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A transition in flower color accompanying a shift in pollinator guilds is a prominent and repeated adaptation in angiosperms. In

many cases, shifts to similar pollinators are associated with similar flower-color transitions. The extent to which this parallelism

at the phenotypic level results from parallel changes at the biochemical, developmental, and genetic levels, however, remains

an open question. There have been few attempts to determine whether parallelism at these lower levels results from mutation

bias or fixation bias of different classes of mutation. We address these issues by examining the biochemical, developmental,

and genetic changes that have occurred in red-flowering species of the Mina lineage of morning glories (Ipomoea) and compare

these to the changes reported for I. horsfalliae, which has independently evolved red flowers. Using transgenic techniques, we

demonstrate that the transition from blue to red flowers in Mina species is due primarily to down-regulation of the enzyme

flavonol-3′-hydroxylase (F3′H) in flowers but not in vegetative tissues, and that this down-regulation is at least partly due to

cis-regulatory change in the gene for F3′H. These changes are similar to those exhibited by I. horsfalliae, indicating parallelism at

the biochemical and developmental levels, and possibly at the genetic level.
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Parallel evolution is the independent origin of a character result-

ing from changes in the same underlying developmental mech-

anisms (Gould 2002, p. 1079). Although apparent parallelism at

the phenotypic level is frequently observed, it is less often under-

stood whether the similar phenotypes involved also reflect parallel

evolution at the biochemical, developmental, and genetic levels.

Spectacular examples exist in which parallel phenotypic changes

are caused by the same nucleotide substitution (Thompson et al.

1993; Bernasconi et al. 1995; Crandall et al. 1999), by different

changes in the same genes (Schwinn et al. 2006; Kingsley et al.

2009), as well as cases in which phenotypic parallelism is achieved
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by different developmental and genetic changes (Wittkopp et al.

2003; Yoon and Baum 2004).

Parallelism at the developmental and genetic levels can arise

for two different reasons. First, it may be that a particular type

of phenotypic change can only be accomplished by similar or

identical mutations in the same gene. In this case, any time the

phenotypic change occurs it will be in the same gene and thus

will appear as parallelism at the genetic level, as well as at higher

levels. This scenario has been identified as a type of evolutionary

constraint (Wake 1991). Alternatively, different types of muta-

tion (e.g., regulatory vs. function for protein-coding genes) in

the same gene, or mutations in different genes of the same path-

way, may produce similar phenotypic change. In this situation,

parallelism will occur only if one of the mutation types has ei-

ther a substantially higher mutation rate (due either to intrinsic
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differences in substitution rate or to the size of the target DNA

sequence) or a substantially higher fixation probability, once it

has arisen, than the other types. As has been suggested repeatedly

(see Stern and Orgogozo 2008), differential fixation probability

may arise if different types of mutation vary substantially in their

degree of associated deleterious pleiotropy.

Because it is normally difficult to characterize the spectrum

of mutations that produce a given phenotypic change, there have

been few attempts to distinguish between these two causes of de-

velopmental and genetic parallelism. However, for flower color

changes, a rough estimation of this spectrum is provided by re-

ports of the underlying genetic changes involved in spontaneous

mutations that are maintained as horticultural variants (Streis-

feld and Rausher 2009a). Here, we use this information to assess

whether parallel change in flower color in two different lineages

of morning glories (Ipomoea) are caused by parallel biochemical,

developmental, and genetic change, and whether parallelism at

these levels is due to constraint in the form of differential fixa-

tion probabilities. In this context, we define parallel biochemical

change as similar flower-color change resulting from the same

pigment type being deployed in the flowers. We define parallel de-

velopmental change as a similar phenotypic change resulting from

similar change affecting the pattern of flux down the branches of

the anthocyanin pathway in similar tissues. Finally, we define ge-

netic parallelism as similar phenotypic change resulting from a

similar type of mutation (e.g., enzyme functional knock-out vs.

down-regulation) in the same gene.

The evolution of hummingbird pollination has occurred in-

dependently at least four times in the genus Ipomoea (Streis-

feld and Rausher 2009a). In each case, a change in flower color

from “blue” to red has accompanied this change, as in the clas-

sic bird pollination syndrome (Cronk and Ojeda 2008; Thomson

and Wilson 2008; bluish flower colors range from blue to purple,

as seen by humans; we use the term “blue” to refer to flow-

ers within this range). In addition, this phenotypic parallelism

is caused by the same biochemical change: the inferred ances-

tral blue pigmentation is due to the production of anthocyanins

derived from the precursor cyanidin, whereas the derived red pig-

mentation is due to the production of anthocyanins derived from

pelargonidin (Zufall and Rausher 2004; Streisfeld and Rausher

2009a). We here focus on two of these lineages: one consisting

of the single species Ipomoea horsfalliae, and the other consist-

ing of a small clade (Mina) consisting of approximately 16 red-

flowered, hummingbird-pollinated species (Austin and Huaman

1996; Miller et al. 2004). Within the red-flowered Mina clade,

we focus on I. quamoclit, which is sister to the rest of the clade,

and I. coccinea. As an outgroup, we examine I. ternifolia, which

is inferred to be sister to the Mina clade (Miller et al. 2004) and

has blue flowers producing cyanidin derivatives, reflecting the

inferred ancestral state (Streisfeld and Rausher 2009a).

Streisfeld and Rausher (2009a) showed that the biochemical

change in pigment production in I. horsfalliae was due primarily

to a marked down-regulation of the enzyme flavonol-3′-reductase

(F3′H), which blocks the cyanidin branch of the pathway (see

Fig. 1), forcing flux down the pelargonidin branch. In addition,

they showed that this pigment change was restricted to floral

tissue; in vegetative tissue, plants continue to produce cyanidin

derivatives. For I. quamoclit, Zufall and Rausher (2004) identified

two genetic changes that could be responsible for the color shift in

I. quamoclit, but did not conclusively demonstrate either actually

affected pigment production. One change was a down-regulation

of F3′h, whereas the other was an apparent change in substrate

specificity of the enzyme DFR. In this report, we use enzyme

functional analyses, gene expression assays, and plant transfor-

mation to determine which of these genes actually caused the shift

to red flowers in I. quamoclit and I. coccinea. In addition, we de-

termine whether the tissue specificity of pigment change in these

two species is similar to that in I. horsfalliae. Both of these analy-

ses were designed to evaluate whether the phenotypic parallelism

between these two species is due to underlying developmental

and genetic parallelism.

Methods
PLANT MATERIALS AND EXTRACTION OF NUCLEIC

ACIDS

Plant material was collected fresh from living specimens of I.

ternifolia, I. quamoclit, and I. coccinea growing in our greenhouse

at Duke University in Durham, NC. RNA was extracted from

buds (including petals, stamens and carpels; collectively “floral”

elsewhere in the text) and leaf and stem (collectively “vegetative”)

tissue using the Spectrum Plant Total RNA extraction kit (Sigma-

Aldrich Corp., St, Louis, MO) according to the manufacturer’s

protocol. DNA was extracted from leaf tissue using a modified

cTAB protocol (Kelly and Willis 1998).

PIGMENT EXTRACTION AND IDENTIFICATION

Anthocyanins were extracted from fresh floral and vegetative tis-

sue by soaking 250 mg of tissue overnight at room temperature in

2 M HCl and then boiling for 30 min. Following centrifugation,

the supernatant was cleaned three times with ethyl acetate, leaving

anthocyanidins in the aqueous phase. Anthocyanidins were subse-

quently extracted into isoamyl alcohol, which was then evaporated

under vacuum. Dried purified anthocyanidins were resuspended

in methanol-HCl (99:1 v/v) and stored at −20◦C until processing.

Anthocyanidins were separated via high performance liq-

uid chromatography (HPLC) on a Shimadzu 10A system (Shi-

madzu Corp., Columbia, MD). Separation in a 30◦C oven was

achieved with a propanol gradient from 15% to 27.5% in H2O.

Trifluoroacetic acid was added to all HPLC solvents to a final
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Figure 1. Generalized topology of the flavonoid biosynthesis pathway.

concentration of 0.1%. Retention times were calibrated against

commercially synthesized standards: pelargonidin (Indofine;

Hillsborough, NJ), delphinidin (Polyphenols Laboratories AS;

Sandnes, Norway), and cyanidin (Indofine).

To stimulate production of defense-related flavonoids in veg-

etative tissue, we subjected I. ternifolia, I. quamoclit, and I. coc-

cinea plants to intense heat and light stress over a five-day period,

with normal watering.

GENE COPY NUMBER OF F3′H and DFR

DFR is present as a three-gene family in the large clade of morn-

ing glories that includes I. purpurea, I. quamoclit, I. coccinea,

and I. ternifolia, but we have shown previously that only the

DFR-B copy is capable of reducing dihydrokaempferol and dihy-

droquercetin (Des Marais and Rausher 2008). Unpublished results

from our earlier study found only three copies of DFR in Mina

species.

To confirm F3′H copy number, we PCR-amplified and

cloned F3′H fragments from floral and vegetative cDNA of

two individuals of each species and sequenced inserts from four

colonies. All F3′H sequences recovered from I. quamoclit were

identical. There are three haplotypes segregating in the I. ternifolia

amplicon pools, but only two types were found in any individual,

suggesting they could be alleles, and there was no grouping of

these haplotypes by tissue type.

EXPRESSION ANALYSIS

cDNA was synthesized from RNA at concentrations of 75 ng/μL

from total RNA from three individuals each of I. ternifolia, I.

quamoclit, and I. coccinea for floral tissue and two individuals

for vegetative tissue. For F3′h 20 μL quantitative PCR (Q-PCR)

assays were run with Finnzymes SYBR-Green PCR mix (Espoo,

Finland) and 10 ng cDNA template using the following primers

whose sequence was conserved in all three taxa: forward primer

F3′H137F: 5′-GGCCGGTGTTCGGAAACCTTCC-3′ and re-

verse primer F3′H384R: 5′-CCTAAGCATGCGCCACCGC-3′.
The elongation factor 1-alpha gene (EF1α) was used as a con-

trol gene as amplified by forward primer EF1-F: 5′-TCCACT

TCAGGATGTGTACAAGA-3′ and reverse primer EF1-R: 5′-
AGCAACATTCTTCACATTGAACC-3′ kindly provided by M.

Streisfeld. For both genes, reactions were run on an ABI 7000

(Applied Biosystems, Foster City, CA) for 40 cycles with an an-

nealing temperature of 60◦C. Three replicate reactions of each

template were run.

We determined the absolute expression of F3′h for each

species by calculating the normalized relative quantity (NRQ)

as described by Rieu and Powers (2009). NRQs were determined

by correcting the raw Ct value of each sample for primer efficiency

and then normalizing this value with the control gene EF1α. A

one-way analysis of variance (ANOVA) partitioned the response

by species. To test which, if any, of the means of species differed

from each other, we performed Tukey-Kramer HSD test at al-

pha = 0.05. Statistical analyses were performed in JMP version

7.01 (SAS, Cary, NC).

DFR ENZYME SUBSTRATE SPECIFICITY ASSAYS

The ability of DFR-B from I. purpurea, I. quamoclit, and I.

coccinea to reduce dihydrokaempferol and dihydroquercetin was

2 0 4 6 EVOLUTION JULY 2010



PARALLEL EVOLUTION OF RED FLOWERS IN IPOM OEA

assayed in vitro and the results were analyzed statistically as de-

scribed previously (Des Marais and Rausher 2008). Two replicates

of each assay were run for 3 h. A one-way ANOVA partitioned

the response by species.

TRANSGENICS

Stable transgenics
To generate I. quamoclit callus tissue for transformation, anthers

were plated on agar-solidified MS minimal organics medium

(Murashige and Skoog 1962) supplemented with 3% sucrose,

15 mg/L folic acid (FA), and 0.5 mg/L 6-benzylaminopurine

(BAP). The tissue was sub-cultured every three weeks. Approxi-

mately four weeks after initiation, callus formed and four weeks

after callus formation, somatic embryo developed from the callus.

Embryos were separated from developing callus and transferred

to fresh medium every four weeks. Embryogenic callus cultures

were maintained at 26◦C in the dark.

The full-length transcript of I. quamoclit F3′h was subcloned

between the CaMV 35S promoter and nopaline-synthase (nos)

terminal sequence and then subcloned into the Cambia 1301 bi-

nary vector. This construct (D5) was transformed into Agrobac-

terium tumefasciens strain LBA4404. Pro-embryo masses were

co-cultured with Agrobacterium on MS medium supplemented

with 15 mg/L FA, 0.5 mg/L BAP, and 200 μM acetosyringone.

After co-cultivation, tissue was transferred to MS minimal or-

ganics medium supplemented with 15 mg/L FA, 0.5 mg/L BAP,

400 mg/L carbenicillin, and 50 mg/L hygromycin sulfate. Cal-

lus was subcultured every three weeks to fresh medium until

hygromycin-resistant embryos formed.

Whole plants were regenerated from embryogenic callus by

transferring embryos to MS minimal organics medium containing

either 0.5 mg/L Zeatin or 2.0 mg/L BAP and 0.2 mg/L IAA.

Elongating shoots were transferred to 0.5X MS minimal organics

medium for rooting. Once roots developed, these plants were

transferred to MetroMix 200 seedling mix (Sun Gro Horticulture,

Bellevue, WA) and placed in a growth chamber under 16 h days

at 22◦C. Plants were then transferred to a greenhouse (Durham,

NC). Three lines representing independent transformation events

were recovered. These plants were selfed, and their offspring

were scored for presence of the transgene via PCR, anthocyanidin

content via HPLC as described above, and F3′h expression via

Q-PCR, as described above.

Transient transgenics
Proximal promoters for I. quamoclit, I. ternifolia, and I. purpurea

F3′H were isolated by genome walking with the SeeGene kit

(SeeGene, Seoul, Korea) following the manufacturer’s protocol.

A modified pUC19 plasmid (kindly provided by F. Quattroc-

chio) was engineered with the following cassette: 1299 bp of I.

purpurea F3′H promoter and 5′ UTR and the first 27 bp of the

F3′H coding sequence spliced as a translational fusion with the

β-glucuronidase (GUS) gene and nos. Equivalent constructs were

made with 1342 bp of I. quamoclit and 1075 of I. ternifolia F3′H
promoter and 5′ UTR.

These test promoter GUS constructs were cobombarded with

a pUC19-based plasmid carrying 35S::Luciferase (kindly pro-

vided by R. Zentella) into 1.5 day preanthesis I. purpurea flowers

deficient in CHS activity (and, hence, lacking endogenous antho-

cyanin pigment that allowed ready detection of reporter protein

activity). Dissected petal limbs were spread, adaxial side up, onto

MS agar plates containing 2.5% sucrose. DNA was precipitated

onto 0.6 μm gold particles as described (Sambrook and Rus-

sell 2001). Biolistic delivery was achieved under vacuum using

1350 psi rupture disks in a DuPont Helios 1000 particle bom-

bardment system (DuPont, Wilmington, DE). Bombarded tissue

was incubated overnight at room temperature and then ground in

protein lysis buffer (100 mM sodium phosphate buffer, pH 7.0,

10 mM dithiothreitol, 20 μg/mL leupeptin, 20% glycerol in H2O)

in chilled mortars and pestles. After centrifugation, for the lu-

ciferase reporter, 75 μL of cleared protein lysate was added to

100 μL of 2× luciferase assay buffer (LAB: 60 mM Tris-SO4,

20 mM MgCl2, 20 mM DTT, 2 mM EDTA in H2O) containing 0.1

M ATP. For the GUS reporter, 50 μL of protein lysate was added to

200 μL MUG assay buffer (2.5 mM 4-methylumbelliferae beta-D-

glucuronide trihydrate, 50 mM sodium phosphate, 10 mM EDTA,

10 mM DTT, 20 μg/mL leupeptin, 20% v/v methanol in H2O) and

incubated overnight at 37◦C. Prior to MUG visualization, 200 μL

of 0.1 M Na2HCO3 was added to 50 μL of the MUG reaction.

Both luciferase and GUS expression were quantified in a solution

on a Perkin Elmer Fusion α–HP FT plate spectrophotometer.

With these assays, the strength of a promoter is reflected by

the slope of the relationship between luciferase activity and GUS

activity. Relative promoter strengths were compared statistically

using standard analysis of covariance (Sokal and Rohlf 1995), as

implemented in SAS version 9.1 (SAS Institute, Cary, NC). This

analysis compares the slopes of the relationship between GUS

expression and Luciferase expression for the promoters of the

three different species. Specific contrasts were used to evaluate

two a priori hypotheses: (1) that the promoters of the two blue

species had similar activity; and (2) that the activity for the I.

quamoclit promoter is less than the average for the two blue

species.

Results
FLORAL PIGMENT PRODUCTION

HPLC analysis of the floral anthocyanidin content of I. ternifo-

lia reveals that the predominant pigment in this blue-flowered

species is cyanidin, with trace amounts of pelargonidin (Table 1).
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Table 1. Amounts of anthocyanidins produced in 250 mg of the indicated tissues. Absolute values are in mV as determined by HPLC

(see text).

Floral Vegetative
Species

Pelargonidin Cyanidin Ratio Pelargonidin Cyanidin Ratio

I. ternifolia 259 2672 10.3 11.44 319 27.9
I. quamoclit 2669 316 0.12 29.5 426 14.4
I. coccinea 1209 103 0.08 3.5 171 48.8
Transgenic I. quamoclit line 052 633 2768 4.4 – – –
Transgenic I. quamoclit line 051 607 2777 4.6 – – –

This finding is consistent with previous studies that have identified

cyanidin as the pigment underlying blue flowers in most other Ipo-

moea species (Zufall 2003); delphinidin production has not been

observed in Ipomoea species (Eich 2008). As shown previously

(Zufall and Rausher 2004), the red flowers of I. quamoclit and

I. coccinea produce almost exclusively pelargonidin (Table 1).

Combining these results with prior work on the distribution

of anthocyanidins in Ipomoea species (Streisfeld and Rausher

2009a) suggests a single loss of cyanidin production and gain of

pelargonidin production in flowers along the basal branch of the

Mina clade (Fig. 2).

Examination of vegetative tissue (leaves) indicates that the

shift to pelargonidin production was restricted to floral tissue. In

both the red-flowered I. quamoclit and I. coccinea, as well as in

the blue-flowered I. ternifolia, only cyanidin-based compounds

are produced. Although these cyanidin derivatives may be either

anthocyanins or other flavonoids derived from cyanidin, (e.g.,

proanthocyanidins), these results indicate that red-flowered Mina

species must retain a functional cyanidin-producing branch in

their flavonoid pathway. In particular, this analysis implies that in

vegetative tissues, both Dfr and F3′h are expressed and produce

functional enzymes. Moreover, in I. quamoclit and I. ternifolia,

the copy of each gene expressed in the vegetative tissue is identical

to that expressed in floral tissue.

F3′h EXPRESSION

Previous results based on Northern blots indicated that F3′h is

downregulated in red I. quamoclit flowers as compared to the

distantly related blue-flowered I. purpurea (Zufall and Rausher

2004). Quantitative PCR (Q-PCR) analysis of F3′h expression

confirms these results in comparison with the more closely related

I. ternifolia: I. quamoclit, and I. coccinea have greater than 30-

fold fewer F3′h transcripts in their floral tissue than I. ternifolia

(Fig. 3A). Analysis of variance confirms a difference between

species (F2,8 = 145.7662, P < 0.0001). Comparison of means

using a Tukey–Kramer HSD test at α = 0.05 shows that the

expression differences between species group by flower color:

I. ternifolia (M = 0.6293, SE = 0.0589) �= I. quamoclit (M =
0.0641, SE = 0.0137) = I. coccinea (M = 0.0338, SE = 0.0105).

This down-regulation of floral expression is correlated with the

observed loss of floral cyanidin production in the studied Mina

species (Fig. 2).

Although F3′h expression is lower in red flowers compared to

blue flowers, its expression in the cyanidin-producing vegetative

tissue of I. quamoclit and I. coccinea plants is statistically indis-

tinguishable from the vegetative tissue of I. ternifolia (Fig. 3B).

A one-way ANOVA reveals no significant difference between

species (F2,6 = 3.9457, P = 0.1446); a Tukey test shows that

Figure 2. Phylogenetic relationships among Ipomoea section

Mina and close relatives. Partial tree redrawn as reported by Miller

et al. (2004) with flower color character modelling as reported by

Streisfeld and Rausher (2009a). Broken line indicates considerable

incomplete taxon sampling separating I. ternifolia and I. purpurea.
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Figure 3. Relative F3′h expression levels among species as de-

termined by Q-PCR for (A) Floral tissue and (B) Vegetative tissue.

Values shown are normalized relative quantities (NRQ). Bars are

one standard error.

I. quamoclit (M = 0.2437, SE = 0.058) = I. ternifolia (M =
0.2282, SE = 0.0496) = I. coccinea (M = 0.0829, SE = 0.0135).

It thus appears that F3′h expression is under independent control

in vegetative and floral tissues in the Mina species, and that the

evolutionary change in F3′h expression at the base of the Mina

clade was restricted to expression in floral tissue.

FUNCTIONAL ANALYSIS OF DFR

We compared the relative activity of DFR on the two substrates

dihydrokaempferol (DHK) and dihydroquercetin (DHQ), using

DFR from the two Mina species I. quamoclit and I. coccinea

and from the blue-flowered I. ternifolia using an in vitro assay

of enzyme activity (Fig. 4). One-way ANOVA by species shows

no significant difference of relative DFR activity (F2,6 = 0.325,

P = 0.7449). Although there was high experimental variance as-

sociated with the I. ternifolia assays that could interfere with our

ability to detect differences, the differences in means are in the

opposite direction expected if changes in DFR specificity con-

tributed to the production of red flowers in I. quamoclit and I.

coccinea. This result, which indicates that reduced DFR activ-

ity on the substrate DHQ does not contribute to the switch to

pelargonidin production in flowers of Mina species, differs from

that previously reported by Zufall and Rausher (2004; see below

for discussion of possible reasons for this difference).

Figure 4. DFR enzyme activity, shown as the ratio of DHK activ-

ity to DHQ activity. Bars are one standard error. N = 2 for each

substrate and enzyme.

TRANSGENIC COMPLEMENTATION ANALYSIS

OF F3′h In I. QUAMOCLIT

To directly confirm that a change in F3′h floral expression is the

primary cause of the observed pigment transition in I. quamo-

clit, we conducted a complementation test using a transgenic

morning glory. Using Agrobacterium-mediated transfection, we

created transgenic I. quamoclit plants containing the endogenous

I. quamoclit F3′H gene under the control of the CaMV 35S pro-

moter, which confers strong, constitutive expression throughout

the plant (Odell et al. 1985). We recovered three lines representing

independent transformation events and grew the plants under nor-

mal conditions in the greenhouse. Figure 5 shows a flower from a

second-generation selfed transgenic individual from one of these

lines compared to wild-type I. quamoclit indicating the rescue

of the ancestral, purple-flowered, phenotype. All three transgenic

lines produced individuals displaying red and blue flowers among

the selfed progeny of the transformed plants. These categories

were discrete, and there was little visible variation among blue

flowers either among individuals within a line or between lines.

HPLC analysis of the anthocyanidins extracted from transgenic

flowers also reveals almost a complete restoration of ancestral

pigment biochemistry: the level of cyanidin production is equal

to that produced in I. ternifolia flowers, whereas the amount of

pelargonidin is reduced to almost the amount found in I. ternifolia

(Table 1). These results clearly demonstrate that restoring expres-

sion of F3′h in I. quamoclit floral tissues is sufficient to activate the

cyanidin branch of the anthocyanin pathway and thereby resurrect

the ancestral blue-flower phenotype. These results also indicate

that F3′H has not been functionally inactivated in I. quamoclit.

Although we cannot rule out the possibility that absolute activity

has declined somewhat, any such decline is unlikely to affect an-

thocyanidin production, given the production of DHQ derivatives

in the foliage of I. quamoclit and I. coccinea.
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Figure 5. Wild-type Ipomoea quamoclit (left) and transgenic line

71030–052 overexpressing F3′h (right).

TRANS- VERSUS CIS-REGULATORY CHANGE

Although the results of our stable transgenic experiment reveal

the predominant role played by modification of F3′h expression

in the evolution of red flowers, the observed F3′h expression

change in floral tissue could be caused by genetic changes either

in cis or trans relative to the F3′H gene. We examined whether

cis-change contributed to the down-regulation F3′h in I. quamo-

clit as compared to I. ternifolia. Specifically, we tested the relative

strengths of promoters from the blue- and red-flowered species by

fusing the proximal promoter from I. purpurea (blue-flowered),

I. ternifolia (blue-flowered), and I. quamoclit with the GUS re-

porter gene (Jefferson et al. 1987). These constructs were deliv-

ered via particle bombardment to petals of white-flowered CHS

mutants of I. purpurea to create transient transgenic plant tissue.

In this assay, GUS expression is expressed as a function of lu-

ciferase expression to control for transformation efficiency. The

relative activity of the I. quamoclit promoter (slope = 0.51 ±
0.09) is approximately one quarter that of the two blue-flowered

species (I. purpurea slope = 1.78 ± 0.18; I. ternifolia slope =
2.19 ± 0.26) (Fig. 6). Analysis of covariance indicates that the

slopes of the regressions for the three promoters are significantly

heterogeneous (F2,34 = 33.89, P < 0.0001). Specific contrasts

indicate the slopes are not detectably different for I. purpurea

and I. ternifolia (F1,34 = 1.57, P > 0.20), although the average

slope of these two species is significantly greater than that for I.

quamoclit (F1,34 = 65.98, P < 0.0001). This result is consistent

with the hypothesis that a change in the promoter of F3′H in the

Mina species is responsible for much of the down-regulation of

this gene.

An alternative explanation for this result is that the transcrip-

tion factors in I. purpurea flowers may not have recognized the

I. quamoclit promoter due to evolutionary divergence either in

Figure 6. Relative strength of F3′H promoters in transgenic ex-

periments. Graph depicts relationship between intensity of consti-

tutively expressed luciferase (control) and intensity of GUS driven

by indicated promoter. Ipomoea purpurea and I. ternifolia flowers

are blue and produce cyanidin; I. quamoclit flowers are red and

produce pelargonidin.

the DNA binding domain of the transcription factors or in the

F3′H promoter regions. Several lines of evidence argue against

this scenario. Because I. ternifolia and I. quamoclit are close rel-

atives as compared to the more distantly related I. purpurea, any

divergence should have affected the apparent efficacy of the I.

ternifolia promoter as well, but this was not found. Additionally,

in transient expression assays similar to those employed here, the

Petunia transcription factors jaf13 (a bHLH protein) and an2 (a

MYB protein), were able to activate transcription of the appropri-

ate genes in maize (Quattrocchio et al. 1993, 1998). These results

suggests that even divergence on a much larger scale than that

between the two Ipomoea species compared here does not sub-

stantially affect the compatibility of the anthocyanin gene promot-

ers from one species and the transcription factors from a second

species.

Although our results indicate an involvement of cis-

regulatory mutations in the transition from blue to red flowers, the

fourfold reduction in expression of F3′H detected in this experi-

ment is smaller than the approximately 14- to 28-fold reduction

in flowers of I. quamoclit and I. coccinea, compared to I. terni-

folia (Fig. 3). There are several possible explanations for this

discrepancy: (1) relative expression levels induced by transient

transformation differ from those produced naturally in vivo; (2)

there are additional cis-regulatory substitutions in F3′H in the

red-flowered taxa that lie in regions outside the promoter region

we assayed; and (3) there are additional mutations in one or more

transcription factors that activate F3′H. As discussed above, re-

ductions in the activity of known anthocyanin transcription factors

are more likely to reduce pigment production than to alter the rel-

ative flux down different pathway branches, and thus change hue.

Explanation (3) thus seems unlikely, suggesting that there may be

additional cis-regulatory changes that we have not detected.
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Discussion
Three major conclusions result from this analysis: (1) the phe-

notypic shift from blue to red flowers in representatives of the

Mina clade was due primarily to a marked down-regulation of

the expression of F3′h, caused at least in part by a cis- regulatory

mutation in that gene; (2) changes in enzyme function of F3′H
and DFR do not appear to have contributed to this phenotypic

transition; and (3) this regulatory change affected floral tissue

but not vegetative tissue. In the sections below, we discuss the

implications of these results for the evolution of parallelism.

PARALLEL EVOLUTION AT DIFFERENT LEVELS

Parallel evolution can occur at several levels: the phenotypic level,

the biochemical level, the developmental level, and the genetic

level. Our results, combined with those of Streisfeld and Rausher

(2009a), indicate that parallel evolution of the red-flowered phe-

notype in I. horsfalliae and in representatives of the Mina clade is

underlain by parallel evolution at both the biochemical and devel-

opmental levels, and likely at the genetic level. At the biochemical

level, red coloration in both lineages is caused by a shift from pro-

ducing cyanidin-based anthocyanins to producing pelargonidin-

derived anthocyanins. Parallelism is reflected at the developmen-

tal level by two patterns: (1) the production of pelargonidin-based

pigments is caused by a down-regulation of the gene producing

the branching enzyme F3′H. This down-regulation blocks flux

down the cyanidin branch of the pathway, redirecting it to the

pelargonidin branch. (2) Down-regulation of F3′h expression is

restricted to floral tissue, with this gene being expressed at normal

levels in the vegetative tissue of the red-flowered species.

Finally, it is likely that these parallel changes are caused by

parallel changes at the genetic level. Specifically, we suggest that

in both lineages, down-regulation of F3′h is caused largely by

cis-regulatory changes in this gene. We have provided evidence

consistent with this mechanism for I. quamoclit. Similar evidence

is not currently available for I. horsfalliae. Specifically, Streisfeld

and Rausher (2009a) did not rule out the possibility that down-

regulation or inactivation of a transcription factor(s) necessary for

F3′h activation is the primary cause of down-regulation of F3′h
in the flowers of I. horsfalliae. We believe, however, that this

explanation is unlikely. In Ipomoea, F3′h appears to be coregu-

lated with Dfr and Ans and, to a lesser extent, with Chs, Chi, and

F3h (Morita et al. 2006; Park et al. 2007). Consequently, if the I.

quamoclit transcription factors are not expressed in floral tissue,

our transgenic I. quamoclit F3′h overexpression lines would not

have produced cyanidin in their flowers because DFR and ANS

proteins would not have been present to convert DHQ into cyani-

din. We therefore tentatively conclude that one or more mutations

in the promoter region of F3′H, specific to the sequence(s) that

activates expression in flower tissue, converted a blue-flowered

ancestor into a plant producing red flowers. A comparison of the

promoter sequences from I. quamoclit and I. ternifolia shows that

there are numerous in/dels and substitutions that could be respon-

sible for such a change (see Appendix S1). However, definitively

addressing this conclusion requires analysis of the strength of the

F3′H promoter in I. horsfalliae, which is currently underway.

WHY PARALLELISM AT LOWER LEVELS?

Examination of the topology of the anthocyanin pathway (Fig. 1)

suggests at least three types of genetic change that could lead to

inactivation of the cyanidin branch of the pathway: (1) F3′h could

be down-regulated; (2) the enzymatic function of F3′H could be

eliminated; or (3) the substrate specificity of DFR could be altered

so that it no longer metabolizes the substrate DHQ. Genetic and

developmental parallelism would be expected if one of these types

of change either had a higher mutation rate or a higher fixation

probability given the mutation has occurred. Because the change

from blue to red flowers has occurred frequently in many horticul-

tural species, because many of these spontaneous mutations have

been preserved, and because for a substantial number the actual

mutation has been characterized molecularly, it is possible to use

this information to obtain at least a crude estimate of the relative

frequencies at which the three types of genetic change described

above contribute to spontaneous mutations causing flower-color

change from blue to red. Because these mutations were propa-

gated based on their phenotype, they presumably represent an

unbiased sample of such mutations.

Streisfeld and Rausher (2009a) present a literature survey that

uncovered nine studies examining the genetic changes causing a

shift from blue to red pigmentation in diverse taxa. In this dataset,

all nine mutations examined caused functional inactivation of

anthocyanin pathway enzymes. None were regulatory mutations.

Moreover, all but one were in either F3′h (three mutations) or

F3′5′h (five mutations). The latter (see Fig. 1) is functionally

similar to F3′h: it also codes for a cytochrome P450 enzyme at a

branch of the anthocyanins pathway; it converts DHQ to DHM,

the precursor to the delphinidin branch of the pathway; and its

inactivation typically results in the conversion of blue flowers to

red or magenta in species that have the delphinidin branch of the

pathway (Snowden and Napoli 1998; Chen et al. 2007).

Given this mutation spectrum and equal probabilities of fix-

ation for the three types of mutation that could produce red flow-

ers, one might expect functional knockouts of F3′h (or F3′5′h in

species that possess it) to cause a large majority of the evolution-

ary transitions from blue to red flowers. The data from Ipomoea do

not fit this expectation. Instead, regulatory mutations that reduce

the expression of F3′h are responsible for this transition in two

independent lineages. Although it can be dangerous to calculate

statistics with such a small sample size, the difference between

the spontaneous mutations and those in Ipomoea is significant
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(P = 0.018; Fisher’s exact test comparing number of functional

knockouts vs. number of regulatory changes for the two sam-

ples). This difference suggests that regulatory changes (either cis-

or trans-) reducing F3′h expression have a much higher fixation

probability than mutations abolishing the functionality of this

enzyme. In other words, parallelism at the biochemical and de-

velopmental levels, and possibly at the genetic level, in the two

Ipomoea lineages appears to be due to large differences in fixa-

tion probabilities for different types of mutation that replace blue

pigments with red.

The standard explanation for differential fixation probabil-

ities among mutations is that the mutations differ in the degree

of associated deleterious pleiotropy (Fisher 1930). In addition to

their role in floral pigmentation, various classes of flavonoids

are expressed throughout developing and adult plants where they

serve diverse functions including signaling, enhancing pollen via-

bility and defending against herbivores, UV damage, and other en-

vironmental stresses (Shirley 1996; Gould 2004). Although many

of these compounds arise from early branch points in the flavonoid

pathway, condensed tannins and some flavonols are derived from

the same immediate precursors as cyanidin and pelargonidin and

therefore synthesis of these compounds requires functional F3′H
and DFR enzymes (Fig. 1). A role of pleiotropy has therefore been

commonly invoked to explain the apparent prevalence of the in-

volvement of mutations affecting anthocyanin transcription factor

expression and function in floral color transitions from pigmented

to nonpigmented (Quattrocchio et al. 1999; Schwinn et al. 2006;

Whittall et al. 2006; Streisfeld and Rausher 2009b), and there

is some evidence supporting the expectation that these types of

mutation experience lower levels of deleterious pleiotropy than

functional knockouts of pathway enzymes that also produce non-

pigmented flowers (Coberly and Rausher 2008).

Although there is little direct evidence indicating that down-

regulation of F3′h incurs lower pleiotropy than functional inac-

tivation of this gene, some indirect evidence is consistent with

this hypothesis. In particular, evidence suggests that flavonoids

derived from DHQ perform their physiological and ecological

functions better than those derived from DHK. In a survey of the

anthocyanin content of young leaves from 110 diverse angiosperm

genera, Price and Sturgess (1938) found exclusively cyanidin and

its derivatives in 93% of sampled species (with the balance of

species producing delphinidin derivatives; no species produce ex-

clusively pelargonidin). Moreover, the condensed tannins, which

are polymerized flavonoids that form the hard, dark protective

coats of seeds, are most often produced from cyanidin precursors

(Tanner 2004). By contrast, products derived from DHK appear to

be very uncommon in the foliage of plants, even though presum-

ably mutations resulting in this occur frequently (e.g., Hoshino

et al. 2003; Zufall and Rausher 2003). Finally, transgenic ex-

periments in Petunia and Arabidopsis found that an increase in

quercetin in leaves (which requires a functional F3′H; Fig. 1)

provides significantly higher tolerance to UV-B radiation relative

to kaempferol (Ryan et al. 1998, 2001). This evidence suggests

that production of DHQ products rather than DHK products in

vegetative tissue is advantageous, thus placing a constraint on the

type of mutation that can be used to produce red flowers. The

observation that pelargonidin production is restricted to flowers

in species of the Mina lineage (reported here) and in I. horsfalliae

(Streisfeld and Rausher 2009a) is consistent with this suggestion.

Nevertheless, a definitive conclusion on the relative magnitudes

of deleterious pleiotropy for the different types of genetic change

must await direct assessment.

PATHWAY DEGENERATION

Prior work suggested that there may have been additional genetic

changes contributing to the transition to red flowers in the Mina

clade. Specifically, Zufall and Rausher (2004) reported an appar-

ent reduction in the ability of the enzyme DFR to metabolize the

cyanidin precursor dihydroquercetin, as well as a possible loss of

function of the enzyme F3′H, and suggested that either of these

changes by themselves might be sufficient to block cyanidin pro-

duction. If true, their results would indicate degeneration of the

cyanidin branch of the anthocyanin pathway in the red-flowered

Mina species, that is, that inactivation by change in one gene

allowed the accumulation of loss-of-function mutations in other

genes. Our transformation results, however, indicate that this sug-

gestion is incorrect. Moreover, our reanalysis of DFR and F3′H
function using more sensitive techniques reveals little evidence

for either of these types of change.

Retention of functionality in F3′H is indicated by two new

lines of evidence. First, the ability of the copy of F3′H from

I. quamoclit to restore cyanidin production in our transgenic

plants demonstrates retention of functionality directly. Second,

our documentation of cyanidin production in vegetative tissues

of I. quamoclit likewise directly demonstrates functionality. We

note that the evidence for nonfunctionality presented by Zufall

and Rausher (2004) was apparent lack of ability of the I. quamo-

clit F3′H to complement an F3′H knockout in Arabidopsis; their

in vitro assay indicated F3′H was able to metabolize its dihy-

droquercetin substrate. Their results can thus be interpreted as

an inability of I. quamoclit F3′H to function properly in their

transgenic Arabidopsis individuals, rather than indicating a loss-

of-function in the native species.

Zufall and Rausher (2004) reported a substantial reduction in

the ability of DFR from I quamoclit to reduce the cyanidin precur-

sor DHQ compared to DFR from the blue-flowered species I. pur-

purea. By contrast, we detected no such reduction. In their study,

the ratios of DHK/DHQ anthocyanidin products were 0.95 and

3.5 for I. purpurea and I quamoclit, respectively. The I. quamoclit

ratio is consistent with our results (3.5 and 4.5 for I. quamoclit and
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I. coccinea, respectively). However, their I. purpurea ratio is not

consistent with ratios we have obtained for blue-flowered species

(4.0 for I. purpurea; [Des Marais and Rausher 2008]; 4.8 for I.

ternifolia as reported here). We believe that the difference in our

results is due to our ability to estimate anthocyanidin production

more precisely by using a heterologous overexpression system

that allows tighter control of induction and by measuring reaction

products directly using a spectrophotometer.

IMPLICATIONS FOR THE EVOLUTION

OF ADAPTATION

A still unresolved issue in evolutionary genetics is whether adap-

tive change for particular characters tends to involve a few or

many genes (Orr 2005). Our results suggest that much of the

phenotypic change involved in the flower-color transition from

blue to red at the base of the Mina clade can be ascribed to

change in a single gene. This result is consistent with those of

other investigations that have examined floral-color transitions:

many, if not most, have reported the involvement of only one or

two genes with major effect (Prazmo 1961, 1965; Quattrocchio

et al. 1999; Hodges et al. 2002; Bradshaw and Schemske 2003;

Schwinn et al. 2006; Streisfeld and Rausher 2009b), even though

both hue and intensity are continuous traits. One possible expla-

nation for this pattern is that many flower-color transitions involve

loss-of-function mutations: transitions from pigmented to white

flowers involve inactivation of the anthocyanins pathway whereas

transitions from blue to red often involves the inactivation of a

branch of the pathway (Rausher 2006). Because such mutations

are relatively common (e.g., van Houwelingen et al. 1998; Stre-

isfeld and Rausher 2009a), we would expect they would often

arise and become fixed before substantial change in flower color

is achieved by fixation of mutations of small effect. These consid-

erations lead us to predict that for any trait in which it is favorable

to turn off function, mutations of large effect are likely to be

commonly fixed.

Our results, coupled with those of previous investigators

(Quattrocchio et al. 1999; Schwinn et al. 2006; Whittall et al.

2006; Streisfeld and Rausher 2009a,b) also suggest that not

all loss-of-function mutations affecting flower color are equally

likely to be fixed. In particular, those that incur the least deleteri-

ous pleiotropy are likely to have a higher probability of fixation.

In situations in which adaptive floral color change depends on

novel mutations, this effect is expected to increase the waiting

time for an adaptive mutation, and thus reduces the rate at which

adaptive change occurs, compared to a situation in which all loss-

of-function mutations incur little pleiotropy.
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