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Two outstanding questions in evolutionary biology are whether, and how often, the genetic basis of phenotypic evolution is

predictable; and whether genetic change constrains evolutionary reversibility. We address these questions by studying the genetic

basis of red flower color in Penstemon barbatus. The production of red flowers often involves the inactivation of one or both of two

anthocyanin pathway genes, Flavonoid 3′,5′-hydroxylase (F3′5′h) and Flavonoid 3′-hydroxylase (F3′h). We used gene expression

and enzyme function assays to determine that redundant inactivating mutations to F3′5′h underlie the evolution of red flowers in

P. barbatus. Comparison of our results to previously characterized shifts from blue to red flowers suggests that the genetic change

associated with the evolution of red flowers is predictable: when it involves elimination of F3′5′H activity, functional inactivation or

deletion of this gene tends to occur; however, when it involves elimination of F3′H activity, tissue-specific regulatory substitutions

occur and the gene is not functionally inactivated. This pattern is consistent with emerging data from physiological experiments

indicating that F3′h may have pleiotropic effects and is thus subject to purifying selection. The multiple, redundant inactivating

mutations to F3′5′h suggest that reversal to blue-purple flowers in this group would be unlikely.
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An important goal of evolutionary biology is to characterize the

genetic changes that underlie adaptation. Although substantial

strides have been made in identifying such changes (Hoekstra

and Coyne 2007; Stern and Orgogozo 2008; Nadeau and Jiggins

2010), two questions that remain unresolved are, first, whether

the types of genetic change associated with adaptation are pre-

dictable (Wood et al. 2005; Arendt and Reznick 2008; Gompel

and Prud’homme 2009; Kopp 2009; Christin et al. 2010; Stre-

isfeld and Rausher 2010; Elmer and Meyer 2011; Conte et al.

2012; Martin and Orgogozo 2013); and second, whether the

genetic basis of adaptation constrains future evolutionary tra-

jectories (Teotonio and Rose 2001; Zufall and Rausher 2004;

Bridgham et al. 2009; Smith and Rausher 2011; Soylemez and

Kondrashov 2012).

Examining the genetic changes underlying repeated pheno-

typic changes is an ideal approach to investigate the first question.

Predictable genetic changes can accompany particular phenotypic

transitions either because the genetic changes that cause the phe-

notypic change are predictable or because the phenotypic change

facilitates subsequent predictable genetic changes. The former

occurs when the repeated occurrence of a particular phenotypic

change is most often caused by only one type of genetic change;

the latter occurs when the same type of genetic change tends to

accompany or follow a particular phenotypic change. Examples
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of similar genetic change involved in the same phenotypic change

are common (Martin and Orgogozo 2013), though most studies

compare only two or three species and thus cannot statistically

address whether parallel genetic change represents nonrandom

fixation of the observed genetic change at the expense of alter-

native genetic changes. Most of these examples focus on genetic

changes causing the phenotypic shift and we are not aware of any

examples demonstrating that parallel phenotypic transitions fa-

cilitate subsequent parallel genetic change. However, we believe

this may often occur, especially when the phenotypic transition

eliminates the sole function of a gene or metabolic/developmental

pathway. In this situation, there will be no purifying selection to

prevent degeneration of the gene or pathway.

This type of degeneration can generate constraints on subse-

quent evolutionary trajectories. For example, many evolutionary

transitions seem to be asymmetric: although transitions from state

A to state B are common, reverse transitions from state B to state

A are rare (e.g., Lee and Shine 1998; Brandley et al. 2008; Galis

et al. 2010; Goldberg and Igic 2012). One explanation for this

type of asymmetry is that the underlying genetic changes pro-

ducing a shift from state A to state B involve loss-of-function

(LOF) mutations that inactivate a gene or pathway. Subsequent

degeneration of the gene or pathway by the neutral accumulation

of additional inactivating mutations is expected to make reversal

of the genetic changes almost impossible (Marshall et al. 1994;

Collin and Miglietta 2008; Igic et al. 2008; Rausher 2008). De-

spite the potential importance of this type of degeneration as an

evolutionary constraint, it is unclear whether it frequently arises

in association with adaptive evolutionary change.

Flower color is an ideal trait with which to examine these

issues. Flower color is evolutionarily labile and certain distinctive

phenotypic shifts have repeatedly occurred during angiosperm

evolution. Moreover, at least in some taxa, there are substantial

asymmetries in the direction of transitions (reviewed by Rausher

2008). For example, shifts from blue-purple to red flowers have

occurred repeatedly, generally in response to selection for hum-

mingbird pollination (Grant and Grant 1968; Faegri and van der

Pijl 1979), and are often unidirectional—there are very few doc-

umented cases of evolutionary reversal from red to blue-purple

flowers (reviewed by Rausher 2008, but see Tripp and Manos

2008).

The color of most red, pink, purple, and blue flowers derives

from anthocyanin pigments, which are produced by the flavonoid

biosynthesis pathway (Fig. 1). The structure and regulation of

this genetic pathway is highly conserved and well characterized,

providing a manageable set of candidate genes underlying flower

color divergence (Holton and Cornish 1995). Using a combination

of functional and gene expression assays on identified candidates,

it is possible to systematically identify the genetic mutations re-

sponsible for a given origin of a novel flower color (e.g., Hobollah
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Figure 1. Simplified anthocyanin pathway. Inside boxes are en-

zymes, outside of boxes are precursors and products. Arrows

indicate enzymatic reactions. Included are the molecular struc-

tures of the three basic anthocyanidins, the immediate precur-

sors of anthocyanins. ANS, anthocyanidin synthase; CHI, chal-

cone isomerase; CHS, chalcone synthase; DFR, dihydroflavonol-

4-reductase; DHK, dihydrokaempferol; DHM, dihydromyricetin;

DHQ, dihydroquercetin; F3H, flavanone-3-hydroxylase; F3′H,

flavonoid 3′-hydroxylase; F3′5′H, flavonoid 3′,5′-hydroxylase.

et al. 2007; Streisfeld and Rausher 2009a; Des Marais and Rausher

2010; Dick et al. 2011; Hopkins and Rausher 2011; Smith and

Rausher 2011). Shifts from bluer to redder flowers generally in-

volve a change in the biochemical class of anthocyanin that is

produced. Anthocyanins occur in three structural forms that dif-

fer in color due to differences in the number of hydroxyl groups

attached to the B-ring of their anthocyanidin carbon skeleton

(Fig. 1; Lawrence and Price 1940). Anthocyanins derived from

pelargonidin, which has a single hydroxyl group, tend to be red

or orange-red. Anthocyanins derived from cyanidin, which has

two hydroxyl groups, tend to be magenta to blue-purple (depend-

ing on the presence of copigments). Finally, anthocyanins derived

from delphinidin, with three hydroxyl groups, are generally blue

or purple. The production of cyanidin and delphinidin require

the activity of the enzymes Flavonoid 3′-hydroxylase (F3′H) and

Flavonoid 3′,5′-hydroxylase (F3′5′H), respectively (Holton et al.

1993). At the biochemical level, evolutionary shifts from blue to

red flowers generally involve a shift from delphinidin or cyani-

din production to pelargonidin production (reviewed by Rausher

2008).
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Several types of mutations have previously been identified

that can cause or contribute to shifts from cyanidin or delphini-

din production to pelargonidin production. One type is the func-

tional inactivation of F3′h or F3′5′h (Wessinger and Rausher

2012). A second is downregulation of either or both of these

genes (e.g., Zufall and Rausher 2004; Des Marais and Rausher

2010; Hopkins and Rausher 2011; Smith and Rausher 2011).

A final type is alteration of the substrate specificity of the en-

zyme dihydroflavonol 4-reductase (DFR) such that it efficiently

catalyzes only the precursor of pelargonidin (Smith and Rausher

2011).

In this report, we describe the genetic changes associated

with the evolutionary shift from blue to red flowers in Penstemon

barbatus (Plantaginaceae). This type of transition has occurred

at least 10, and possibly up to 20, times in the genus Penste-

mon, and is associated with parallel adaptation to hummingbird

pollination (Wilson et al. 2007). Moreover, there appears to be

a strong directional bias in this genus: there are no documented

cases of the reverse transition from red to blue flowers (Wilson

et al. 2007). We compare our findings with information on sim-

ilar transitions in other genera to document patterns that suggest

that the evolution of red flowers is predictably associated with

functional inactivation of F3′5′h but not with F3′h. In addition,

we document genetic degeneration of F3′5′h by the accumulation

of redundant inactivating mutations that, if common in other red-

flowered species in the genus, could contribute to the directional

bias in phenotypic transitions.

Materials and Methods
STUDY SPECIES AND PROPAGATION

Penstemon barbatus (Fig. 2A) occurs throughout the American

southwest at high elevations and displays adaptations to hum-

mingbird pollination, including bright red flowers. Penstemon

neomexicanus (Fig. 2A) is a closely related species (Wolfe et al.

2006) that retains the bee-pollination syndrome, including blue-

purple flowers. Seeds collected and generously shared by Pro-

fessor Paul Wilson (California State University, Northridge) were

germinated after two months cold stratification. Plants were grown

in the Duke University greenhouse under 18-h daylight con-

ditions. A single P. neomexicanus individual was successfully

crossed to a single P. barbatus individual and three F1 individuals

were cultivated. These F1 plants were intercrossed to produce an

F2 population of approximately 180 individuals.

PIGMENT ANALYSIS

We characterized floral and vegetative pigments produced by

both species and by hybrid progeny using high-performance

liquid chromatography (HPLC). Anthocyanidins were extracted

from individual flowers or leaves according to Harborne (1984)

and eluted into 99% methanol:1% HCl. Samples were analyzed

with a Shimadzu LC-10AT liquid chromatography system with a

150 × 4.6mm Alltech Prevail reverse-phase C18 column at a

flow rate of 1 ml/min. We used the HPLC protocol reported in

Smith and Rausher (2011) to separate anthocyanidins, and de-

tected peaks at 520 and 540 nm. Anthocyanidins were identified

by comparing the retention times against peaks obtained using

standard solutions (obtained from Polyphenols Laboratories).

ISOLATION OF CANDIDATE GENES

We extracted genomic DNA and synthesized complementary

DNA for both species as well as for hybrid progeny. Genomic

DNA was extracted from leaf tissue using a CTAB protocol

(Doyle and Doyle 1987). We extracted total RNA from flower

buds or leaves using the miRvana kit (Ambion) and performed

first-strand cDNA synthesis using 0.5 μg RNA in 20 μl reactions

with m-MuLV reverse transcriptase (New England Biolabs). The

candidate genes F3′5′h, F3′h, and Dfr as well as Flavanone-3-

hydroxylase (F3h) and Elongation factor 1-alpha (EF1-α) were

initially amplified using previously published degenerate PCR

primers (Whittall et al. 2006), or primers designed from Pen-

stemon floral transcriptomes that were generated through Illu-

mina sequencing. These PCR products were gel-purified using

the QiaQuick kit (Qiagen), cloned using the pGEM-T easy vec-

tor (Promega), and sequenced at the Duke University Genome

Sequencing and Analysis Core Facility. We verified that we am-

plified the correct genes by BLASTing our resulting sequences to

the GenBank nucleotide database. All relevant genes were found

to be present in single copies in each species.

Based on these gene fragments, we designed a variety

of Penstemon-specific primers to facilitate the molecular biol-

ogy experiments described below. We performed 3′- and 5′-
RACE using the GeneRacer kit (Invitrogen) to obtain full-

length coding sequences for F3′5′h, F3′h, and Dfr. To obtain

the promoter sequences of F3′5′h from each species, we per-

formed genome walking on genomic DNA using the Univer-

sal GenomeWalker kit (Clontech) according to manufacturer’s

recommendations. We used Matinspector software (Genomatix)

to predict transcription factor binding sites in the resulting

promoter sequences.

To determine the pattern of cosegregation between floral

pigment production and genotype at F3′5′h, we designed primers

that amplify a cleaved amplified polymorphic site (CAPS) marker

that distinguishes between the F3′5′h homologs derived from P.

neomexicanus and P. barbatus. The enzyme ClaI cleaves the am-

plified fragments in P. barbatus, but not in P. neomexicanus, al-

lowing us to rapidly genotype F2 individuals at this locus.
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Figure 2. Phenotypes of P. neomexicanus and P. barbatus. (A) Images of the two species. (B) Representative HPLC data displaying

anthocyanins produced by each species in floral and leaf tissue.

F3′5′H ASSAYS

We examined differences in F3′5′H enzyme function by heterol-

ogously expressing the protein and performing in vitro func-

tional assays. F3′5′H is a membrane-bound P450 monooxyge-

nase protein. Because these proteins require NADPH-dependent

P450 reductases for activity, which are found only in eukary-

otes, we expressed them in Saccharomyces cerevisiae. How-

ever, these proteins also possess a cluster of strongly biased

codons at the N-terminus that can hinder their translation ini-

tiation and efficiency in S. cerevisiae (Hoekema et al. 1987).

To facilitate protein expression, we cloned full-length F3′5′h
from each species and selectively exchanged the biased codons

for codons preferred by S. cerevisiae according to the strategy

outlined by Batard et al. (2000). Briefly, using eight overlap-

ping 60-mer primers, the initial 300 base pairs were recoded to

match the most abundant tRNAs found in yeast, according to

the yeast codon usage table reported by Batard et al. (2000). We

then subcloned the resulting DNA into the P450 expression vec-

tor pYeDP60 (Pompon et al. 1996). This yielded the constructs

pCW163 (P. neomexicanus F3′5′h in pYeDP60) and pCW164 (P.

barbatus F3′5′h in pYeDP60). We then transformed these con-

structs into a modified BY4147 yeast strain (Jensen et al. 2011) for

expression.

To examine the functional effect of a premature stop codon

at amino acid 407 we discovered in the P. barbatus sequence, we

introduced a stop codon at amino acid 407 into the P. neomexi-

canus copy (pCW163) using homologous recombination in yeast.

Specifically, we digested pCW163 with BstEII and Tth111I to

produce a gapped plasmid and also amplified the region surround-

ing amino acid 407 from pCW164 using PCR. We combined the

products from these two reactions in a yeast homologous recombi-

nation reaction. The resulting construct was termed pCW186. To

test for additional degenerative mutations in the P. barbatus copy,

we used the GeneArt site-directed mutagenesis kit (Invitrogen) to

produce the reciprocal construct: pCW164 with the stop codon

at amino acid 407 changed to the glycine found in pCW163. We

termed this construct pCW190. This construct possessed a stop

codon found at the end of the coding sequence, as is found in the

functional P. neomexicanus homolog. Transformation of yeast,

yeast growth conditions, and preparation of yeast microsomes

was performed according to Pompon et al. (1996), with minor

modifications. We isolated microsomes from three independent

cultures per construct.

We determined the concentration of P450 protein in each

microsomal sample using a carbon monoxide difference as-

say (Omura and Sato 1960). Protein concentrations were ap-

proximately 0.25–0.35 pmol/μl in concentration. In vitro en-

zyme assays contained 9 pmol of protein, 10 nmol of DHK

(TransMit), 0.25 μmol NADPH, and 0.1 M Tris-HCl pH 7.5 in

200 μl total volume. These reactions were incubated at 30◦ for

30 min and extracted twice with ethyl acetate. We used HPLC

to separate the dihydroflavonols. Solvent A (HPLC-grade water,

0.1% trifluoroacetic acid) and solvent C (1-propanol, 0.1% tri-

fluoroacetic acid) were applied using gradient elution at a flow

rate of 1 ml/min at 30◦C. The HPLC protocol (21 min total) is

as follows: 15% solvent C from 0 to 3 min; linear increase to

27% solvent C from 3 to 17 min; 27% solvent C from 17 to

20 min; and a linear decrease back to 15% from 20 to 21 min.
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We measured absorbance at 290 nm and compared areas under

absorbance peaks to those for compared to standard curves to

determine μmol concentrations of dihydroflavonols. We calcu-

lated activity as the nmol product produced per pmol protein

added.

DFR ENZYME ASSAYS

We used in vitro functional assays to examine differences in

DFR function. We subcloned full-length coding sequences of

Dfr from each species into the pFLAG-MAC bacterial over-

expression vector (Sigma). We transformed these constructs

into BL21 star DE3 Escherichia coli (Invitrogen) cells, cul-

tured, and induced protein expression for three hours by adding

0.5 μM isopropyl β-D-1-thiogalactopyranoside (IPTG). We as-

sessed the relative ability of crude protein extracts to convert

0.5 μmol of each of its three substrates, DHK, DHQ (Sigma),

and DHM (Apin Chemicals), in separate reactions, follow-

ing the protocol of Des Marais and Rausher (2008). For each

species-substrate combination, we performed assays on three

independent replicate clones. We analyzed the results using a

Shimadzu UV-2401 PC spectrophotometer, measuring absorp-

tion at 537, 550, or 561 nm for assays containing DHK, DHQ,

or DHM, respectively. Peak heights were converted into μmol

quantities using standard curves (reported in Smith and Rausher

2011).

qPCR

We examined the relative expression levels of candidate genes us-

ing quantitative real-time PCR (qPCR). We designed primers for

qPCR that amplify no more than 250 bp from each of F3′h, F3′5′h,

Dfr, F3h, and Ef1-α (a constitutively expressed housekeeping

gene) and confirmed their specificity by sequencing the PCR

products. Each 20 μl qPCR reaction contained 10 μl Dynamo

SYBR green qPCR mix (Finnzymes), 0.2 μM of each primer,

and 2.5 ng template cDNA. Two to three technical replicates were

run for each sample. qPCR reactions were run on an Eppendorf

mastercycler qPCR machine with the following conditions: 95◦

for 10 min, 40 cycles of 95◦ for 15 sec followed by 56◦ for 30 sec

then 30 sec at 72◦.

A single arbitrarily chosen P. neomexicanus individual was

included in each run as a standard comparison and to control for

interassay variation. We calculated corrected threshold (CT) val-

ues for gene-specific differences in PCR efficiency according to

Pierson et al. (2003). We subtracted the CT value for our standard

P. neomexicanus individual from each sample CT value to obtain

a measure of sample-specific change in CT values for a given

gene. Then, to obtain relative gene expression for a given sample,

we divided the change in CT for the target gene by the change in

CT for the housekeeping gene EF1-α, then took the logarithm of

this ratio. This gave us a “log ratio” for every sample/target gene

combination. F3h is a gene located upstream of the branching

section of the anthocyanin pathway. Differences in F3h activity

are expected to reflect differences in overall expression of antho-

cyanin pathway genes and will thus reflect variation in pigment

intensity but not pigment hue. To ensure any observed variation

in target gene expression was not due to differences in overall

anthocyanin pathway gene expression, we subtracted the log ratio

value for F3h from the log ratio value for each target gene.

ALLELE-SPECIFIC EXPRESSION

We used pyrosequencing to measure allele-specific expression

of F3′5′h in three F1 individuals to determine whether a gene

expression difference was cis- or trans-acting. Cis-regulatory dif-

ferences are detected as unequal expression of the two alleles in

F1 cDNA samples (Wittkopp et al. 2004). We used a biotinylated

primer to amplify a 140 bp fragment surrounding a G/A poly-

morphism that distinguishes the two homologs. We performed

pyrosequencing on gDNA and cDNA derived from each of our

three F1 individuals. Four replicate reactions were run for each

sample, plus controls lacking template and controls lacking se-

quencing primers. The expression of each allele is proportional

to peak height obtained during the pyrosequencing run (Wittkopp

et al. 2004). We multiplied the absorbance of A by 0.86 to cor-

rect for overestimation of A expression, quantified the ratio of P.

neomexicanus to P. barbatus allelic expression, and then divided

the ratio of alleles found in cDNA by the ratio found in gDNA

to correct for differences in PCR efficiency of the two alleles.

To characterize F3′5′h allele-specific expression in heterozygous

F2 individuals, we amplified and cloned a fragment of F3′5′h
from each of six blue-purple and 11 red individuals. For each, we

performed colony PCR on approximately 20 colonies per cloned

PCR product, and subsequently digested each colony PCR with

ClaI to determine the ratio of amplicons matching each allele.

All statistical tests were performed in JMP version 9.0.0

(SAS, 2010).

Results
PIGMENT ANALYSIS

The majority of Penstemon species have blue-purple flowers that

produce delphinidin- or delphinidin- and cyanidin-based antho-

cyanins (Scogin and Freeman 1987), which is likely the ances-

tral state for the genus. The blue-purple flowered P. neomex-

icanus retains this phenotype, producing delphinidin-based

anthocyanins (Fig. 2B). The bright red flowers of P. barbatus

produce pelargonidin-based anthocyanins (Fig. 2B), indicating

that a change from delphinidin to pelargonidin production has

occurred in the lineage leading to this species. Despite this diver-

gence in floral anthocyanidin production, both species produce

cyanidin-based anthocyanins in their leaf tissues (Fig. 2B). These
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Figure 3. Structure and enzyme function of F3′5′h in P. neomex-

icanus, P. barbatus, and experimental constructs. Yellow bar indi-

cates premature stop codon at amino acid 407. Numbers indicate

approximate amino acid position. Red lines indicate approximate

positions of substrate recognition sites. Blue line indicates posi-

tion of heme-binding domain. Reported are average enzyme func-

tion values for protein derived from three replicate cultures per

construct.

biochemical data reveal that functional F3′5′H is expressed in the

flowers of P. neomexicanus, and functional F3′H is expressed in

the leaves of both species.

There are at least four types of causal mutations for this

particular phenotypic shift that could have occurred in the P.

barbatus lineage: (1) inactivation of F3′5′h through a mutation

that disrupts enzyme function, (2) inactivation of F3′5′h through

a regulatory mutation, (3) inactivation of F3′h through a floral

tissue-specific regulatory mutation, or (4) a functional mutation

to Dfr that increases substrate affinity for DHK compared to

DHQ and DHM. Note that a regulatory mutation could either

be cis-acting or could be due to a mutation at a second locus, for

example, a transcription factor. Below we examine each of these

possibilities.

F3′5′H FUNCTION

To determine whether functionally inactivating mutations to

F3′5′h have occurred in P. barbatus relative to P. neomexicanus,

we cloned and sequenced the full-length F3′5′h coding region

from floral cDNA samples of each species. Twelve amino acid

differences distinguish the two homologs, including a premature

stop codon present in the P. barbatus F3′5′h gene sequence at

amino acid 407, upstream of the gene’s heme-binding domain

(Fig. 3). Like other P450 proteins, F3′5′H binds to a heme co-

factor to hydroxylate DHK or DHQ; thus we hypothesized that

the elimination of the heme-binding domain inactivates protein

function.

To compare enzyme function, we heterologously expressed

F3′5′H protein derived from each of the two species and performed

in vitro functional assays. F3′5′H protein derived from overex-

pressing the P. neomexicanus gene was functional and converted

DHK into DHM (Fig. 3). F3′5′H protein derived from overex-

pressing the P. barbatus gene had no detectable activity (Fig. 3),
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Figure 4. Gene expression data for F3′5′h, F3′h, and Dfr in P.

neomexicanus and P. barbatus. Gene expression was assessed us-

ing qPCR on floral cDNA samples. Displayed is the log-fold expres-

sion relative to an arbitrarily chosen P. neomexicanus individual.

Error bars indicate standard errors of the mean. Asterisk indicates

significant difference in gene expression between the two species.

consistent with our hypothesis. We synthesized an expression con-

struct comprising the P. neomexicanus F3′5′h gene, but possessing

the stop codon at amino acid 407. Protein derived from overex-

pressing this construct had no detectable F3′5′H activity (Fig. 3),

demonstrating the stop codon is sufficient to eliminate protein

activity. Next, we tested whether this stop codon was the only

LOF mutation to the coding region of P. barbatus F3′5′h by using

site-directed mutagenesis to change the stop codon back to the

glycine found at amino acid 407 found in P. neomexicanus. Inter-

estingly, this construct had no detectable F3′5′H activity (Fig. 3);

therefore, at least one of the other 11 nonsynonymous mutations

besides the stop codon eliminates F3′5′H activity. A comparison

of substitutions in P. barbatus with those reported in the litera-

ture to cause loss of function revealed no obvious candidate LOF

substitutions.

F3′5′H EXPRESSION

We compared floral F3′5′h expression between P. barbatus and

P. neomexicanus using qPCR. This gene was expressed at 10-fold

lower levels in P. barbatus flowers relative to P. neomexicanus

flowers (Fig. 4; t = −13.3618, P < 0.0001). To determine whether

this expression difference is due to one or more mutations that

act in cis to F3′5′h, we performed allele-specific expression as-

says using pyrosequencing (Wittkopp et al. 2004) on F1 hybrids

derived from a cross between these two species. These F1 indi-

viduals have blue-purple flowers that produce delphinidin similar

to P. neomexicanus. In F1 individuals, the F3′5′h allele inher-

ited from P. neomexicanus was more highly expressed than the P.

barbatus allele, with about eight times more transcripts (Fig. 5).

This result indicates that cis-regulatory divergence contributes

to the observed expression differences, but does not rule out the
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Figure 5. Allele-specific expression of F3′5′h assessed using py-

rosequencing on F1 hybrid individuals. Depicted is the propor-

tional expression each allele in the sample. Error bars indicate

standard error of the mean. Genomic DNA (gDNA) is control for

differential replication of alleles in qPCR.
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Figure 6. Relative F3′h expression in leaf and floral tissue from

P. neomexicanus and P. barbatus. Relative expression of F3′h in

leaf and floral cDNA samples from both P. neomexicanus and P.

barbatus assessed using qPCR. Shown is the log-fold expression

of F3′h in floral tissue relative to that found in leaf tissue (mean

centered for each species at zero). Error bars indicate standard

errors of the mean.

possibility of additional contributions by a second upstream locus,

such as a transcription factor, to the overall regulatory difference.

F3′H
Our HPLC analysis (Fig. 2B) indicated that, although P. barbatus

produces pelargonidin in its flowers, it produces cyanidin in its

leaves. Because no enzyme in plants other than F3′H has been

identified to convert pelargonidin precursors to cyanidin precur-

sors, we infer that the presence of cyanidin in leaves means F3′H
in this species is functional and expressed in leaves. To determine

whether the absence of cyanidin in P. barbatus flowers is due

to reduced F3′h expression, we examined expression of F3′h be-

tween species for both floral and leaf tissues using qPCR (Fig. 6).

A two-way ANOVA on relative gene expression data revealed

a significant effect for tissue (t = −2.68; P = 0.0232) but not

species (t = 0.31; P = 0.7651) or the interaction term (t = −0.38;

P = 0.7112). This result suggests that both species share the same

tissue-specific pattern of gene expression: expression is relatively
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Figure 7. Relative Dfr enzyme function in P. neomexicanus and

P. barbatus. Depicted are micromoles of products produced under

the standardized reaction conditions. Error bars indicate standard

errors of the mean.

low in flowers compared to leaves. This may explain the absence

of cyanidin in floral tissue of P. barbatus. Furthermore, we found

no significant difference in F3′h expression between the flowers

of P. barbatus and P. neomexicanus (Fig. 4; t = 0.45831; P =
0.6708). We hypothesize that relatively low expression of F3′h
in floral tissue may be a shared ancestral trait for this species

pair, and mutations to F3′h are not involved in the flower color

difference that distinguishes these two species.

DFR

To determine whether functional mutations to Dfr conferring sub-

strate specificity have contributed to the evolution of red flowers,

we performed in vitro functional assays on this enzyme. First, we

cloned and sequenced the full-length coding regions of Dfr from

each species and identified 13 amino acid differences between

the two homologs. We expressed each full-length gene heterol-

ogously in E. coli and quantified enzyme function (the amount

of dihydroflavonol products produced) on each of the three sub-

strates (DHK, DHQ, and DHM) in separate enzyme reactions

(Fig. 7). We found no significant functional differences between

the two homologs on the three substrates (MANOVA F = 19.035;

P = 0.0503), in particular no evidence for optimization of DFR

from P. barbatus to specialize on DHK. Furthermore, qPCR data

demonstrated that there was no significant difference in Dfr ex-

pression between P. barbatus and P. neomexicanus flowers (Fig. 4;

t = 1.904339, P = 0.1208). We therefore conclude that Dfr is un-

likely to be involved in the flower color difference distinguishing

these two species.

COSEGREGATION DATA

We tested the hypothesis that the coding and cis-regulatory muta-

tions to the F3′5′h locus are the only determinants of flower color

by examining the pattern of flower color inheritance in a cross

between the two species. Under this hypothesis, flower color in-

heritance should be Mendelian and fully explained by genotype

at the F3′5′h locus. In particular, all individuals with at least
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Table 1. Pattern of inheritance of both flower color and F3′5′H
genotype in 161 F2 individuals.

FF Ff ff Total

Purple 57 65 0 122
Red 0 15 24 39
Total 57 80 24 161

F denotes allele inherited from P. neomexicanus and f denotes allele inher-

ited from P. barbatus.

one functional, highly expressed F3′5′h allele from P. neomexi-

canus should have blue-purple flowers, whereas individuals with

two inactivated F3′5′h alleles from P. barbatus should have red

flowers.

For 161 F2 individuals, we genotyped at F3′5′h using a

CAPS marker and scored floral anthocyanidin production. The F2

individuals fell into two distinct phenotypic classes: 122 resem-

bled P. neomexicanus (blue-purple flowers that produce delphini-

din), and 39 resembled P. barbatus (red flowers that produce

pelargonidin). This indicates the phenotypic variation is geneti-

cally simple, with the production of delphinidin dominant to the

production of pelargonidin.

However, flower color was only partially determined by

genotype at F3′5′h (Table 1). All individuals possessing two P.

neomexicanus alleles at this locus had blue-purple flowers, and

all individuals possessing two P. barbatus alleles had red flowers.

However, heterozygotes were either blue-purple or red-flowered

in an approximate 4:1 ratio (Table 1). We hypothesized that in

heterozygotes, a second, unlinked locus displaying simple dom-

inance determines flower color. This two-locus, epistatic model

of flower color inheritance (Fig. S1) predicts an overall 10:6 ratio

of purple- to red-flowered individuals in the F2 population. Our

observed 122:39 ratio is not consistent with this prediction (χ2 =
6.054, df = 1, P < 0.01). This discrepancy arises from a skew in

proportions of F3′5′h genotypes: the two alleles are not present

in a 1:1 ratio in the F2 population, a finding that has commonly

been observed in crosses between plant species (e.g., Fishman and

Willis 2005; Moyle and Graham 2006). Instead, alleles derived

from P. neomexicanus versus P. barbatus occur in a 1.2:1 ratio.

This allelic skew may be driven by some hybrid incompatibility

or meiotic drive locus linked to F3′5′h. After accounting for this

skew in F3′5′h allele frequency, our observed genotypic and phe-

notypic classes are highly consistent with our two-locus model

(χ2 = 0.489, df = 3, P > 0.90).

CHARACTERIZING THE SECOND LOCUS

To further characterize the second locus, we sought to identify

any differences in gene expression that may distinguish blue-

purple versus red-flowered F3′5′h heterozygotes. These two phe-
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Figure 8. Gene expression data for F3′5′h in selected F2 hybrid in-

dividuals heterozygous at F3′5′h. (A) Expression of F3′5′h assessed

in F2 individuals heterozygous at F3′5′h using qPCR on floral cDNA

samples from 16 blue-purple individuals and 12 red individuals.

Displayed is the log-fold expression relative to an arbitrarily cho-

sen P. neomexicanus individual. Error bars indicate standard errors

of the mean. (B) Allele-specific expression of F3′5′h in F2 individ-

uals heterozygous at F3′5′h. PCR was used to amplify F3′5′h from

each of six blue-purple individuals and 11 Ff individuals. Depicted

is the percentage of PCR amplicons matching the F3′5′h allele de-

rived from P. neomexicanus. Approximately 20 amplicons were

assessed per individual. Error bars indicate standard error of the

mean.

notypic classes did not possess different expression levels of F3′h
(Fig. S2), but did show a striking difference in F3′5′h expression.

Blue-purple F3′5′h heterozygotes had significantly higher expres-

sion levels of F3′5′h than red-flowered heterozygotes (Fig. 8A; t =
−7.934; P < 0.0001). In fact, the purple-flowered heterozygotes

had F3′5′h expression levels similar to the levels in P. neomex-

icanus (t = −0.2765, P = 0.7859), whereas red-flowered het-

erozygotes had F3′5′h expression similar to that measured in P.

barbatus (t = −0.1210, P = 0.9052).

Even more surprisingly, these two phenotypic classes dif-

fered in their allele-specific expression. In particular, blue-purple-

flowered heterozygotes predominantly expressed the functional

F3′5′h allele inherited from P. neomexicanus (Fig. 8B), as

expected given the cis-regulatory difference favoring the expres-

sion of this allele detected in F1s (Fig. 5). By contrast, red-

flowered heterozygotes predominantly expressed the P. barba-

tus allele (Fig. 8B), which is nonfunctional and associated with

lower expression, due to cis-regulatory disadvantage. This pattern

leads us to hypothesize that having at least one dominant allele
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at the second locus results in blue-purple flowers by producing

high overall levels of F3′5′h expression and favoring expression

of the functional P. neomexicanus F3′5′h allele. When individuals

are homozygous for the recessive allele at the second locus, red

flowers are produced due to low overall expression levels and

preferential expression of the nonfunctional P. barbatus F3′5′h
allele.

Discussion
THE TRANSITION TO RED FLOWERS IN P. BARBATUS

HAS A SIMPLE GENETIC BASIS

The evolution of red flowers in P. barbatus involves a shift

from producing delphinidin-based anthocyanins to producing

pelargonidin-based anthocyanins in flowers, a LOF phenotype

that requires the elimination of both delphinidin and cyanidin pro-

duction in floral tissue. The genetic basis of this shift appears to be

relatively simple, like most other evolutionary transitions in flower

color (e.g., Quattrocchio et al. 1999; Bradshaw and Schemske

2003; Schwinn et al. 2006; Streisfeld and Rausher 2009a; Des

Marais and Rausher 2010; Hopkins and Rausher 2011), involv-

ing changes at two loci. One locus is F3′5′h, where at least two

mutations have inactivated enzyme function, and at least one cis-

regulatory mutation causes a marked downregulation of F3′5′h
expression. In addition, there is a second locus that differs be-

tween the species, influences flower color in some situations, but

most likely was not involved in the shift in flower color (discussed

below).

We expect any of the mutations to F3′5′h is sufficient to

cause a shift to red flowers. Unfortunately, it is impossible to de-

termine definitively whether the causal substitution was one that

inactivated enzyme function or caused reduced gene expression

of F3′5′h. However, mutations of the former type may arise more

often than mutations of the latter type, likely due to a larger mu-

tational target size. Of the previously characterized spontaneous

mutations that abolish floral F3′5′h activity, all cause functional

inactivation of the enzyme (Wessinger and Rausher 2012). Be-

cause such mutations are apparently substantially more common

than cis-regulatory mutations that cause downregulation of F3′5′h
in flowers, then simply by chance it is more likely that the mu-

tation responsible for flower color change was one that caused

functional inactivation of F3′5′h, rather than the cis-regulatory

mutation. Regardless of which mutation to F3′5′h occurred first,

the other mutations likely accumulated due to relaxed selection.

Several lines of evidence rule out the involvement of other

candidate loci. There was, for example, no change in substrate

specificity of DFR, nor any change in expression level at that

locus. Similarly, changes to F3′h can be ruled out because P.

barbatus has functional F3′H in leaf tissue and displays the same

tissue-specific regulation of this gene. In particular, both species

express F3′h in leaves, but have reduced expression in flowers,

which is likely a shared ancestral condition. Thus, a shift to floral

pelargonidin production in the lineage leading to P. barbatus did

not involve inactivation of this gene. Finally, the cosegregation

analyses indicate that variation at F3′5′h and the unidentified

second locus completely explain the color difference between the

two species, leaving little scope for the involvement of these other

genes.

CIS--TRANS INTERACTION

In our F2 hybrids, a second locus was responsible for variation in

flower color observed in the F2 individuals that are heterozygous

for F3′5′h. At this second locus, the dominant allele causes the

functional copy of F3′5′h (derived from P. neomexicanus) to be

expressed, whereas the recessive allele appears to cause expres-

sion of the nonfunctional copy (derived from P. barbatus). The

most likely explanation for this pattern is that the second locus

codes for a transcription factor that activates (or represses) F3′5′h
in an allele-specific fashion. In this situation, the dominant al-

lele at the second locus would preferentially bind to the highly

expressed functional copy of F3′5′h, whereas the recessive allele

would preferentially bind to the nonfunctional copy of F3′5′h.

It seems much less likely that the second locus is upstream of

F3′5′h activators. If this were true, there would still need to be

allele-specific transcription factors to differentially activate the

two copies of F3′5′h. There would then be segregation at two loci

affecting F3′5′h expression, which would not give the 3:1 propor-

tions of blue-purple: red flowers seen in F3′5′h heterozygotes.

Although genetic differences at this second locus influenced

flower color in our F2 hybrid population, we do not believe this

genetic divergence was involved in flower color divergence. The

only way this mutation could have contributed to evolutionary

change in flower color would be if it arose while the causal mu-

tation at F3′5′h was in transition to fixation, because its effects

are only expressed in F3′5′h heterozygotes. Such coincidental

timing seems unlikely to us. Instead, divergence at this locus

may represent evidence for cis–trans genomic coadaptation. Cis-

regulatory elements and transcription factors that bind to them

are expected to be coadapted (Dover and Flavell 1984; McGregor

et al. 2001; True and Haag 2001; Shaw et al. 2002). This coad-

aptation is driven by slight flexibility in the cis–trans interactions

combined with selection to maintain them. In particular, although

mutations in either the cis-regulatory element or the transcrip-

tion factor’s DNA binding domain may arise and be functionally

tolerable, compensatory mutations to the other component that

improve binding will be selectively favored. This phenomenon is

a form of developmental system drift (True and Haag 2001), and

will manifest as superior cis–trans interactions within a genome,

and disrupted cis–trans interactions within hybrids (Landry et al.

2007). Because we detected allele-specific expression in F2
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hybrids that appears to be due to a cis–trans interaction, we infer

that genetic divergence in this interaction must have occurred ei-

ther in P. neomexicanus or in P. barbatus before the evolution of

red flowers. It likely did not occur in P. barbatus after the inac-

tivation of F3′5′h because there would have been no selection to

maintain the functionality of this interaction. For these reasons,

we believe that this cis–trans interaction is a product of past se-

lection to maintain functional interaction between F3′5′h and the

second locus.

Although we have not yet identified the second locus, we

sequenced the promoter region of both F3′5′h alleles (approx-

imately 850 bp upstream). We identified multiple transcrip-

tion factor binding sites that differed between the two alleles

(Fig. S3), suggesting there may be divergence in the cis-regulatory

element that may be differentially recognized by alternative alle-

les at the second locus.

PREDICTABILITY

It has been previously established that the genetic basis of a differ-

ent flower color shift, the evolution of white flowers through loss

of floral anthocyanin pigments, is highly predictable, exhibiting a

bias for mutations that downregulate or functionally inactivate an

R2R3-MYB anthocyanin transcription factor in floral tissue (Stre-

isfeld and Rausher 2010). Another pattern of predictability ap-

pears to be emerging for floral color transitions from blue-purple

to red. These shifts tend to involve the inactivation of F3′5′H or

F3′H, depending on which of these enzymes are active in the

ancestral blue-purple condition; however, the types of mutations

that fix and the ultimate fates of these two genes are different.

Functional inactivation and extensive degeneration is the ulti-

mate fate for F3′5′h in three of four red-flowered species that have

been examined. In Iochroma gesnerioides (Smith and Rausher

2011), F3′5′h has been at least partially deleted, whereas in P. bar-

batus (this study) this gene has been redundantly functionally in-

activated. Delphinidin and other 3′,4′,5′-hydroxylated flavonoids

are absent in Antirrhinum majus (Stickland and Harrison 1974)

leading to the suggestion that F3′5′h has been functionally inacti-

vated in this species (Ishiguro et al. 2012). We confirmed this by

BLAST-ing the A. majus genome (http://antirrhinum.biordf.net)

with the F3′5′h sequence from the closely related A. kelloggi

(Ishiguro et al. 2012). We obtained no hits. By contrast, BLAST-

ing the A. majus genome with the A. kelloggii F3′h sequence

recovered the ortholog in A. majus. In Phlox drummondii, F3′5′h
is downregulated (Hopkins and Rausher 2011). However, because

only partial sequences of this gene are reported, there is no in-

formation on whether this gene is also functionally inactivated in

red-flowered populations of this species. Thus, in three of three

species that have been completely characterized, the transition to

red flowers has been accompanied by functional inactivation of

this gene.

This pattern contrasts markedly with the ultimate fate of

F3′h in red-flowered species. The evolution of red flowers in-

volves reduction of F3′H activity in the flowers of four species

that have been examined (I. gesnerioides, Ipomoea horsfalliae, I.

quamoclit, and I. udeana). For all four cases, this is achieved by

the downregulation of this gene only in floral tissue (Zufall and

Rausher 2004; Streisfeld and Rausher 2009b; Des Marais and

Rausher 2010; Smith and Rausher 2011). The enzyme remains

fully functional in vegetative tissue. Although the types of mu-

tations that fix at F3′5′h versus F3′h are significantly different

(P < 0.029, Fisher exact test), it would be desirable to exam-

ine additional species to confirm the generality of this pattern

and whether these two genes show a differential probability of

functional inactivation associated with evolutionary transitions in

flower color.

This pattern is consistent with the expected pleiotropic ef-

fects of inactivating these two enzymes. The known ecological

and physiological roles of different flavonoids suggest that in-

activation of F3′h may be more detrimental than the inactiva-

tion of F3′5′h. The production of delphinidin-based anthocyanins

is the primary function of F3′5′H. In many plants, delphinidin-

based anthocyanins appear to be produced only in flowers and

not in vegetative tissues (reviewed by Wessinger and Rausher

2012). Similarly, 3′,4′,5′-hydroxylated flavonoids other than an-

thocyanins (which are also hydroxylated by F3′5′H) appear to be

rare in vegetative tissue (Harborne 1967). Consequently, we would

expect mutations that eliminate F3′5′H function, either through

functional inactivation or downregulation of expression, to have

little deleterious pleiotropy associated with them. Because func-

tionally inactivating mutations appear to be more common than

mutations that downregulate F3′5′h expression (Wessinger and

Rausher 2012), we would expect the mutations contributing to

the evolution of red flowers to biased toward this type. Although

our data are consistent with this expectation, at least one regu-

latory mutation to F3′5′h also occurred in P. barbatus, and we

cannot rule out the possibility that this was causally involved in

the evolution of red flowers. However, after a regulatory inacti-

vation, there would likely be little purifying selection to maintain

function because F3′5′H would have no remaining function. Drift

would then be able to fix any functionally inactivating mutations

that arise subsequent to the evolution of red flowers, explaining

the association between functional inactivation and red flowers.

Eventually the gene may become a pseudogene and be deleted. In

this sense, the ecological transition to hummingbird pollination

facilitates degeneration of this gene.

By contrast, functional inactivation of F3′H is expected

to incur substantial deleterious pleiotropy. Emerging evidence

suggests 3′,4′-hydroxylated flavonoids produced by F3′H are

superior to 4′- or 3′,4′,5′-hydroxylated flavonoids at perform-

ing important physiological functions, including antioxidation
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reactions, auxin regulation, and resistance to herbivory (reviewed

by Pollastri and Tattini 2011), and these are generally the primary

flavonoids produced in vegetative tissues (Harborne 1967; re-

viewed by Wessinger and Rausher 2012). Consequently, we would

expect mutations conferring red flowers that involve functional in-

activation of F3′H to incur substantial deleterious pleiotropy. By

contrast, regulatory mutations that downregulate F3′h in flowers

but not in vegetative tissues, are expected to incur much less dele-

terious pleiotropy because they permit the continued production

of 3′,4′-hydroxylated flavonoids in vegetative tissues. Because the

probability of fixation of a mutation is proportional to its selec-

tion coefficient, this deleterious pleiotropy would bias substitu-

tion in favor of regulatory mutations. Moreover, once red flowers

have evolved, purifying selection to preserve the production of

3′,4′-hydroxylated flavonoids in vegetative tissues would tend to

prevent fixation of inactivating mutations by drift, consistent with

the pattern observed.

These expectations are consistent with the observation that

F3′5′h has been frequently lost during angiosperm evolution,

whereas F3′h seems to be conserved in all known taxa (see

Wessinger and Rausher 2012). It thus seems that the evolution-

ary fates of F3′h and F3′5′h during flower color evolution are

predictably different and can be explained by differences in the

pleiotropic effects of LOF mutations. Although this explanation

seems reasonable, the fitness differences associated with muta-

tions in the two genes need to be directly measured to confirm

this explanation.

GENE DEGENERATION AND EVOLUTIONARY

REVERSAL

Evolutionary biologists have long been interested in the extent

to which evolutionary transitions are irreversible, either at the

phenotypic or the genetic level (Dollo 1893; Simpson 1953;

Teotonio and Rose 2001; Bridgham et al. 2009; Soylemez and

Kondrashov et al. 2012). In Penstemon, red, hummingbird-

pollinated flowers have repeatedly evolved, yet there is no ev-

idence for reverse transitions from red to blue flowers (Wilson

et al. 2007). This strongly suggests that flower color reversibil-

ity is substantially restricted in this genus. One possible cause of

irreversibility is the accumulation of multiple inactivating muta-

tions, producing genetic degeneration of genes or pathways. In

this situation, reversal at the genetic level is unlikely because it

would require the simultaneous reversal of multiple inactivating

mutations.

Our results indicate that the F3′5′h locus in P. barbatus

has undergone such deterioration. We demonstrated that the pre-

mature stop codon by itself inactivates the gene because intro-

ducing a stop codon at the same location into the functional

P. neomexicanus copy abolishes enzyme activity. This is presum-

ably due to elimination of the downstream heme-binding domain.

We have also shown that reversing this stop codon to the amino

acid residue found in the P. neomexicanus copy does not restore

function to the P. barbatus copy, indicating that there is at least

one additional inactivating mutation. Finally, we have shown that

there are one or more mutations to the cis-regulatory region of this

locus that collectively greatly downregulate expression of F3′5′h
in P. barbatus flowers. To restore F3′5′h function and blue-purple

flowers in this species, all of these mutations would have to be

simultaneously reversed, an event that likely has an essentially

zero probability. This does not preclude the possibility that a new

F3′5′h gene may evolve de novo, as has occurred in some plant

lineages (Seitz et al. 2006).

Thus, gene degeneration may strongly hinder evolutionary

reversal of red flowers in the P. barbatus lineage. Although it

is not known whether such degeneration has occurred in other

red-flowered Penstemon lineages, the arguments above suggest

that it is possible and perhaps likely. For most of these lin-

eages, the production of red anthocyanins involves the elim-

ination of F3′5′h activity in flowers. Because mutations that

inactivate protein function appear arise more frequently than

mutations that downregulate this gene, we expect most of these

evolutionary transitions to be associated with LOF mutations to

F3′5′h. Once one inactivating mutation is fixed, the accumula-

tion of others is expected to occur through genetic drift. We are

currently examining this hypothesis in a number of other red-

flowered Penstemon lineages and will report our results in another

publication.
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