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abstract: Color polymorphisms have long been of evolutionary in-
terest for their diverse roles, including mate choice, predator avoidance,
and pollinator attraction.While color variation is often under strong se-
lection, some taxa demonstrate unexpectedly high frequencies of pre-
sumed deleterious color forms. Here we show that a genetic variant
underlying complete loss of anthocyanin pigmentation has risen to an
unexpectedly high frequency of 10.2 in a natural population of the plant
Mimulus guttatus. Decreased expression of MYB5 transcription factor
is associated with unpigmented morphs. While the allele was found only
in heterozygote adults in the wild, suggesting negative selection, experi-
ments were unable to demonstrate a fitness cost for unpigmented plants,
suggesting a cryptic selection pressure in the wild. However, life-history
differences among morphs suggests that unpigmented individuals ben-
efit from later flowering and clonal growth. Overall, our study highlights
the complex interplay of factorsmaintaining variation in nature, even for
genes of major effect.

Keywords: anthocyanin, genetic variation,Mimulus guttatus, polymor-
phism.

Introduction

The maintenance of polymorphisms at genes of major phe-
notypic effect has long interested evolutionary biologists. Be-
foremodernmolecular biology, studying genetic variation in
natural populations was limited to visible phenotypes with
a known genetic basis, often controlled by one or a few loci.
Early theoretical population geneticists used this variation to
study the roles of selection and other forces—such as genetic
drift, geneflow, andmutation—inmaintaining variationwithin
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and between populations (Fisher 1930; Wright 1931; Hal-
dane 1932). Understanding the relative effect of these forces
remains a central question in evolutionary biology (Mitchell-
Olds et al. 2007; Delph and Kelly 2014). Studying major
gene polymorphisms allows researchers to address whether
phenotypic convergence involves repeatable genetic changes,
whether adaptive mutations are more likely to occur in cod-
ing or regulatory regions to assess the relative contributions
of adaptive evolution, balancing selection, deleterious vari-
ation, and genetic drift in maintaining variation.
Many cases of major gene polymorphisms involve varia-

tion in color polymorphism, which can be driven by natural
or sexual selection and have profound effects on fitness (e.g.,
Hoekstra et al. 2006; Rosenblum 2006; Reed et al. 2011). A
recent series of articles and discussion (Forsman et al. 2008;
Wennersten and Forsman 2012; Bolton et al. 2015, 2016;
Forsman 2016) illustrates that the direct and indirect effects
of color polymorphism on fitness can be complicated, and
whether such polymorphism contributes to population per-
sistence is contentious. Although these articles were focused
on animal examples, plants too show dramatic variation in
coloration of vegetative and floral structures, and there are
many notable cases where variation is present between closely
related species (Rausher 2008) or among populations (Sobral
et al. 2015) or show segregation within populations (Brown
and Clegg 1984).
One of the major classes of plant pigments are anthocya-

nins, which are a conserved group of phenolic compounds
responsible for the pink, red, and blue colors produced by
plants. Their conserved nature is also reflected by their con-
served genetic basis; flowering plants share seven core en-
zymes of the anthocyanin biosynthetic pathway (Quattroc-
chio et al. 1993). Changes or loss of pigment can occur as a
result ofmutations in core structural genes encoding enzymes
or in the transcription factors regulating these genes (Ho and
Smith 2016). These colored compounds play diverse adaptive
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roles, depending on the tissue where they are expressed. In
flowers and fruits they may be involved in pollinator attrac-
tion and seed or fruit dispersal, while in vegetative tissues they
may have protective roles in response to abiotic and biotic
stressors, including ultraviolet (UV) radiation, drought, cold,
herbivory, and pathogen defense (reviewed in Strauss and
Whittall 2006; Rausher 2008). This tissue-specific regulation
is possible due to anthocyanin biosynthetic pathway gene reg-
ulation at the transcriptional level by the MYB-bHLH-WD
repeat complex (Koes et al. 2005; Davies et al. 2012), and stud-
ies show that concentrations of floral and leaf anthocyanins
and flavonols are not always correlated (del Valle et al. 2015;
Berardi et al. 2016).

Studies in the genusMimulus (monkey flowers) have been
informative for understanding plant pigmentation (Wu et al.
2007; Twyford et al. 2015). For example, in their now classic
study, Bradshaw and Schemske (2003) show that the shift
from bee to hummingbird pollination involved floral pig-
mentation changes caused by a few genes of major effect.
In general, the ∼170 monkey flower species show numerous
flower color transitions among related species, and the ge-
netic basis of pigmentation in the group has been well stud-
ied (e.g., Streisfeld and Rausher 2009; Cooley et al. 2011;
Yuan et al. 2016). In a previous common garden experiment
of species-wide collections ofMimulus guttatus, we noticed a
single atypical plant from California lacking red spotting on
flowers and having bright green leaves, in contrast to the red-
spotted flowers and red-tinged leaves typical of the species
(fig. 1). While there are many examples of anthocyanin loss
from floral tissue, whole-plant loss of anthocyanin is uncom-
mon in nature (although see Warren and Mackenzie 2001;
Wu et al. 2013). Our expectation was that this anthocyanin-
less phenotype should be rare in the wild because anthocya-
nin is present in plants from across the range ofM. guttatus
(and, indeed, widely found across all species of flowering
plants; Lawrence et al. 1939), and anthocyanin plays a diverse
and important adaptive role. Therefore, a complete loss of an-
thocyanin is unexpected and an obvious target for removal via
purifying selection.

In this study, we pursue our observation of a naturally
occurring unpigmented phenotype of M. guttatus and use
this as an opportunity to investigate the genetics and main-
tenance of intrapopulation phenotypic variation and the role
of anthocyanin for plant performance. We address the fol-
lowing questions: (1) What is the genetic basis of this varia-
tion? (2) What is the frequency of this variant in the wild?
(3) What are the fitness effects of this phenotype? We ad-
dress these questions by analyzing phenotypic segregation
in experimental crosses and wild-collected seed families, by
measuring fitness effects in a common garden study and un-
der experimental conditions where plants are exposed to rel-
evant environmental stresses, and through gene expression
analysis. Our results show the complexities of how an in-
This content downloaded from 129.2
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triguing major polymorphism underlying an important phe-
notypic trait can be maintained in a natural population.
Methods

Population Description and Sampling Scheme

In July 2013we visited the study population inHume, Sequoia
National Forest, California (36746058.0200N, 118753055.5600W;
5,330 ft above sea level).Mimulus guttatus at the site belong
to the perennial ecotype. We estimated the census popula-
tion size at approximately 300 flowering individuals, and
no other knownM. guttatus plants growwithin a 3-km range.
We phenotyped plants in the field for anthocyanin by scoring
for spotting on the flowers (if present) and the visual presence
of anthocyanin in the petiole as a proxy for vegetative antho-
cyanin.We collected open-pollinated seed capsules for segre-
gation analysis, selecting 27maternal parents each at least 1m
apart to reduce the likelihood of collecting clonal individuals.
Phenotypic Description and Estimates of Allele Frequencies

We grew seed from the 27 field-collected seed families in the
greenhouse at Syracuse University, with an average of 21
(rangep 6–32) seedlings per family raised toflowering. Seeds
were planted in plug trays with Fafard 4P potting mix, strati-
fied at 47C in the dark for 1 week, and grown at 217C and a
16L∶8Dphotoperiod in a greenhouse. Flowers and leaveswere
scored for the presence or absence of pigmentation. We used
segregation ratios of these field-collected seed families to infer
the maternal genotype and to estimate the frequency of the
unpigmented allele in nature (described below).
We confirmed that plants are either absent of anthocyanin

or produce undetectable levels in flowers and in leaves by
extracting anthocyanin with methanol-HCl from four pig-
mented and four unpigmented plants and performing thin-
layer chromatography in a solvent of BAW, BuHCl, and
1% HCl (Harborne 1998). Pigments were identified on the
basis of published retention factors (Rf) in this solvent.
We tested the genetic basis of the anthocyanin phenotype

by observing segregation in experimental crosses.Weproduced
two second-generation inbred individuals from single-seed
descent, selected for producing progeny that did not segre-
gate for anthocyanin to confirm that they were homozygous.
These alternate homozygous parents were intercrossed to
produce an F1, with anthocyanin scored in the subsequent
F2’s.We raised plants to flowering in the greenhouse and then
tested whether the presence/absence of anthocyanin differed
from the 3∶1 ratio expected from segregation at a single
Mendelian locus with a x2 test. We determined whether un-
pigmented plants are plastic for anthocyanin production by
exposing them to a high-light-intensity stressful environment
that typically induces anthocyanin (Albert et al. 2009). We
15.132.009 on January 11, 2018 06:38:14 AM
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Figure 1: Photographs of representative Mimulus guttatus. Pigmented (AA; A) and anthocyanin-deficient (aa; B) flowers and pigmented
(C) and anthocyanin-deficient (D) stems and leaves.
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recorded the presence or absence of anthocyanin after 1 week
of exposure to natural UV light conditions and drought on
the roof of the Life Science Complex at Syracuse University
in a set of 48 unpigmented and 48 wild-type F2 plants.
RNA Extraction and Reverse Transcription Polymerase
Chain Reaction (RT-PCR)

The R2R3 MYB transcription factors are regulators of an-
thocyanin biosynthesis in a wide range of plant species (Liu
et al. 2015). Recently, five R2R3-MYB genes were identified
in M. guttatus (Cooley et al. 2011) and thus are good can-
didates for regulators of anthocyanin. To test whether any of
these MYB genes regulate anthocyanin accumulation, we ex-
amined the transcript levels of MgMYB1-5 in the leaves and
floral buds of AA, Aa, and aa plants. We collected 2-week-
old leaves and unopened floral buds from four plants of
each genotype and pooled them for RNA isolation. We iso-
lated total RNA using TRIzol reagent (Invitrogen) as per
manufacturer’s instructions and determined RNA concentra-
tion on agarose gel and by spectrophotometer (Bio-Rad).We re-
trieved MgMYB1-MgMYB5 gene sequences from http://www
.phytozome.net and designed appropriate primers. Details of
primer sequences, cDNA synthesis, and RT-PCR reactions
are given in the appendix, available online. We used M.
guttatus UBIQUITIN-CONJUGATING ENZYME (UBC)
gene as a normalization control (Yuan et al. 2014). As a pos-
itive control for PCR, we used genomic DNA isolated using
Edward’s protocol (Edward et al. 1991).
Measures of Fitness

We tested whether the absence of anthocyanin affects vigor,
pollination, and seed set between genotypic classes when
grown outside in an experimental field. Initially, we identi-
fied 10 unrelated homozygous wild-type and seven unrelated
homozygous mutant plants by selfing plants from the segre-
gating families of field-collected plants and retaining only
those parents that did not produce any segregating progeny.
These plants then served as the parents for our crossing
scheme. Plants were crossed in a round-robin design to gen-
erate outcrossed individuals of three genotypic classes (out-
crossed pigmented [six crosses], outcrossed unpigmented [six
crosses], pigmented # unpigmented [six crosses]). In 2014,
a total of 116 individuals consisting of six to seven full-sib in-
dividuals from each of these 18 crosses were planted in a ran-
domized block design in an experimental field site at Syracuse
University. We measured a suite of vegetative and flowering
traits at 3-week intervals: plant height and width, number of
stolons, andnumberofflowering branches. Inaddition,we re-
corded leaf length (3 weeks after transplant) and the date of
first flower, and we ranked the plants for senescence on a five-
point scale at the end of the season. Flowers were available
This content downloaded from 129.2
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to be visited by pollinators, and we collected at least two seed
capsules from each plant before dehiscing and counted the
number of seeds per capsule on a random subset of 40 plants.
We provided plants with daily supplemental water until all
plants were finishing flowering. The following spring we as-
sessed over-winter survival by recording any plants with
signs of regrowth.
We conducted two separate growth chamber experiments,

where we investigated the effect of exposure to UV light and
the effect of drought conditions. For each experiment, we used
a total of 12 crosses (four of each genotype) with eight full-sibs
per family. In both experiments, 192 plants were grown for
10 weeks in a growth chamber with a 16L∶8D photoperiod
at 217 and 187C. In theUV experiment, half of the plants were
assigned to a control treatment with regular light (PAR p
250 mmol m22 s21, UV p 10 µW cm22), and the other half
were assigned to a UV treatment with supplemental UV
light (PAR p 258 mmol m22 s21, UV p 2,360 µW cm22).
In the second experiment, half the plants were watered with
our regular regimen of soaking flats for 1 h daily, while the
other plants were watered every 4 days. For both experiments,
we measured plants for germination timing and a suite of
growth, flowering, and senescence traits at regular intervals.
All phenotypic data are deposited in Dryad (Twyford et al.
2018).
We analyzed the fitness experiments with REML general

linear models in SAS (mixed procedure, release 9.4; SAS In-
stitute 2015). Within each experiment, dependent variables
were standardized to a mean of 0 and standard deviation of
1 (to facilitate comparisons between experiments). For the
field experiments, analyses included the effect of genotype
as a fixed categorical factor and block and family nested with
genotype as random factors. The significance of family was
assessed using a log-likelihood ratio test and a x2 test statistic
(Littell et al. 1996). For the UV and drought experiments, we
used similarmodels and also included the fixed effect of treat-
ment and its interactionwith genotype.We analyzed pairwise
significant fixed effects with Tukey’s method, which adjusts
the type I error rate for multiple testing.
Results

Phenotypic Observations

Our greenhouse observations made on all 568 individuals
from 27 wild-collected seed families used across experiments
revealed two discrete classes of pigmentation, with either in-
dividuals having anthocyanin or plants being entirely un-
pigmented (fig. 1). Thin-layer chromatographic analysis of
floral and leaf extracts from four pigmented and four unpig-
mented plants confirmed that unpigmented plants do not
produce detectable levels of pigment with a retention factor
(Rf) in the range expected of anthocyanin, in contrast to the
15.132.009 on January 11, 2018 06:38:14 AM
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Color Polymorphism in Mimulus 139
pigmented plants. We observed that 48 unpigmented green-
house-grown plants—which were then exposed to natural
UV light conditions and drought on the Syracuse University
rooftop—still did not produce visible anthocyanin (results
not shown). These results show that the unpigmented phe-
notype is genetic and can reliably be scored as a simple bi-
nary trait under glasshouse conditions.
Genetic Basis

We used segregation in an F2 family derived from a cross be-
tween an inbred pigmented and an inbred unpigmented plant
to investigate the genetic basis of the phenotype. The F2 prog-
eny segregated in a ratio of 108∶29 pigmented∶unpigmented,
which did not significantly differ from the 3∶1 ratio expected
from simple Mendelian segregation (x2 p 1:073, P p :3).
There was perfect cosegregation between floral and vegeta-
tive anthocyanins in the progeny and in wild-collected fam-
ilies (below), suggesting that loss of anthocyanin in flowers
and vegetative tissue is controlled by a single locus. Because
three-quarters of F2’s and all F1 plants produce anthocyanin,
the presence of anthocyanin is dominant. As such, the un-
pigmented phenotype is controlled by a single allele a, which
is recessive to the wild-type allele A.
Transcription of MYB1-5 Genes

We examined transcript levels of MYB1-5 in the leaves and
floral buds of AA, Aa, and aa plants to test for differences
among genotypes. Only MYB4 and MYB5 transcripts were
detected in the leaves and floral buds of AA, Aa, and aa
plants, consistent with the previous report of not detecting
transcripts of MYB1-3 in the floral buds of an inbred line
(IM767) of Mimulus guttatus (Yuan et al. 2014). Level of
MYB4 transcript was similar in the leaves and floral buds
of all three genotypes. Only MYB5 transcript was differen-
tially expressed in the three genotypes for both leaves andflo-
ral buds (fig. 2A). Transcript levels were highest inAA plants
and lowest in aa plants (fig. 2A). This correlates with the vis-
ible level of anthocyanin accumulation in these plants: highest
in theAA and lowest in aa plants (fig. 1). Taken together, our
results suggest that MYB5 positively regulates anthocyanin
accumulation inM. guttatus, and decreased expression is as-
sociated with the anthocyanin deficient phenotype.
Allele Frequencies in the Wild

We estimated the frequency of the anthocyanin allele in the
wild using information from the phenotypic class of the par-
ent scored in nature and the progeny segregation ratios. All
plants phenotyped in the wild produced anthocyanin and
thus are genotype AA or Aa. Eleven of the 27 seed families
(40%) raised from these plants subsequently segregated for pig-
This content downloaded from 129.2
All use subject to University of Chicago Press Term
mentation (mean proportion unpigmentedp 0.23; rangep
0.06–0.36; see table A2; tables A1, A2 are available online),
and thus the maternal parent has genotype Aa. The remain-
ing 16 families did not segregate for anthocyanin production.
These may have maternal parents with genotype AA, or ge-
notypeAawhere no homozygous recessive progeny are pres-
ent because of the preponderance of the dominant A allele
in the pollen pool or because of small sample sizes for some
families.Assuming that theseparentswith no segregatingoff-
spring are AA gives a conservative lower estimate of 0.2 for
the a allele (i.e., 11 Aa and 16 AA, frequency of a is 11/54).
To give an upper estimate on the frequency of a, if all non-
segregating plants were actually heterozygous (i.e., 27 Aa),
the frequency of a would be 0.5.
Measures of Fitness

In our experimental field common gardenwith 116 outcrossed
individuals of known genotype, the genotypes differed in
some growth measures. They did not differ in leaf length
(3 weeks after transplant) or seed set (table 1). Unpigmented
plants flowered later (mean days to flower: AA, 51:65 0:9;
Aa, 53:025 1:03; aa, 61:05 1:05) and made fewer flow-
ering branches (mean branches: AA, 5:05 0:49; Aa, 5:35
0:5; aa, 2:65 0:43) but made significantly more stolons
(mean stolons: AA, 1:65 0:26; Aa, 2:95 0:32; aa, 5:85
0:27; fig. 3). For all traits except stolon production, the AA
and Aa genotypes did not differ significantly from one an-
other. Nonetheless, when we calculate gene action of each
allele at the single locus, all traits show either partial domi-
nance or overdominance (table 1).
In the growth chamber experiments with either supple-

mentary UV light or drought treatments, we found that sim-
ilar to the field experiment, genotypes differed significantly
for most traits, driven by differences between the aa geno-
type and the other two genotypes (table 1). We expected aa
genotypes to be most affected by the stressors; however, this
was not borne out.Within an experiment, the genotypes gen-
erally responded similarly to the stressors, for example, by
flowering significantly later under UV and significantly ear-
lier under drought (fig. 3A). In both experiments, there was
a significant genotype # treatment interaction for stolons.
Plants of aa genotype increased their stolon production in
both UV and drought, while the other genotypes either de-
creased stolons or did not change significantly from control
(fig. 3B).
Discussion

We have described the genetic basis, frequency, and fitness
effects of a segregating color polymorphism maintained in
a natural population. The absence of anthocyanin in some
plants of the Hume population ofMimulus guttatus is con-
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trolled by a single recessive allele, which negatively affects
expression of theMYB5 transcription factor. The causal al-
lele is present at a surprisingly high frequency of10.2 in this
population. Our experiments did not identify a cost of this
allele on attractiveness to pollinators or on survival in a field
environment, and plants with this phenotype performed
well in response to environmental stressors, including high
UV light and drought. One clue to how this variant is main-
tained may come from the close association between the re-
cessive phenotype and an alternative life-history strategy: un-
pigmented plants consistently flowered later and invested
more in stolons. We consider below how these results im-
prove our understanding of the maintenance of phenotypic
variation.

The unpigmentedM. guttatus phenotype represents a nat-
ural variant where anthocyanin is not produced in any tissue
of the plant, and crosses revealed that floral and vegetative
anthocyanin always cosegregate. This is unusual becausemost
plants with mutations for unpigmented flower variants still
produce some anthocyanin in stems and leaves (Warren and
Mackenzie 2001), or the loss of anthocyanin occurs indepen-
This content downloaded from 129.2
All use subject to University of Chicago Press Term
dently in flowers and vegetative tissues (e.g., Dick et al. 2011).
However, estimating the occurrence of complete loss of an-
thocyanin phenotypes is challenging because many studies
report the presence of pigment only in flowers and not in
vegetative tissues, or they do not discriminate between re-
duced pigment levels and the absence of pigmentation.
Selection Pressures and the Maintenance of Variation

Themaintenance ofmajor gene polymorphismswithin a sin-
gle population are intriguing, especially cases such as this, where
a presumably deleterious allele has risen to a relatively high
frequency (10.2). This frequency is substantially higher than
many other loss-of anthocyanin mutations that segregate
within populations (e.g.,Mimulus lewisii, 0.03: Wu et al. 2013;
Ipomoea purpurea, 0.005: Coberly andRausher 2003). To date,
most empirical studies in animals suggest that such poly-
morphisms are maintained by negative frequency-dependent
selection, mediated by apostatic or sexual selection (Gray and
McKinnon 2007). We cannot see a scenario in which the
unpigmented and pigmented plants experience a selective
UBC 
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Figure 2: Gene expression analysis of R2R3-MYB genes in Mimulus guttatus. A, Semiquantitative reverse transcription polymerase chain re-
action (RT-PCR) analysis of MYB1-5 genes in leaves and floral buds of plants with genotype AA, Aa, and aa. For RNA isolation, leaves were
pooled from four plants of each genotype. UBC was used as a normalization control for RNA concentration. B, Genomic DNA was used as a
positive control, and 2RT (reaction without reverse transcriptase) was used as a negative control in RT-PCR experiments. Experiments were
repeated with two independent biological samples of leaves and floral buds with similar results. PCR primers and cycle numbers are given in the
appendix, available online.
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advantage when rare, and so we do not think that this is the
mechanism responsible for itsmaintenance.We can also cast
doubt on some other possible explanations, such as genetic
drift, mutation-selection balance, or heterozygote advantage.
Random genetic drift could be causal and has been impli-
cated in segregating color polymorphisms in northern leop-
ard frogs (Hoffman et al. 2006) and the candy-stripe spider
(Oxford 2005). In the latter example, the rare morph occurs
at low frequencies (∼0.05–0.3) in small populations, and the
authors suggest that selection is weak and drift dominates.
Although intermittent drift (Oxford and Shaw 1986) may
be involved in this M. guttatus population, the correlated
phenotypic effects of anthocyanin on other traits (discussed
below) suggest that genetic drift is unlikely the main mech-
anism.We also believemutation-selection balance is unlikely
because we did not find complementary gene action when
performing crosses among different families of unpigmented
plants (i.e., offspring were unpigmented, suggesting that the
causal mutation is in a single gene). It seems improbable that
amutation keeps arising in the same gene within this popula-
tion. There is some indication of heterozygote advantage, as
we find overdominance for some traits (height [not shown],
leaf length, flowering stems; table 1), but its unclear whether
these traits result in higher fitness. Thus, we are reluctant
to suggest that the polymorphism is maintained by over-
dominance at this single locus in a single population (simple
overdominance; Delph andKelly 2014), especially given how
rare this phenomenon is in nature (although see Tuttle 2003;
Johnston et al. 2013).

A probable explanation for the maintenance of the poly-
morphism is that selection is acting on suites of traits that
include the pigment phenotype rather than the pigment trait
This content downloaded from 129.2
All use subject to University of Chicago Press Term
itself. Our fitness and growth experiments show that ho-
mozygote recessives (aa) make more stolons (clonal growth)
flower later and for longer. Overall, the aa genotype has a
more perennial life-history strategy, investing more in vege-
tative growth with delayed flowering (Friedman et al. 2015).
This finding is not unique to Mimulus; indeed, many or-
ganisms demonstratingmajor polymorphism exhibit true al-
ternative life-history strategies (Tuttle 2003; Silva et al. 2015).
As such, selection may be acting on life-history traits, with
a more clonal phenotype being advantageous in this per-
manently wet site that facilitates late-season flowering and
persistence via clonal reproduction. This scenario would en-
tail pleiotropic gene effects or physical linkage between life-
history traits and the pigmentation gene (discussed below).
Thus, it is possible that clonality may be involved in the
maintenance of the unpigmented plants, particularly if the
population was founded by a small number of individuals.
To assess whether selection is acting through stolon produc-
tion would require measuring lifetime fitness in the field for
this perennial plant and assessing fitness components through
survival, stolons, and seed production.
We also cannot exclude the possibility that the mainte-

nance of the phenotype is due to complex selection pressures
that occur in thewild, including fine-scale spatial and tempo-
ral differences in selection, potentially in conjunction with
selection on cryptic trait variation. This seems plausible be-
cause even systems with intensely studied color polymor-
phisms often fail to locate the target of selection (reviewed
in Gray andMcKinnon 2007). This issue may be particularly
problematic with pigments such as anthocyanins that play
extremely diverse functions and where fitness in an experi-
mental field may fail to capture components of selection in
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Figure 3: Influences of genotype and treatment on flowering time and stolon number. Flowering time (A) and number of stolons (B) in three
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are shown. For statistical details, see table 1.
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the wild (Waser and Price 1981). We found that unpig-
mented plants had equivalent seed set to pigmented plants
in a field setting, and if this was also the case in the native en-
vironment, it would suggest that the generalist pollinators
that visitM. guttatus do not discriminate against plants with
subtle shifts in flower color from yellow with red spots to un-
spotted flowers. Similarly, our growth experiments showed
that unpigmented plants grow well under field conditions
as well as in growth chamber experiments with elevated UV
light and drought conditions. These findings are consistent
with Arabidopsis anthocyanin mutants that had equivalent
fitness to wild-type plants under stressful conditions (von
Wettberg et al. 2010), although Petunia mutants deficient
in F3’H grew more slowly under UVB than wild-type plants
(Ryan et al. 2002). One obvious pressure we did not directly
investigate is herbivory. Anthocyanin strongly affects the
preference of many herbivores (Strauss and Whittall 2006),
and herbivory tests with slugs and Lepidoptera show a pref-
erence for nonpigmented over pigmented flowers in wild
radishes (Raphanus sativus; Irwin et al. 2003). We also have
not investigated whether loss of anthocyanin has benefits in
terms of resource expenditure, particularly in limiting envi-
ronments.
Genetic Basis

Loss of anthocyanin can occur because ofmutations in struc-
tural genes or in transcription factors that regulate the ex-
pression of structural genes. While loss of anthocyanin from
all plant tissues is usually attributed tomutations in structural
genes, MYB5 appears to be a candidate transcription factor
that regulates anthocyanin expression across the plant. Our
gene expression analysis found thatMYB5 was the only dif-
ferentially expressed candidate transcription factor consis-
tent with the observed phenotypes. The role of this transcrip-
tion factor is supported by Yuan et al. (2014), who showed
that MYB5 is the only anthocyanin activating R2R3-MYB
transcription factor (sensu Cooley et al. 2011) expressed in
the corolla ofM. guttatus. In the relatedMimulus lewisii, mu-
tations inMlWD40a (part of theMYB-bHLH-WD40 regula-
tory complex) affected anthocyanin accumulation in both
flowers and stems, while mutations inR2R3-MYBs, including
those most closely related to MgMYB5, affected only floral
anthocyanin. Similarly, in Mimulus aurantiacus, MaMYB2
(most closely related toMgMYB5) is necessary for floral an-
thocyanin pigmentation (Streisfeld andRausher 2009; Streis-
feld et al. 2013). Finally, Lowry et al. (2012) show that vari-
ation among populations of M. guttatus in leaf and floral
anthocyanin can be ascribed to an R2R3-MYB cluster (but
not includingMYB5); however, their study deals with differ-
ences in anthocyanin intensity and pattern and not presence/
absence. While we have identified the likely involvement of
MYB5, further work will be required to prove its role as
This content downloaded from 129.2
All use subject to University of Chicago Press Term
the casual gene and to understand the molecular mechanism
underlying the phenotype. This could be tested by determin-
ing the expression of genes in families segregating for the an-
thocyanin phenotype or by using recently developed trans-
formational protocols for M. guttatus (Preston et al. 2014).
Our hypothesis that natural selection is not acting directly

on anthocyanin genes but on correlated life-history traits
raises the prospect of physical linkage between (a regulator
of)MYB5 and life-history traits. While there are many can-
didate genes underlying the perennial strategy inM. guttatus,
themost obvious is the largeDIV1 inversion that has amajor
phenotypic effect (Lowry and Willis 2010). Although this
inversion contains a tandemMYB array responsible for some
anthocyanin phenotypes in M. guttatus (Lowry et al. 2012),
it is not the location of theMYB5 locus that has reduced ex-
pression.MYB5 is on linkage group 12, at position 6,076,089
(Migut.L00458; https://phytozome.jgi.doe.gov). There are not
many candidate genes in this region, but a gene showing ho-
mology to PROTEIN SUPPRESSOR OF PHYA-105 (SPA1) is
located about 1MB away at 7,216,182 (Migut.L00551). SPA1
is known to negatively regulate anthocyanin accumulation,
plant size, and flowering in Arabidopsis, especially in short
days (Ishikawa et al. 2006). Hypothetically, an accumulation
of SPA1 in aa plantsmight explain its decreased anthocyanin
accumulation, bigger vegetative growth, and delayed flower-
ing phenotypes. Future work will be necessary to test these
hypotheses.
Conclusions

The maintenance of multiple variants within a population
provides a rare opportunity to explore allele dynamics and
phenotypic variation within a shared environmental con-
text. Although we have been unable to identify the ecological
mechanisms favoring the color polymorphism in this popu-
lation, the high allele frequency suggests that either there is
selection for the color variant or it is favored via pleiotropic
effects or linkage disequilibrium with other traits under se-
lection. We suggest that this provides an opportunity to ex-
amine the interconnections between evolutionary processes,
such as different forms of selection and drift, and to link eco-
logical mechanisms favoring polymorphisms with their ge-
netic basis.
Acknowledgments

This work was supported by Syracuse University, a National
Science Foundation grant (DEB-1354259) to J.F., and a He-
redity Fieldwork Grant to A.D.T. A.D.T. is supported by a
Natural Environment Research Council Fellowship NE/
L011336/1. We thank John Paul for information about
the Hume population and Abrar Aljibroury, Anna Bjarvin,
15.132.009 on January 11, 2018 06:38:14 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).



144 The American Naturalist
and Matthew Rubin for help with the experiments. A.D.T.
and J.F. wrote the manuscript, and all authors approved the
final version. No competing financial interests to report.
Literature Cited

Albert, N. W., D. H. Lewis, H. Zhang, L. J. Irving, P. E. Jameson, and
K. M. Davies. 2009. Light-induced vegetative anthocyanin pigmen-
tation in Petunia. Journal of Experimental Botany 60:2191–2202.

Berardi, A. E., S. B. Hildreth, R. F. Helm, B. S. Winkel, and S. D. Smith.
2016. Evolutionary correlations in flavonoid production across flow-
ers and leaves in the Iochrominae (Solanaceae). Phytochemistry
130:119–127.

Bolton, P. E., L. A. Rollins, and S. C. Griffith. 2015. The danger within:
the role of genetic, behavioural and ecological factors in population
persistence of colour polymorphic species. Molecular Ecology
24:2907–2915.

———. 2016. Colour polymorphism is likely to be disadvantageous to
some populations and species due to genetic architecture andmorph
interactions. Molecular Ecology 25:2713–2718.

Bradshaw, H. D., and D. W. Schemske. 2003. Allele substitution at a
flower colour locus produces a pollinator shift in monkeyflowers.
Nature 426:176–178.

Brown, B. A., and M. T. Clegg. 1984. Influence of flower color poly-
morphism on genetic transmission in a natural population of the
common morning glory, Ipomoea purpurea. Evolution 38:796–803.

Coberly, L. C., andM.D. Rausher. 2003. Analysis of a chalcone synthase
mutant in Ipomoea purpurea reveals a novel function for flavonoids:
amelioration of heat stress. Molecular Ecology 12:1113–1124.

Cooley, A. M., J. L. Modliszewski, M. L. Rommel, and J. H.Willis. 2011.
Gene duplication in Mimulus underlies parallel floral evolution via
independent trans-regulatory changes. Current Biology 21:700–704.

Davies, K. M., N. W. Albert, and K. E. Schwinn. 2012. From landing
lights to mimicry: the molecular regulation of flower colouration
andmechanisms for pigmentation patterning. Functional Plant Biol-
ogy 39:619–638.

Delph, L. F., and J. K. Kelly. 2014. On the importance of balancing se-
lection in plants. New Phytologist 201:45–56.

del Valle, J. C., M. L. Buide, I. Casimiro-Soriguer, J. B. Whittall, and
E. Narbona. 2015. On flavonoid accumulation in different plant parts:
variation patterns among individuals and populations in the shore
campion (Silene littorea). Frontiers in Plant Science 6:939.

Dick, C. A., J. Buenrostro, T. Butler, M. L. Carlson, D. J. Kliebenstein,
and J. B. Whittall. 2011. Arctic mustard flower color polymorphism
controlled by petal-specific downregulation at the threshold of the
anthocyanin biosynthetic pathway. PLoS ONE 6:e18230.

Edward, K., C. Johnstone, and C. Thompson. 1991. A simple and rapid
method for the preparation of plant genomic DNA for PCR analysis.
Nucleic Acids Research 19:1349.

Fisher, R. A. 1930. The genetical theory of natural selection. Clarendon,
Oxford.

Forsman, A. 2016. Is colour polymorphism advantageous to popula-
tions and species? Molecular Ecology 25:2693–2698.

Forsman, A., J. Ahnesjö, S. Caesar, and M. Karlsson. 2008. A model of
ecological and evolutionary consequences of color polymorphism.
Ecology 89:34–40.

Friedman, J., A. D. Twyford, J. H.Willis, and B. K. Blackman. 2015. The
extent and genetic basis of phenotypic divergence in life history traits
in Mimulus guttatus. Molecular Ecology 24:111–122.
This content downloaded from 129.2
All use subject to University of Chicago Press Term
Gray, S. M., and J. S. McKinnon. 2007. Linking color polymorphism
maintenance and speciation. Trends in Ecology and Evolution
22:71–79.

Haldane, J. B. S. 1932. The causes of evolution. Princeton University
Press, Princeton, NJ.

Harborne, A. 1998. Phytochemical methods: a guide to modern tech-
niques of plant analysis. Springer Science & Business, Amsterdam.

Ho, W. W., and S. D. Smith. 2016. Molecular evolution of anthocyanin
pigmentation genes following losses of flower color. BMC Evolution-
ary Biology 16:98.

Hoekstra, H. E., R. J. Hirschmann, R. A. Bundey, P. A. Insel, and J. P.
Crossland. 2006. A single amino acid mutation contributes to adap-
tive beach mouse color pattern. Science 313:101–104.

Hoffman, E. A., F. W. Schueler, A. G. Jones, andM. S. Blouin. 2006. An
analysis of selection on a colour polymorphism in the northern leop-
ard frog. Molecular Ecology 15:2627–2641.

Irwin, R. E., S. Y. Strauss, S. Storz, A. Emerson, and G. Guibert. 2003.
The role of herbivores in the maintenance of a flower color polymor-
phism in wild radish. Ecology 84:1733–1743.

Ishikawa, M., T. Kiba, and N.-H. Chua. 2006. The Arabidopsis SPA1
gene is required for circadian clock function and photoperiodic
flowering. Plant Journal 46:736–746.

Johnston, S. E., J. Gratten, C. Berenos, J. G. Pilkington, T. H. Clutton-
Brock, J. M. Pemberton, and J. Slate. 2013. Life history trade-offs at
a single locus maintain sexually selected genetic variation. Nature
502:93–95.

Koes, R., W. Verweij, and F. Quattrocchio. 2005. Flavonoids: a colorful
model for the regulation and evolution of biochemical pathways.
Trends in Plant Science 10:236–242.

Lawrence, W. J. C., J. R. Price, G. M. Robinson, and R. Robinson. 1939.
The distribution of anthocyanins in flowers, fruits and leaves. Philo-
sophical Transactions of the Royal Society B 230:149–178.

Littell, R. C., G. A. Milliken, W.W. Stroup, and R. D. Wolfinger. 1996.
SAS system for mixed models. SAS Institute, Cary, NC.

Liu, J., A. Osbourn, and P. Ma. 2015. MYB transcription factors as
regulators of phenylpropanoid metabolism in plants. Molecular Plant
8:689–708.

Lowry, D. B., C. C. Sheng, J. R. Lasky, and J. H. Willis. 2012. Five an-
thocyanin polymorphisms are associated with an R2R3-MYB clus-
ter inMimulus guttatus (Phrymaceae). American Journal of Botany
99:82–91.

Lowry, D. B., and J. H. Willis. 2010. A widespread chromosomal inver-
sion polymorphism contributes to a major life-history transition, lo-
cal adaptation, and reproductive isolation. PLoS Biology 8:e1000500.

Mitchell-Olds, T., J. H. Willis, and D. B. Goldstein. 2007. Which evolu-
tionary processes influence natural genetic variation for phenotypic
traits? Nature Reviews Genetics 8:845–856.

Oxford, G. S. 2005. Genetic drift within a protected polymorphism:
enigmatic variation in color-morph frequencies in the candy-stripe
spider, Enoplognatha ovata. Evolution 59:2170–2184.

Oxford, G. S., andM. Shaw. 1986. Long-term variation in colour-morph
frequencies in the spiderEnoplognatha ovata (Clerck) (Araneae: The-
ridiidae): natural selection, migration and intermittent drift. Biolog-
ical Journal of the Linnean Society 27:225–249.

Preston, J. C., L. L. Barnett,M. A. Kost, N. J. Oborny, and L. C. Hileman.
2014. Optimization of virus-induced gene silencing to facilitate evo-
devo studies in the emerging model speciesMimulus guttatus (Phry-
maceae). Annals of the Missouri Botanical Garden 99:301–312.

Quattrocchio, F., J. F. Wing, H. T. Leppen, J. N. Mol, and R. E. Koes.
1993. Regulatory genes controlling anthocyanin pigmentation are
15.132.009 on January 11, 2018 06:38:14 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).

http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=19380423&crossref=10.1093%2Fjxb%2Ferp097&citationId=p_1
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=17943192&crossref=10.1038%2Fnrg2207&citationId=p_34
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=17055107&crossref=10.1016%2Fj.tree.2006.10.005&citationId=p_19
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=27178202&crossref=10.1111%2Fmec.13632&citationId=p_5
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=16825572&crossref=10.1126%2Fscience.1126121&citationId=p_23
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=26579180&crossref=10.3389%2Ffpls.2015.00939&citationId=p_12
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&crossref=10.3417%2F2010120&citationId=p_38
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=23965625&crossref=10.1038%2Fnature12489&citationId=p_27
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=21474312&crossref=10.1016%2Fj.cub.2011.03.028&citationId=p_9
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=25840349&crossref=10.1016%2Fj.molp.2015.03.012&citationId=p_31
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=27178084&crossref=10.1111%2Fmec.13629&citationId=p_16
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=16405161&crossref=10.1111%2Fj.0014-3820.2005.tb00926.x&citationId=p_35
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=16842432&crossref=10.1111%2Fj.1365-294X.2006.02934.x&citationId=p_24
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=14614505&crossref=10.1038%2Fnature02106&citationId=p_6
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=21490971&crossref=10.1371%2Fjournal.pone.0018230&citationId=p_13
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=15882656&crossref=10.1016%2Fj.tplants.2005.03.002&citationId=p_28
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=22186184&crossref=10.3732%2Fajb.1100285&citationId=p_32
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=18376544&crossref=10.1890%2F07-0572.1&citationId=p_17
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=27291343&crossref=10.1016%2Fj.phytochem.2016.05.007&citationId=p_3
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&crossref=10.1071%2FFP12195&citationId=p_10
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&crossref=10.1071%2FFP12195&citationId=p_10
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&crossref=10.1111%2Fj.1095-8312.1986.tb01735.x&citationId=p_36
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&crossref=10.1111%2Fj.1095-8312.1986.tb01735.x&citationId=p_36
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&crossref=10.1890%2F0012-9658%282003%29084%5B1733%3ATROHIT%5D2.0.CO%3B2&citationId=p_25
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=28555829&crossref=10.1111%2Fj.1558-5646.1984.tb00352.x&citationId=p_7
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=2030957&crossref=10.1093%2Fnar%2F19.6.1349&citationId=p_14
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&crossref=10.1098%2Frstb.1939.0006&citationId=p_29
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&crossref=10.1098%2Frstb.1939.0006&citationId=p_29
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=20927411&crossref=10.1371%2Fjournal.pbio.1000500&citationId=p_33
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=25403267&crossref=10.1111%2Fmec.13004&citationId=p_18
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=27161359&crossref=10.1186%2Fs12862-016-0675-3&citationId=p_22
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=25870951&crossref=10.1111%2Fmec.13201&citationId=p_4
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=27161359&crossref=10.1186%2Fs12862-016-0675-3&citationId=p_22
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=23952298&crossref=10.1111%2Fnph.12441&citationId=p_11
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=16709190&crossref=10.1111%2Fj.1365-313X.2006.02737.x&citationId=p_26
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=12694276&crossref=10.1046%2Fj.1365-294X.2003.01786.x&citationId=p_8


Color Polymorphism in Mimulus 145
functionally conserved among plant species and have distinct sets
of target genes. Plant Cell 5:1497–1512.

Rausher, M. 2008. Evolutionary transitions in floral color. International
Journal of Plant Sciences 169:7–21.

Reed, R. D., R. Papa, A. Martin, H. M. Hines, B. A. Counterman,
C. Pardo-Diaz, C. D. Jiggins, et al. 2011. Optix drives the repeated
convergent evolution of butterfly wing pattern mimicry. Science
333:1137–1141.

Rosenblum, E. B. 2006. Convergent evolution and divergent selection:
lizards at the white sands ecotone. American Naturalist 167:1–15.

Ryan, K. G., E. E. Swinny, K. R. Markham, and C. Winefield. 2002.
Flavonoid gene expression and UV photoprotection in transgenic
and mutant Petunia leaves. Phytochemistry 59:23–32.

SAS Institute. 2015. Base SAS 9.4 procedures guide. SAS Institute, Cary,
NC.

Silva, S. E., A. S. Rodrigues, E. Marabuto, S. Yurtsever, P. A. Borges,
J. A. Quartau, O. S. Paulo, and S. G. Seabra. 2015. Differential sur-
vival and reproduction in colour forms of Philaenus spumarius give
new insights to the study of its balanced polymorphism. Ecological
Entomology 40:759–766.

Sobral, M., T. Veiga, P. Domínguez, J. A. Guitián, P. Guitián, and
J. M. Guitián. 2015. Selective pressures explain differences in flower
color among Gentiana lutea populations. PLoS ONE 10:e0132522.

Strauss, S. Y., and J. B.Whittall. 2006. Non-pollinator agents of selection
on floral traits. Pages 120–138 in L. D. Harder and S. C. Barrett, eds.
Ecology and evolution of flowers. Oxford University Press, Oxford.

Streisfeld, M. A., and M. D. Rausher. 2009. Altered trans-regulatory
control of gene expression inmultiple anthocyanin genes contributes
to adaptive flower color evolution inMimulus aurantiacus. Molecu-
lar Biology and Evolution 26:433–444.

Streisfeld, M. A., W. N. Young, and J. M. Sobel. 2013. Divergent se-
lection drives genetic differentiation in an R2R3-MYB transcrip-
tion factor that contributes to incipient speciation in Mimulus
aurantiacus. PLOS Genetics 9:e1003385.

Tuttle, E. M. 2003. Alternative reproductive strategies in the white-
throated sparrow: behavioral and genetic evidence. Behavioral Ecol-
ogy 14:425–432.
“The A[phelops] malacorhinus is a comparatively long-limbed anim
body, and especially of the neck. There was probably a great developm
From “On the Extinct American Rhinoceroses and their Allies” by E.

This content downloaded from 129.2
All use subject to University of Chicago Press Term
Twyford, A. D., A. M. Caola, P. Choudhary, R. Raina, and J. Friedman.
2018. Data from: Loss of color pigmentation is maintained at high
frequency in a monkey flower population. American Naturalist,
Dryad Digital Repository, http://dx.doi.org/10.5061/dryad.17889.

Twyford, A. D., M. A. Streisfeld, D. B. Lowry, and J. Friedman. 2015.
Genomic studies on the nature of species: adaptation and specia-
tion in Mimulus. Molecular Ecology 24:2601–2609.

vonWettberg, E. J., M. L. Stanton, and J. B. Whittall. 2010. How antho-
cyanin mutants respond to stress: the need to distinguish between
stress tolerance and maximal vigour. Evolutionary Ecology Research
12:457–476.

Warren, J., and S. Mackenzie. 2001. Why are all colour combinations
not equally represented as flower-colour polymorphisms? New Phy-
tologist 151:237–241.

Waser, N. M., andM. V. Price. 1981. Pollinator choice and stabilizing se-
lection for flower color in Delphinium nelsonii. Evolution 35:376–390.

Wennersten, L., and A. Forsman. 2012. Population-level consequences
of polymorphism, plasticity and randomized phenotype switching: a
review of predictions. Biological Reviews of the Cambridge Philo-
sophical Society 87:756–767.

Wright, S. 1931. Evolution inMendelian populations. Genetics 16:97–159.
Wu, C. A., D. B. Lowry, A. M. Cooley, T. K. M. Wrigh, Y. W. Lee, and

J. H. Willis. 2007. Mimulus is an emerging model system for the in-
tegration of ecological and genomic studies. Heredity 100:220–230.

Wu, C. A., M. A. Streisfeld, L. I. Nutter, and K. A. Cross. 2013. The ge-
netic basis of a rare flower color polymorphism in Mimulus lewisii
provides insight into the repeatability of evolution. PLoSONE 8:e81173.

Yuan, Y. W., A. B. Rebocho, J. M. Sagawa, L. E. Stanley, and H. D.
Bradshaw Jr. 2016. Competition between anthocyanin and flavonol
biosynthesis produces spatial pattern variation of floral pigments
between Mimulus species. Proceedings of the National Academy of
Sciences of the USA 113:2448–2453.

Yuan, Y.W., J.M. Sagawa, L. Frost, J. P. Vela, andH.D. Bradshaw. 2014.
Transcriptional control of floral anthocyanin pigmentation in mon-
keyflowers (Mimulus). New Phytologist 204:1013–1027.

Natural History Editor: Mark A. McPeek
al, and its apparent elevation was increased by the shortness of the
ent of the upper lip, or snout, and the face was concave in profile.”
D. Cope (The American Naturalist, 1879, 13:771a–771j).

15.132.009 on January 11, 2018 06:38:14 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).

http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=28563376&crossref=10.1111%2Fj.1558-5646.1981.tb04896.x&citationId=p_56
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=24312531&crossref=10.1371%2Fjournal.pone.0081173&citationId=p_60
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=19029190&crossref=10.1093%2Fmolbev%2Fmsn268&citationId=p_49
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=19029190&crossref=10.1093%2Fmolbev%2Fmsn268&citationId=p_49
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=25856725&crossref=10.1111%2Fmec.13190&citationId=p_53
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=21778360&crossref=10.1126%2Fscience.1208227&citationId=p_42
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=22540928&crossref=10.1111%2Fj.1469-185X.2012.00231.x&citationId=p_57
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=22540928&crossref=10.1111%2Fj.1469-185X.2012.00231.x&citationId=p_57
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=26884205&crossref=10.1073%2Fpnas.1515294113&citationId=p_61
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=26884205&crossref=10.1073%2Fpnas.1515294113&citationId=p_61
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&crossref=10.1111%2Feen.12252&citationId=p_46
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&crossref=10.1111%2Feen.12252&citationId=p_46
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=23555295&crossref=10.1371%2Fjournal.pgen.1003385&citationId=p_50
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&system=10.1086%2F498397&citationId=p_43
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=17246615&citationId=p_58
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=25103615&crossref=10.1111%2Fnph.12968&citationId=p_62
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=26172378&crossref=10.1371%2Fjournal.pone.0132522&citationId=p_47
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&crossref=10.1093%2Fbeheco%2F14.3.425&citationId=p_51
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&crossref=10.1093%2Fbeheco%2F14.3.425&citationId=p_51
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=12271045&crossref=10.1105%2Ftpc.5.11.1497&citationId=p_40
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&crossref=10.1046%2Fj.1469-8137.2001.00159.x&citationId=p_55
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&crossref=10.1046%2Fj.1469-8137.2001.00159.x&citationId=p_55
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=11754940&crossref=10.1016%2FS0031-9422%2801%2900404-6&citationId=p_44
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&pmid=17551519&crossref=10.1038%2Fsj.hdy.6801018&citationId=p_59
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&system=10.1086%2F523358&citationId=p_41
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694853&system=10.1086%2F523358&citationId=p_41

