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The genetic control of flower–pollinator specificity
Yao-Wu Yuan, Kelsey JRP Byers and HD Bradshaw Jr.
The ca. 275,000 species of flowering plants are the result of a
recent adaptive radiation driven largely by the coevolution
between plants and their animal pollinators. Identification of
genes and mutations responsible for floral trait variation
underlying pollinator specificity is crucial to understanding how
pollinator shifts occur between closely related species.
Petunia, Mimulus, and Antirrhinum have provided a high
standard of experimental evidence to establish causal links
from genes to floral traits to pollinator responses. In all three
systems, MYB transcription factors seem to play a prominent
role in the diversification of pollinator-associated floral traits.
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Introduction
Most flowering plants rely on animal pollination for
reproductive success. Flower–pollinator interactions are
considered to be a major driver for floral trait diversification and angiosperm speciation [1–3]. A key observation
supporting this proposition is that many angiosperm
species produce flowers with a particular pollination syndrome, a suite of floral phenotypes that enable specialized
associations with the ‘attraction and utilization of a
specific group of animals as pollinators’ [2]. These traits
include flower size, color, scent, texture, shape, orientation, reward (e.g. nectar, pollen, fragrance), and pistil
and stamen arrangements. For example, hummingbirdpollinated species typically have red flowers with a floral
tube, copious nectar production, and exserted stamens
and pistils, whereas bee-pollinated flowers display various
colors (but usually not red), a smaller quantity of nectar,
inserted stamens and pistils, and a clear landing platform.
A molecular description of the genetic control of such
pollinator specificity is crucial to understanding how
pollinator shifts occur between closely related species,
which are often associated with dramatic floral trait
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divergence and pollinator-mediated reproductive isolation and speciation.
Since the early 1990s, quantitative trait locus (QTL)
analysis of floral traits that affect pollinator preference
has been carried out in a few plant lineages such as
Mimulus [4], Aquilegia [5], Petunia [6], and Iris [7]. These
studies suggest that many pollinator-associated floral
traits are controlled by few loci with large effects. However, progress in identifying the specific genes and
mutations that are responsible has been quite slow until
recently. This is perhaps not surprising because most
plant systems for investigating flower–pollinator interactions were not particularly amenable to fine-scale
genetic analysis, especially before the advent of massively
parallel sequencing technologies.
Another factor that has impeded a deep understanding of
the genetic control of flower–pollinator interactions is the
admixture of different standards of evidence that have
been used in the literature to link genotype to phenotype to
pollinator response. Overall, correlative evidence is prevalent in linking genes to floral phenotypes, and pollinator
responses to a particular floral trait are often assumed
instead of being tested in controlled experiments. Here
we first attempt to lay out a common set of experimental
evidence that is necessary to establish a causal link from
gene to floral trait to pollinator response, and then discuss
recent studies that best fit these criteria.

The evidence necessary to link genotype to
phenotype to pollinator response
Ideally, a causal link between genotype and phenotype
can be established by a combination of fine-scale genetic
mapping and functional characterization through transgenic manipulations. We consider that a genotype–phenotype link is formally established if at least one of the
two following requirements is fulfilled: (i) fine-scale
genetic mapping to the single gene level; (ii) QTL
mapping or co-segregation analysis indicates a candidate
gene and transgenic manipulations of the candidate gene
result in expected phenotypes. Neither of these two lines
of evidence has been readily available for most plant
systems that are used to study flower–pollinator interactions. However, whole genome sequencing is becoming
a routine practice — even for non-model systems —
which makes fine-scale genetic mapping feasible, and
the development of transformation protocols for a nonmodel plant is tedious but not always difficult.
Once the genetic basis of a floral trait is determined,
pollinator foraging assays (in controlled artificial
www.sciencedirect.com
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environments or natural habitats) are required to determine how pollinators respond to alternative phenotypes
produced by the different alleles using carefully constructed plant materials. Transgenic lines with manipulation of a single gene would be ideal to test the role of this
gene in pollinator preference with absolute confidence.
When dealing with the effect of loss-of-function alleles,
induced recessive mutants that differ from the wild-type
parental line only at the target locus could be equally
appropriate. If these materials are not available, a third
(suboptimal) alternative is near-isogenic lines (NILs) that
differ from the parental line only in a small region of the
genome that contains the causal gene, although in this
case precautions should be taken to ensure the substituted genomic region does not affect other pollinatorassociated floral traits, especially less immediately
obvious traits such as scent or texture.
In recent years considerable efforts have been made to
identify genes underlying pollinator-associated floral trait
variation in several plant systems, including Petunia,
Mimulus, Antirrhinum, Ipomoea, Clarkia, and Phlox. For
example, in Ipomoea, down-regulation of the flavonoid 30 hydroxylase (F30 H) gene because of cis-regulatory change
in some species resulted in flower color change from blue/
purple to red [8], which is correlated with the transition
from bee-pollination to hummingbird-pollination. In
Clarkia, up-regulation of the S-LINALOOL SYNTHASE
(LIS) gene contributes to the strong scent emission in C.
breweri, the only moth-pollinated species in the genus [9].
However, in neither of the two systems has pollinator
response to allelic variants of the identified genes been
tested, leaving the significance of these individual genes
in controlling pollinator preference unresolved. In Phlox,
cis-regulatory changes in the flavonoid 30 50 -hydroxylase
(F30 50 H) gene and an R2R3-MYB transcription factor gene
have been implicated in flower color change leading to
pollinator-mediated speciation by reinforcement [10,11].
However, direct evidence from fine-scale mapping or
transgenic manipulations to verify the gene identity is
still lacking, and the pollinator-mediated selection in this
case is because of pollinator constancy rather than the
pollinator specificity that is required for a shift between
pollinator guilds [11]. It is the other three systems (i.e.
Petunia, Mimulus, and Antirrhinum) that have contributed
the most rigorous experimental evidence to our current
knowledge of the genetic control of flower–pollinator
specificity, and these will be discussed in more detail.

Petunia — from flower color to scent
Petunia integrifolia, P. axillaris, and P. exserta are closely
related species displaying a typical bee, hawkmoth, and
hummingbird pollination syndrome, respectively [12].
Petunia integrifolia has purple, scentless flowers with a
short, wide corolla tube and little nectar; P. axillaris has
white, fragrant flowers with a long, narrow corolla tube
and a large volume of nectar; and P. exserta flowers are
www.sciencedirect.com

bright red, scentless, with exserted stamens and pistils
and copious nectar (Figure 1).
A key regulator that controls the flower color difference
between P. integrifolia and P. axillaris was identified as
ANTHOCYANIN2 (AN2) [13,14], encoding an R2R3MYB transcription factor. A typical flowering plant genome harbors >200 MYB genes, 2/3 of which encode
transcription factors with two adjacent MYB domains (i.e.
R2R3-MYBs) and 1/3 with a single MYB repeat [15–17].
AN2 belongs to subgroup 6 of R2R3-MYBs [15,17] that
form a protein complex with basic helix–loop–helix
(bHLH) and WD repeat proteins to activate anthocyanin
biosynthesis in most anthocyanin-pigmented flowers, including P. integrifolia [13,14,18]. The white color of P.
axillaris results from loss of AN2 function through
multiple independent acquisitions of nonsense or frameshift mutations in the AN2 coding DNA regions [13,14].
To investigate how alternative AN2 alleles impact pollinator preference, Hoballah et al. [14] transformed the
functional P. integrifolia AN2 allele into the P. axillaris
background, converting the white flower to purple, while
all other floral traits remained the same as in wild-type P.
axillaris. When tested in controlled greenhouse conditions, hawkmoths showed marked preference for the
wild-type white flower over the purple transgenic flowers,
whereas bumblebees showed preference in the opposite
direction. The AN2 case thus fits our criteria for linking
genotype, phenotype, and pollinator response by taking
original genetic data from hybrid crosses and transposon
tagging, verifying and characterizing the effects of the
locus with transgenic plants, and then using those plants
to assess pollinator response in a controlled greenhouse
environment [13,14].
The genetic basis and functional significance of scent
production have also been investigated in Petunia. All
wild accessions of P. axillaris produce a substantial
amount of methylbenzoate [19], a volatile that elicits
a strong response from hawkmoths in electroantennogram
assays [20], whereas the hummingbird-pollinated P.
exserta produces no detectable volatile compounds at
all. QTL mapping located two major loci underlying
the scent production difference between P. axillaris
and P. exserta: one on chromosome II and the other on
chromosome VII [19]. The latter locus contains a candidate gene ODORANT1 (ODO1), an R2R3-MYB gene
that belongs to a subgroup with AtMYB42 and AtMYB85
and has been shown to regulate benzenoid volatile production in P. hybrida cv Mitchell [21]. The level of ODO1
transcripts is perfectly correlated with scent production in
wild Petunia accessions, and is 10-fold higher in scented
P. axillaris than the background level in scentless P.
exserta [19]. Assaying the relative expression levels of
ODO1 alleles in the F1 hybrids indicated that the expression difference between the two species is because of
Current Opinion in Plant Biology 2013, 16:422–428
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Petunia flowers and their pollinators. (a) Bee-pollinated P. integrifolia. (b) Hawkmoth-pollinated P. axillaris. (c) Hummingbird-pollinated P. exserta.
Source: Images are provided by Dr. Cris Kuhlemeier.

cis-regulatory change in the ODO1 gene. These data
strongly implicate ODO1 as the causal gene underlying
this QTL, although more definitive evidence will likely
come from transgenic rescue experiments to test whether
the scented P. axillaris ODO1 allele can restore scent
production in the non-scented P. exserta background. The
responsible gene underlying the chromosome II QTL has
yet to be determined. Another subgroup of R2R3-MYB
genes (subgroup 19) has also recently been demonstrated
to regulate benzenoid biosynthesis in Petunia [22,23],
including EMISSION OF BENZENOIDS I and II (EOBI
and EOBII). However, both EOBI and EOBII can be
ruled out as candidate genes for the chromosome II QTL,
because they are known to positively regulate ODO1,
whereas the expression of ODO1 is not dependent on
the chromosome II QTL [19].
By introgressing these two scent loci, Klahre et al. [19]
created a non-scented, white-flowered NIL in the P.
axillaris genetic background, and a scented, red-flowered
NIL in the P. exserta background. When presented with

scented and non-scented white flowers in a dual choice
experiment, hawkmoths preferred the scented flowers.
Similarly, hawkmoths also preferred scented red flowers
to non-scented red flowers. Intriguingly, when confronted
with conflicting cues from scented red flowers and nonscented white flowers, the hawkmoths visited both types
of flowers equally as a first choice, indicating that color
and scent are equally important in driving hawkmoth
foraging decisions.

Mimulus — from natural variation to induced
mutants
The monkeyflower species Mimulus lewisii and M. cardinalis represent another system for studying the genetics of
pollinator-mediated reproduction isolation between sister
species [4,24–26]. The bumblebee-pollinated M. lewisii
has pale pink flowers with broad, flat petals and contrasting yellow nectar guides (Figure 2a). The hummingbirdpollinated M. cardinalis has red flowers with reflexed
petals, exserted stamens and pistils, and copious nectar
(Figure 2b). The pale pink color of M. lewisii results from a
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Mimulus flowers. (a) Bee-pollinated M. lewisii (wild-type). (b) Hummingbird-pollinated M. cardinalis (wild-type). (c) M. lewisii NIL with the recessive M.
cardinalis roi1 allele. (d) M. lewisii NIL with the recessive M. cardinalis yup allele. (e) M. lewisii EMS mutant, guideless. All images were taken in the
University of Washington Botany Greenhouse.
Current Opinion in Plant Biology 2013, 16:422–428
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low concentration of anthocyanins and absence of
carotenoids (except in the nectar guides, Figure 2a).
The red color of M. cardinalis is produced by a combination of high concentrations of both pigments. Although
the two species are interfertile with hand pollination, they
rarely hybridize in wild sympatric populations because of
pollinator preference [26]. A field experiment using F2
hybrids showed that anthocyanin and carotenoid content,
as well as nectar volume, play important roles in pollinator
discrimination between the two species [24].
Fine-scale genetic mapping of the major anthocyanin
QTL, ROI1, revealed a single-repeat MYB repressor as
the causal gene responsible for the petal anthocyanin
content variation between the two species [27]. The
dominant allele in M. lewisii represses anthocyanin biosynthesis, and introgression of the recessive M. cardinalis
roi1 allele into the M. lewisii background yields a dark
pink flower phenotype in the NIL (Figure 2c). Gene
identity was verified by transgenic experiments: knocking
down the expression of ROI1 in the wild-type M. lewisii
via RNAi transgenesis recapitulates the dark pink phenotype of the NIL; transformation of the wild-type ROI1
allele into the NIL background restores the light pink
phenotype of the wild-type. ROI1 is a small protein (80
amino acids) that is very similar to the R3 repeat of the
anthocyanin-activating R2R3-MYBs (subgroup 6) [15–
17,27], but without a transcriptional activation domain.
Like the subgroup 6 R2R3-MYBs, ROI1 possesses the
bHLH-interacting motif and presumably competes with
the anthocyanin-activating R2R3-MYBs for a limited
supply of bHLH proteins, thereby negatively regulating
anthocyanin biosynthesis. Subsequent gene expression
analysis, in conjunction with site-directed mutagenesis
and transgenic experiments, demonstrated cis-regulatory
rather than coding DNA change as the causal mutation(s)
underlying the allelic difference between M. lewisii and
M. cardinalis [27].
Although field experiments using F2 hybrids showed that
increased anthocyanin concentration is correlated with
higher hummingbird visitation rate and lower bumblebee
visitation rate [24], the more definitive field experiment
to test the specific role of ROI1 in pollinator preference
still remains to be done using the NIL or transgenic lines.
On the other hand, the ecological significance of YELLOW UPPER (YUP), the locus responsible for the presence or absence of the yellow carotenoids in the petal
lobes (Figure 2d), has been demonstrated using NILs in
the natural habitat [25]. Substitution of the M. lewisii YUP
locus with the recessive M. cardinalis yup allele dramatically increased hummingbird visitation and simultaneously decreased bee visitation. In this case the link
between phenotype and pollinator response has been
established, but the genotype-phenotype link is still
under investigation.
www.sciencedirect.com

Besides being an excellent model for studying natural
variation, Mimulus lewisii is also emerging as a powerful
system to study pollinator-associated floral traits using
chemically induced mutants [28]. An ethyl methanesulfonate (EMS) induced mutant, guideless, lacks the yellow
color and the trichomes in the ventral petal that serve as
nectar guides in the wild-type plant (Figure 2e). The
ecological function of this trait in attracting and properly
orienting bumblebees has been shown by a pollinator
foraging assay under controlled greenhouse conditions.
Lack of nectar guides not only decreased visitation rate by
20%, but led to improper orientation in 55% of the visits
as the bumblebees entered the flower upside-down, preventing pollen transfer between flowers via mechanical
isolation [28].
Bulk segregant analysis coupled with deep sequencing
has now enabled rapid gene identification in M. lewisii
mutants. The GUIDELESS gene encodes a MIXTA-like
R2R3-MYB (subgroup 9) [29]. MIXTA-like genes are
known to regulate trichome and epidermal conical cell
development in the Asteridae, including Antirrhinum and
Petunia [30–32], which is consistent with the aborted
trichome elongation in the nectar guides of the guideless
mutant. Moreover, the absence of yellow carotenoids in
the guideless mutant indicates that MIXTA-like genes
might also be involved in regulating carotenoid pigmentation [29]. Here, an interesting mutant phenotype
changes pollinator handling success in controlled greenhouse experiments; the underlying gene has been identified by bulk segregant analyses and verified by transgenic
experiments, satisfying the genotype–phenotype–pollinator response criteria.

Antirrhinum — from pigmentation patterns to
tactile cues
The bee-pollinated Antirrhinum majus has been an invaluable model system in plant developmental genetics and
has contributed to our understanding of the genetic
control of floral organ identity, anthocyanin pigmentation,
flower symmetry, inflorescence architecture, and petal
epidermal cell development [33,34]. The large number
of Antirrhinum floral mutants, many transposon-induced,
have enabled gene discovery by transposon tagging since
the early 1980s [33]. Meanwhile, like the Mimulus
mutants, these Antirrhinum mutants provide excellent
materials to study pollinator response to various floral
traits [34].
The anthocyanin pigment patterning in Antirrhinum is
largely determined by three closely related R2R3-MYB
genes that belong to subgroup 6, including the tightly
linked Rosea1 and Rosea2, and a third gene, Venosa [35].
Rosea1 is the major regulator that gives the deep
magenta color on both the adaxial and abaxial side of
the wild-type flower petal lobes (Figure 3a). Rosea2
generates only weak pigmentation that is mostly
Current Opinion in Plant Biology 2013, 16:422–428
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Figure 3
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Antirrhinum majus. (a) Wild-type flower. (b) Conical cells on the petal epidermis of the wild-type flower. (c) Flat cells on the petal epidermis of the mixta
mutant flower. (b) and (c) are provided by Dr. Beverley Glover.

restricted to the adaxial side. Venosa controls the ‘venation’ pigmentation pattern that is clearly visible only in
the rosea1 mutant background [35,36]. This pattern
probably represents the ancestral state of the genus
Antirrhinum, as the early-diverged species mostly produce flowers with purple/pink stripes along the veins in
a pale color background [36]. Although the native
bumblebee pollinators preferentially visit the wildtype, deep magenta flower morph when compared with
white, ivory, or light-pink mutants, they do not show
any significant preference between the wild-type and
the Venosa/rosea1 mutant, suggesting that the venation
pattern in a pale color background plays an important
role in bumblebee pollination and can compensate for
the loss of overall color intensity [36].
Another Antirrhinum mutant, mixta [37], has shed light on
a long-standing puzzle of the adaptive significance of
petal epidermal conical cells, which are produced by
the majority of insect-pollinated flowers [38]. MIXTA
is the founding member of the R2R3-MYB subgroup 9.
Lack of MIXTA activity results in flat instead of the
pointed wild-type conical cells on the petal surface [37]
(Figure 3). Using mutant lines that differ only in this
single trait, Whitney et al. [39] showed that bumblebees
could distinguish flowers with or without conical cells by
sensing the roughness of the petal epidermis as a tactile
cue. When the flowers were presented with the landing
surface oriented horizontally, the bumblebees did not
display any preference between conical and flat petal
surfaces. However, when the landing surface was presented vertically, as in many natural bee-pollinated flowers, the bumblebees showed significant preference for the
conical-celled flowers. High-speed videography revealed
the reason for this preference: bees were continually
slipping and could not find a stable position on the
flat-celled surfaces to feed, whereas they were able to
use the bumpy conical cells as grips to handle the wildtype flowers [39].
Current Opinion in Plant Biology 2013, 16:422–428

Over-representation of MYB transcription
factors: just a coincidence?
The fully detailed examples discussed above include
anthocyanin pigmentation, benzenoid volatile production, and conical cell development, floral traits that
serve as visual, olfactory, and tactile cues during flower–
pollinator interactions. Curiously, MYB transcription factors seem to play a prominent role in all these cases, even
when unbiased search strategies (e.g. QTL mapping
between wild taxa, random mutagenesis) were used
instead of candidate gene approaches.
The MYB transcription factor family has only a few members in most sequenced green algal genomes [40], and has
been expanded to contain a few dozen members in the
early-diverged land plant lineages (e.g. Physcomitrella, Selaginella). A second massive expansion led to the hundreds of
MYB genes in all sequenced angiosperm genomes. A
similar pattern of gene family expansions is also apparent
to the MADS-box genes [40], which are master regulators
for floral organ identity [41]. From this parallel gene
expansion pattern emerges an intriguing possibility —
the MADS-box genes provided the basic genetic toolkit
to make floral organs (i.e. sepals, petals, stamens, pistils) in
the first place, and the MYB genes are the major players
elaborating these floral organs, thereby creating the tremendously diverse flowers that interact with different
guilds of pollinators.

Conclusion
It is obvious that our current knowledge on the genetic
control of floral traits that affect pollinator specificity is
overall still quite meager. However, the recent development of ultra-high-throughput-sequencing based methods
(e.g. bulk segregant analysis, genome wide association
studies, transcriptome profiling) and experimental tools
(e.g. chemical mutagenesis, transgenic protocols) in a
growing number of plant systems will soon change the
slow pace of progress. We expect that our understanding of
www.sciencedirect.com
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the genetic basis of many other pollinator-associated floral
traits, including flower size [42], carotenoid pigmentation
[43], floral tube formation and elaboration, stamen and
pistil arrangements, nectar spur development [44–46], and
nectar volume and composition [47], will be significantly
advanced in the coming years. It will be interesting to see
whether the MYB transcription factors also play a prominent role in the diversification of a wider range of floral
traits.
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