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Identification of two genes causing reinforcement in
the Texas wildflower Phlox drummondii

Robin Hopkins' & Mark D. Rausher!

Species formation generates biological diversity and occurs when
traits evolve that prevent gene flow between populations.
Discerning the number and distribution of genes underlying these
traits and, in a few cases, identifying the genes involved, has greatly
enhanced our understanding over the past 15 years of species
formation (reviewed by Noor and Feder' and Wolf et al?).
However, this work has almost exclusively focused on traits that
restrict gene flow between populations that have evolved as a by-
product of genetic divergence between geographically isolated
populations. By contrast, little is known about the characteristics
of genes associated with reinforcement, the process by which natural
selection directly favours restricted gene flow during the formation
of species. Here we identify changes in two genes that appear to cause
a flower colour change in Phlox drummondii, which previous work
has shown contributes to reinforcement. Both changes involve cis-
regulatory mutations to genes in the anthocyanin biosynthetic
pathway (ABP). Because one change is recessive whereas the other
is dominant, hybrid offspring produce an intermediate flower
colour that is visited less by pollinators, and is presumably mal-
adaptive. Thus genetic change selected to increase prezygotic isola-
tion also appears to result in increased postzygotic isolation.

Natural selection can directly favour species formation through a pro-
cess termed reinforcement. If two incipient species experience secondary
contact and produce maladaptive hybrids, selection favours decreased
gene flow and increased reproductive isolation between them’”.
Reinforcement can be recognized by a resulting pattern known as
reproductive character displacement: reproductive isolation is greater
in sympatry than in allopatry”. Although the occurrence of reinforcement
was historically controversial®’, empirical studies have documented
reinforcing selection and reproductive character displacement in birds,
insects, amphibians, plants and mammals, suggesting that it is a com-
mon step in the process of species formation (reviewed by Ortiz-
Barrientos et al.® and Pfennig and Pfennig®). Despite this work, little
is known about genetic changes associated with reinforcement (but
see studies of quantitative trait loci by Ortiz-Barrientos et al'® and
Saether et al.'').

Divergence of floral colour in P. drummondii constitutes one of the
best-documented cases of reinforcement in plants'” and exhibits the
classic pattern of reproductive character displacement. P. drummondii
and the closely related P. cuspidata produce similar light-blue flowers
throughout the allopatric parts of their ranges. However, in the area of
sympatry, P. drummondii has dark-red flowers, representing the only
natural evolution of red flowers in the Phlox clade'. Both species of
Phlox and colours of P. drummondii are pollinated by the same array
of species of Lepidoptera’. Hybrids between these two species are
formed at rates as high as 11% in the area of sympatry'®. The hybrids
are vigorous but have high, although not complete, male and female
sterility'>™'*. Experimental crosses indicate as many as 40% of hand-
pollinated hybrid flowers will mature at least one seed and as many as
72% of crosses sired by hybrid pollen will set one seed”. Additionally,
allozyme data show low levels of gene flow between these species of
Phlox". Although other traits may contribute to prezygotic isolation

(including possible reinforcement traits such as self-compatibility’?),
Levin demonstrated that the shift from light-blue to dark-red flowers
in P. drummondii decreases interspecific hybridization by 66%, indi-
cating that the change in flower colour substantially increases prezygotic
reproductive isolation'?. Given the above estimates, the hybridization
rate before the evolution of dark-red flower colour could have been as
high as 28%, which, with low hybrid fitness, would presumably create
strong selection to decrease hybridization.

We determined that the evolutionary transition from light-blue to
dark-red flower colour in P. drummondii results from changes of large
effect at two loci. F, populations derived from crosses between the
allopatric colour variant (light blue) and the sympatric colour variant
(dark red) segregate four discrete flower colours: dark blue, light blue,
dark red and light red (Fig. 1a). Quantification of the spectral reflectance
of 200 F, flowers, transformed into two-dimensional Commission
internationale de I’éclairage (CIE) 1976 colour space'®, followed by
discriminant analysis verified our discrete classifications (Supplemen-
tary Fig. 1 and Supplementary Table 4a, b). The ratios of counts within
these categories are very close to the 9:3:3:1 ratios expected from two
loci with complete dominance (X2(3, N=618) = 0.92, P = 0.8206) (Sup-
plementary Table 3). One locus, H, determines flower hue, with blue
allele dominant to red, whereas the second locus, I, determines colour
intensity, with the dark allele dominant to the light.

These two loci appear to determine the types and amounts of antho-
cyanin floral pigment produced in P. drummondii. Anthocyanin pig-
ments, the final products of the well-characterized and highly conserved
ABP, are derived from six common types of anthocyanidin by the
addition of sugar and/or methyl moieties'’. Less-hydroxylated antho-
cyanidins give rise to redder pigments whereas more-hydroxylated
anthocyanidins give rise to bluer pigments'”. Correspondingly, blue-
flowered P. drummondii (H-) produce anthocyanins derived from both
the less-hydroxylated cyanidin and peonidin pigments, as well as the
more-hydroxylated malvidin pigment, whereas red flowers (hh) pro-
duce exclusively the less-hydroxylated pigments (Fig. 1b). The change
in floral hue thus results from redirecting flux from the malvidin branch
of the anthocyanin pathway to the cyanidin/peonidin branch (Fig. 1¢).
Individuals with increased colour intensity (I-) produce more pigment
than ii individuals, without an effect on pigment composition (Fig. 1b
and Supplementary Table 5a, b). These biochemical patterns, coupled
with the structure of the ABP (Fig. 1c), suggest candidate genes for the
hue and intensity loci.

The structure of the ABP (Fig. 1c) suggests that the loss of flux down
the malvidin branch of the ABP might result from changes in one of three
candidate genes: (1) loss of function or reduced expression of the gene
coding for the branching enzyme flavanoid 3'5'-hydroxylase (F3'5'H);
(2) alteration of the substrate specificity owing to a coding mutation in
the gene for dihydroflavonol 4-reductase (DFR) making the enzyme
unable to metabolize the malvidin precursor dihydromyricitin; and (3)
a similar alteration of the substrate specificity of anthocyanidin
synthase (ANS). To examine these possibilities, we analysed multiple
F, populations for co-segregation of floral hue with single nucleotide
polymorphism (SNP) markers in the candidate genes. In a total of 100

!Department of Biology, Box 90338, Duke University, Durham, North Carolina 27708, USA.

20 JANUARY 2011 | VOL 469 | NATURE | 411

©2011 Macmillan Publishers Limited. All rights reserved


www.nature.com/doifinder/10.1038/nature09641

LETTER

a o
-
-
3
Dark blue Light blue Dark red Light red
(341) (115) (118) (44)
b 351 Ipark blue c
ILight blue .G - CoA
-Coumaroyl-CoA +
IDark red malonyl-CoA
3.0F OLight red CHS
S
S Chalcone
3£ CHI
=
55
§ =] Naringenin
7 F3H
886
P Dihydro- F3'H
k=) 87 quercitin
N E Dihydro-
]
S € kaempferol
g9 F3'5'H
E 5 Dihydro-
o myricetin
=] DFR
5_ DFR
- Leucocyanidin Leucodelphinidin
ANS LANS
Cyanidin Delphinidin
Peonidin Cyanindin  Malvidin Peonidin Malvidin

Figure 1 | Flower colour phenotypes in F, individuals. a, Representative
pictures of the four flower colours in F, populations: dark blue, light blue, dark
red, light red (from left to right). Total counts in F, populations indicated under
each flower. Ratios of counts are similar to 9:3:3:1 (12(3, N=e618) = 0.92,

P =0.8206). b, Relative anthocyanidin pigment production results in variation
in F, flower colour. Production of all three pigments is significantly different
between hue classes. The light- and dark-red flowers produce no malvidin
(F(1,25) = 134.03, P < 0.0001), and significantly more peonidin (F(; »5) = 58.88,
P <0.0001) and cyanidin (F(; 5y = 21.57, P = 0.0002). The amount of pigment
production is significantly different between classes of flower intensity, with
high-intensity flowers producing more of each flower colour pigment (Falvidin
(1.25) = 8.64, P = 0.0092; Fpeonidin (125) = 32.11, P< 0.0001; Feyanidin

(1,25) = 66.74, P<0.0001). Standard errors are shown. See Supplementary
Table 5a—c for full data and multivariate analysis of variance (MANOVA)
results. ¢, A simplified schematic of the ABP, showing core enzymes to the right
of the arrows, with the substrates and products indicated at the ends of the
arrows. The two branches of the pathway active in P. drummundii produce two
3’-hydroxylated red pigments (cyanidin and peonidin) and one 5'-
hydroxylated blue pigment (malvidin).

individuals there was perfect co-segregation between F3'5'h and floral
hue (Supplementary Table 7). Moreover, genotype at F3'5'h explains
77% of the variation in flower hue.

This genetic association corresponds to a downregulation of F3'5'h
in red flowers. Among F, individuals, there is a nearly 100-fold
decrease in F3'5'h transcripts in red-flowered compared with blue-
flowered individuals (Fig. 2a). In addition, red- and blue-flowered
individuals collected from multiple populations throughout the range
of P. drummondii have a comparable difference in F3'5'h expression
(Fig. 2b) These results demonstrate three features of the genetic change
associated with the shift to red flowers: (1) variation in hue is associated
with transcript level of F3'5'h; (2) genotype at F3'5'h predicts tran-
scriptlevel; and (3) the expression difference evident between naturally
occurring flower colour variants segregates as a single locus in F,
individuals.

These patterns imply that expression variation at F3'5'h is caused by
variation in a cis-regulatory element. Allele-specific expression assays
confirm this inference: in heterozygous (Hh) individuals, the red allele
is almost completely downregulated (Fig. 2c). This allelic imbalance
indicates a cis-regulatory change, whereas equal expression of the two
alleles would indicate trans-acting regulation of expression'®.
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Figure 2 | Results of expression experiments on the hue locus (F3'5’h).
Quantitative PCR results showing relative expression of F3'5'h in blue and red
individuals in two F, populations (a) and six field populations (b). Transcripts
of F3'5'h in red floral tissue (shown in red) are significantly lower than levels
detected in blue tissue (shown in blue) in both F, populations (F; ,¢ = 250.89,
P < 0.0001) and field-collected individuals (F(; 36) = 30.21, P = 0.0053). Delta—
delta cycle-threshold (ddct) indicates relative transcript levels, and bars indicate
two standard error units. ¢, Allele-specific expression of F3'5'h in multiple
heterozygous individuals (Hh) from two crosses. Each bar represents the
relative contribution of the red allele (shown in red) and the blue allele (shown
in blue) to the total expression detected in heterozygous individuals from F,
families C and D. Relative allelic representation in complementary DNA
(cDNA) from heterozygous individuals is significantly different from the
relative allelic representation in genomic DNA (gDNA) (F(y 3,) = 375.93,

P <0.0001), indicating a cis-regulatory change controlling expression of the
red allele. The genomic samples from heterozygous individuals show nearly
equal allelic representation (0.5). See Supplementary Fig. 3 for experimental
control data.

Based on the structure of the ABP, we identified three candidate
genetic changes that could explain the increased pigment production
in dark (I-) flowers: (1) a cis-regulatory change that increases produc-
tion of an ABP enzyme with control over pathway flux; (2) increased
enzymatic efficiency (through coding-sequence mutations) of a rate-
controlling enzyme in the ABP; and (3) increased expression or func-
tion of an ABP transcription factor coordinately regulating the
expression of several enzymes. To evaluate these possibilities, we
cloned and sequenced genes coding for the core enzymes of the path-
way (Fig. 1c), as well as an R2R3-Myb transcription factor orthologous
to those known to regulate ABP enzymes in other angiosperms. Of
these genes, the marker in R2R3-Myb co-segregates perfectly with
flower colour intensity in 100 F, individuals (Supplementary Table
8) and genotype explains 71% of the intensity variation. These obser-
vations suggest Myb corresponds to the intensity locus.

This correspondence is further supported by quantification of Myb
transcript in F, individuals. Myb expression is significantly higher in
dark individuals than light individuals (Fig. 3a), demonstrating that
both genotype and expression of this transcription factor are associated
with variation in pigment production. Furthermore, field-collected
individuals show the same association between expression of Myb
and flower colour intensity (Fig. 3b). Finally, analysis of allele-specific
expression in heterozygous (Ii) individuals show that the ‘dark’ allele is
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Figure 3 | Results of expression experiments of the intensity locus (R2R3-
Myb). Relative expression of R2ZR3-Myb in dark and light F, individuals (a) and
natural field populations (b). There is a significant upregulation associated with
dark individuals relative to light both in F, individuals (F; ;) = 8.11,

P =0.0173) and in field-collected individuals (F; 50 = 14.91, P = 0.0023).

¢, Allele-specific expression indicates significantly different allelic
representation in cDNA relative to gDNA in heterozygous individuals (Ii) from
three F, families (F(;,12) = 116.74, P < 0.0001). The over-representation of the
dark allele (dark grey) relative to the light allele (light grey) indicates a cis-
regulatory change. See Supplementary Fig. 4 for complete control data. d, There
is significant upregulation of transcript levels of all core ABP enzymes in field-
collected dark individuals (dark grey) relative to light individuals (light grey).
Fchs (1,36) = 5.19, P =10.0305; Fchi (1,36) = 5.07, P=10.032; Ff3h (1,36) = 15.81,

P =0.0004; Fag, (1.36) = 1345, P = 0.001; Fops (1.36) = 36.7, P < 0.0001. For full
MANOVA results see Supplementary Table 10. Standard errors are indicated
on graphs.

upregulated relative to the Tight’ allele (Fig. 3¢), a pattern indicative of a
cis-regulatory change at the Myb locus.

In all species that have been examined, this Myb coordinately activates
several, if not all, of the ABP enzyme-coding genes'®. Thus we expect that
if changes in expression of Myb influence pigment intensity, there should
be correlated expression changes in the ABP enzyme-coding genes. This
expectation was realized: all five core-enzyme genes exhibited significant
upregulation in dark flowers relative to light flowers (Fig. 3d). These
results indicate that a cis-regulatory mutation at the R2R3-MYB tran-
scription factor causes the increased colour intensity of P. drummondii
flowers in sympatric populations.

Our investigation has provided the first identification of genetic
changes causing reinforcement of species boundaries. Ideally, we
would like to have confirmed the identity of the hue and intensity loci
by either fine mapping or transformation, but this is not currently
feasible in non-model systems like P. drummondii. Nevertheless, we
are confident that we have identified the correct genes. Not only do
F3'5'h and Myb co-segregate perfectly with the hue and intensity loci,
respectively, but both exhibit changes in expression levels in the direc-
tions that are expected to produce the observed phenotypic changes.
Moreover, the alternative possibility that the changes are due to linked
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transcription factors is ruled out by differences in allele-specific
expression.

We have shown that reinforcement may involve changes in a few
genes, each change having a large phenotypic effect. Our results
expand upon two previous analyses of the genetic architecture of re-
inforcement, which report the involvement of a small number of
quantitative trait loci'®'". This simple genetic architecture is consistent
with theoretical expectations, which indicate that selection for re-
inforcement is most likely to result in increased reproductive isolation
when the phenotypic effect of the assortative mating allele is large and
selection for reproductive isolation is strong”?.

Ortiz-Barrientos et al.'® suggest that reinforcing reproductive isola-
tion should be inherited as a dominant trait because of Haldane’s sieve
(the greater probability of a new dominant adaptive mutation reaching
fixation than a recessive mutation®). The intensity locus fits this
expectation, with the derived dark allele dominant to the light allele.
In contrast, the hue locus shows the reverse pattern, with the derived
red allele recessive to the ancestral blue allele. Although it is easier for
selection to increase the frequency of a novel dominant allele, Haldane’s
sieve can be overcome with strong selection*'. Additionally, probability
of fixation has been found to be independent of dominance when
adaptations are not new mutations but are standing genetic variation®*.
Either of these possibilities could explain the fixation of the red allele in
sympatry.

Much work investigating the process of speciation focuses on categor-
izing traits as a particular type of reproductive isolation mechanism
(that is, prezygotic or postzygotic) (reviewed by Lowry et al>® and
Nosil et al.**). Recently it has become clear that a single trait can affect
multiple types of reproductive isolation®***, but it remains unclear how
commonly this occurs. Although the most obvious effect of floral-colour
evolution in P. drummondii is increased premating isolation with
P. cuspidata, the associated genetic changes may also have led to
increased postzygotic isolation. Hybrids between the dark-red-flowered
P. drummondii and the light-blue-flowered P. cuspidata have dark-blue
flowers, which differ from the two parental species. Levin has shown that
pollinators discriminate against this intermediate hybrid flower colour?’.
Although further experimental tests are required, this discrimination
probably reduces male outcross success and possibly seed set, causing
reduced fitness of the hybrids beyond that associated with intrinsic
postzygotic isolation. Our work shows how the pattern of genetic domi-
nance can influence whether a trait can contribute to multiple types of
isolation. This hypothesized extrinsic postzygotic isolation arises only
because the novel allele at the intensity locus is dominant, whereas the
novel allele at the hue locus is recessive. Had the novel alleles at both
loci exhibited the same dominance, hybrids would have had the same
flower colour as one of the parents.

Finally, both of the genetic changes contributing to reinforcement in
P. drummondii involve cis-regulatory mutations, rather than func-
tional (coding-sequence) mutations in pathway enzymes. The types
of mutation described here are similar to those described for other
cases of flower colour evolution in which reinforcement is not known
to be involved®*°. These similarities suggest that the genetic basis of
reinforcement may be comparable to that of adaptations not asso-
ciated with reinforcement. However, only by indentifying the genetic
basis of reinforcement in other systems can we understand what
aspects of the molecular genetic basis of these traits are generally
important for reinforcement and which are unique to a particular
system.

METHODS SUMMARY

F, populations were created from crossing parents collected from allopatry with those
collected from sympatry (Supplementary Table 1). F, individuals were phenotyped
for flower colour and sampled for DNA and RNA extractions. Anthocyanidins were
extracted from floral tissue using standard protocol and identified and quantified
using high-performance liquid chromatography™. Candidate genes were amplified
from parental individuals to identify SNPs, and F, individuals were genotyped. The
Roche Universal ProbeLibrary system was used to quantify expression of all candidate
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genes from F, and field-collected populations. Pyrosequencing technology was used
to quantify allele-specific expression in individuals heterozygous at flower colour
loci*®.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

F, crosses. Seeds were collected from plants in six populations (Supplementary
Table 1) in the spring of 2006, and germinated and grown at the Duke University
greenhouses. Seeds were soaked for 48 h in 500 p.p.m. giberellic acid, planted in
Metro-Mix 360 (Sun Gro Horticulture), and stratified for 6 days at 4 °C. Plants
were transplanted at the four-true-leaf stage into a 50:50 mix of Fafard 4P (Conrad
Fafard) and PermaTill One Time (Carolina Stalite Company). Light-blue plants
were crossed with dark-red plants to form F; seeds. F, seeds were grown as above
and self-fertilized to create F, populations. Self-incompatibility was overcome
using bud pollination.

Flower colour phenotyping. All F, individuals were categorically phenotyped for
flower colour, and a XZ test was used to determine if the ratio of categorical flower
colour counts differed from 9:3:3:1 (Supplementary Table 3). A subset of indivi-
duals were quantitatively phenotyped with a StellarNet EPP2000C spectrometer
with a SLI visible light source and a SL5 deuterium +halogen ultraviolet-visible
light source (StellarNet). Raw reflectance was transformed into two-dimensional
CIE 1976 LUV colour space'® (Supplementary Fig. 1). This transformation creates
two axes of variation: the x axis corresponds to #" and the y axis corresponds to v'.
The white point is located at (v = 0.4683305, u’ = 0.197833). The v' coordinate
represents a measure of hue, and distance from the white point is a quantitative
measure of intensity. We used canonical discriminant analysis to confirm that
flower colour grouped into four discrete categories (Supplementary Table 4a, b).
Anthocyanindins were extracted from a total of 26 individuals (12 from cross A, 14
from cross B) using standard methods of dissolving petal tissue in HCl followed by
isoamyl alcohol extractions®. Pigments were identified using high-performance
liquid chromatography as described in Des Marais and Rausher®’. Pigments were
quantified by calculating the area under the high-performance liquid chromato-
graphy peak and scaled to the corresponding standards. We used a MANOVA to
determine if pigment amount differed by intensity, hue, family and all interactions
of main effects. We used subsequent individual ANOVA models to determine
significance of each of the above effects on amount of individual pigments (Sup-
plementary Table 5a,b). All analyses used SAS software version 9.1 (SAS Institute).
Genetic association. Leaf tissue was collected from F, and parental individuals. A
modified cetyltrimethylammonium bromide (CTAB) extraction was used to isolate
the DNA (as in Kelly and Willis’' but with an additional 2% Triton X-100 added to
the CTAB solution and a 3 M sodium acetate wash after ethanol precipitation). Genes
in the ABP were amplified, first using degenerate primers designed from orthologous
genes in closely related species and then with species-specific primers in subsequent
amplifications (Supplementary Table 6). Parental sequences for each gene were used
to identify SNPs segregating in the F, populations. A subset of F, individuals were
genotyped at each ABP gene. For those genes that showed an association, subsequent
F, individuals were genotyped. j” tests were used to confirm associations between
genotype and phenotype (Supplementary Tables 7 and 8). A mixed-model ANOVA
with F, family as a random effect was used to determine how much quantitative
flower colour variation was explained by F3'5'h and the R2R3-Myb genotype. For this
analysis we used flower colour reflectance transformed into CIE colour space to
determine quantitative measures of hue and intensity (see above). The y axis, cor-
responding to the value of v/, is the measure of hue and the distance each flower
colour point is from the white point (v' = 0.4683305, u’ = 0.197833) is the measure
of intensity. All analyses used SAS software version 9.1 (SAS Institute).

LETTER

RNA expression analyses. All expression analyses were performed on flower-bud
tissue collected approximately 2 days before opening. RNA was extracted from
individuals using the SpectrumTM Plant Total RNA Kit (Sigma-Aldrich). The
Roche Applied Science Universal ProbeLibrary (Roche Diagnostics) was used to
quantify expression of each gene in the ABP*’. Probes sites and primers were
designed using the online design centre (http://www.roche-applied-science.com/
sis/rtpcr/upl/ezhome.html) (Supplementary Table 9). A Thermo Scientific Verso
1-Step RT-qPCR kit was used to amplify according to the manufacturer’s instruc-
tions (Fisher Scientific). Twenty-six F, individuals were used in the F3'5'h
expression assay. Twelve F, individuals were used in the Myb expression assay.
Two replicate reactions were performed for each sample and the average cycle-
threshold value was used in all analyses. Efl-o was amplified in each sample to
control for total amount of RNA in each extraction. Raw expression data were
analysed as in Rieu and Powers™. We used a mixed-model ANOVA to detect a
significant difference in expression in candidate genes between colour groups. F,
family was used as a random effect in the model.

We collected seeds from natural populations of P. drummondii in both allopatry

and sympatry (Supplementary Table 2), grew them in the Duke University green-
house and extracted RNA from bud tissue as described above. Thirty-six indivi-
duals were used from field-collected population expression assays, with an
additional 14 individuals from two additional populations for the Myb assay.
Transcript levels of all genes in the ABP were quantified as above. We used a
MANOVA to determine if flower colour intensity has an effect on expression of
non-causal ABP genes (Chs, Chi, F3h, Dfr, Ans). Subsequent ANOVAs were used
to determine if each individual gene shows a significant effect of intensity on
expression (Supplementary Table 10). All analyses were performed using SAS
software version 9.1 (SAS Institute).
Allele-specific expression. RNAs from F, individuals and heterozygous F, indi-
viduals were used to quantify allele-specific expression at both the F3'5'h and the
Myb genes. A schematic of the assay design (Supplementary Fig. 2) shows the SNP
identity, as well as amplification and sequencing primer sequences. RNA was
extracted as described above from 28 individuals for the Myb assays (11 hetero-
zygotes and seven homozygous controls) and from eight individuals for the F3'5'h
assay (six heterozygotes and two homozygous controls). A reverse transcription
reaction was performed using InvitrogenTM SuperScript II (Life Technologies)
according to the manufacturer’s instructions. DNA was extracted from leaf tissue
as described above. For each individual, two replicate DNA and four replicate
cDNA PCRs were run. No-template controls and no-sequencing-primer controls
were performed as well. Pyrosequencing reactions were run on all samples using
PyroMARKTM Q961D (Qiagen)'***. Experiments on both genes were indepen-
dently replicated.
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