Gilbert and Epel, 2009; Willmore,
2012).

In the modern synthesis, the findings and conceptual contribu-
tions of several disciplines such as embryology, paleontology,
physiology, and developmental biology in general were left aside.
These disciplines continued pursuing their research lines, many
addressing evolutionary problems, but outside of the realm of the
conceptual framework set forth by the modern synthesis (Love
and Raff, 2003; Willmore, 2012). The discovery of DNA as the
material basis of inheritance and the availability of different
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techniques to manipulate and test the phenotypic response to
genetic manipulation marked the start of developmental genetics,
first deployed in animal research (Love and Raff, 2003; M€uller,
2007). Developmental genetics tried to build mechanistic explan-
ations based on molecular phenomena for the morphological and
physiological observations, in an effort to bridge the gap between
genotype and phenotype. Evolutionary developmental biology
(also called evo-devo) was thus born in the beginning of the
1990s as a collective effort to assign development its proper place
within the modern evolutionary theory.

From Genes to Phenotype and Back: The
Long and Winding Road

As a result of its recent creation, the core and shared tenets of
evo-devo, and the practices that are considered part of its con-
ceptual framework, have remained in flux. Nevertheless, it is of
general consensus that one of its central objectives is the under-
standing of not just which genetic alterations during develop-
ment influence organismal phenotypic change but how they do
so (Raff, 2000; Wilkins, 2002; West-Eberhard, 2003; Carroll,
2008; Stern, 2010; Wray, 2013). In this regard, one of its most
important and widely accepted contributions to evolutionary
theory is the idea that alterations in gene regulation represent the
most significant causal basis of phenotypic change and evolu-
tion, at least in animals (Hoekstra and Coyne, 2007).

A significant amount of research effort in evo-devo has
focused on studying the regulatory logic of developmental net-
works that underlie evolutionary novelties (M€uller, 2007). While
it is true that “development is larger than just developmental
genetics”, because it is now well known that the phenotype of an
organism arises from the interaction between its genotype, the
environment, and other nongenetic aspects, such as physical
forces or chemical fields (Gilbert et al., 2010), gene regulation
and intracellular networks of gene interactions are key for cellu-
lar differentiation, pattern formation, and morphogenesis that
give rise to the phenotypic characteristics of multicellular organ-
isms (Carroll, 2008; Wray et al., 2003; Wray, 2007; Wittkopp and
Kalay, 2012).

This view is not novel at all. Several cornerstone manuscripts
published from the 1960s onward provided strong theoretical
support for the observations that changes in regulatory sequences
should be considered as an important element in the genetic com-
ponent of the evolutionary process (Jacob and Monod, 1961;
Wallace, 1963; Britten and Davidson, 1969, 1971; King and Wil-
son, 1975; Jacob, 1977). Since then, molecular changes in regula-
tory sequences that can modify gene expression patterns started
to be seen as more likely events involved in creating phenotypic
variation than coding mutations (Carroll, 2005, 2008). This was
based in two main observations: (1) proteins from different spe-
cies exhibited neutral mutations over time without any apparent
effect on function and (2) proteins involved in gene regulation,
such as transcription factors, exhibited a high structural and
functional conservation between distantly related species (Zuck-
erkandl, 1968; King and Wilson, 1975). Today, a growing body of
evidence suggests that alterations in spatial and temporal pat-
terns of gene expression can be associated with phenotypic
changes.

Nevertheless, phenotype not only evolves by means of regula-
tory changes in the spatio-temporal regulation of transcription,

but also due to changes in the mRNA, the miRNA or protein
sequences, and both types of alterations have demonstrated to
contribute differentially to the generation of new phenotypes
(Wittkopp et al., 2004; Rieseberg and Blackman, 2010; Gruber
et al., 2012; Meiklejohn et al., 2014).

Studying multicellular organisms poses a conundrum: if all the
constituent cells share the same genome, why do they only syn-
thesize the genetic products related to the tissue type they belong
to? A partial answer to this issue is provided by the observation
that diverse cell lineages have differential gene expression pro-
files: each cell type expresses only a certain percentage of its
genome in a specific space and time and such expression is inher-
ited by subsequent generations of cells from a particular tissue,
delimiting different body parts and changing in response to envi-
ronmental stimuli (Latchman, 2008). But the latter observation
does not provide a mechanism, only a description and correlation
of patterns.

More recently, a view that integrates different components and
levels of regulation into formal and computational models of
complex networks is emerging. Such approach aims at under-
standing the mechanistic basis of development and evolutionary
change, by further comprehending how the genotype maps to,
and responds to feedback from the phenotype, and the environ-
ment (West-Eberhard, 2003; �Alvarez-Buylla et al., 2007; Ben�ıtez
et al., 2013). Previous theoretical studies had already proposed
that the emergent stable configurations of multi-stable complex
regulatory networks underlie the process of cell differentiation
(Kauffman, 1969), thus solving the apparent paradox of multi-
cellularity. But this model was dismissed because it was based on
randomly generated theoretical networks; it was not until 1998
that the first regulatory network grounded on experimental data
was proposed (Mendoza and �Alvarez-Buylla, 1998).

This area of inquiry has exploded since then, providing a reper-
toire of regulatory modules that map into different, also modular,
aspects of the phenotype (see for example �Alvarez-Buylla et al.,
2010a). Within such modules, some transcription factors have
key positions, so that alterations in their expression levels or pat-
terns of expression, or in those of their downstream genes, cause
the multi-gene configurations or phenotypic state that emerges
as a result of such complex regulatory networks to switch into
another state. Undertaking mechanistic Gene Regulatory Network
(GRN) approaches, can help contribute to the understanding of
systemic properties of development such as robustness and evolv-
ability of particular genetic modules involved in morphogenesis,
and the role that epigenetic phenomena can have in explaining
the developmental plasticity observed in studies documenting
natural variation of a particular trait.

A complete algorithm for the complex series of events that
occur during development to fully understand how the genotype
maps unto the phenotype lies still ahead. As a complementary
integrative task to understand such mapping, nonetheless, we
review here the cases in which transcriptional regulatory altera-
tions due to different altered regulatory mechanisms have been
associated with important phenotypic changes in plants.

This article aspires to set the stage to establish multiple
hypotheses concerning how the position of the suggested factors
within regulatory modules may explain why their alterations are
related to a modified phenotype. It is important for us to make
clear that the approach we propose, then, does not suggest a one-
to-one mapping from the genetic to the phenotypic alteration
focusing on candidate genes, but rather a network-based analysis
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in which the position of the altered component with respect to
other components in the network explains the emergence of a
novel trait. This approach will also help mechanistically and for-
mally frame most of the ongoing discussions concerning the rela-
tive importance of different types of molecular alterations during
the evolution of plant phenotype.

Complexity of Regulatory Pathways
in Plants

Presumably, the different regulatory processes affecting gene
activity in eukaryotic cells allowed for an increase in genomic
complexity (Beckerman, 2005). This is particularly true for organ-
isms like plants. Plant genomes may have one of the most sophisti-
cated genetic regulatory logics of all, a likely consequence of
plants being sessile, nonmotile organisms whose development
plastically responds to environmental conditions. Genome-wide
comparative analyses suggest that transcriptional regulation may
play a larger role in plants than in animals, because plants use a
higher percentage of their genome to codify transcriptional regula-
tors than animals or fungi (Riechmann et al., 2000; Gong et al.,
2004; Xiong et al., 2005). An example that illustrates the contrast-
ing strategies deployed by plants and animals to fine-tune gene
expression and protein turnover is the case of the MADS-box fam-
ily evolution in plants. Studies addressing the role of genomic
duplications in plant evolution have highlighted that several whole
genome duplications predate the diversification of plant lineages
such as the angiosperms (Soltis et al., 2009). Whole genome dupli-
cations are now recognized as common phenomena that could
have impelled lineage diversification through the inauguration of
novel molecular interactions among homolog genes; differential
selection of some duplicates involved in novel traits and, impor-
tantly, modifications of the underlying GRNs. Additionally, gene
duplication events are also common, particularly in genes that
control developmental processes throughout the plant’s life cycle,
as is the case for the MADS-box genes (Mart�ınez-Castilla and
�Alvarez-Buylla, 2003). The MADS-box gene family comprises
transcription factors that have a canonical DNA-binding domain
of approximately 58 amino acids that binds to target DNA in con-
sensus sequences called CArG boxes (�Alvarez-Buylla et al., 2000;
Parenicov�a et al., 2003). While MADS-box genes already existed
in the common ancestor of animals and plants (�Alvarez-Buylla
et al., 2000), they have greatly diversified and expanded in plants,
with over 100 type II MADS-box genes documented for A. thali-
ana (Mart�ınez-Castilla and �Alvarez-Buylla, 2003). Work in addi-
tional angiosperm species has shown that this is a general trend
where the gene products of duplication events can either become
redundant, be lost, subfunctionalize, or neofunctionalize (Airoldi
and Davies, 2012); these molecular processes commonly have a
direct impact on plant morphogenesis.

In the absence of any kind of migratory behavior, nervous sys-
tem, or the gene rearrangements associated with animal acquired
immunity, plants display a range of phenotypes when faced with
external biotic or abiotic agents and continuously adjust their
development and morphology to cope with surrounding condi-
tions (Schlichting, 1986). This is known as phenotypic plasticity
(West-Eberhard, 2003; Fordyce, 2006), and it is believed to drive,
or at least facilitate, evolutionary change through its ecological
effects (Price et al., 2003; Fordyce, 2006; Pigliucci et al., 2006;
Ghalambor et al., 2007; Whitman and Agrawal, 2009).

How to link phenotypic plasticity with its underlying molecular
mechanisms is a question that had been addressed since the early,
1990s by Smith (1990), Schlichting and Pigliucci (1993, 1995),
who proposed that differential control of gene expression repre-
sented a “simple means for generating altered, yet still functional,
phenotypes”. Years before, Schlichting (1986) had suggested that
specific plastic responses in plants were determined by changes
in the genetic bases controlling development.

Indeed, developmental plasticity is mainly the result of para-
mount pluripotent activity in stem cell populations that will
either differentiate into organ types or produce more stem cells
within plant meristems (Kaufmann et al., 2010). Two main meris-
tems are observed in plants: the root apical meristem (RAM)
localized in the root tip, that generates all underground struc-
tures, and the Shoot Apical Meristem (SAM), able to produce
stems and leaves, and also inflorescences and flowers when it
switches from a vegetative meristem to a reproductive one. Given
that plants show an important postembryonic growth phase
throughout their lifetime, these kind of developmental switches
govern most organismal traits through changes in complex
GRNs, where key transcriptional regulators orchestrate the
expression of target genes involved in specific physiological
processes, developmental pathways, and cell type identities
(Lemon and Tjian, 2000; Kaufmann et al., 2010). Alterations in
the interactions of a GRN can cause a switch from one stable
state to another one, and thus underlie a plastic or permanent
phenotypic alteration (Espinosa-Soto et al., 2004; Davidson and
Erwin, 2006; �Alvarez-Buylla et al., 2007; Peter and Davidson,
2011; Ben�ıtez et al., 2013).

Much emphasis has been placed on studying changes in tran-
scriptional regulation that account for shifts in gene expression
patterns and, ultimately, phenotypic variation (Carroll, 2005,
2008; Stern and Orgogozo, 2008; Wagner and Lynch, 2008). We
would like to stress, nonetheless, that gene expression is altered
at many other levels such that changes in additional regulatory
mechanisms—alternative splicing, posttranscriptional regulation
and translational regulation (Cohen and Mayfield, 1997; Alonso
and Wilkins, 2005; Simpson et al., 2010)—require a specific
review. In the forthcoming sections, we will encompass empirical
evidence documenting different instances where altered tran-
scriptional regulation underlies phenotypic evolution.

Different Levels of Gene Transcriptional
Regulation in Plants

Another important conceptual contribution from the early propo-
nents of evo-devo research is the notion that genetic networks
likely underlying different developmental processes display a
modular organization (Brakefield, 2006). Such modularity occurs
at two different levels: (1) genes encompassed in a particular
genetic module involved in the development of a given structure/
organ/trait can evolve in a semi-independent manner from other
modules; and (2) each gene has a modular structure (comprised of
cis-regulatory sequences, exons, introns) that, in itself, could be
modified in a modular manner such that mutations occurring in
the noncoding or coding sections can be independent from one
another (Brakefield, 2006).

From a broad genetic perspective, two basic units of transcrip-
tional regulation can be identified: trans-acting factors and cis-
acting elements (both trans- and cis- are latin prefixes which
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mean “on the other side of” and “on this side of”, respectively; see
Fig. 1). These units coordinate the spatiotemporal regulation of
genetic expression, and work in a rather cooperative manner.
Trans-acting factors include diffusible genetic products like
regulatory proteins (i.e., transcription factors, hormones) and non-
coding regulatory RNAs acting on distant target genes through the
recognition of small allele-specific nondiffusible DNA sequences
called cis-acting elements which are, in turn, embedded in non-
coding cis-regulatory regions: promoters, enhancers, silencers,
UTRs, as well as in intronic sequences (Stern and Orgogozo, 2008;
Wagner and Lynch, 2008; Emerson and Li, 2010), although in rare
cases they have also been discovered in exons (Neznanov et al.,
1997; Sandrelli et al., 2001; see Fig. 1). According to their physical
position relative to the gene they regulate, they can be divided into
local and distant elements (Emerson and Li, 2010). These cis-acting
elements, which work as binding sites, maintain transcriptional
activity in a defined expression domain and are either involved in
the basic process of transcription or in mediating the response to a
particular stimulus (Wray et al., 2003; Latchman, 2008).

Experimental studies have shown that sequence changes in
binding sites affect the affinity of transcription factor binding to
DNA (Gompel et al., 2005; Jeong et al., 2006; Borneman et al.,
2007; Odom et al., 2007; Tuch et al., 2008; Williams et al., 2008;
Wilson et al., 2008; Schmidt et al., 2010; Zheng et al., 2010;
Bradley et al., 2010; Kasowski et al., 2010). This is not trivial,
because regulatory regions integrate information about the cell’s
developing state depending on which transcription factors bind
to them (Latchman, 2008). A eukaryotic genome, for example,
could have as many as 5 � 104 genes that need to be differen-
tially expressed to develop into a specific cell type during ontog-
eny and to respond to several environmental stimuli during its
lifespan (e.g., White et al., 1999; Iyer et al., 2001; Kayo et al.,
2001; Mody et al., 2001; Arbeitman et al., 2002).

Successful expression of a given gene is controlled by the
interplay among trans-acting factors, which recognize and bind
specific cis-acting modules in regulatory regions, and subse-
quently recruit other protein intermediates to form molecular
loops that bring together all the elements of the transcriptional
machinery necessary to activate gene expression. These protein
interactions are complex, nonlinear and often strongly context
dependent (Espinosa-Soto et al., 2004; �Alvarez-Buylla et al.,
2007; Ben�ıtez et al., 2013; Wray, 2007).

Previous reviews have identified at least four main mecha-
nisms capable of altering gene activity, and potentially trans-
forming the architectural topology of GRNs that underlie
phenotypic traits: (1) epigenetics or chromatin level regulation of
transcriptional expression without changes in the DNA sequence;
(2) nonsynonymous coding mutations changing amino acid or
mature mRNA sequences, although there are a few studies show-
ing that synonymous mutations may contribute to phenotypic
evolution too (Stam and Laurie, 1996; Nackley et al., 2006); (3)
cis-regulatory mutations, where changes in the nucleotides of
binding sites located on the same DNA strand of the gene they
regulate can modify its expression patterns; and (4) copy number
mutations, such as gene loss and duplications, involving both
coding and cis-regulatory changes (Stern and Orgogozo, 2008;
Peter and Davidson, 2010; Gruber et al., 2012).

Altering GRNs by modifying the epigenetic landscape, mutating
cis-regulatory elements or changing the structure of trans-regula-
tory factors may result in the generation of novel phenotypes in
plants (Fig. 1; Barrio et al., 2013). To what extent regulatory or

coding mutations contribute to phenotypic evolution, however, is
an issue that has not been satisfactorily answered yet, as stated
above (Wray, 2007; Hoekstra and Coyne, 2007; Carroll, 2008;
Stern and Orgogozo, 2008). In the case of plants, integrating the
cases in which such types of alterations have been associated to a
phenotypic change will contribute toward this aim.

Phenotypic Changes Associated to
Epigenetic Variation

Epigenetics refers to stable heritable changes in gene function
without altering the DNA sequence (Riggs and Porter, 1996; Berger
et al., 2009) through different mechanisms such as DNA methyla-
tion, synthesis of noncoding RNAs and histone modifications (e.g.,
methylation, acetylation, ubiquitination, phosphorylation, and
sumoylation). These epigenetic modifications constitute the epige-
netic landscape that regulates chromatin states from a compact to
a relaxed status and vice versa (Roudier et al., 2011; Sequeira-
Mendes et al., 2014; see Fig. 1) to adjust the interaction of tran-
scriptional factors or DNA replication proteins with DNA. Recently,
there has been an enormous amount of information regarding the
fundamental role of epigenetics during the development and
growth of living organisms; and Arabidopsis thaliana has been
one of the most important model systems used (Grimanelli and
Roudier, 2013; Desvoyes et al., 2014; Law and Jacobsen, 2010).

Plant DNA methylation occurs at any cytosine residue and is
catalyzed by DNA methyltransferases such as MET1, CMT3,
DRM1, and DRM2 (Bartee et al., 2001; Lindroth et al., 2001; Cao
and Jacobsen, 2002; Kankel et al., 2003), which can promote DNA
methylation after DNA replication or as de novo in small regions
of the genome. Therefore, DNA methylation is crucial to genomic
integrity maintenance and gene expression regulation (Furner and
Matzke, 2011). In this regard, it has been proposed that DNA meth-
ylation protects the host genome through silencing of transposable
elements (TEs), maintaining centromeric and heterochromatin
regions, and silencing imprinting genes (Hirochika et al., 2000;
Lippman et al., 2004; Kohler and Grossniklaus, 2005; Zhang et al.,
2008). The silencing of a subset of transposons and genes by de
novo DNA methylation can be mediated by the RNA-directed DNA
methylation pathway, which requires small interfering RNAs (siR-
NAs) (Matzke and Mosher, 2014). Unlike transposons, DNA meth-
ylation of promoter regions normally inhibits transcription, but
methylation in coding regions does not generally affect gene
expression, although some genes contain regulatory elements in
their coding regions, which are also methylated when such genes
are silenced (e.g., SUPERMAN and AGAMOUS).

DNA methylation is a stable although reversible epigenetic
mark that regulates gene expression during plant development
and is heritable across generations. Nonetheless, adaptation proc-
esses, external signals or intrinsic factors may induce erasure or
modification of this mark at one or more points during plant
development, and the inheritance acquired may be modified. This
transgenerational epigenetic inheritance in plants usually occurs
in response to environmental cues and adaptation processes, gen-
erating natural epialleles (Richards, 2008).

Now we know that natural variation exists not only at the
DNA sequence level but also at the epigenetic level (e.g., Vaughn
et al., 2007; Herrera and Bazaga, 2010). This may be particularly
common in plants, and several studies suggest that natural epial-
leles can cause significant heritable variation that affects
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phenotypic traits. Linaria vulgaris, a plant described by Linneaus
that could naturally produce two flower morphs: the most com-
mon; a bilaterally symmetrical flower but on occasions, a flower
with radial symmetry would develop. L. vulgaris was the first
documented example of the existence of epialleles that produce
morphological alterations depending on the DNA methylation
state of the Lcyc gene (Fig. 1A; Table 1). Lcyc is a homolog of the
CYCLOIDEA gene from Antirrhinum majus and is involved in
dorsoventral asymmetry, therefore, radial flowers are formed
when Lcyc is silenced through DNA methylation (Luo et al., 1996;
Cubas et al., 1999b). These morphological alterations can have
ecological and evolutionary implications because changes in the
shape and scent of a flower could alter its pollination syndrome,
affecting its reproductive success.

The production of male or female or hermaphrodite flowers in
melon (Cucurbita melo) is another example where sex determina-
tion depends on epigenetic variation. Melon plants are monoe-
cious producing either unisexual flowers, or both unisexual and
hermaphrodite flowers. This feature is correlated with the silenc-
ing of the gene CmWIPI through DNA methylation (Table 1). This
gene is required to form stamens, therefore, development of
female flowers is induced when CmWIPI is silenced (Martin et al.,
2009). Plants with unisexual flowers inhibit self-fertilization,
generating genetic diversity (Turck and Coupland, 2014).

Finally, experimental DNA demethylation experiments in Ara-
bidopsis thaliana suggest that DNA methylation strongly affects
ecologically important plant traits such as mortality, flowering
time, plant height, biomass, and very importantly, phenotypic
plasticity (Bossdorf et al., 2010). In nonmodel plants like the
mangrove Laguncularia racemosa, natural morphological
changes have been correlated with variation in methylation pat-
terns (Lira-Medeiros et al., 2010). Populations of this plant grow
in contrasting habitats where nutrients and salinity levels vary
considerably, leading to significant differences in tree height, tree
diameter, leaf width, and leaf area. Lira-Medeiros and collabora-
tors (2010) documented divergent epigenetic profiles between
mangrove populations, showing that the genome from plants
growing in salt marshes is hypomethylated in comparison with
those growing in riversides. CpG-methylation changes, thus, may
be associated with environmental heterogeneity and phenotypic
plasticity between natural populations or ecotypes, as suggested
by similar studies in other forest tree species, such as poplar and
eucalyptus (reviewed by Br€autigam et al., 2013).

Phenotypic Alterations in Flower
Development

A central theme in plant evo-devo has been the study of the
development of flowers, because these structures are good model

systems to investigate the genetic underpinnings and evolution-
ary consequences of phenomena such as: homeotic alteration of
organ identity, changes in size and form of organs as well as
modification of other characteristics like color, symmetry, and
scent. The effect of individual genes whose activity affects flower
organ development as well as flowering time have been studied
in a subset of angiosperms, while their interactions in higher
order gene regulatory networks have yielded important insights
into floral evolution. In the next section, we illustrate some of the
salient findings in this area of research.

ABC Model

Flowers are one of the defining structures of angiosperms and
hermaphrodite flowers are organized in four different concentric
whorls arranged from the outside to the inside in sepals (se),
petals (pe), stamens (st), and carpels (ca). In the late, 1980s, the
knowledge attained through the study of floral homeotic
mutants in the model plant species Arabidopsis thaliana and
Antirrhinum majus enabled the proposal of the ABC model of
floral organ specification (Bowman et al., 1991; Coen and
Meyerowitz, 1991). The ABC model integrated information from
three classes of floral mutants, each one of them lacking
adequate expression of a particular gene. This translated into
homeotic transformations where two floral whorls were
replaced: in “A” mutants, flowers were composed by ca, st, st,
and ca; in “B” mutants, flowers had se, se, ca and ca; and in “C”
mutants, flowers had se, pe, pe and se, as well as an indetermi-
nate floral meristem (Bowman et al., 1991). From previous
observations, the functions of these genes were inferred and
organized in the ABC model as follows: sepals are specified by
the A function alone (genes APETALA1 and APETALA2; AP1
and AP2), petals require a combination of A and B functions
(genes APETALA3 and PISTILLATA; AP3 and PI), stamens B
and C functions (gene AGAMOUS; AG), and carpels C function
alone. Additionally, A and C function genes mutually repress
each other (Coen and Meyerowitz, 1991).

The ABC model rendered a useful heuristic framework that
helped establish a link between experimental genetics and evo-
devo of flower formation, thus stimulating comparative studies
of ABC orthologs and their gene expression patterns and corre-
lations with floral morphology across angiosperms (Saedler
et al., 2001; Melzer and Theissen, 2011). A mechanistic explana-
tion to the ABC combinatorial model came several years later
when a robust GRN that integrated the ABC genes with other
interacting components, was able to recover the observed ABC
gene configurations documented in wild type and mutant flow-
ers (Mendoza and �Alvarez-Buylla, 1998; Espinosa-Soto et al.,
2004). The overall conservation of the ABC model across
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Fig. 1. Changes in transcriptional regulation account for plant phenotypic variation. A: DNA methylation patterns are related to phenotypic shifts
among angiosperms, as in the case of Linaria vulgaris, where floral symmetry is changed from bilateral (top) to radial (bottom) as a result of exten-
sive methylation in the Lcyc gene (Cubas et al. 1999b). In addition, the WT flowers of L. vulgaris fully develop only four stamens, while the peloric
mutants develop five functional stamens. All methylation sites within the Lcyc locus are represented by filled orange circles; partially methylated
sites are represented by empty orange circles; orange sticks represent nonmethylated sites. B: Modifying the regulatory regions of genes may
alter the GRNs governing phenotypic traits, as observed with the Ruby gene: a single 501 bp retrotransposon insertion in its upstream sequence
increases anthocyanin levels in orange fruit flesh (Butelli et al. 2012). A TATA box present in the retrotransposon facilitates Ruby transcription in
blood oranges. C: The trans-regulatory changes may also play a significant role in plant phenotypic evolution by altering protein structure of key
transcription factors. Multiple mutations in the coding sequence of AN2 account for the evolution of flower color between Petunia integrifolia and
Petunia axillaris: while the AN2 protein of P. integrifolia regulates the expression of genes that belong to the anthocyanin pathway, the frameshift
mutations in the P. axillaris copy, derived from the excision of a transposable element, predicts a truncated protein (Hoballah et al., 2007). It is
believed that this regulatory mutation may have contributed to the evolution of the pollination syndrome of P. axillaris.
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angiosperms is still under debate, while analyses of recent
developmental genetics studies in A. thaliana raise questions
about some of the main tenets of the ABC model, even in the
realm of research conducted in this model species (Prunet and
Jack, 2014). In this context, GRN approaches will aid in generat-
ing testable hypotheses across flowering plants. In contrast, an
overall widespread conservation of the ABC genes has been
found across distantly related flowering plants; this is probably
due to their molecular evolution being restricted by the GRN of
which they are part. Such restrictions in a canonical GRN could
have been formed during early stages of angiosperm evolution
and thus explain the overall conservation of the ABC genes
among many angiosperms (Davila et al., 2014).

MADS Box Genes

The ABC genes encode transcription factors and all but one (AP2)
belong to the MADS-box gene family (Riechmann and Meyero-
witz, 1997): AP1, PI, AP3, and AG. MADS-box genes participate
in all major aspects of plant development although they have
been mainly studied in specifying floral organ identity (Smacz-
niak et al., 2012). MADS-box type II proteins possess four
domains (MIKC), so they are referred to as MIKC proteins: the M
represents an amino terminal domain that binds DNA, I is an
intervening region involved in DNA binding and protein–protein
interaction, K domain is involved in protein–protein interactions
(Yang and Jack, 2004), and the C terminal domain is implicated
in transactivation and higher order MADS–box protein interac-
tions (Egea-Cortines et al., 1999; Honma and Goto, 2001). Since
the 1990s, hybrid proteins interchanging MIKC domains were
generated between AP1, AP3, PI, and AG, showing that the
MADS domain does not specify for their biological activity while
the carboxyl region can contribute to DNA binding specificity
(Krizek and Meyerowitz, 1996; Riechmann and Meyerowitz,
1997). To recognize and bind to the CArG boxes present on target
DNA, MADS proteins form dimers, either homo or heterodimers,
and tetrameric protein associations to carry out their function as
transcriptional regulators. Furthermore, this gene family has
undergone lineage-specific changes, some related to extensive
duplication and subfunctionalization of genes through mutations
in their coding or noncoding sequences (Saedler et al., 2001).
Such mutations have been linked to the origin of morphological
novelties, particularly in flowers (Khan et al., 2012; Gramzow
and Theißen, 2013).

It has been shown that ABC genes are required, but are not
sufficient, to specify floral organ identity (�Alvarez-Buylla et al.,
2010a). They need, at least, the activities of another four closely
related MADS-box genes, SEPALLATA1/2/3/4 (SEP1/2/3/4;
dubbed “E” function genes), to develop floral organs; the inclu-
sion of these genes as necessary for floral development resulted
in what is known as the “floral quartet” model (Honma and
Goto, 2001; Pelaz et al., 2001; Theißen and Saedler, 2001).
According to the ABCE modified model in Arabidopsis, sepals
are specified by the combination of the expression of AP1/AP2
and SEP genes; petals by the expression of AP1/AP2, AP3, PI,
and SEP; stamens by the expression of AP3, PI, AG, and SEP
and carpels by the expression of AG and SEP (Pelaz et al., 2000;
Fig. 2A).

The B class genes (AP3 and PI) have received special attention,
as petals are considered important structures for pollinator attrac-
tion and, as such, their diverse architecture has been correlated
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Fig. 2. Corresponding GRN models to floral phenotypic changes. A: The GRN for Arabidopsis floral organ fate determination, according to
Espinosa-Soto et al. (2004) and �Alvarez-Buylla et al. (2007). The topology of the network shows the regulatory interactions between node pairs,
with activations as arrowheads and repressions as blunt-end lines. The basins of attraction that lead to floral primordial cell types are shown in
green (sepals), red (petals), yellow (stamens), and blue (carpels). Each attractor is defined for WT and ap3- flowers as the genetic steady-state
combination of all genes represented in the network, listed in the figure with their corresponding order, established by three levels of expression: 0
(no expression), 1 (intermediate level of expression) and 2 (overexpression). B: The GRN for Petunia floral organ fate determination, as recon-
structed by Espinosa-Soto et al. (2004). The topology and logical rules are the same as the Arabidopsis GRN. In Petunia, nonetheless, two B-
class genes govern the development of petals and stamens: PhDEF and PhTM6. In phdef– mutants, functional stamens are observed but in the
double mutants phtm6–/phdef–stamens do not develop. The yellow nodes of both networks indicate which genes are turned off in floral mutants.
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with the adaptive radiations documented in many angiosperm
lineages (Irish, 2009). Moreover, several independent duplications
have taken place within the AP3 and PI genes throughout the
angiosperms (Kim et al., 2004; Hern�andez-Hern�andez et al.,
2007; Mondrag�on-Palomino et al., 2009). Functional studies in
different angiosperms encompassing basal angiosperm, nonmo-
del eudicot, and monocot species indicate variations in the
expression sites of B genes with implications on flower architec-
ture (Kanno et al., 2007; Mondrag�on-Palomino and Theissen,
2009), as it has been assumed that MADS-box genes exert their
function where they are expressed (nonetheless, Urbanus et al.,
2010 demonstrated that AG is capable of moving through cell
layers). In this section, we review various examples where
changes in the spatial expression of a particular transcription fac-
tor (in these cases, MADS-box genes) have a direct impact on
flower morphology.

In Arabidopsis, AP3 and PI exert their function as obligate
heterodimers that bind to DNA (Bowman et al., 1989; Goto and
Meyerowitz, 1994; Jack et al., 1992). Protein–protein binding
occurs by means of the K domain, which does not show conser-
vation at the primary structure level; nonetheless, the secondary
structure is preserved in three amphipathic a-helices referred to
as K1, K2, and K3 (�Alvarez-Buylla et al., 2000). It has been
shown that in the 80 amino acid region covered by the K
domain, there are several heptad repeats (a and d im bold abc-
defg)n in which the bold positions are occupied by hydrophobic
amino acids necessary to form the a-helices (Yang et al., 2003;
Gramzow and Theissen, 2010). Yang and collaborators (2003)
demonstrated that the ability to form heterodimers between AP3
and PI is fundamental to perform their function during plant
development. Specifically, they found that the critical amino
acids for this protein–protein interaction are located in the
hydrophobic regions of K1 and K2 domains and the hydropho-
bic region between them. When these amino acids are mutated,
they cause defects in AP3/PI heterodimerization in yeast two-
hybrid experiments and, correspondingly, in the phenotype of
wild-type and mutant plants overexpressing these proteins in
Arabidopsis.

In Papaver somniferum, a basal eudicot, AP3 is duplicated into
PapsAP3-1 and PapsAP3-2. Each paralog has a different expres-
sion pattern. PapsAP3-1 is highly expressed in petals and sta-
mens throughout floral development and weakly expressed in
sepals and carpels during later stages. In contrast, PapsAP3-2 is
initially expressed in stamen primordia (stage 4) and petal pri-
mordia (stage 5); but from stage 8 onward, this gene is expressed
in all floral organs (Drea et al., 2007). Silencing of PapsAP3-1
results in homeotic transformation of petals to sepaloid organs,
while inhibiting the expression of PapsAP3-2 causes stamens to
be transformed into carpeloid structures; stamen and petal home-
otic transformations are observed when both genes are silenced
simultaneously (Drea et al., 2007).

In tomato, there are two paralogs for AP3 (TM6 and TAP3)
and for PI (TPI and TPIB). de Martino et al. (2006) found that
only the TAP3 loss-of-function mutant shows a complete con-
version of petals into sepals and stamens into carpels; the other B
loss-of-function mutants (TM6, TPI, and TPIB) only affect sta-
men development (de Martino et al., 2006; Geuten and Irish,
2010). The differences in function of the AP3 orthologs could be
partially attributed to the level of expression of the genes, as
overexpression lines confer a similar, but not identical, degree of
tap3 mutant rescue (de Martino et al., 2006).

In Antirrhinum majus, there are two paralogs that fulfill the C
function (FARINELLI and PLENA; FAR and PLE). Overexpression
of FAR or PLE yields different flower morphologies in Arabidop-
sis. PLE has the same phenotypic effect as AG (a flower with
whorls transformed into ca, st, st, ca) and FAR converts petals
into stamens but does not affect the fate of sepals (Airoldi et al.,
2010). Airoldi and collaborators (2010) showed that a single
amino acid deletion in the K3 domain (important for protein–pro-
tein interaction) of FAR (Q173) or its introduction in the K3
domain of AG is sufficient to define the reproductive organ fate.
The presence of Q173 correlates with male organ development,
and its absence with both, the development of male and female
organs (Airoldi et al., 2010). Moreover, these authors also demon-
strate the importance of considering protein–protein interactions
to explain biological activity. In this case, AG interacts with the
MADS-box proteins SEP1, SEP2 and SEP3 in stamen and carpel
development while FAR only interacts with SEP3. SEP3 is not
expressed at early developmental stages in sepals and the authors
showed that the inability of FAR to develop carpels in the first
whorl not only depends on its amino acid content but also on the
expression pattern of SEP3, highlighting the importance of con-
sidering the underlying GRNs to understand how such molecular
alterations map onto the phenotype.

Lacandonia

Lacandonia schismatica (Triuridaceae) is a monocotyledonous
species endemic to the Mexican Lacandon rainforest that, along
with Lacandonia brasiliana, are the only examples of an angio-
sperm with bisexual flowers where the stamens are in the center
of the flower surrounded by carpels (Mart�ınez and Ramos, 1989;
Melo and Alves, 2012). In L. schismatica, this phenotype is fixed
in natural populations (Vergara-Silva et al., 2003). Developmen-
tal genetics studies have shown that while this plant has only one
copy each of the AP3 and PI orthologs, the unique arrangement
of the reproductive whorls in L. schismatica depends on a the
shift of the spatio-temporal expression patterns of LsAP3 (AP3
ortholog) to the center of the developing flower primordium
(�Alvarez-Buylla et al., 2010b). In contrast, the overall expression
pattern of the other L. schismatica floral homeotic genes that
participate in stamen and carpel development (LsPI and LsAG) is
very similar to the expression patterns that have been reported
for Arabidopsis orthologs (�Alvarez-Buylla et al., 2010b). Thus, L.
schismatica provides an extreme example of how a shift in the
physical domain where a gene is expressed can yield a unique
phenotype, without obvious modifications in its interacting part-
ners (LsPI and LsAG). It is still not known if the displacement of
LsAP3 expression is due to changes in the cis-regulatory sequen-
ces of the gene, while the rest of the GRN is conserved, or if it is
due to alterations in the trans-acting factors that regulate LsAP3
expression (probably, the transcription factor LEAFY (LFY) and
its co-activator UNUSUAL FLORAL ORGANS (UFO), as docu-
mented in Arabidopsis; Chae et al., 2008; Parcy et al., 1998; Wei-
gel and Meyerowitz, 1993).

Flowering Time

Flowering time is one of the most important events in the life
cycle of plants, as it ensures reproductive success. There are win-
ter- and summer-annual Arabidopsis flowering habit ecotypes
that depend on the variation in the expression of FRI (FRIGIDA)
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and FLC (FLOWERING LOCUS C). FRI is a positive regulator of
FLC, a MADS-box gene that represses the expression of floral
activators. It has been shown that FLC expression is low in
summer-annual strains and high in winter-annual Arabidopsis
plants (Michaels and Amasino, 1999; Sheldon et al., 2000).
Michaels and collaborators (2003) introduced a functional allele
of FLC in two summer-annual strains (Da (1)�12 and Shakhdara)
and were able to restore winter-annual habit. Moreover, they also
demonstrated that the low level of expression in the Ler ecotype
is caused by an insertion in the first intron of FLC.

Novel Floral Morphologies

Structural change in the gynoecium of flowers, more specifically
in the stigma, i.e., the pollen-receiving tip of carpels, has also
been linked to cis-regulatory mutations. The tomato genus Lyco-
persicon (tomato group) is composed of nine species that exhibit
a wide range of mating systems: from the ones that are exclu-
sively allogamous, forced to cross-pollinate, to the ones that are
obligate autogamous and self-pollinated species, including other
intermediate states (Rick, 1988). Several reports have suggested
that stigma length correlates with the evolution of either of these
mating systems: allogamous species have exerted stigmas, while
inserted stigmas are characteristic of autogamous species. It has
been observed that se2.1, a major QTL and a putative transcrip-
tion factor, is responsible for the phenotypic variation of this
trait, and some studies have suggested that mutations on this
gene may account for the evolution of mating systems in the
Lycopersicon genus (Bernacchi and Tanksley, 1997; Fulton et al.,
1997; Tanksley and Loaizafigueroa, 1985). Chen and collabora-
tors (2007) reported that the transition from allogamy to autog-
amy is accompanied by a mutation in the se2.1 promoter region,
which explains its down-regulation during flower development
in autogamous species.

Finally, an additional example of evolutionary studies in
flower development, comes from the Solanaceae family, where
the calix (i.e., the sepals) exhibits many different morphologies
ranging from a small sepal ring in Tubocapsicum anomalum to
the inflated calyx syndrome (ICS) observed in 11 different species
of Withania (Khan et al., 2012). In the ICS, sepals resume growth
after pollination, encapsulate the mature fruit and give rise to a
balloon-like structure. Previous studies have shown that the
expression of a MADS-box transcription factor (MPF2, a paralog
of the MADS box gene AGL24 in Arabidopsis; Khan et al., 2012)
in the calyx is a prerequisite for ICS formation in the species
Physalis pubescens (He and Saedler, 2005, 2007). All Withania
species have two orthologs of MPF2: one that is expressed in
vegetative and flower tissues (MPF2-like-A) and another one that
is only expressed in vegetative tissues (MPF2-like-B) (Khan et al.,
2009). The expression divergence between paralogs (in this case,
MPF2-like-A and MPF2-like-B) had been correlated with modifi-
cations in cis-regulatory regions (Chaudhary et al., 2009; Goode
et al., 2011). By analyzing the cis-acting elements of Withania
genes, it was found that MPF2-like-A regulatory regions lacks an
ARE (Auxin Response Element, binding site for Auxin Response
Factors) binding site in the 1st intron necessary to suppress the
expression in the calyx (Khan et al., 2012). Furthermore, the
MPF2-like-B promoter is devoid of a CArG-box (binding site for
MADS proteins) near the transcriptional start site required for its
expression in sepals (Khan et al., 2012). This reciprocal loss of

cis-regulatory elements is characteristic of divergence events
after duplication (Khan et al., 2012).

In contrast to Withania, Tubocapsicum does not have an
MPF2-like-A gene and only features an MPF2-like-B. This gene
is expressed in all floral tissues and has a CArG box element
(Khan et al., 2009). The lack of MPF2-like-A in Tubocapsicum
suggests a correlation between ICS formation and MPF2-like-A
expression in Withania. Moreover, analysis of overexpression
lines of Withania MPF2-like-A and MPF2-like-B genes and
Tubocapsicum MPF2-like-B gene show that only the overexpres-
sion of MPF2-like-A produces flowers with a large-sepal pheno-
type in Arabidopsis (Khan et al., 2009). These studies
demonstrate that the variation of gene expression in MPF-like
genes influence ICS formation and underlie the phenotypic varia-
tion in sepal development found within the Solanaceae family.
The function of the ICS is not clear; however, it could facilitate
wind dispersal of the fruits (Knapp, 2002), provide a humid
microclimate (Khan et al., 2009) or have a protective role in early
developmental stages of some organs (He and Saedler, 2007).

LEAFY Expression in Plant Development

LFY is a plant specific transcription factor that has been found in
mosses, ferns, gymnosperms and angiosperms; in the latter it reg-
ulates flower development (Moyroud et al., 2010). LFY orthologs
have two conserved regions in the N-terminal and C-terminal
domains in all land plants surveyed to date (Maizel et al., 2005;
Moyroud et al., 2009). To test functional conservation, Maizel
and collaborators (2005) isolated LFY orthologs from mosses and
other land plants and introduced them into a lfy mutant from
Arabidopsis, finding a direct correlation between the degree of
complementation of the LFY phenotype and the phylogenetic dis-
tance from angiosperms. The LFY ortholog from the moss Phys-
comitrella patens was the only gene unable to rescue the lfy
mutant (Maizel et al., 2005). In contrast, one amino acid change
in the DNA binding domain of the moss gene was sufficient to
partially complement a lfy Arabidopsis mutant phenotype, indi-
cating that the moss ortholog has different DNA binding
specificities.

Anthocyanin Pathway

Anthocyanins are plant pigments (orange, pink, red, blue, and
purple) that are present in all tissues of higher plants; these pig-
ments are synthesized by means of the flavonoid pathway that is
highly conserved across angiosperms (Holton and Cornish, 1995).
There are three precursors that require at least six different
enzymes to produce all anthocyanin pigments. Of interest, there
is a coordinated gene regulation of the different pathways at the
level of transcription in all the species studied (Sobel and Streis-
feld, 2013). The transcriptional complex that regulates gene
expression is made up of proteins from three large transcription
factor gene families: R2R3-MYB, basic helix-loop-helix (bHLH)
and WD40 repeat (Sobel and Streisfeld, 2013). It has been shown
that the specificity of the complex is determined by the proteins
from the R2R3-MYB family while these transcription factors tend
to be tissue specific in such a way that they affect anthocyanin
production in a localized manner.

In the following section, we will review examples where
changes in flower and fruit color rely either on mutations in
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regulatory (cis) or coding (trans) regions in different genes, many
of them are in R2R3-MYB transcription factor genes.

Variation in Flower Color

Reproductive isolation results from prezygotic and postzygotic
barriers to prevent gene flow between populations and one of the
most important prezygotic barriers is pollinator isolation (Hop-
kins and Rausher, 2012). In recent years, it has been strongly sug-
gested that variation in flower color is somehow related with
changes in pollinator behavior (Rieseberg and Blackman, 2010;
Hopkins, 2013).

In an attempt to identify the relative importance of regulatory
vs. coding mutations in the evolution of flower color, it has been
found that regulatory changes play a significant role not only in
generating phenotypic variation but also in favoring certain
reproductive barriers in plants (Durbin et al., 2003; Rieseberg and
Blackman, 2010). Des Marais and Rausher (2010), for instance,
performed gene expression assays and plant transformations
experiments to determine the genetic basis of color shift in the
hummingbird-pollinated flowers of two morning glory species:
Ipomoea quamocitl and Ipomoea coccinea. Both of these belong
to a monophyletic group called the Mina clade, which comprises
16 species, all of which are red or orange-flowered. Nevertheless,
it is believed that blue/purple flowers, most often pollinated by
bees, represent the ancestral state for the Ipomoea genus (Streis-
feld and Rausher, 2009). Thus, it has been proposed that a flower
color transition, from blue or purple to red, has occurred, bring-
ing ecological consequences along the way because pigments are
visual signals for some animals.

Flower pigmentation in morning glories appears to be con-
trolled by alternate precursors of the same anthocyanin biosyn-
thetic pathway: blue-flowered species produce cyanidin whereas
some red-flowered species synthesize pelargonidin (Zufall and
Rausher, 2004; Streisfeld and Rausher, 2009). After revealing that
gene expression of flavonol-30-hydroxylase, F30h, an enzyme
that blocks the cyanidin branch of the anthocyanin pathway, is
modified in red flowers, Des Marais and Rausher (2010) examined
whether cis or trans changes were responsible for the phenotypic
shift from blue to red flowers in the Mina clade, and discovered
that it is caused, at least in part, by a cis-regulatory mutation in
the promoter of F30h.

The Texas wildflower (Phlox drummondii) has also been the
focus of similar discoveries, remarkably because it has been dem-
onstrated that divergence of floral color increases prezygotic iso-
lation among its populations (Levin, 1985). Hopkins and Rausher
(2011) found that the shift from light-blue to dark-red flowers in
P. drummondii is related to variation in the expression of two
genes from the anthocyanin biosynthetic pathway: flavonoid 30,
50-hydroxylase (F3050h) and an R2R3-MYB related transcription
factor. Based on analyses of allele-specific expression in hetero-
zygous individuals, they were able to identify that both genetic
changes contributing to flower color change involve cis-regula-
tory mutations.

A different study by Yuan et al. (2013) regarding cis-regulatory
evolution as the origin of flower color variation between closely
related species has been conducted in the hummingbird-
pollinated Mimulus cardinalis and the bee-pollinated Mimulus
lewisii. In contrast to the red flowers of M. cardinalis, rich in car-
otenoids and anthocyanins, the pink flowers of M. cardinalis
have small amounts of anthocyanins while carotenoids are

absent in their petals. In a previous experiment, it had been iden-
tified that a higher anthocyanin concentration in M. cardinalis
was due to a single QTL (Bradshaw et al., 1995). Through genetic
mapping, mutagenesis assays, and transgenic research, Yuan
et al. (2013) managed to relate the anthocyanin QTL to a R3-MYB
repressor called ROI1 and discovered that cis-regulatory muta-
tions in this gene are responsible for pigment variation between
M. cardinalis and M. lewisii.

Finally, there is an example where changes in trans acting fac-
tors underlie floral morphological variation. Bumblebee-
pollinated Petunia integrifolia and hawkmoth-pollinated Petunia
axillaris are closely related species with purple and white flowers,
respectively (Fig. 1C). Quatrocchio et al. (1999) and Hoballah
et al. (2007) identified a key R2R3-MYB regulator that controls
flower color differences between both plants called AN2. The
authors from the latter article noticed that white-colored flowers
of P. axillaris evolved as a consequence of multiple nonsense and
frameshift mutations in the coding region of AN2, most likely
generated by a transposable element (Hoballah et al., 2007). Fur-
thermore, to investigate the role of AN2 as a major determinant
of pollinator attraction, they introgressed the functional P. integ-
rifolia AN2 variant into a P. axillaris background, transforming
white flowers into purple ones, and tested pollinator preference.
Surprisingly, restoring AN2 function through purple transgenic
flowers of P. axillaris resulted in a major pollination syndrome
shift, as hawkmoths showed a preference for the wild-type white
flowers over the transformed flowers, whereas bumblebees acted
in the opposite way (Hoballah et al., 2007).

Variation in Fruit Color

Fruits are the structures derived from flowers that contain the fer-
tilized ovules that develop into seeds. Fruit morphology is very
diverse, ranging from dry and hard capsules that expel the seeds
when mature to succulent tissues that are eaten by vertebrates
who disperse the seeds, as well as indehiscent fruits, among
many variations.

The underlying causes of shifts in flesh and skin color of fruits
have also been researched. Red-fleshed apple varieties from Cen-
tral Asia with high anthocyanin content contrast with the white
color flesh observed in most apples. In apples, the MYB10 (R2R3-
MYB) gene regulates flesh color, and it has been observed that
high expression levels of MYB10 transcript correlate with a
higher anthocyanin content in the flesh (Espley et al., 2007). Dif-
ferences in transcriptional regulation of MYB10 appear to be
caused by regulatory changes: Espley et al. (2009) identified a
23-bp repeat motif in the promoter of MYB10 specific to red-
fleshed apples, which leads to an increase in MYB10 expression
levels.

In a similar investigation, Butelli et al. (2012) explored the
genetic and molecular basis of color shift in oranges. Orange
varieties and hybrids present a wide range of phenotypic differ-
ences. The blood orange (Citrus sinensis), for instance, has crim-
son colored flesh and presumed health-promoting properties due
to its high anthocyanin content. As in flowers, R2R3-MYB tran-
scription factors regulate the anthocyanin biosynthetic pathway
and govern pigment intensity in fruits. Butelli et al. (2012) man-
aged to isolate an R2R3-MYB gene named Ruby from blood
orange tissue and, through expression analysis, found a clear cor-
relation between levels of Ruby transcript and levels of anthocya-
nin in fruit flesh among 15 varieties of blond and blood oranges,
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higher levels of expression were observed in blood oranges
whereas in blond oranges Ruby expression was not detected (Fig.
1B). Afterward, they cloned, sequenced, and isolated the Ruby
gene from the genomic DNA of blood and blond varieties, discov-
ering that in blood oranges there was a large DNA insertion in
the upstream region that was responsible for controlling the
expression of Ruby (Butelli et al., 2012).

Fruit skin color change has also been documented within spe-
cies. Perhaps one of the best well-known examples is the domes-
ticated grapevine (Vitis vinifera L.), where the color of grape skin
is determined by the accumulation of anthocyanins in several
cell layers. Because wild vines have dark-colored berries, it is
believed that white-colored flesh varieties are the result of muta-
tions in the anthocyanin biosynthetic pathway, specifically in
MYB regulators. Grapevine has two paralogous copies of R2R3-
MYB transcriptional regulators called VvMYBA1 and VvMYBA2
(Kobayashi et al., 2002). In an early approach, Kobayashi et al.
(2004) examined the molecular basis of color variation in grape-
vines and found a retrotransposon-induced mutation in the pro-
moter of VvMYBA1 related with transcription interruption of this
gene, which they associated with a loss of pigmentation in white
cultivars.

Although Kobayashi et al. (2004) argue that the loss of pig-
mentation in skin color of grapevines is due to changes in the
promoter of the gene VvMYBA1, Walker et al. (2007) focused on
the transcription factor VvMYBA2 and discovered that the white
berry allele is inactivated by two nonsynonymous changes.
Therefore, white grapes may have arisen through regulatory and
coding mutations in the MYB regulators VvMYBA1 and
VvMYBA2, rendering both genes inactive.

Fruit Morphology in the Brassicaceae Family

In Arabidopsis, two modified carpels or valves protect the devel-
oping seeds; these valves are joined by a structure called the
replum. At maturity, the valves detach from the replum to open
the fruit and disperse the seeds (Roeder and Yanofsky, 2006;
Roeder et al., 2003). Roeder and collaborators (2003) identified a
homeodomain transcription factor called REPLUMLESS (RPL)
important in the development of the valve/replum boundary
(Marsch-Mart�ınez et al., 2014). The replum morphology varies
considerably in the Brassicaceae family: while in Arabidopsis the
replum has ten cell files that separate the valves, in its closest
genus (Brassica sp.) the replum is very compact and the valves
are closer together. The expression level of RPL can explain the
difference in valve phenotype between Arabidopsis and Brassica.
Moreover, a single nucleotide change in the cis-acting elements
of the RPL gene is sufficient to convert the Arabidopsis fruit phe-
notype into a Brassica fruit phenotype, and vice versa (Arnaud
et al., 2011).

Floral Scent

Flowers of many plant species produce floral scent, a mixture of
low molecular weight compounds that act as pollinator attract-
ants. In some plant species, enzymatic activities and emission of
some floral scent compounds are regulated at the transcriptional
level (Dudareva et al., 1998). Petunia axillaris is an annual herba-
ceous plant native to South America with strong scented flowers
pollinated by a hawkmoth. In contrast, the closely related P.
exerta displays scentless bright red flowers pollinated by hum-

mingbirds. To dissect the genetic basis of fragrance production
differences between P. axillaris and P. exerta, Klahre et al. (2011)
performed hybrid crosses and identified two QTLs. One of these
loci is the ODORANT1 (ODO1) gene, an R2R3-MYB transcription
factor responsible for regulating benzenoid volatile production in
Petunia flowers (Verdonk et al., 2005). Sequencing of the gene’s
promoter from several species and assaying expression levels in
the F1 hybrids suggested that the differences in gene expression
are explained by a cis-acting polymorphism in ODO1 (Klahre
et al., 2011).

Leaf Development

Leaves are specialized organs where photosynthesis takes place in
many plant species. In angiosperms, they can have a simple (with
an undivided blade) or compound (with subdivided blade) struc-
ture and both types of leaves can be found in related species or
even in the same individual (heterophylly) suggesting the differ-
ent types of leaf morphology could have evolved recently (Chen
et al., 1997) and that they can develop contrasting morphologies
based on environmental cues. Among the genes that have been
shown to alter leaf development are the homeodomain transcrip-
tion factor knotted-like (KNOX) genes. KNOX genes are classified
in two groups, based on expression patterns and sequence simi-
larity within the homeodomain (Hay and Tsiantis, 2010). Here,
we give examples of the function of class I genes KNOX1, STM
(SHOOTMERISTEMLESS), and TKN1 (TOMATOKN1), in leaf
development (Hay and Tsiantis, 2006, 2010).

In model species with simple leaves, like maize and Arabidop-
sis, KNOX genes are expressed only in meristem cells of the SAM
and are excluded from the leaves; in contrast, in many species
that have compound leaves (tomato, among others), KNOX genes
are expressed both in the SAM and in leaf primordia cells (Hare-
ven et al., 1996; Piazza et al., 2010). It has been shown that trans-
genic expression of any member of Class 1 KNOX genes in the
leaves of A. thaliana yield lobed leaves (Piazza et al., 2010; Shani
et al., 2009). Moreover, other Arabidopsis species, like A. lyrata,
bare compound leaves and express KNOX genes in the develop-
ing leaf primordia (Piazza et al., 2010). Additionally, other species
of the Brassicaceae family, like Cardamine hirsute, have com-
pound leaves and present STM expression in older leaf primordia;
if KNOX expression is reduced using weak iRNA lines, the plants
develop fewer leaflets per leaf (Hay and Tsiantis, 2006).

Moreover, the aquatic Brassicaceae species, Neobeckia aqua-
tica, bears both simple and compound leaves. Leaf development
in this species depends on light intensity which in turn, regulates
KNOX1 expression: under low light intensity, plants develop
compound leaves and KNOX1 is expressed; in contrast, under
high light intensity, plants develop simple leaves and KNOX1 is
repressed (Bharathan et al., 2002).

Finally, leaf margin dissection patterns, which range from
smooth to serrated or lobed, represent a well-studied trait that
has evolved multiple times across land plants, and for some cases
it has been correlated with the modification of certain loci
involved in complex regulatory networks. One of such loci is the
homeobox REDUCED COMPLEXITY (RCO) gene. RCO is specifi-
cally expressed in leaves, where it is required for leaflet develop-
ment. When deleted, the RCO mutants (rco) exhibit leaf
simplification, from dissected into simple lobed leaves (Vlad
et al., 2014). Within the Brassicaceae, some naturally evolved
changes in leaf shape may be attributed to differences in the
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regulation of RCO, as suggested by a comparative analysis
between the sister species Capsella rubella and Capsella grandi-
flora (Sicard et al., 2014). In their study, Sicard et al. (2014) show
that an allelic variant at RCO-A is related to leaf shape variation
in Capsella, and they later discover that cis-regulatory variation
at this locus underlies naturally occurring leaf shape changes by
responding differently to ambient temperature.

Leaf Morphogenesis

Angiosperm mature leaves are typically flat with two anatomi-
cally distinct faces that correspond to the upper (adaxial) and
lower (abaxial) side of the leaf. It has been proposed that the
development of a flat lamina was a key event in leaf evolution as
it enables this organ to capture light more efficiently and to gen-
erate complex organ morphologies, such as stamens (Yamaguchi
et al., 2012). Arabidopsis leaf growth occurs in cells located in
the intersection of abaxial and adaxial zones and partially
depends on the participation of genes of two subfamilies of the
WUSCHEL (WUS) homeobox (WOX) transcription factor family:
WOX1/STF and WOX3/PRS (Yamaguchi et al., 2012; Fukushima
and Hasebe, 2014). In Arabidopsis, the 15 members of the WOX
family are involved in different aspects of plant development
(Mayer et al., 1998; Haecker et al., 2004; Park et al., 2005; Sarkar
et al., 2007). This family of genes has been classified in three
clades based, mainly, on their phylogenetic relations but also on
conserved motifs in the N and C terminal parts of the protein.
Within each family, the expression pattern of the gene members
is different although they have retained some similar functions
because some of them are able to complement the function of
other members (Lin et al., 2013; Costanzo et al., 2014). For exam-
ple WOX5 and WUS from Arabidopsis, who participate in main-
tenance of stem cells in root and shoot stem cells, respectively,
are functionally equivalent and can complement each other’s
mutant (Mayer et al., 1998; Sarkar et al., 2007).

Of interest, the clades reflect the gene ancestry; genes like
WUS and WOX1-WOX7 are found in seed plants and belong to a
derived clade; another intermediate clade consists of the genes
WOX8, WOX9, WOX11, and WOX12 found in vascular plants
including lycophytes, and the basal clade is comprised of
WOX10, WOX13 and WOX14, which are found in vascular and
nonvascular plants, including mosses and green algae (Lin et al.,
2013; Lian et al., 2014). Genes from the intermediate clade have
acquired protein motifs (up to seven) after the divergence from
the ancestor that seems to have had only one motif, the homeo-
domain, as found in many members of the ancient clade (Lin
et al., 2013; Lian et al., 2014). Curiously, all members of the mod-
ern clade contained only two motifs: the homeodomain and the
so-called WUS box domain that is essential for repressor activity
(Lin et al., 2013).

In many plant species, WOX1 and its orthologs are expressed
in the adaxial-abaxial boundary of leaf primordia and many of
these gene’s mutants have severe leaf blade phenotypes; the most
drastic is lam1 of Nicotiana sylvestris that shows a bladeless leaf;
this mutant has been used as a model system to study leaf mor-
phogenesis. Lin and collaborators (2013) reported that lam1 leaf
mutant phenotype could be complemented with stenofilia (STF;
WOX1 ortolog of Medicago truncatula), and with all the genes of
the modern WOX clade from Arabidopsis using STF as the pro-
moter. Moreover, they showed that proteins of the
intermediate and ancient clades could not complement lam1 leaf

phenotypes, as they do not contain the WUS box or other
repressor motif. The evolution of this gene family provides an
example of cis (WUS and WOX5) and trans regulatory evolution
(acquisition of different protein motifs). The shared target(s) of
the WOX family members are still yet to be identified: these could
shed light onto conserved molecular mechanisms involved in leaf
morphogenesis.

An Example in Maize

Maize was domesticated from a Mexican teosinte species (Zea
mays ssp. parviglumis or spp. mexicana) approximately 9,000
years ago. One of the main differences between maize and teo-
sinte is the inflorescence architecture: in teosinte, several long
branches with many tassels (male inflorescences) develop at the
tip and many small dehiscent ears (female inflorescences) at the
nodes, while maize has only one compound tassel and one or two
large ears (indehiscent and compacted) (Wang et al., 1999; Studer
et al., 2011). As an additional outcome of domestication, the
grains contained in each ear expanded from 10 to 12 in teosinte
to around 300 in maize. One of the main genes involved in such
phenotypic differences is the transcription factor teosinte
branched1 (tb1), which is part of the TCP family (Cubas et al.,
1999a).

During development, tb1 acts as a repressor of the emergence
of axillary branches; it is expressed in the axillary buds at differ-
ent rates and it is more highly expressed in maize than in teosinte
or other plant species like Arabidopsis (Finlayson, 2007), bamboo
(Peng et al., 2007), barley (Ramsay et al., 2011), rice (Takeda
et al., 2003), sorghum (Kebrom et al., 2006), and wheat (Lewis
et al., 2008). The genetic basis of this phenotype in maize is
related with the insertion of two transposable elements (called
HOPSCOTCH and TOURIST) in the regulatory region of this gene.
These insertions are missing in the regulatory region of teosinte’s
tb1, and it has been shown that Hopscotch insertion functions as
an enhancer of tb1 expression in maize (Studer et al., 2011).
Accordingly, changes in the levels of tb1 expression underlie
maize plant architecture evolution.

Fitness Costs of Natural Regulatory
Variation

While most of the phenotypic diversity related to regulatory
mutations reviewed here occurs in the wild (see Table 1), we prac-
tically know nothing about the stability of these variations in
natural populations. However, it has been observed in greenhouse
experiments that changes in the regulatory context of plants may
alter fitness and have a dramatic impact on their ecological traits
(Bossdorf et al., 2010).

Perhaps one of the most notable cases of an extreme floral
homeosis fixed in natural populations is the inside-out flower of
Lacandonia schismatica. The regularity of this phenotype was
documented by Vergara-Silva et al. (2003), who analyzed more
than 1000 L. schismatica inflorescences and discovered that only
2% of the flowers were unisexual, the rest were bisexual flowers
with central stamens surrounded by peripheral carpels. As men-
tioned before, the unique floral arrangement of this Mexican spe-
cies may be the result of either cis- or trans-regulator changes,
although we do not rule out the possibility that both mechanisms
may have had an important role during its evolution.
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Another example is the peloric variety of Linaria vulgaris, also
discussed above, which displays actinomorphic flowers as a con-
sequence of an epimutation in the CYCLOIDEA gene (Cubas
et al., 1999a). Although it has been suggested that the Linaria
epimutant may have a reduced fitness when compared with the
wild-type flower, its populations have persisted for more than,
200 years (Hintz et al., 2006).

A plant known as shepherd’s purse, Capsella bursa-pastoris,
also exhibits stable populations in the wild of a floral homeotic
variation, the decandric mutant. In decandric flowers, the four
petals of C. bursa-pastoris are converted into functional stamens
(Hintz et al., 2006). Although not intensively studied, it has been
suggested that decandric mutants may have evolved as a result of
an ectopic expression of a class C gene in the second whorl.
Despite the apetalous nature of these flowers, Hintz et al. (2006)
confirm they have persisted in wild habitats as stable popula-
tions, perhaps by shifting their pollination syndrome, from bees
to beetles, to which the amount of pollen produced by extra sta-
mens might be more appealing.

A more recent analysis performed by Wang et al. (2011) also
documented that some double flowered varieties, i.e., those where
reproductive organs transform into extra petals, such as those
present in natural populations of the Vinca minor flore pleno spe-
cies, may persist in the wild for centuries, potentially establishing
new evolutionary lineages.

Understanding The Phenotypic
Impacts of Altering Complex GRNS

Contemporary biology is emphasizing the importance of a sys-
tems perspective to understanding how genetic and epigenetic
alterations map onto phenotypical changes. In this study, we
have reviewed some of the published examples of phenotypical
alterations that have been related, mainly, to alterations of tran-
scriptional regulatory components, but this does not mean that
the associated phenotypes solely depend on the function of such
individual factors in isolation.

In contrast, a systems approach considers that such phenotypes
are the result of the concerted action of the identified compo-
nents, in conjunction with other directly and indirectly related
entities or factors (both genetic and nongenetic). Hence, the chal-
lenge becomes to understand the collective behavior that emerges
from the interactions among identified regulators and other com-
ponents, and not from the function of the individual components
themselves. The latter must be considered as part of complex
GRNs that we need to unravel and study as dynamical systems.

Multicellular development, that suggests cell differentiation
and morphogenesis, is an example of an emergent behavior from
collective and concerted action of many underlying components,
among which transcriptional regulators seem to be key. Such
dynamical processes as differentiation and proliferation within a
temporal and spatial context self-organize without a central con-
troller or choreographer. Cell differentiation, for example, has
been successfully studied in terms of underlying regulatory net-
works (Kaufmann et al., 2009) and characterized by the stable
multi-genic configurations to which such GRN converge. These
configurations are referred to as attractors (Davila and �Alvarez-
Buylla, 2015; Fig. 2).

The first GRN that was grounded on experimental data and
formally analyzed was proposed for floral organ specification

during early flower development (Mendoza and �Alvarez-Buylla,
1998) and since then, the same approach has been used for other
cases (Mendoza et al., 1999, 2000; Ben�ıtez et al., 2013; Azpeitia
et al., 2013; Alvarez-Buylla et al., 2010c). Once such GRNs are
established, uncovering the emergence and maintenance of the
dynamical behavior from the concerted action of the molecular
components being considered and their regulatory interactions,
requires the use of mathematical/computational models (see
Davila and �Alvarez-Buylla, 2015, for a description of methods
used and examples). Such methods enable mechanistic under-
standing of the role of particular genes or other types of molecu-
lar components in the context of the GRN to which they belong.
For example, it is possible to simulate loss and gain of function
mutations and assess the role of the altered components in the
emergent multi-genic configurations that, in turn, alter cell fates.
Thus a first approach to understanding why alterations in some
genes are more important than others in underlying a particular
phenotype (an altered cell-fate, in this case) is established.

For example, in Mendoza and �Alvarez-Buylla (1998) and later
in Espinosa-Soto et al. (2004) and further updatings of the floral
organ specification GRN (�Alvarez-Buylla et al., 2010c), a mecha-
nistic GRN-based model was put forward to explain the ABC
model. The GRN model provided a mechanistic explanation of
why the A, B, and C type genes are homeotic, and their mutations
yield floral organ phenotypes in which one organ type is substi-
tuted by another one, as described above. Moreover, the same
GRN model was able to explain the phenotypic impact in terms
of altered cell fates for loss and gain of function mutations of all
the components considered in the GRN model (see Espinosa-Soto
et al., 2004).

In terms of such type of models, for example, we now under-
stand that when a homeotic gene is turned off, the system
switches from one attractor to another one (see Davila and
�Alvarez-Buylla, 2015, for a complete methodological descrip-
tion). An attractor is a stable multigenic configuration that char-
acterizes a cell type. Hence, for example, when AP3, a petal and
stamen specific transcriptional regulator is turned off and the B
function is lost, petals and stamens differentiate into sepals and
carpels (Coen and Meyerowitz, 1991). This is so because this gene
occupies a position within a positive regulatory loop of the GRN
and functions in a “switch-like” manner, in such a way that its
activation makes the system follow a particular trajectory until
reaching a stable point or attractor (that of petals and stamens),
and when it is turned off, it makes the system follow a different
trajectory and reach another attractor (or cell-fate; that of sepals
and carpels). Such contrasting emergent behaviors depend on the
way the components are interconnected within the GRN module
to which they belong (see Espinosa-Soto et al., 2004, for further
details), and not on their individual function.

GRN models only consider the interactions that restrict the sys-
tem to particular multi-genic configurations that are characteris-
tic of particular cell-fates. Physical and chemical fields, as well as
cell proliferation dynamics, cell–cell communication, stochastic
fluctuations, among others, have to be considered to understand
how specific genetic and epigenetic alterations alter morphoge-
netic patterns during development and underlie phenotypical
evolution (�Alvarez-Buylla et al., 2007, 2008; Barrio et al., 2010;
Azpeitia et al., 2013).

The present review identifies several transcriptional regulatory
nodes and alterations that seem to be key in underlying pheno-
typical changes. Thus the challenge now becomes to put together
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new GRN modules in which these nodes participate (see de
Almeida et al., 2014, for an example of a critical node within the
polarity GRN module) and, based on their dynamic analyses, pro-
vide a mechanistic explanation for their role in development and
phenotypic shifts during plant evolution, as the one that was
achieved for the ABC mutants (Espinosa-Soto et al., 2004 and
references that followed), which we have summarized above.

Technological Approaches To Discover
GRN Components

A point of great concern for many evolutionary biologists has
been the restrictions on experimental approaches that can be
applied to unravel the functional effects of particular genes, as
well as the lack of reference genomes/transcriptomes in nonmo-
del species; both approaches have been instrumental in the iden-
tification of interactions amongst genes embedded in a GRN.
Nowadays, recent advances using Next Generation Sequencing
(NGS) technologies and bioinformatics pipelines are generating a
large amount of sequence information that can help study vari-
ous aspects of genome evolution and architecture, as well as the
interconnection among genes that are part of a GRN. NGS can be
applied to DNA genome sequencing, transcriptomics (RNA-Seq),
detection of single nucleotide polymorphisms (SNPs), chromatin
immunoprecipitation (ChIP) or ChIP-chip, identification of sRNA
and epigenome characterization.

Specifically, the construction of transcriptome libraries derived
from organ, tissue, structure, treatment-specific cDNA assemblies
can allow for the characterization of the transcriptional profile of
an organism during different developmental or physiological
states. This enables the isolation of genes that are likely involved
in a particular trait, as well as the isolation of candidate genes
that have presumably conserved functions, given what has been
thoroughly characterized in model systems. Furthermore, the
study of their particular expression/repression patterns during
specific times of development of distinct organ types, such as the
floral organ whorls described above, can be used as a proxy to
infer logical rules for all genes of interest across all tissue types
assayed. Such inference can feed into formal biomathematical
models of gene interaction such as the GRNs described.

Whole-genome and tandem duplications are ubiquitous phe-
nomena in angiosperm evolution and have given rise to the pres-
ence of paralogs in many plant lineages; the role of such
duplicates in modifying the dynamics and interactions among
genes that are part of underlying GRNs involved in different
aspects of plant development could be formally and systemati-
cally tested, as has already been suggested for the case of the
Petunia B-class gene paralogs by Espinosa-Soto et al. (2004; see
Fig. 2).

Concluding Remarks and Perspectives

Our brief overview of cases where the gene(s) that affect a partic-
ular trait have been characterized and the molecular processes
that yield contrasting phenotypes have been investigated, sug-
gests that in plants as well as in animals, cis-regulatory evolution
is an important driver in the diversification of form (Table 1). In
plants, changes in cis-regulatory sequences in orthologous genes
explain variations in phenotype between closely related species
for phenomena such as anthocyanin synthesis (Ipomea, Phlox,

Mimulus, Petunia, Lycopersicon, apple, oranges, and grapes);
repression of secondary branching structures (maize), leaf devel-
opment (Brassicaceae family and Capsella), and vernalization
requirements by ecotypes of A. thaliana. Gene duplication seems
to also facilitate mutations in the regulatory sequence of one or
both paralogs, which have been correlated with differential gene
expression, as exemplified by the ICS in Physalis and relatives, as
well as with the expression of genes involved in pigmentation in
Petunia species. Nonetheless, gene duplication has also led to
gene subfunctionalization by means of trans changes in the
cDNAs of developmentally important genes, as has been docu-
mented for flower development in Papaver, Solanum, and Anti-
rrhinum, while the role of epigenetic regulation of plant
development and its capacity to generate contrasting phenotypes
based on changes in floral symmetry, sexual organ development
or phenotypic plasticity have been documented for Linaria,
melon and Arabidopsis thaliana and Laguncularia racemosa,
respectively.

The examples integrated here point to some key components of
regulatory modules underlying the emergence of phenotypic
shifts in plant vegetative and reproductive structures as a result
of alterations in epigenetic regulation, mutations in regulatory
regions of implicated genes or in the coding sequences of tran-
scription factors themselves. Arguing about the relative impor-
tance of how different types of molecular alterations contribute
to phenotypic evolution is a sterile debate (Hilscher et al., 2009).
Rather, we need mechanistic and predictive frameworks, such as
those being proposed by GRN and epigenetic landscape models,
which enable us to understand why the alterations in the expres-
sion of particular components are more critical for phenotypic
change than others.

Each one of the cases reviewed here opens the possibility to
integrate or further explore the components of the relevant regu-
latory module in which the studied genes participate. Formal
GRN models for these modules will then be useful to predict addi-
tional phenotypes and provide mechanistic and dynamic explan-
ations to such phenotypic variation (�Alvarez-Buylla et al., 2007,
2010c). This approach will yield a repertoire of regulatory mod-
ules in the search for general principles concerning the mecha-
nisms by which phenotypic variation arises from changes at the
molecular level.

It is noteworthy that most of the cases in which a particular
and relatively simple molecular alteration has been associated
with a clear phenotypic change correspond to genes that code for
transcription factors. These are probably the nodes with more
interactions within their respective GRN. Hence, it is likely that
alterations in the expression patterns of these genes are sufficient
to cause an alteration in the GRN stable states, or in the resulting
phenotype. More detailed explanations will benefit from further
elaborations of developmental models grounded on experimental
data for particular functional or morphological modules.
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