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Abstract

Although the importance of regulatory and functional sequence evolution in generating species differences has been
studied to some extent, much less is known about the role of other types of genomic changes, such as fluctuation in gene
copy number. Here, we apply analyses of gene function and expression of anthocyanin pigment pathway genes, as well as
cosegregation analyses in backcross populations, to examine the genetic changes involved in the shift from blue to red
flowers in Andean Iochroma (Solanaceae). We demonstrate that deletion of a gene coding for an anthocyanin pathway
enzyme was necessary for the transition to red floral pigmentation. The downregulation of a second pathway gene was also
necessary for the novel flower color, and this regulatory pattern parallels the genetic change in the two other red-flowered
species in the sister family Convolvulaceae in which flower color change has been examined genetically. Finally, we
document a shift in enzymatic function at a third locus, but the importance of this change in the transition to red flowers
depends on the exact order with which the three changes occurred. This study shows that gene inactivation or loss can be
involved in the origin of phenotypic differences between species, thereby restricting the possibility of reversion to the
ancestral state. It also demonstrates that parallel evolution of red flowers in three different species occurs via a common
developmental/regulatory change but by mutations in different genes.

Key words: anthocyanins, flower color, gene loss, Iochroma, parallel evolution.

Introduction
Identifying the number and kinds of genetic changes
underlying species differences is crucial for addressing basic
questions about the evolutionary process. Here, we docu-
ment the genetic changes involved in flower color differ-
ences between two species in order to address two such
questions. The first is whether evolutionary change con-
strains possible future evolutionary trajectories, including
reversion to ancestral states (Gould 1970; Bull and Charnov
1985; Bridgham et al. 2009). One type of genetic change
that is likely to constrain reversion is gene inactivation
(pseudogenization) or gene deletion (Porter and Crandall
2003). Although comparative genomic studies indicate that
pseudogenization and gene deletion are common occur-
rences (Hughes and Friedman 2004; Hahn et al. 2007), in
very few cases is it known whether these events influence
phenotypic differences between species and thus constrain
subsequent phenotypic evolution (but see Quattrocchio
et al. 1999).

The second evolutionary question we address is whether
parallel phenotypic evolution is accomplished via parallel
evolution at lower levels: biochemical, developmental,
and genetic (Des Marais and Rausher 2010). We define par-
allelism at the genetic level as a similar phenotypic change
in different lineages that results from similar genetic change
in the same gene. Several cases of genetic parallelism have
been reported, involving characters such as body armor
and albinism (Colosimo et al. 2005; Protas et al. 2006; Gross

et al. 2009). Such parallelism presumably arises either
because alterations in only that gene can give rise to the
phenotypic change or because alteration of that gene
incurs substantially less deleterious pleiotropy than altera-
tions in other genes that produce the same phenotypic
effect. Investigations of other characters, however, have
often revealed that different genes are involved in similar
phenotypic change (Wittkopp et al. 2003; Yoon and Baum
2004; Steiner et al. 2009). Although seldom examined, one
explanation for a lack of genetic parallelism is the absence
of differences among genes in the degree of deleterious
pleiotropy. In such cases, however, changes in different
genes may result in similar developmental or biochemical
changes, producing parallelism at these levels (Des Marais
and Rausher 2010).

These issues have previously been investigated by char-
acterizing the genetic changes involved in the evolutionary
loss of floral anthocyanin pigments (Quattrocchio et al.
1999; Schwinn et al. 2006; Whittall et al. 2006; Hoballah
et al. 2007; Streisfeld and Rausher 2009a). Two patterns
are revealed by these studies. First, this phenotypic transi-
tion may often involve gene inactivation. In the white-
flowered Petunia axillaris, gene inactivation has caused loss
of floral pigmentation in five independent lineages
(Quattrocchio et al. 1999; Hoballah et al. 2007) and similar
inactivating mutations appear to be responsible for lack of
pigmentation in several Antirrhinum species (Schwinn et al.
2006). Second, this phenotypic transition involves massive
genetic parallelism: in all cases in which the gene
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responsible for the transition has been characterized, it is
an R2R3 Myb transcription factor (Streisfeld and Rausher
2011).

By contrast, it is unknown whether changes in floral hue
also exhibit these patterns of genetic parallelism at multiple
levels. The genes involved in hue transitions have been
determined for only two species, the red-flowered Ipomoea
quamoclit and red-flowered populations of Phlox drum-
mondii. In both cases, the transition is due exclusively
to regulatory changes, and gene inactivation is not involved
(Zufall and Rausher 2004; Des Marais and Rausher 2010;
Hopkins and Rausher 2011). In an independent red-
flowered Ipomoea lineage (represented by Ipomoea horsfal-
liae), a similar transition from blue to red flowers has been
achieved through biochemical and developmental parallel-
ism, but the genes involved have not yet been identified
(Streisfeld and Rausher 2009b), precluding any conclusion
about genetic parallelism.

Here, we examine another transition from blue to
red flowers, one represented by Iochroma gesnerioides
(Solanaceae). By analyzing segregating reciprocal backcross
populations derived from a cross between I. gesnerioides
and a related blue-flowered species, Iochroma cyaneum,
we identify genes involved in the transition to red flowers.
In doing so, we show that this transition involved gene in-
activation, which likely constrains the possibility of rever-
sion to blue flowers. In addition, we show that the
transition from blue to red flowers in I. gesnerioides involves
different genes from the transitions in other taxa but uses
a similar developmental mechanism.

Materials and Methods

Study System
Iochroma and five small allied genera form a clade of 35–40
species, the Iochrominae sensu Olmstead et al. (2008),
whose phylogeny has been elucidated in previous studies
(Smith and Baum 2006). Blue flowers, colored by delphini-
din pigments, are the ancestral state in this group, and at
least six shifts to other flower colors are estimated to have
occurred in this clade (Smith 2006; Smith and Baum 2007,
supplementary fig. S1, Supplementary Material online). The
shift to red flowers has occurred twice, once due to
increases in carotenoid pigments (Smith SD, unpublished
data) and once due to a shift from blue anthocyanins
derived from the anthocyanidin delphinidin to red
anthocyanins derived from pelargonidin. The pelargoni-
din-producing lineage is represented by two species,
I. gesnerioides and Iochroma fuchsioides. Here, we focus
on I. gesnerioides and use a closely related blue-flowered
species, I. cyaneum, to represent the blue ancestral state.

A series of crosses involving I. cyaneum and I. gesner-
ioides were performed to analyze the genetics of flower
color segregation. The parental I. cyaneum individuals were
derived from an accession cultivated at the Missouri Botan-
ical Gardens by W. G. D’Arcy, and the I. gesnerioides indi-
viduals were grown from seed accession number
944750129 from the Solanaceae Germplasm collection in

the Botanical Garden of Nijmegen in the Netherlands.
Voucher specimens for each accession (Smith 265 and
266) have been deposited at the University of Wisconsin-
Madison Herbarium. A single individual from each accession
was crossed to create F1 individuals, which were subse-
quently crossed to each parent to produce two backcross
populations. Backcross populations were used instead of
F2 populations because F1 pollen is inviable. All populations
were grown in the Duke University greenhouses in natural
light.

Identification and Genetic Analysis of Candidate
Loci
The well-conserved structure of the anthocyanin path-
way provides a framework for identifying loci that could
have contributed to the shift from delphinidin to
pelargonidin production in I. gesnerioides. The production
of delphinidin requires the action of two flavonoid hydrox-
ylases (F3#H and F3#5#H), which convert dihydrokaempferol
(DHK) into dihydromyricetin (DHM), and the subsequent
action of dihydroflavonol-4-reductase (DFR) and anthocya-
nidin synthase (ANS) to convert the colorless DHM into the
delphinidin pigments (fig. 1). A shift from delphinidin to
pelargonidin production could be achieved by downregula-
tion or inactivation of F3#H and F3#5#H, preventing conver-
sion of DHK into DHM. Alternatively, the downstream
enzymes DFR and ANS could have evolved increased spec-
ificity for the precursors of pelargonidin and/or decreased
specificity for the precursors of cyanidin and delphinidin.

To distinguish among these possibilities, we tracked
the genotypes at these four candidate loci (F3#h,
F3#5#h, Dfr, Ans) in the segregating backcross popula-
tions. Large segments of each candidate gene were
cloned from genomic DNA (gDNA) and cDNA from
parental lines in order to design markers to genotype
backcross individuals. gDNA was extracted from fresh
leaf tissue using a 2� hexadecyltrimethylammonium
bromide extraction (Doyle and Doyle 1987), and total
RNA was extracted from 0.1 g of tissue with the Spec-
trum Total RNA extraction kit (Sigma, St Louis, MO)
from corollas from floral buds (1–1.5 cm), flash frozen
in liquid nitrogen. gDNA was removed from the ex-
tracted RNA with on-column DNase digestion (Qiagen,
Valencia, CA), and first strand cDNA synthesis was
performed with 1 lg of total RNA in a 20 ll reaction
using SuperScript II Reverse Transcriptase (Invitrogen,
Carlsbad, CA). The four candidates, F3#h, F3#5#h, Dfr,
and Ans, which appear as single copy genes in closely
related Solanaceae (e.g., Solanum, Capsicum), were
amplified from I. cyaneum and I. gesnerioides using pre-
viously published degenerate primers (De Jong et al.
2004; Whittall et al. 2006). Polymerase chain reaction
(PCR) products were gel purified with the QIAquick
gel extraction kit (Qiagen) and cloned using the
pGEM-T easy vector system (Promega, Madison, WI) fol-
lowing the manufacturer’s protocol. The candidate gene
sequences from parental gDNA and cDNA were then
used to design species-specific markers to genotype
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the backcross populations (supplementary table S1,
Supplementary Material online).

Quantification of Pigment Composition
Pigment production in parents, F1 progeny, and backcross
individuals was quantified using high performance liquid
chromatography (HPLC). Three individuals from the
parental accessions were sampled to characterize pigment
production in the parental species. Anthocyanidins (pelar-
gonidin, petunidin, cyanidin, malvidin, peonidin, and del-
phinidin) were extracted from 500 mg of floral tissue as
outlined in Harborne (1984). Extracts were dried and
re-eluted in 100 ll methanol with 1% HCl, and 50 ll
was analyzed with a Shimadzu LC-10AT liquid chromatog-
raphy system with a 150 � 4.6 mm Alltech Prevail reverse-
phase C18 column (Alltech Associates, Deerfield, IL) at
a flow rate of 1 ml/min. Anthocyanidins were separated
by gradient elution at 30 �C using solvents A (HPLC-grad

water, 0.1% trifluoroacetic acid) and C (1-propanol, 0.1%
trifluoroacetic acid) with the following program: 15% C
from 0 to 4 min; linear increase to 20% C from 4 to 10
min; 20% C from 10 to 14 min; linear increase to 22.5%
C from 14 to 16 min; instantaneous increase to 27.5% C;
27.5% C from 16 to 18 min; instantaneous decrease to
15% C; 15%C from 18 to 21 min. Peaks were detected at
520 and 540 nm. Anthocyanidins were identified and quan-
tified by comparison with standard solutions of delphini-
din, petunidin, cyanidin, malvidin, peonidin, and
pelargonidin (Polyphenols Laboratories, Sandnes, Norway).
For each individual, the relative production of each of
the three major classes of anthocyanidins (pelargonidin-
derived, cyanidin-derived, delphinidin-derived, fig. 1)
was calculated by the dividing the amount of each
class (in micromoles) by the total amount of anthocyani-
dins produced. Two anthocyanidins (petunidin and malvi-
din) are delphinidin-derived, and one (peonidin) is
cyanidin-derived (fig. 1).

Quantification of Anthocyanin Gene Expression
Expression levels of candidate genes in parents and back-
cross populations were examined using quantitative
real-time PCR (qPCR). Three individuals from the paren-
tal accessions were used to characterize expression levels
in the parental species. Floral bud cDNA was prepared
as described above and diluted to 2.5 ng/ll for qPCR.
Primers were designed in conserved coding regions of
the candidate genes to amplify products between 100
and 250 bp (supplementary table S1, Supplementary
Material online). Primers were also designed for the elon-
gation factor (EF1-a) from Iochroma to serve as a refer-
ence gene. Specificity of the primers was determined by
visualization of the products on a 2% agarose gel and by
sequencing the products. Each 20 ll qPCR reaction con-
tained 10 ll Dynamo SYBR green qPCR mix (Finnzymes,
Espoo, Finland), 0.4 ll 1� 6-carboxy-X-rhodamine pas-
sive reference dye, 0.2 lM of each primer, and 2.5 ng
of total cDNA. Reactions were run on an ABI Prism
7000 sequence detection system with the following con-
ditions: 95 �C for 10 min, followed by 40 cycles of 95�C
for 20 s, and 55�C for 1min. Two reactions were run for
each sample and were repeated if the threshold (Ct) val-
ues for each reaction differed by greater than 10%. Rel-
ative expression was calculated following equation (1) in
Pfaffl (2001), with cDNA from a single blue-flowered in-
dividual from the parental accession serving as reference
sample for all runs. Efficiency for each gene was deter-
mined as described in Peirson et al. (2003).

Assay of DFR Function
Differences in DFR function between I. cyaneum and
I. gesnerioides were examined using in vitro assays.
Full-length coding regions were obtained using the
GeneRacer Kit, directionally cloned into the pENTR-
SD/D-TOPO vector, and recombined into the pDEST-
14 overexpression vector (all products from Invitrogen).
This construct was transformed into BL21 Star (DE3)

FIG. 1. Anthocyanin biosynthesis pathway and production in the
parental species, Iochroma gesnerioides and Iochroma cyaneum
and the F1 hybrid. Pathway enzymes (circled) include flavanone
3-hydroxylase (F3H), flavonoid 3#-hydroxylase (F3#H), flavonoid
3#,5#-hydroxylase (F3#5#H), DFR, anthocyanidin synthase (ANS),
and O-methyltransferase (OMT) (Holton and Cornish 1995).
Anthocyanin precursors include DHK, DHQ, and DHM. The
pathway produces three classes of anthocyanidins: 1) those
derived from pelargonidin; 2) those derived from cyanidin
(includes peonidin), and 3) those derived from delphinidin
(includes petunidin and malvidin). Anthocyanidins are modified
by the addition of sugars and other moieties to form anthocyanins.
Candidate genes for the blue to red transition are shaded.
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Escherichia coli cells, and colonies were used to inoculate
5 ml overnight cultures in LB-Amp100. The overnight cul-
tures were used to inoculate a 200 ml culture, which was
grown at 37�C until reaching OD600 of 0.5, at which point
protein expression was induced by adding 500 ll 200 mM
isopropyl-beta-D-thiogalactopyranoside and growing for
an additional 3 h at 28�C. After pelleting the bacteria,
crude protein was extracted and assayed for the ability
to convert 0.5 lM substrate following Des Marais and
Rausher (2008). We examined three substrates, dihydro-
kaempferol (DHK), dihydroquercetin (DHQ), and dihydro-
myricetin (DHM), which are the precursors of pelargonidin,
cyanidin, and delphinidin, respectively (fig. 1). The three
substrates were obtained from TransMIT (Marburg, Ger-
many), Sigma (St. Louis, MO), and Apin Chemicals (Abing-
don, United Kingdom), respectively. Each assay was
repeated with four independent clones (4 replicates) from
each species, and the results were analyzed with a Shimadzu
UV-2401PC spectrophotometer. Peak heights were con-
verted into micromoles using standard curves for each
product, and the relative efficiency of DFR from each spe-
cies on each substrate was calculated as the micromoles
of substrate converted divided by the total micromoles
converted.

Southern Blotting
Initial cloning of amplicons of F3#5#h suggested the pres-
ence of multiple copies in Iochroma, and this possibility was
examined using Southern blotting. For this experiment, 20
lg of total gDNA from each parental species was digested
with EcoRI and HindIII for 10 h at 37�C. Digested DNA was
precipitated with 0.1 volume 3 M sodium acetate (pH 5.2)
and 1 volume isopropanol. After pelleting and washing
with 70% ethanol, the DNA was re-eluted in Tris–
ethylenediaminetetraacetic acid buffer and run for 15 h
on an 0.8% agarose gel at 15 V with 30 ng of digoxigenin
(DIG)-labeled ladder (Marker VII, Roche, Indianapolis, IA).
Fragments were transferred to a positively charged nylon
membrane (Roche), which was probed with a DIG-labeled
DNA probe following manufacturer’s protocols. The probe
comprised 592 bases from the last exon of F3#5#h, which
was cloned using the pGEM-T easy vector system
(Promega) and amplified from the vector using Expand
High Fidelity polymerase and PCR DIG labeling mix
(Roche). The resulting DIG-labeled PCR product was visu-
alized on an agarose gel to ensure incorporation of DIG
nucleotides and purified before use as a probe. After
hybridization, stringency washes, and detection following
manufacturer’s protocols, the CSPD substrate was applied
to the membrane, and luminescing bands were visualized
by exposing the membrane to X-ray film.

Statistical Analyses
We tested the effects of candidate genes on pigment
production with univariate and multivariate analyses of
variance (MANOVAs and ANOVAs). These analyses were
performed with PROC GLM in SAS for Windows version 9.2
(SAS Institute, Inc., Cary, NC). In all cases, the response

variables were the relative proportions of each major class
of pigments (delphinidins, cyanidins, pelargonidins), and
interactions between genes were incorporated into all
models when relevant.

Results

Differential Gene Expression and Gene Deletion in
the Red I. gesnerioides
To assess differences in anthocyanin pathway functioning
between I. gesnerioides and I. cyaneum, we first measured
expression levels of pathways genes in each species.
Comparison of expression levels showed that two genes,
F3#h and F3#5#h, were strongly downregulated in red I. ges-
nerioides flowers relative to blue I. cyaneum flowers (Stu-
dent’s t-test, both P, 0.001, fig. 2). F3#hwas upregulated in
leaves of I. gesnerioides compared with leaves of I. cyaneum
(Student’s t-test, P, 0.05, fig. 2), consistent with the pres-
ence of cyanidin-derived anthocyanins in I. gesnerioides
leaves (supplementary fig. S2, Supplementary Material on-
line). The restriction of F3#h downregulation to flowers
suggests that expression has been decoupled in flowers
and vegetative tissue, allowing for a flower-specific loss
of expression. F3#5#h also appeared strongly down-
regulated in flowers of I. gesnerioides (fig. 2). However,
additional experiments revealed that this apparent down-
regulation actually reflects deletion of the single functional
copy in I. gesnerioides.

In I. cyaneum, two copies of F3#5#h are detected by PCR
from gDNA. This gene is represented by a single copy in
most Solanaceae, including those most closely related to
Iochroma (Holton et al. 1993; Jung et al. 2005; Olsen
et al. 2010). Given that polyploidy is not known in Iochro-
ma (Smith et al. 2008), these two copies presumably rep-
resent a lineage-specific gene duplication. One of the two
F3#5#h copies is clearly nonfunctional due to a premature

FIG. 2. Differences in anthocyanin gene expression between
Iochroma gesnerioides and Iochroma cyaneum. (A) F3#h, F3#5#h,
Dfr, and Ans expression levels (±1 standard error) in floral tissue of
three I. gesnerioides individuals and two I. cyaneum individuals
relative to the single I. cyaneum parent from the crosses. Values of
�1 and �2 correspond, respectively, to 10 and 100 times fewer
copies of transcript relative to the I. cyaneum parental individual.
**P , 0.001. (B) F3#h and F3#5#h expression in vegetative tissue of
three I. gesnerioides individuals and two I. cyaneum individuals
relative to expression in the floral tissue of the single I. cyaneum
parent from the crosses. *P , 0.05.
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stop codon in the first exon and a 136 bp out-of-frame
deletion in the second exon. The other copy, which is
expressed in I. cyaneum floral cDNA, presumably repre-
sents the functional gene (fig. 3). By contrast, the functional
copy was not detectable by PCR from I. gesnerioides floral
cDNA or gDNA, and only the nonfunctional copy was
detectable by PCR from gDNA. Moreover, Southern blot-
ting confirmed that I. gesnerioides has only one copy of
F3#5#h, presumably the nonfunctional copy that is easily
amplified from gDNA (fig. 3). The absence of a functional
F3#5#h is consistent with the production of cyanidin-
derived, rather than delphinidin-derived, anthocyanins in
the leaves of I. gesnerioides (supplementary fig. S2, Supple-
mentary Material online).

Color Variation in the Backcross to Blue Caused by
Alteration of DFR Function
In order to determine whether these changes at F3#h and
F3#5#h, as well as potential differences at the other candi-
date loci, Dfr and Ans, affect floral color, we examined the
progeny of F1 individuals backcrossed to both parents. In
contrast to the red and blue parents, the F1 individuals pro-
duced purple flowers containing primarily cyanidin-derived
anthocyanins (fig. 1, supplementary table S2, Supplemen-
tary Material online). In the backcross to the blue I.

cyaneum parent, two discrete color classes segregated: blue,
similar to I. cyaneum flowers in appearance and pigment
composition and purple, similar to those of F1 individuals
(fig. 4). The ratio of the two classes, 15:20, did not differ
significantly from 1:1 (v25 0.714, P5 0.40), suggesting that
the phenotypic difference is controlled by variation at
a single locus. A species-specific marker in Dfr cosegregated
perfectly with phenotype, whereas the other candidate loci
did not (supplementary table S3, Supplementary Material
online). In addition, a MANOVA of the effects of markers in
F3#h, Dfr, and Ans on pigment composition indicated that
Dfr was highly significant, whereas F3#h and Ans were not
significant (table 1). F3#5#hwas not included in this analysis
because genotypes in this backcross were not
distinguishable. Thus, the backcross to the blue parent im-
plicates Dfr as contributing to the flower color difference
between the two species.

The effect of Dfr on pigment production could be due to
either an expression difference or a functional difference.
Because DFR and F3#H compete for the precursor DHK
(fig. 1), an increase in Dfr expression could possibly increase
the relative production of pelargonidin-derived anthocya-
nins. However, qPCR revealed no detectable difference in
expression level between the parental species (fig. 2). Also,
Dfr expression level had no effect on pigment production in
either backcross population (supplementary fig. S3, Supple-
mentary Material online). By contrast, in vitro assays of DFR
function showed that DFR from the red I. gesnerioides acts
more than twice as efficiently on DHK, the precursor of red
pelargonidin pigments and less than one-third as efficiently
on DHM, the precursor of blue delphinidin pigments, as
DFR from I. cyaneum (fig. 5). Thus, the DFR of each species
is specialized on the substrate corresponding to the type of
anthocyanins it produces. Sequence comparison revealed
12 amino acid differences between the species that could
contribute to this effect (supplementary fig. S4, Supple-
mentary Material online), and one of these changes (146
V to I) lies within a region known to affect substrate
specificity (Johnson et al. 2001; Petit et al. 2007).

F3#h and F3#5#h Control Pigment Production in the
Backcross to Red
In the backcross to the red-flowered parent, individuals
with flowers indistinguishable in visual appearance and
in pigment composition to those of both I. gesnerioides
(N 5 20) and F1 individuals (N 5 25) were produced
(fig. 4, supplementary table S2, Supplementary Material on-
line). In addition, individuals intermediate in appearance
and pigment composition (N 5 16) were also produced
(fig. 4). A preliminary MANOVA using markers in all four
genes indicated that only F3#5#h significantly affected pig-
ment composition (supplementary table S4, Supplemen-
tary Material online). However, further analyses
suggested that although F3#h genotype had no effect on
pigment composition (supplementary tables S3 and S4,
Supplementary Material online), F3#h expression had a
strong effect on the relative production of cyanidin and
pelargonidin. Several lines of evidence suggest that this

FIG. 3. Deletion of the functional F3#5#h copy in Iochroma
gesnerioides. (A) Schematic diagram of functional and nonfunctional
F3#5h copies showing the premature stop (octagon) and the 136 bp
deletion in the nonfunctional copy, as well as the enzymes and
probe (black bar) used in B and C. I. gesnerioides (‘‘G’’) and Iochroma
cyaneum (‘‘C’’) gDNA were digested with HindIII (B) and EcoRI (C)
and probed with the third exon of F3#5#h to reveal both copies.
Open arrows indicate the nonfunctional copy present in both
species; dark arrows show the presumed functional copy, absent in I.
gesnerioides. The band marked with an asterisk is either a third copy
of F3#5#h in I. cyaneum or represents nonspecific binding but is also
absent in I. gesnerioides.
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effect may be due to a single trans-acting locus with two
alleles. First, the frequency histogram of F3#h expression
levels in the backcross to the red parent appears to be

bimodal, with the boundary between the two groups
corresponding to log change in expression of �1.0
(fig. 6A). The reality of these two groups is supported by

FIG. 4. Floral pigment phenotypes in backcross populations. (A) The backcross to blue population had two distinct phenotypic classes: blue
flowers with mostly delphinidin (open circles) and purple flowers with mostly cyanidin (gray circles). Blue flowers are homozygous for blue
alleles at Dfr and purple flowers are heterozygous. (B) The backcross to red population had three distinct phenotypic classes: purple flowers
with mostly cyanidin (gray circles), pink flowers with intermediate composition (open circles), and red flowers with 80% or more pelargonidin
(black circles). Phenotypic classes in this backcross are determined largely by F3#5#h genotype and F3#h expression (fig. 6).

Table 1. Effects of Candidate Genes on Pigment Production in Backcross Populations Based on Multivariate and Univariate Analyses of
Variance.

MANOVA

df

Univariate Analyses

Delphinidin Cyanidin Pelargonidin

Wilks’ l MS F MS F MS F

(A) Analysis of backcross to blue population (N 5 33)a

F3#h 0.84 1 6.60 3 1023 1.63 5.77 3 1024 0.17 3.01 3 1023 2.02
Dfr 0.03*** 1 2.92 722.97*** 2.23 642.24*** 0.05 30.71***
Ans 0.86 1 0.01 2.99 0.01 3.86 2.37 3 1025 0.02
F3#h 3 Dfr 0.95 1 3.13 3 1023 0.78 3.61 3 1023 1.04 3.14 3 1026 0.00
F3#h 3 Ans 0.98 1 1.21 3 1023 0.30 1.98 3 1024 0.06 4.71 3 1024 0.31
Dfr 3 Ans 0.81 1 7.96 3 1023 1.97 1.56 3 1024 0.05 5.73 3 1023 3.83
F3#h 3 Dfr 3 Ans 0.86 1 0.01 3.06 0.01 3.20 2.37 3 1025 0.02
Error 25 4.05 3 1023 3.48 3 1023 1.50 3 1023

MANOVA

df

Univariate Analyses

Delphinidin Cyanidin Pelargonidin

Wilks’ l MS F MS F MS F

(B) Analysis of backcross to red population (N 5 37)b

F3#5#h 0.39*** 1 0.10 31.80*** 0.02 1.23 0.19 16.88**
Dfr 0.81 1 4.82 3 1023 1.55 3.53 3 1024 0.03 6.84 3 1023 0.60
T 0.13*** 1 1.27 3 1023 0.41 2.13 159.83*** 2.04 178.69***
F3#5#h 3 Dfr 0.68* 1 0.02 6.36* 0.03 2.41 0.10 8.61**
Dfr 3 T 0.95 1 4.39 3 1025 0.01 1.76 3 1023 0.13 1.81 3 1023 0.16
F35#h 3 T 0.73* 1 0.02 6.30* 2.22 3 1023 0.17 0.04 3.20
F3#5#h 3 Dfr 3 T 0.67* 1 0.03 9.14** 0.01 0.75 0.07 6.27*
Error 29 0.03 0.01 0.01

Delphinidin Cyanidin Pelargonidin

MS F MS F MS F

(C) Specific contrasts between genotypic classes in the backcross to red (df 5 1 for all)
FRFRDBDRTRTR versus FRFRDRDRTRTR 4.15 3 1024 0.13 1.05 3 1023 0.08 2.51 3 1023 0.22
FRFRDRDRTBTR versus FRFRDRDRTRTR 1.25 3 1023 0.40 0.46 38.40*** 0.43 37.39***
FBFRDRDRTRTR versus FRFRDRDRTRTR 0.06 19.87*** 0.02 1.64 0.15 13.59**

NOTE.—N 5 number of individuals, df 5 degrees of freedom, MS 5 mean square (based on type III sums of squares). The pigment classes, delphinidin, cyanidin, and
pelargonidin are the relative production of delphinidin and its derivatives, cyanidin and its derivatives, and pelargonidin, respectively.
a F3#5h genotype was not included because the two possible genotypes (one or two functional copies) cannot be discriminated.
b The four-way interaction term was not included in the model because there are insufficient degrees of freedom.

***P , 0.0001, **P , 0.01, *P , 0.05.
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the observation that, with one exception, the individuals
they represent differ substantially in percent cyanidin
production (Fig. 6B). Moreover, the numbers of individ-
uals in these two groups occur in roughly a 1:1 ratio
(supplementary tables S1 and S3, Supplementary Mate-
rial online), as expected in a backcross population. Fi-
nally, if this variation were due to nongenetic causes,

we would expect some individuals within I. gesnerioides
to exhibit purple flowers with high expression of F3#h
and high levels of cyanidin-based anthocyanidins, which
we do not see. For the following analysis, we designate
the inferred locus controlling F3#h expression the T-lo-
cus. The absence of an effect of the marker allele at the
F3#h locus on either pigment composition or its own ex-
pression indicates that T is a trans-acting regulator.

Based on these observations and the preliminary
MANOVA (supplementary table S4, Supplementary Ma-
terial online), we performed a MANOVA that included
three factors potentially affecting pigment composition:
Dfr genotype, F3#5#h genotype, and T-locus genotype,
where assignment of the latter was determined by
whether F3#h expression was above or below �1 on
a log10 scale (arrow in fig. 6A). In this analysis, the main
effects of F3#5#h and T were highly significant (P, 0.0001;
table 1). As expected from the topology of the anthocy-
anin pathway (fig. 1), an additional ‘‘red’’ allele at F3#5#h
decreases the relative amount of delphinidin produced
while increasing the relative amount of pelargonidin
and an additional red allele at T decreases cyanidin while
increasing pelargonidin (table 1). There were minor but
significant epistatic effects involving the F3#5#h � Dfr,
F3#5#h � T, and F3#5#h x T � Dfr interactions (table 1).
In addition, as determined by specific contrasts (table 1),
homozygosity for the derived red allele at both F3#5#h (FR)
and T (TR) is necessary for producing the pigment compo-
sition of I. gesnerioides flowers (greater than 80% pelargonidin
production; fig. 6C).

FIG. 5. Relative efficiency of DFR enzyme from Iochroma cyaneum
and Iochroma gesnerioides on precursors of anthocyanidins. DFR
activity was assessed on DHK, DHQ, and DHM, the precursors for
pelargonidin, cyanidin, and delphinidin, respectively (fig. 1). Relative
efficiency is calculated as micromoles substrate converted/ total
micromoles converted. Error bars indicate ±1 standard deviation
across four replicates. The species differ significantly in relative
efficiency on each substrate (MANOVA: I. cyaneum vs. I.
gesnerioides, Wilks’ k 5 0.005, P , 0.0001; univariate ANOVAs, F
5 1128.00, 25.42, 45.60; and P 5 0.0001***, 0.002**, 0.0005** for
DHK, DHQ, and DHM, respectively).

FIG. 6. Effects of F3#h expression and F3#5#h deletion in the backcross to red (BCR) population. (A) Relative expression of F3#h across 37 BCR
individuals. Expression levels are shown relative to the blue Iochroma cyaneum parent; a value of �1.0 corresponds to 10-fold lower expression
of F3#h relative to I. cyaneum. The arrow denotes the cutoff between low expression and high expression corresponding to low and high
cyanidin classes in B. (B) F3#h expression versus cyanidin production in 37 BCR individuals. All individuals except one with expression greater
than �1.0 produce mostly cyanidin (gray symbols). All individuals with expression lower than �1.0 produce mostly pelargonidin; these are
divided into two groups: pink (50–80% pelargonidin, open symbols) and red (.80% pelargonidin, black symbols). (C) Combined effects of the
F3#5#h and the inferred T-locus controlling F3#h expression in BCR. The cutoff between high and low F3#h expression follows (A). The average
pelargonidin production for each genotypic combination is shown ±1 standard deviation. Black letters (T or F) denote a blue I. cyaneum allele
and gray, a red I. gesnerioides allele. BCR individuals that lack a functional copy of F3#5#h (i.e., are homozygous for the red null allele at that
locus) and have low F3#h expression (i.e., inferred to be homozygous for red alleles at the T-locus) recover the red parental phenotype (.80%
pelargonidin production). Each of the four genotypic combinations (e.g., homozygous at both F3#5#h and T) includes individuals that are
homozygous and heterozygous at Dfr.
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In the parental species, the F1 hybrid and two sets of
backcrosses, a total of four discrete phenotypes were
observed. These four phenotypes correspond to four clas-
ses of pigment composition and four classes of genotypes
(fig. 7 and supplementary text, Supplementary Material
online). Although there is slight variation in pigment
composition within classes, this variation is small com-
pared with variation between classes, giving rise to the
visual discreteness of the phenotypes (fig. 7). Moreover,
the cumulative effect of substitutions of the red alleles at
these three loci account for almost 100% of the difference
in floral pigment composition between the parental
species (fig. 7 and supplementary text, Supplementary
Material online). Effects of any other unidentified loci
on pigment composition are thus expected to be
relatively minor.

Discussion

Multiple Genetic Changes Were Necessary for
Evolving Red Flowers
Analyses of genotypic and phenotypic variation in the
backcross populations demonstrated that changes of
major effect in three genes are responsible for almost
all of the difference in floral pigmentation between I. cy-
aneum and I. gesnerioides. First, we found a major shift in
substrate specificity of the enzyme DFR, with the copy
from red-flowered I. gesnerioides showing preference
for the precursor of red pigments and that of blue-flow-
ered I. cyaneum showing preference for the precursors of
blue and purple pigments. Second, we documented a de-
letional inactivation of the gene for the branching en-
zyme F3#5#H, responsible for producing blue pigment

precursors, in the red I. gesnerioides. Finally, we showed
that a change in an unidentified transcription factor that
causes a significant downregulation of F3#h in I. gesner-
ioides also contributes to greater production of red pig-
ments. We infer the existence of this transcription factor,
as opposed to a cis-regulatory change because F3#h itself
does not cosegregate with either pigment composition
or its own expression level. Although it is possible that
more than one trans-acting element contributes to this
effect, the bimodality of F3#h expression and the pheno-
typic discreteness of the high and low expression classes
suggests that a single factor is likely.

Of the three documented changes, at least two of them,
the loss of F3#5#h and the downregulation of F3#h, were
required for the evolution of red flowers in I. gesnerioides.
As observed in the backcross to red, only individuals ho-
mozygous for red null alleles at F3#5#h and red alleles at
the inferred T-locus recover the red parental phenotype
with high pelargonidin production (fig. 7). The loss of
F3#5#h alone results in only a small increase in pelargonidin
(table 1) because F3#H will continue to convert DHK, the
precursor of red pelargonidin pigments, into DHQ, the pre-
cursor of purple cyanidin pigments (fig. 1). Although the
loss of F3#h expression, through the change at the inferred
trans-acting T-locus, results in a greater increase in pelar-
gonidin (table 1), the phenotype remains pink because it
does not produce as much pelargonidin as the red flowers
of I. gesnerioides (fig. 7). This difference occurs because
F3#5#h converts some DHK to DHQ, resulting in the pro-
duction of some cyanidin and delphinidin. In combination,
however, the fixation of both changes results in the red pa-
rental phenotype because the side branches of the pathway
that produce purple cyanidin and blue delphinidin

FIG. 7. Floral phenotypes, backcross genotypes, and pigment variation. (A) Flowers of the parents, the F1 hybrid, and the backcrosses are shown.
The blue backcross has blue and purple phenotypes and the red backcross has purple, pink, and red phenotypes. Genotypes are given for each
backcross phenotype at the three associated loci: the T-locus controlling F#3h expression, F3#5#h, and Dfr. Blue alleles at each locus are colored
blue and red are red. T-locus genotypes were inferred from F3#h expression levels (fig. 6). Bar graphs show pigment composition for each
genotype; D, C, and P are the mean proportions of each class of pigment (delphinidin, cyanidin, and pelargonidin) ±1 standard deviation. For
analyses underlying this figure, see supplementary text, Supplementary Material Online. (B) Possible orders of changes to Dfr, F3#5#h, and T in
the transition from blue to red flowers. Phenotypes follow the same four groupings observed in the backcrosses (A and fig. 4), blue, purple,
pink, and red. The six possible paths are numbered for reference in the text. The two starred phenotypes are inferred from both the crosses and
the structure of the pathway (fig. 1), whereas the remaining phenotypes can be inferred from the crosses alone.
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pigments (fig. 1) are nearly inactivated, leaving only red pe-
largonidin pigments.

It is less clear whether the functional shift in Dfr contrib-
uted to the blue-to-red transition because its role depends
on the order of the genetic changes. The backcross to red
suggests that being homozygous for the red allele at Dfr
would at most convert a blue flower into a purple flower
with flux mainly through the cyanidin branch. Thus, if sub-
stitution(s) in Dfr occurred first in the ancestrally blue lin-
eage, a novel purple phenotype would have been produced,
but changes in the other two genes would also have been
necessary to further reduce cyanidin and delphinidin pro-
duction (fig. 7, paths 5 and 6). On the other hand, if
changes to F3#5#h and T occurred first (fig. 7, paths 1
and 3), the substitutions in Dfr may not have been neces-
sary: with F3#5#H absent and greatly reduced levels of F3#h,
little cyanidin or delphinidin could be produced, allowing
production of only derivatives of pelargonidin. Under this
scenario, the altered substrate specificity of Dfr would pre-
sumably reflect selection to improve enzyme efficiency on
the pelargonidin precursor DHK.

Determining the order of molecular changes involving
Dfr, F3#h, and F3#5#h could be aided by studying other spe-
cies of Iochromamore closely related to I. gesnerioides. The
two species studied here, both easily grown and popular as
ornamentals, are not each other’s closest relatives. I. gesner-
ioides and its red sister species I. fuchsioides are most closely
related two blue-flowered species from the cloud forests of
Ecuador, Iochroma calycinum and Iochroma baumii (sup-
plementary fig. S1, Supplementary Material online). Be-
cause the downregulation of F3#h and the inactivation
of F3#5#h both appear necessary for the production of
red flowers, we would expect these changes to also be pres-
ent in I. fuchsioides but absent in the closely related blue
species. However, examination of F3#5#h in I. fuchsioides
might reveal only partial degeneration of the functional
copy, which would suggest a stepwise degradation begin-
ning with inactivating mutations and followed by the gene
deletion. Similarly, comparison of Dfr sequence in related
taxa could elucidate the order of changes involved in the
functional shift. Amino acid changes shared between the
two red species but absent in their blue relatives would
be strong candidates for the evolution of preference for
the red pigment precursors. Given that our studies were
based on a single accession of I. gesnerioides, examining var-
iation at these loci within and among populations may also
be relevant. For example, changes in Dfr that are fixed
across all red-flowered populations are more likely to be
of functional importance in the shift to red than those that
are continuing to segregate.

Gene Losses in the Evolution of Species Differences
Comparative studies of full genome sequences have docu-
mented an enormous flux in genomic content along the
tree of life, with many genes and in some cases entire gene
families being gained and lost or pseudogenized in different
lineages (Hughes and Friedman 2004; Demuth et al. 2006;
Hahn et al. 2007). In some cases, these historical expansions

and contractions have been related to major life history or
phenotypic transitions (Moran and Mira 2001; McBride
and Arguello 2007; Demere et al. 2008; Preston et al.
2011), such as the loss of enamel loci accompanying the
loss of teeth in the bird lineage (Sire et al. 2008). However,
without traditional genetic or transgenic studies, it remains
unclear whether the genomic differences observed in pres-
ent day taxa were responsible for the initial phenotypic
transition or whether these differences reflect subsequent
evolution. To date, only one study has definitively linked
a change in gene copy number, in this case a gene gain,
with a phenotypic difference between species (Hanikenne
et al. 2008), and, to our knowledge, there are no similar
cases involving gene loss. There are also few examples of
phenotypic differences between species attributable to
pseudogenization, and one of the best examples involves
a shift from pigmented to white flowers in P. axillaris
(Quattrocchio et al. 1999).

In Iochroma, gene inactivation was clearly necessary for
the phenotypic transition to red coloration because individ-
uals carrying a functional copy of F3#5#Hdo not produce the
red phenotype, regardless of the genetic composition at
other loci. Although we have shown that this gene is deleted
in I. gesnerioides, we cannot distinguish between the possi-
bility that deletion caused inactivation and the possibility
that deletion occurred after initial inactivating mutations,
such as those observed in spontaneous red-flowered
mutants (Snowden and Napoli 1998; Chen et al. 2007). In
either case, however, gene inactivation appears to have con-
tributed to the evolution of red flowers. Compared with
other possible mechanisms for accomplishing this transition
(e.g., regulatory changes), gene inactivation might be consid-
ered a priori an unlikely candidate because it could result in
decreased fitness due to pleiotropic effects. Nevertheless,
gene inactivation, including deletion, is known to contribute
to phenotypic variation within species (Grant et al. 1998;
Werner et al. 2005) and domesticates (Dixon et al. 1996;
Cai et al. 1997), and potential adverse pleiotropic effects
of gene inactivation may be reduced if there are additional
copies of the gene or if the gene affects only the phenotype
of interest.

In the case of F3#5#h, however, only a single functional
copy is present in Iochroma, suggesting that its inactivation
incurred relatively little deleterious pleiotropy. This infer-
ence is consistent with known properties of this enzyme.
Although F3#5#H can carry out 3# hydroxylation of DHK to
produce DHQ (fig. 1), this reaction is performed more
effectively by F3#H, which continues to function in this role
in I. gesnerioides vegetative tissue. Indeed, deletion of
F3#5#h has no detectable effect on floral cyanidin produc-
tion in the presence of a functional F3#h (fig. 7 and
supplementary text, Supplementary Material online). Fur-
thermore, the other flavonoid products requiring F3#5#H
activity (e.g., pentahydroxyflavanone and myricetin) are
uncommon in Solanaceae relative to the products requir-
ing F3H and F3#H activity (e.g., kaempferol and quercetin)
(Eich 2008). These considerations suggest that the deletion
of F3#5#h may have had minimal negative consequences.
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Gene inactivation appears to have contributed to the evo-
lution of unpigmented flowers in P. axillaris (Quattrocchio et al.
1999) and possibly in other white flowered species (Schwinn
et al. 2006). Our results indicated that it also contributes to
the evolution of red flowers from blue-flowered ancestors.
The involvement of gene knockouts in floral color evolution
is not unexpected. As has been shown extensively with spon-
taneous mutants, knockouts of pathway genes can accomplish
changes in both the amount and the type of floral pigment
(Streisfeld and Rausher 2011). However, not all of these gene
knockouts are equally represented in flower color divergence
between species. In white-flowered species, knockouts appear
to be differentially restricted to genes that incur relatively little
adverse pleiotropy (Streisfeld and Rausher 2011). Our results
suggest that this may also be true for transitions to red flowers.

Gene inactivation is expected to often constrain future evo-
lutionary paths. For I. gesnerioides, inactivation of F3#5#h, along
with the changes in F3#h expression and DFR function, means
that the re-evolution of blue flowers by renewed production of
delphinidin-derived anthocyanins is highly unlikely. As shown
in the backcross to red, the addition of a ‘‘blue’’ Dfr allele that
prefers the delphinidin precursor DHM over the pelargonidin
precursor has no detectable effect on pigment production in
the red background where there is little to no F3#H or F3#5#H
activity. Increasing F3#h expression by adding a blue allele at
the T-locus in a red background would cause a significant shift
away from red flowers by decreasing pelargonidin and increas-
ing cyanidin. However, a complete reversal to blue flowers
with delphinidin pigmentswould additionally require the pres-
ence of a functional F3#5#H. Although F3#5#H belongs to the
larger CYP75 family of P450 genes, its sequences are roughly
50–60% diverged at the amino acid level from themost closely
related member, F3#H (Nelson et al. 2004; Shih et al. 2006),
suggesting its function could not easily be replaced by recruit-
ing another gene family member. Alternately, a functional
F3#5#H could be restored through introgression, but the allo-
patric distribution of I. gesnerioides makes this a remote pos-
sibility. Thus, the deletion of F3#5#h may effectively preclude
reversion to a blue-flowered delphinidin–producing state. If
a similar inactivation is common in other red-flowered species,
its occurrence may partly explain the observation that tran-
sitions from blue to red often appear directional or even ir-
reversible in phylogenetic studies (Whittall and Hodges
2007; Wilson et al. 2007).

Parallel Genetic Mechanisms of Flower Color
Evolution
Evolutionary transitions from an ancestral state of blue
flowers to a derived state of red flowers have occurred
repeatedly in angiosperms by shifting from cyanidin- or
delphinidin-based anthocyanins to pelargonidin-based an-
thocyanins (Whittall and Hodges 2007; Wilson et al. 2007;
Streisfeld and Rausher 2009b). These examples, along with
spontaneous mutations that have been examined indicate
that this shift can be accomplished by eliminating expres-
sion or activity of the flavonoid hydroxylases (F3#h and
F3#5#h) (Streisfeld and Rausher 2011). Our results, coupled
with those of studies in Ipomoea, suggest that mutations

that reduce F3#h expression, rather than eliminating its
function, are preferentially fixed in these parallel flower
color transitions. As in I. gesnerioides, F3#h has been signif-
icantly downregulated in two other independent origins of
red flowers with pelargonidin pigments (Ip. quamoclit and
Ip. horsfalliae) and in all three cases, the downregulation
occurs only in flowers, not in vegetative tissue (Streisfeld
and Rausher 2009b; Des Marais and Rausher 2010).

This pattern of parallel evolution at the developmental/reg-
ulatory level contrasts with the limited information on spon-
taneous mutations causing red flowers with pelargonidin
production. Although the sample size is small, all red-flowered
mutants known from horticultural accessions or segregating in
natural populations involving the flavonoid hydroxylases in-
volve loss-of-function mutations rather than regulatory
mutations. This pattern suggests that regulatory mutants
affecting these genes aremuch rarer than knockoutmutations,
and that the involvement of F3#h regulatory mutations in red-
flowered Iochroma and Ipomoea species reflects preferential
fixation of regulatory mutants (P , 0.005, Fisher Exact Test).
We suspect that this pattern arises because flower-specific
downregulation has fewer deleterious pleiotropic effects than
a loss of F3#h function throughout the plant. One possible rea-
son for this deleterious pleiotropy is that derivatives of DHQ
(produced by F3#h) provide significantly higher tolerance to
UVB radiation compared with derivatives of DHK (Ryan
et al. 2001, 2002). In addition, the rarity of pelargonidin deriv-
atives relative to cyanidin derivatives in plant foliage (Price and
Sturgess 1938) argues that cyanidin derivatives in foliage are
generally advantageous and that purifying selection acts on
F3#h to preserve function in vegetative tissues.

Parallelismmay occur at multiple levels. In the case of tran-
sitions from blue to red flowers, it appears to occur at the
levels of phenotype, biosynthetic pathway, and developmen-
tal/regulatorymechanism but not at the level of specific genes
involved. In I. gesnerioides, F3#h downregulation appears to be
caused by changes in a transcription factor, whereas in I. qua-
moclit it is caused by a cis-regulatory change in F3#h itself. This
pattern suggests that it may not matter whether the regula-
tory mutations are in cis-elements of the downregulated gene
or in floral-specific transcription factors so long as the devel-
opmental effect (decreased floral F3#h expression) is the same.
Our results thus support the suggestion by Yoon and Baum
(2004) that although the type of developmental/regulatory
change that contributes to a new phenotype is often con-
strained, there is less differential constraint among the differ-
ent types of mutation that can produce the favored
developmental/regulatory change.

This pattern of phenotypic and biochemical parallelism
arising from a similar developmental mechanism has
emerged from other studies of pigment evolution, although
its generality is likely to rely largely on the genetic architec-
ture of pigmentation in different systems. For example, var-
iation in abdominal pigmentation across Drosophila species
is closely tied to expression of the yellow gene, and this
regulatory change is due to cis-acting factors in some spe-
cies but a combination of cis- and trans-factors in others
(Wittkopp et al. 2002). By contrast, studies of the evolution
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of vertebrate pigmentation suggest not only similar develop-
mental mechanisms but also shared genetic and even
mutational bases for the same phenotypes (Manceau
et al. 2010). Changes in patterns of pigmentation have
repeatedly involved shifts in agouti expression (Steiner
et al. 2007; Linnen et al. 2009), whereas differences in the
amount of pigmentation have often evolved via changes
in the Mc1r coding sequence, in some cases involving the
fixation of the same derived amino acids in distantly related
lineages (Rompler et al. 2006; Steiner et al. 2009; Rosenblum
et al. 2010). This extension of parallelism to the genetic and
even the mutational level may reflect a narrow range of
genetic mechanisms that can produce the derived pheno-
type or reduced pleiotropy associated with the particular
substitutions.We consider the latter factor as the likely cause
for the repeated involvement ofMYB transcription factors in
evolutionary losses of floral anthocyanin pigmentation
(Quattrocchio et al. 1999; Schwinn et al. 2006; Whittall
et al. 2006; Hoballah et al. 2007; Streisfeld and Rausher
2009a). An alternative possibility is that the targeting of can-
didate genes in evolutionary genetic studies results in ascer-
tainment bias, giving a biased perception of the relative
contribution of particular genes, like Mc1r, in phenotypic
evolution (Manceau et al. 2010). Studies that combine
genome-wide approaches (crossing studies, quantitative
trait locus mapping) with analysis of candidate genes will
be needed to fully address the extent to which parallelism
at the phenotypic and biochemical level arise from parallel
developmental and genetic mechanisms.

Supplementary Material
Supplementary text, tables S1–S4, and figures S1–S4 are
available at Molecular Biology and Evolution online
(http://www.mbe.oxfordjournals.org/).
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