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Abstract

Microgeographic adaptation provides a particularly interesting context for understand-
ing the genetic basis of phenotypic divergence and may also present unique empirical
challenges. In particular, plant adaptation to extreme soil mosaics may generate barri-
ers to gene flow or shifts in mating system that confound simple genomic scans for
adaptive loci. Here, we combine three approaches – quantitative trait locus (QTL) map-
ping of candidate intervals in controlled crosses, population resequencing (PoolSeq)
and analyses of wild recombinant individuals – to investigate one trait associated with
Mimulus guttatus (yellow monkeyflower) adaptation to geothermal soils in Yellow-
stone National Park. We mapped a major QTL causing dense leaf trichomes in ther-
mally adapted plants to a <50-kb region of linkage Group 14 (Tr14) previously
implicated in trichome divergence between independent M. guttatus populations. A
PoolSeq scan of Tr14 region revealed a cluster of six genes, coincident with the
inferred QTL peak, with high allele frequency differences sufficient to explain
observed phenotypic differentiation. One of these, the R2R3 MYB transcription factor
Migut.N02661, is a plausible functional candidate and was also strongly associated
(r2 = 0.27) with trichome phenotype in analyses of wild-collected admixed individuals.
Although functional analyses will be necessary to definitively link molecular variants
in Tr14 with trichome divergence, our analyses are a major step in that direction. They
point to a simple, and parallel, genetic basis for one axis of Mimulus guttatus adapta-
tion to an extreme habitat, suggest a broadly conserved genetic basis for trichome vari-
ation across flowering plants and pave the way for further investigations of this
challenging case of microgeographic incipient speciation.
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Introduction

Diverse taxa exhibit microgeographic adaptation
(Richardson et al. 2014), but flowering plants may be

particularly prone to differentiate adaptively over spa-
tial scales within their normal dispersal distance.
Because plants are rooted, their ecology and evolution
are tightly tied to local soil conditions, which may exert
local selection on a wide range of traits. In some cases,
divergent selection across soil mosaics occurs in the
absence of barriers to gene flow and maintains
intrapopulation polymorphism (as in the classic case of
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Linanthus parryae; Epling & Dobzhansky 1942;
Schemske & Bierzychudek 2007). However, microgeo-
graphic adaptation may sometimes generate barriers to
gene flow that further accentuate opportunities for both
neutral and adaptive divergence (Levin 2009). For
example, shifts in both mating system and flowering
phenology generate partial reproductive isolation
between sweet grass (Anthoxanthum odoratum) popula-
tions adapted to mine tailings and adjacent nonmine
populations (Antonovics 1967, 2006; Caisse & Antono-
vics 1978). Microgeographic adaptation and associated
phenological shifts may even lead to sympatric specia-
tion as has been proposed for Howea palms and other
island taxa (Savolainen et al. 2006; Papadopulos et al.
2011). Closely related plant species are often defined by
distinct edaphic requirements/tolerances, and adapta-
tion and speciation across microgeographic soil mosaics
may be an important generator of flowering plant
diversity (e.g. Macnair 1989; Levin 1993; Sambatti &
Rice 2006; Anacker & Strauss 2014; Ferris et al. 2014).
However, while microgeographic differentiation is
increasingly appreciated as a contributor to patterns of
trait and fitness variation (Anderson et al. 2015; Kubota
et al. 2015), it has been relatively unexplored from an
evolutionary genetic perspective.
In particular, it is not yet clear whether microgeo-

graphic adaptation differs in its genetic architecture from
adaptive divergence in other spatial contexts. For exam-
ple, are alleles of major effect, which may (arguably)
have larger selection coefficients, commonly involved in
microgeographic divergence in the face of gene flow? A
first step in addressing this question, and the host of
other interesting questions about the mechanistic basis of
adaptation in any spatial context, is the identification of
loci underlying traits diverging across microgeographic
ecological gradients (Renaut et al. 2012; Arnegard et al.
2014; Erickson et al. 2016). Recently, the wide accessibil-
ity of genomewide scans of sequence variation has made
it possible to identify genetic regions associated with
traits of interest (genomewide association mapping
[GWAS]) or under putative divergent selection (Beau-
mont 2005) directly in wild populations (reviewed in
Hunter et al. 2013; Savolainen et al. 2013; Zuellig et al.
2014). These population genomic approaches, which may
be particularly powerful in cases of microgeographic
adaptation in the face of gene flow, have led to a remark-
able expansion of adaptation genomics research. How-
ever, both GWAS approaches and genome scans for
adaptive variants require low levels of neutral differenti-
ation between populations (in the case of outlier
approaches) and/or repeated parallel adaptation in
order to distinguish signal from background differentia-
tion (Tiffin & Ross-Ibarra 2014). These conditions may be
met in some cases of microgeographic adaptation,

allowing identification of individual loci and genomic
regions associated with habitat-specific phenotypes
(Turner et al. 2010; Andrew et al. 2012; Andrew & Riese-
berg 2013). However, especially in self-compatible plant
species, shifts in mating system associated with local
adaptation may result in rapid genomewide differentia-
tion by drift (De Mita et al. 2013; Hough et al. 2013;
Wright et al. 2013). Similarly, shifts in phenology leading
to reduced pollen flow (Levin 2006), combined with local
seed dispersal in many plant taxa, may generate repro-
ductive isolation and high levels of linkage disequilib-
rium among traits and loci. In such cases, distinguishing
signals of adaptation or phenotypic association from
background noise may be very difficult (Le Corre & Kre-
mer 2012; Crawford & Nielsen 2013).
When adaptation is accompanied by strong nonran-

dom mating, a multipronged approach that capitalizes
on both natural and experimental recombination may
be necessary to determine the genetic basis of divergent
traits and assess how phenotypically associated alleles
sort on the landscape. Historically, quantitative trait
locus (QTL) mapping in experimental hybrids between
divergent populations or species has been the primary
approach to characterizing loci underlying adaptive
divergence, followed by fine mapping and positional
cloning to identify causal sequence polymorphisms for
major QTLs. Unlike genome scan approaches based
only on natural variation, controlled mapping crosses
also generate recombinant genotypes that may be
selected against in the wild, thus allowing characteriza-
tion of complex genetic architectures (Arnegard et al.
2014). However, such mapping approaches are limited
in resolution by the amount of recombination achiev-
able in a few experimental generations and also run the
risk of characterizing major mutations present in paren-
tal lines not actually relevant to trait divergence in the
wild (Rockman 2011). Thus, ground-truthing such
experimental approaches with genome scans for differ-
entiation and surveys of genotype–phenotype associa-
tion in the wild may help refine QTL positions and can
also test the relevance of the QTL region to patterns of
natural variation. The combination of QTL and popula-
tion genomic approaches has illuminated classic cases
of adaptation in animals (e.g., Hoekstra et al. 2006;
Rogers & Bernatchez 2007; Jones et al. 2012; Bradic et al.
2013), and integrated approaches to the genetic of adap-
tation are generally considered advantageous in any
system (Stinchcombe & Hoekstra 2008; Pardo-Diaz et al.
2015). However, outside of crop systems, few studies of
plant adaptation (especially over microgeographic
scales) have combined controlled mapping approaches
with population genomics to address questions about
the genetic basis of adaptation (reviewed in Strasburg
et al. 2011; but see Chapman et al. 2016).
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Here, we investigate the genetic basis of trichome
density in Mimulus guttatus (common yellow mon-
keyflower) populations adapted to geothermally heated
soil mosaics in Yellowstone National Park (Lekberg
et al. 2012). The M. guttatus species complex is a diverse
but interfertile group of wildflowers found in moist-soil
habitats throughout western North America. In Yellow-
stone, M. guttatus is common in cool bogs and is also
one of a handful of flowering plant species to thrive in
the extremely hot and nutrient-poor soils around
geothermal vents. Mimulus guttatus in nonthermal bog
sites belong to a widespread perennial ecotype defined
by a chromosomal inversion on linkage Group 8 (LG8)
(Lowry & Willis 2010). Yellow monkeyflowers from
thermal vent sites are genetically and ecologically
annual (Lekberg et al. 2012), but multiple lines of evi-
dence (Lekberg et al. 2012; Puzey & Vallejo Mar!ın 2014)
suggest that thermally adapted M. guttatus are locally
derived from nearby (perennial) nonthermal popula-
tions. Thermal M. guttatus thrive in their extreme habi-
tat by taking advantage of winter–spring snowmelt on
geothermally heated soils, which creates a narrow win-
dow of temperate and moist conditions for plant
growth. In greenhouse common gardens, plants from
thermal (T) populations remain differentiated from
nearby nonthermal (NT) populations for a large suite of
putatively adaptive traits (Lekberg et al. 2012). These
include dwarfism, flowering under short days (12 vs.
>14 h days), loss of stolons/increased allocation to
flowers, small flowers and efficient self-fertilization, and
dense leaf hairs and anthocyanin spot on early leaves.
Thus, they provide an excellent opportunity to investi-
gate the genetics of novel and parallel trait evolution
across an extreme microgeographic gradient.
Our investigations of the genetic basis of thermal

M. guttatus adaptation focus on the high elevation
Agrostis Headquarters site, where extreme thermal
(AHQT) and nonthermal (AHQNT) populations are
highly phenotypically and phenologically distinct (Lek-
berg et al. 2012). Although only ~500 m apart, the
AHQT and AHQNT populations exhibit high FST at
polymorphic markers (0.34; Lekberg et al. 2012) and also
in genomewide comparisons using PoolSeq data (geno-
mewide average = 0.19; see Results). High differentia-
tion probably reflects high selfing rates in the AHQT
population, strong (genetically based) divergence in
flowering phenology and strong selection against
migrants. Genomewide differentiation is useful for mar-
ker-based QTL mapping, but confounds population
genomic scans for adaptive outliers. However, popula-
tion scans, along with admixture mapping where highly
divergent populations come into contact, may provide
complementary information to evaluate potential candi-
date loci within well-defined QTLs. Therefore, we

utilize a combination of QTL and fine mapping, popula-
tion PoolSeq, and admixture analyses to infer the
genetic basis of one dramatic trait difference between
thermal and nonthermal populations of M. guttatus, the
production of dense glandular trichomes on the cotyle-
dons and young leaves of AHQT plants (Fig. 1; Lekberg
et al. 2012).
Trichomes are multifunctional, important for many

aspects of plant biology, and highly variable within and
among plant species (Hauser 2014). Trichomes play
numerous adaptive roles, including defence against bio-
tic attack (e.g. insect herbivores and fungal pathogens)
and mitigation of abiotic stress (e.g. UV radiation, cold,
drought). Because trichomes (especially glandular tri-
chomes) appear to be costly in the absence of herbi-
vores or other selective agents (Hare et al. 2003;
K€arkk€ainen et al. 2004; Sletvold et al. 2010; Steets et al.
2010), they often vary genetically among populations.
In Mimulus guttatus, both biotic and abiotic factors are
likely to be important in structuring trichome variation,
as population mean trichome density is correlated with
latitude (Kooyers et al. 2015) and trichome production
increases with simulated herbivory in some populations
(Holeski 2007). To date, the only investigation of the
genetics of trichome variation in Mimulus guttatus have
focused on leaf hairs as an antiherbivore defence. Hole-
ski et al. (2010) mapped two major QTLs (on LG10 and
LG14) underlying divergence in constitutive trichome
density between a glabrous annual line (IM, Oregon
Cascades) and a relatively hairy perennial line (PR;
Northern California). Because PR is from a mild and
humid coastal site, whereas the annual IM is from a
drier and colder high elevation site, Holeski (2007)
inferred that the dense trichomes of PR plants were
likely adaptations to herbivory. In contrast, dense glan-
dular trichomes on the cotyledons and early (<5th pair)
leaves of AHQT (Lekberg et al. 2012) are unlikely to
reflect adaptation to herbivory, as we have seen no evi-
dence of insect damage to leaves in numerous observa-
tions of AHQT plots (M. Hendrick and L. Fishman,
personal observation). AHQT plants germinate in Octo-
ber/November and senesce by mid-June when snowfall
ends; subzero ambient temperatures during their grow-
ing season probably preclude insect herbivores as well
as pollinators. Dense AHQT trichomes are thus a plau-
sible adaptation to abiotic factors associated with their
unusual phenology. In particular, glandular trichomes
have been associated with increased cold tolerance
(Agrawal et al. 2004) and decreased leaf wettability
(Brewer et al. 1991). Hairy AHQT M. guttatus leaves
exhibit lower leaf wettability than glabrous AHQNT
leaves, as indicated by relatively low angles of tangent
between standardized water droplets and the leaf sur-
face (E. M. Broder and L. Fishman, unpublished). Low
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leaf wettability is thought to be important for maintain-
ing photosynthetic gas exchange under high precipita-
tion conditions, such as the >5 m of snow characteristic
of the AHQT winter–spring growing season. Thus, the
evolutionary transition from glabrous (AHQNT) to
hairy (AHQT) in Yellowstone M. guttatus is very likely
to be ecologically (as well as evolutionarily) indepen-
dent from divergence in trichome density between
widespread annuals and perennials elsewhere in the
species range. This provides an ideal framework both
for investigating the genetics of microgeographic adap-
tation and for understanding the role of genetic con-
straint vs. environmental context in shaping the genetic
architecture of trait differentiation.
Specifically, we use mapping approaches to ask if the

genetic basis of trichome differentiation between
M. guttatus adapted to geothermally heated soils and
their nonthermal putative ancestors is (i) under the con-
trol of a major locus and (ii) parallel at the QTL level
with other shifts in leaf hairiness within Mimulus.
Although no one study can answer the very big ques-
tion of what structures the genetic architecture of adap-
tation, this work is an important puzzle piece in the
context of other studies of trichome variation and ongo-
ing studies of other traits in the same system. In addi-
tion, by integrating fine mapping in a controlled cross
with scans of genomic differentiation, we are able to
identify a small number of positional candidate genes,
including one functional candidate that also exhibits a
strong genotype–phenotype association with the trait in
wild admixed individuals.

Materials and methods

System

The yellow monkeyflower, Mimulus guttatus (Phry-
maceae), is widespread across western North America,
occurring commonly in habitats with at least ephemer-
ally soggy soil (seeps, creeks, bogs, snowfields, etc.).
The primarily outcrossing M. guttatus is the central
member of a species complex of interfertile but ecologi-
cally and evolutionarily distinct taxa (Brandvain et al.
2014), and is also highly diverse within (Mojica et al.
2012; Flagel et al. 2014) and among (Oneal et al. 2014;
Kooyers et al. 2015; Twyford & Friedman 2015) popula-
tions. This diversity, as well as experimental tractability,
has made M. guttatus a model system for understand-
ing the genetics of adaptation and speciation (Wu et al.
2007; Twyford et al. 2015). A reference genome
(www.Phytozome.jgi.doe.gov; Hellsten et al. 2013), as
well as linkage maps anchored to the reference by
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Fig. 1 A major QTL on linkage Group 14 (Tr14) is sufficient to
explain divergence in rosette leaf trichome density between
geothermally adapted (AHQT) and nearby nonthermal
(AHQNT) Mimulus guttatus. (a) Parental phenotypes. (b) Log-
odds score (LOD) trace indicating strength of genotype–pheno-
type association across the QTL region of LG14. All values are
highly significant. The bar indicates the location of Tr14 (1.5
LOD drop around peak). (c) Phenotypic values (means ! 1 SE)
for AHQNT parent (1 generation inbred), F1 hybrids and
AHQT parent (1 generation inbred) control plants (shown as
NT, F1 and T, respectively) and for each F2 genotype at Tr14
peak marker (e137).
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gene-based markers (Fishman et al. 2014b), facilitates
the identification and characterization of genes and
genomic regions underlying adaptation.
In Yellowstone, M. guttatus occurs in a range of habi-

tats, from cool (nonthermal) bogs along riverbanks to
the fringes of hot springs to dry thermal vents made
hospitable only by winter snowmelt. At the Agrostis
Headquarters site (Lekberg et al. 2012), the focal
extreme thermal population (AHQT; census size
>10 000) occurs on a large open hillside covered with
dry thermal vents. Soils in this area reach >50 °C dur-
ing the growing season and plants at the site flower
from March through May–June (with the timing of
senescence depending on the snowfall regime in a
given year). The nonthermal population nearby
(AHQNT, census size in 100s) is ~500 m downhill, in a
bog with little thermal influence. AHQNT plants
emerge from rhizomes after snow melts (May at earli-
est) and flower in July–September. Additional M. gutta-
tus populations occur in smaller thermal soil patches in
the canyon separating AHQT and AHQNT.

Marker genotyping

DNA for genetic mapping and population genetics was
extracted using a standard CTAB-chloroform protocol
(Doyle & Doyle 1987) modified for use in 96-well for-
mat. All markers (both pre-existing MgSTS markers and
newly designed ones; Table S1, Supporting Information)
were exon-primed intron-containing length polymor-
phisms amplified using a standard touchdown PCR
protocol). They were sized on ABI 3100 or ABI 3700
automated sequencers with an in-lane size standard.
Markers were visualized with 50 fluorescent (6-FAM or
HEX) labels, either by direct labelling the forward (F)
primer or by M13 tailing of the F-primer plus addition
of a labelled M13 primer in the amplification reaction.
Genotypes were scored in GENEMAPPER software (Applied
Biosystems, Waltham, MA) with visual verification and
double-checking of all putative crossovers in mapping
populations.

Targeted QTL mapping

As an initial screen for major QTLs underlying trichome
differences, we created an outbred F2 mapping popula-
tion by intercrossing two F1 hybrids between wild-
derived AHQT and AHQNT individuals. The F2s
(N = 198) were grown in a greenhouse common garden
(University of Montana, 12-h light–12-h dark, January–
April 2011) along with AHQNT and AHQT parental
individuals (N = 40 and 29, respectively) and F1 hybrids
(N = 50). All plants were phenotyped for multiple
traits, including trichome number (counted along the

leaf edge from petiole to tip) and density (number stan-
dardized by the length of the leaf) on one of the second
pair of rosette leaves. We initially screened three geno-
mic regions containing trichome QTLs in an indepen-
dent M. guttatus QTL study (Holeski et al. 2010) using
the single MgSTS markers (www.mimulusevolu-
tion.org) at the QTL peaks in that study and then addi-
tional flanking markers for a major QTL region on
LG14. We created a linkage map of the region using the
regression mapping algorithm and Kosambi map func-
tion in Joinmap 4.0 (Kyazma, Wageningen, Nether-
lands) and localized the QTL using interval mapping in
WINDOWS QTL CARTOGRAPHER 2.5 (Statistical Genetics,
University of North Carolina, Raleigh, NC).

Fine mapping

For finer mapping, we created a new F2 (N = 222) by
intercrossing 3rd-generation inbred lines from each pop-
ulation (AHQT 1.1 and AHQNT 1.6, respectively) and
selfing a single F1 hybrid. These F2 hybrids were grown
in a common garden in the UM greenhouse under 16-h
days with supplemental lighting and genotyped at
QTL-flanking markers m18080 and mN2537. Recombi-
nant individuals (N = 48) were then phenotyped by
counting trichomes (as above) on one leaf from the sec-
ond pair and genotyped at additional markers designed
across the interval (Table S1, Supporting Information).
Because only a targeted subset of this fine-mapping
population was phenotyped, we could not estimate the
proportion of the F2 variance explained by our peak
markers in this experiment. However, we also present
the full phenotypic distribution and Tr14 association
from a 3rd (not fine mappable) F2 population (N = 336)
grown under 16-h days and similar greenhouse condi-
tions and phenotyped using the same methods.

Pooled resequencing (PoolSeq) of AHQT and AHQNT
populations

To identify nucleotide sites and genes highly differenti-
ated between AHQT and AHQNT populations, we gen-
erated population pools consisting of many independent
plants sampled from each population. For each popula-
tion, we extracted genomic DNA from AHQT and
AHQNT seedlings (one per wild-collected maternal fam-
ily; N = 200 and 100, respectively) in pools of 20 plants,
quantified each genomic subpool using a fluorometer
(Hoescht 33258 dye, Turner Biosystems) and then com-
bined those subpools in equimolar amounts. A genomic
DNA library (Illumina TruSeq, following kit protocols)
was constructed from each population pool, and each
PoolSeq library was sequenced on one lane of Illumina
HiSeq 2500 (paired end, 100-bp reads).
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To trim adaptors and remove low-quality sequences,
we applied TRIMMOMATIC version 0.30 to the raw
sequence data (Bolger et al. 2014). The sequences were
mapped to the hardmasked M. guttatus v2.0 genome
(http://phytozome.jgi.doe.gov/) with the aln algorithm
of BWA version 0.6.2 with default parameters (Li & Dur-
bin 2009). We fixed mate information and removed
duplicates using PICARD tools version 1.104 (http://pi
card.sourceforge.net). From the resultant bam files, we
removed sequences with mapping quality lower than
29 and filtered out improperly paired, unpaired and
unmapped sequences with SAMTOOLS version 0.1.19 (Li
et al. 2009). Variant sites (SNPs) were called using the
UNIFIEDGENOTYPER tool from the Genome Analysis Toolkit
version 2.8 with default parameters (McKenna et al.
2010; DePristo et al. 2011), and SNP coverages per pop-
ulation were tabulated with VCFTOOLS version 0.1.11
(Danecek et al. 2011). FST per gene and Fisher’s exact
test to assess differentiation per SNP were calculated
genomewide with POPOOLATION2 version 1.201 (Kofler
et al. 2011) using SNPs with coverage of 309–5009 and
diploid pool sizes set to 400 and 200 (AHQT and
AHQNT, respectively). We then calculated the differ-
ence in allele frequencies between population pools for
SNPs with coverage >409 and <2009, focusing on the
Tr14 interval.

Analyses of natural recombinants

To characterize the phenotypic/genotypic variation at
AHQT and AHQNT extremes as well as spatially inter-
mediate sites, we established 16 1 9 1 m plots in areas
across AHQ where M. guttatus was abundant. Five of
these plots were within the highly thermal AHQT site,
four in the AHQNT bog and seven in the moderately
thermal Canyon area that separates the extremes. The
Canyon plots are also in geothermally heated soils
(although generally less hot and later to dry completely
than AHQT; M. F. Hendrick and L. Fishman, unpub-
lished), and M. guttatus there have a life history gener-
ally like that of AHQT plants (over-winter growth,
spring reproduction, and obligate annuality). However,
the lower Canyon sites are within 150 m of AHQNT
and plants at these more moderately thermal sites over-
lap in flowering phenology with AHQNT plants in at
least some years (M. F. Hendrick and L. Fishman, per-
sonal observation), generating opportunities for ongoing
pollen flow.
To determine the opportunities for admixture in

intermediate sites, we collected leaf tissue from up to
five wild plants within each plot (spring–summer 2010),
extracted genomic DNA as above and genotyped plants
at seven unlinked PCR-based markers known to be
polymorphic in Yellowstone M. guttatus (Lekberg et al.

2012). We used STRUCTURE (Pritchard et al. 2000) to
assign individuals to clusters (proportionally) based on
their multilocus genotypes, following Lekberg et al.
(2012). Because our primary goal was to assess whether
there was evidence of admixture in Canyon thermal
individuals collected between the highly distinct AHQT
and AHQNT extremes (Lekberg et al. 2012 and Results),
we present data here from runs of STRUCTURE at k = 2
clusters.
To identify and characterize wild-derived individu-

als with informative recombination events for Tr14,
we grew plants from seeds collected in each plot (1–2
per maternal family, up to 10 maternal families per
plot) in a randomized greenhouse common garden at
the University of Montana and measured their tri-
chome numbers as above. All plants were then geno-
typed at five markers across the Tr14 QTL region,
each of which had a single allele at high frequency
(82.5–100%) in AHQT plants (n = 63) but at low fre-
quency at AHQNT (5–33%). Genotypes were recoded
as N (no AHQT allele), H (heterozygous for AHQT
allele) or T (homozygous for AHQT allele). We then
examined the relationship between genotype and tri-
chome number in the subset of recombinant individu-
als from the variable AHQNT and Canyon
populations (N = 53) using both ANOVA (treating geno-
type as a categorical variable) and regression (treating
genotype as a continuous variable) using JMP 12 (SAS
Institute, Cary, NC).

Results

Targeted QTL mapping

Consistent with previous population surveys, the out-
bred AHQNT and AHQT parents were strongly differ-
entiated for trichome count and density (Fig. 1a), with
F1 and F2 hybrids intermediate. In the F2 hybrids, our
targeted marker on LG14, e137, was strongly associated
with trichome density (r2 = 0.35, N = 162, P < 0.0001 for
trichome density). Genotypes in the other targeted
region, on LG10, exhibited no association with trichome
traits (MgSTS528: ANOVA r2 = 0.0007, P = 0.92, N = 220).
To flank and localize the major LG14 QTL, we geno-
typed four additional markers spanning ~14 cM
(1.5 Mb) centred about e137. The QTL remained centred
at e137 and adjacent marker mN2696 (Fig. 1b), and its
action appeared essentially additive (Fig. 1c). This
major QTL (Tr14) explains 100% of the parental differ-
ence in trichome number and >83% of the parental dif-
ference in trichome density (because number and
density show similar patterns, and number is more
intuitive scale, we use the former for further analyses).
Thus, Tr14 is an additive Mendelian locus controlling a

© 2016 John Wiley & Sons Ltd

6 M. F. HENDRICK ET AL.

http://phytozome.jgi.doe.gov/
http://picard.sourceforge.net
http://picard.sourceforge.net


large proportion of the divergence in rosette leaf tri-
chome production between thermal and nonthermal
M. guttatus populations in Yellowstone.

Fine mapping

To refine the location of the Tr14 QTL, we constructed a
second F2 mapping population from inbred AHQT and
AHQNT lines (n = 222). From this set, we identified 46
individuals recombinant between flanking markers
mN2537 and mN2815, phenotyped them and genotyped
them at new markers designed across the region. Break-
point mapping narrowed the location of Tr14 to the 314-
kb interval between mN2645 and mN2706, with mN2661
and mN2659 exhibiting a perfect association with tri-
chome phenotype (Fig. 2a). A handful of recombinants
remain between the flanking markers but we were not
successful in designing new informative markers to
further shave down the interval on either side of
mN2659/mN2661. Nonetheless, the categorical

association between trichome phenotype and genotype at
this pair of markers suggests that Tr14 is located near the
centre of the fine-map interval rather than near either
boundary.
Because we selectively phenotyped the fine-mapping

population, we cannot provide an estimate of the F2
variance explained by these markers in this mapping
population. However, analyses of a 3rd line-cross F2
data set (N = 336) were also consistent with Tr14 as a
major QTL for trichome number (Fig. S1, Supporting
Information). In this F2 population (grown under simi-
lar conditions), 18% of hybrids made no trichomes at
all, producing a strongly bimodal distribution, and
mN2661 genotype explained more than half of the F2
phenotypic variance in trichome number (r2 = 0.52,
ANOVA with 2 d.f., F = 158). This pattern is consistent
with Tr14 acting as a major locus with the T allele domi-
nant for trichome presence (Mendelian expectation: 25%
of F2s = N and glabrous), plus an additional recessive T
allele at a second unlinked locus that makes 1/4 of the
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Fig. 2 Fine mapping of Tr14 trichome QTL. (a) Bars (scaled to genetic distance) show genotypes of recombinant F2 hybrids (blue/
dark = NT, green/medium = H, yellow/pale = T). Numbers on bars are trichome counts. The dotted lines indicate the maximum
bounds of Tr14, but the pattern of recombination indicates that it is near the centre of interval. (b) Differences in PoolSeq allele fre-
quency across the Tr14 fine-map interval (scaled to Mb position on M. guttatus V2 scaffold_14 = LG14) showing area of elevated
differentiation at mN2657-mN2662. Line shows a smoothing spline with k = 0.0014.
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Tr14_N plants hairy rather than glabrous (25–
6.25% = 18.75%). However, additional mapping will be
necessary to test this hypothesis.

Population differentiation across the Tr14 QTL region
and identification of candidate genes

Our high-coverage Pool-Seq data set exhibited the high
genomewide differentiation expected from previous
marker based estimates; across 543 675 snps from
24 258 genes on 14 chromosomes, mean FST per gene is
0.19 ! 0.001 (Fig. S2, Supporting Information) between
the AHQT and AHQNT extreme populations. This is
due in large part to low variation within AHQT
(He = 0.17) relative to AHQNT (He = 0.33), consistent
with the evolution of routine self-pollination (Lekberg
et al. 2012) and perhaps bottlenecks associated with
adaptation to the thermal soil environment. Although it
does contain some highly differentiated sites, the Tr14
region is only one of hundreds of regions of similarly
(or greater) elevated divergence across chromosome 14
(Fig. S2, S3, Supporting Information). Thus, while we
can exclude sites or genes as candidate causes of tri-
chome divergence due to low differentiation, we cannot
use high differentiation alone as a guide to the loci of
adaptation in this system.
To explain the strong differentiation between AHQT

(all plants hairy) and AHQNT (70–100% of AHQNT
completely glabrous, depending on survey year), the
underlying genetic variant must also be near fixation at
AHQT and at <20% at AHQT. Both sliding window
and raw differences in allele frequency identify a <36-
kb region (containing the six genes Migut.N02657 –
Migut.N02662) of elevated AHQT–AHQNT differentia-
tion coincident with the inferred fine-map location of
Tr14 (Fig. 2b). This region contains 45 of the 53 snps
with frequency differences ≥80% found across the ~314-
kb fine-mapped region. The six genes in this highly dif-
ferentiated cluster are annotated as 60S ribosomal pro-
tein L35 (Migut.N02657), PPR repeat//Dirigent-like
protein//Rad51 (Migut.N02658), PAPS transporter 1
(Migut.N02659), DUF1635 (Migut.N02660), R2R3 MYB

transcription factor (Migut.N02661) and DUF966
(Migut.N02662).
The R2R3 MYB transcription factor in the highly differ-

entiated region, Migut.N02661, is a strong candidate on
the basis of both position and known roles for R3 and
R2R3 MYBs in controlling trichome density and other
epidermal traits in plants. Compared to other genes in
the candidate interval, Migut.N02661 has relatively few
polymorphisms and low genewise FST between AHQT
and AHQNT (Fig. S2, Supporting Information). How-
ever, both an indel in the first intron (the length polymor-
phism used for mapping above and analyses below) and
a nonsynonymous substitution (glutamine => lysine) in
the 3rd exon exhibit high frequency differences between
the AHQT and AHQNT pools (~80%). The nonreference
allele at the latter is near-fixed at AHQT (88%; 37 of 42
reads) and very rare at AHQNT (10%; 6 of 62 reads) in
the PoolSeq data. The nonsynonymous (NS) variant in
Migut.N02661 is one of 12 highly differentiated (fre-
quency difference in PoolSeq data >0.7) NS variants
across the six-gene focal region (Table S2, Supporting
Information). The others are in Migut.N02660 (n = 2) and
Migut.N02658 (n = 9); five nonsynonymous SNPs in the
latter gene are, like the Migut.N02661 variant, also differ-
entiated between AHQT and the glabrous line IM767
(Holeski et al. 2010). However, Migut.N02658 appears to
be two separate genes (a RAD51 homologue and a pen-
tratricopeptide repeat protein) mis-annotated as one,
which makes evaluating its variants difficult (Table S2,
Supporting Information). Neither of the annotated
Migut.N02658 gene families or the DUF1665 group of
Migut.N02660 has any known functional connection to
epidermal traits in other taxa.

Analyses of wild recombinant individuals

Although the AHQT and AHQNT populations are
highly differentiated (Lekberg et al. 2012), individuals
from spatially and ecologically intermediate Canyon
populations (Fig. 3a) show evidence of admixture
between the extremes. At k = 2, STRUCTURE assigns most
Canyon individuals largely to the same cluster as

Fig. 3 Phenotypic and genetic data from naturally admixed individuals at AHQ supports the association of Tr14 with Migut.N02661. (a)
Location of sample plots at AHQT (yellow; 1–5), Canyon (green; 6–13), and AHQNT (blue; 14–17). (b) Proportional assignment to AHQT
and AHQNT populations (STRUCTURE analysis of seven unlinked markers; k = 2) of individuals from plots across AHQ site (total
N = 113), illustrating admixture in Canyon population between AHQT and AHQNT extremes. (c) Trichome counts (means ! 1 SE) for
each plot, from plants grown in a greenhouse common garden (N = 168 total, n = 5–20 per plot). Letters indicate least-squared means
(LSMs) were significantly different among the three populations (LSMs = 50.8 ! 2.26, 34.1 ! 2.03, and 15.5 ! 3.5 for AHQT, Canyon,
and AHQNT, respectively; Tukey’s HSD, P < 0.05). (d) Associations of marker genotype (coded as T, H and N on the basis of near-fixed
T alleles) and trichome phenotype for five markers across the Tr14 region, in admixed individuals from Canyon and AHQNT plots.
mN2661 genotype was strongly associated with trichome number (black; r2 = 0.27, P < 0.0005), whereas markers in flanking and simi-
larly differentiated genes were only weakly associated (dark grey; e137/mN2725; r2 = 0.13, P = 0.03; outside the fine-map interval) or
not statistically associated (grey; P > 0.05) with phenotype. Least-squared means (!1 SE) from ANOVA are shown.
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AHQT (consistent with their thermally influenced habi-
tat and phenology), but many individuals are partially
assigned to the AHQNT cluster (Fig. 3b). Similarly, in
the greenhouse common garden of wild-derived indi-
viduals, plants from Canyon plots had significantly
lower mean trichome numbers and significantly higher
coefficients of variation than AHQT (Fig. 3c), suggesting
segregating variation for this trait. In addition, while
most AHQNT individuals were entirely glabrous, a
fraction of AHQNT plants in this sample were hairy,
suggesting either gene flow from AHQT/Canyon or
segregating ancestral variation. This is in contrast to the
initial survey of phenotypic variation at AHQ, which
found that all (20 of 20) AHQNT plants sampled were
hairless (Lekberg et al. 2012).
In the set of recombinant Canyon and AHQNT indi-

viduals (N = 53), we observed a strong association
between the number of AHQT-associated alleles at
mN2661 and trichome number (r2 = 0.27, P < 0.001,
ANOVA) (Fig. 3c). Only one of the four flanking markers
was significantly associated with trichome number at
a = 0.05 (mN2725/e137: r2 = 0.13, P = 0.03). Thus,
although levels of admixture and gene flow are gener-
ally low between the AHQT and AHQNT extremes,
there is enough recombination that variation in the
strength of genotype–phenotype association can be
detected. Natural recombinants point to Migut.N02661,
rather than highly differentiated neighbouring markers
in the fine-map interval, as most predictive of trichome
number or density. Although this association does not
rule out polymorphisms in other highly differentiated
genes (e.g. Migut.N02658) or nongenic sequences in the
region as causal, it strengthens the case for coding or
regulatory variation at or very near the MYB
Migut.N02661 as a major source of the striking micro-
geographic divergence in trichome production at AHQ.

Discussion

Triangulation of a major locus underlying local
adaptation

Using a mixture of QTL, divergence scan and admixture
approaches, we have identified a major locus and strong
candidate gene associated with morphological adapta-
tion to an extreme habitat. Yellow monkeyflowers
adapted to life in geothermal soils in Yellowstone
National Park have evolved fuzzy (trichome dense)
cotyledons and rosette leaves, likely for cold tolerance or
snow shedding during their unique winter growing sea-
son, whereas nearby nonthermal is generally glabrous.
Genetic mapping in controlled crosses, accelerated by
targeting of trichome QTLs previously identified in a dis-
tinct pair of Mimulus populations (Holeski et al. 2010)

identified a major locus sufficient to completely explain
this striking divergence and fine mapping narrowed our
range of inference to ~50 genes. On its own, the finding
of a major parallel QTL argues for a partially shared
genetic basis for ecologically and evolutionary indepen-
dent transitions in leaf trichomes in Mimulus and also
supports the emerging consensus that rapid adaptation
often occurs via mutations of major effect. However, in
order to fully address questions about the genetics of par-
allel evolution, as well as to understand the molecular
mechanism and evolutionary history of trichome varia-
tion, we must work towards connecting QTL-level varia-
tion to the underlying genes.
Towards this goal (and to understand trichome varia-

tion in its natural context), we used both PoolSeq and
individual genotyping to examine patterns of popula-
tion genetic divergence across the Tr14 QTL region. In
PoolSeq data from the AHQT and AHQNT extremes,
fewer than 10% of polymorphic sites in the region (1749
SNPs with coverage >409) were differentiated enough
to possibly explain the absence of glabrous individuals
at AHQT and the low frequency of hairy plants at
AHQNT; these clustered in a set of six contiguous
genes coincident with the inferred fine-map position of
the Tr14 QTL (Fig. 2). These highly differentiated genes
included one strong functional candidate,
Migut.N02661, an R2R3 MYB with homology to the
MYB48/MYB59 subfamily in Arabidopsis thaliana. We
then took advantage of natural recombinants (Fig. 3)
from AHQNT and an intermediate Canyon thermal site
to further refine genotype–phenotype relationships.
Consistent with a causal role for Migut.N02661, marker
genotype at this locus was the most strongly predictive
of phenotype, even in comparison with nearby markers
mN2645 and mN2659, which are in genes more highly
differentiated in the PoolSeq data. This suggests that
local selection on trichome number at AHQT may have
elevated differentiation across a multigene region, but
that subsequent admixture at the lower end of the soil
temperature gradient has been sufficient to partially
break down local linkage disequilibrium. Alternatively,
it is possible that the presence of hairy individuals (and
associated mN2661 genotypes) at AHQNT reflects
ancestral standing variation rather than secondary
genetic exchange. Further mapping and functional anal-
yses will be necessary to definitively link sequence vari-
ants at our candidate locus to differentiation in
trichome number; however, our success in identifying a
shared positional and functional candidate illustrates
the utility of a multipronged approach to the genomics
of adaptation. Such a combined strategy may be partic-
ularly useful in cases of incipient microgeographic spe-
ciation in plants, where shifts in life history and mating
system can rapidly elevate differentiation genomewide.
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A discrete genetic basis for a fuzzy trait

Trichome count, both in our hybrids and in plants in
general, is a quantitative trait, with both environmental
and genetic components generating near-continuous
trait variation. Nonetheless, we find that the dramatic
difference in leaf pubescence between AHQT geother-
mal M. guttatus (all very hairy) and nearby nonthermal
AHQNT (most completely glabrous) can be largely
accounted for by allelic substitution at a single genetic
locus, Tr14. This suggests a simple genetic switch that
regulates the presence/absence of trichomes on young
leaves in Yellowstone Mimulus guttatus, although the
intermediacy of F1 hybrids and Tr14 heterozygotes also
argues for an additive effect of Tr14 dosage on trichome
production. Similar switches underlying trichome varia-
tion between ecotypes in Arabidopsis, and subsequent
mapping/validation has characterized several major
effect genes (reviewed in Hauser 2014). For example, a
single amino acid change in the R3 MYB ETC2 was
identified as the cause of a major QTL accounting for a
>15-fold difference in trichome density between diver-
gent accessions (Hilscher et al. 2009). Similarly, multiple
loss-of-function mutations in the R2R3 MYB GL1 cause
glabrous leaves in some populations, and more subtle
haplotypic variation contributes to natural trichome
variation rangewide (Bloomer et al. 2012).
In Mimulus, trichome variation appears to have a pri-

marily oligogenic basis, with a few major QTLs explain-
ing divergence in both constitutive and induced
trichome phenotypes (this study, Holeski et al. 2010). A
similarly simple genetic basis also often characterizes
divergence in pigment traits in plants and animals
(Hoekstra 2006; Smith & Rausher 2011), the presence/
absence traits in plants (Gottleib 1984) and flowering
time in Mimulus (Fishman et al. 2014a, 2015). In contrast,
divergence in traits such as flower size (Fishman et al.
2002, 2015) or height (Dobzhansky 1970; reviewed in
Olson-Manning et al. 2012) often occurs via accumula-
tion of many small adaptive changes, likely built from
the quantitative standing variation within populations.
It is not yet clear the relative roles of ecology (which
shapes the strength of selection), development (which
may impose pleiotropic constraints), and history (which
influences the amount and nature of standing variation
available for adaptation to new environments) play in
generating these patterns. The diverse suite of characters
divergent between thermal and nonthermal M. guttatus
populations, many of which are also independently dif-
ferentiated among other taxa in the complex, provides
an interesting opportunity for addressing these issues.
In addition to explaining AHQT and AHQNT diver-

gence in trichome number, our characterization of Tr14
suggests a parallel genetic basis for trichome patterning

at two scales. Within Mimulus, Tr14 is coincident with
the largest effect QTL for 2nd-leaf trichome incidence
and constitutive trichome density mapped in a distinct
annual–perennial cross with opposite parental pheno-
types (Holeski et al. 2010). Although that QTL has not
been finely mapped, our successful targeting of marker
e137 and the localization of our fine-map interval
within the 2-Mb QTL region of Holeski et al. (2010)
argues for a shared genetic basis. Notably, the LG14
QTL identified in that study specifically affected early
trichome variation, with no effect on 5th leaf trichome
incidence and effects on postdamage trichome induc-
tion opposite to the parental trait difference (presum-
ably because dense early trichomes reduce the scope for
increases in density postinduction). This suggests that
any shared molecular basis for Tr14 is specific to tri-
chome production at the early rosette stage. Our finding
of substantial parallelism at the QTL level, coupled with
the inference that different kinds of selection (biotic vs.
abiotic) are involved in trichome divergence, suggests
an important role for developmental constraint. Simi-
larly, convergent genetic bases have been implicated
many cases of parallel phenotypic divergence in diverse
taxa (reviewed in Nadeau & Jiggins 2010; Pavey et al.
2011), although most (like ours) are coloured by the bias
inherent in using QTL or molecular candidates.
At a larger scale, our identification of a MYB tran-

scription factor as the most likely gene underlying Tr14
suggests substantial conservatism in the genetic basis of
natural trichome variation. MYB transcription factors
are a very large gene family in flowering plants, with
important regulatory roles in plant development and
responses to biotic and abiotic stress. MYB genes have
up to three tandemly repeated, DNA-binding MYB
domains; the two-domain R2R3 MYBs are the most
diverse and often exhibit tissue-specific patterns of
expression. In Arabidopsis, the R2R3 MYBs GLABROUS1
(GL1) and MYB66 (WEREWOLF) are central determi-
nants of epidermal cell patterning in leaves and roots,
respectively (reviewed in Ishida et al. 2008). GL1 is a
positive regulator of trichome development, but several
single-repeat R3 MYBs are negative regulators that com-
petitively bind to GL1’s targets and thus inhibit tri-
chome formation. MYBs have been implicated in
trichome development in Rosids beyond Arabidopsis,
including cotton (where a functional homologue of GL1
contributes to seed fibre production; Wang et al. 2004),
peach (Vendramin et al. 2014) and poplar (Plett et al.
2010). Mimulus makes single-celled trichomes like those
of Arabidopsis (Scoville et al. 2011), but Asterids (such as
Mimulus) have been argued to have a fundamentally dif-
ferent trichome development pathway not involving
homologues of GL1 (Serna & Martin 2006; Yang et al.
2011; Yang & Ye 2013). Nonetheless, MYBs have been
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implicated in Asterid epidermal cell patterning; in par-
ticular, the MIXTA-LIKE group of R2R3 MYBs is
involved in conical cell and trichome formation in Antir-
rhinum (Glover et al. 1998). In Mimulus, MIXTA homo-
logues have been linked to trans-generation responses to
leaf damage including trichome induction (Scoville et al.
2011) and also to variation in pigmentation traits (Coo-
ley et al. 2011; Lowry et al. 2012). The main cluster of
MIXTA-LIKE loci in M. guttatus is on LG8 and was not
associated with trichome variation in our cross
(although that region does contain a major QTL for a
novel anthocyanin leaf spot phenotype in AHQT plants;
M. F. Hendrick and L. Fishman, unpublished).
Our candidate Migut.N02661 belongs to a relatively

poorly characterized subgroup of MYBs containing Ara-
bidopsis MYB48 and MYB59 (Dubos et al. 2010). Con-
served alternative splicing (spanning monocots and
dicots) in this subgroup produces up to four distinct
transcripts per gene (Li et al. 2006), including both full
R2R3 MYBs and single-repeat MYB-LIKE transcripts;
these appear to be expressed in different organs and in
response to different environmental stresses. At least
three transcripts (two including the first intron, one not)
of Migut.N02661 were annotated in the M. guttatus V2
build (http://phytozome.jgi.doe.gov/), and we have
preliminarily confirmed expression of both full R2R3
and expected shorter MYB-like transcripts of
Migut.N02661 in Yellowstone M. guttatus leaves (K.
Anderson and L. Fishman, unpublished). Identification
of Migut.N02661 as a strong positional candidate sug-
gests a novel, although not entirely unexpected, role for
this subgroup of MYBs in trichome formation.
An integrated approach to genotype–phenotype associations

– By combining three different approaches to the prob-
lem of linking genotype and phenotype (QTL mapping,
genome scans for population differentiation and admix-
ture analysis), we have made substantial progress
towards identifying a major locus underlying morpho-
logical adaptation to an extreme habitat. None of these
approaches is individually novel, and many reviews
call for precisely such integration (e.g. (Stinchcombe &
Hoekstra 2008; Pardo-Diaz et al. 2015). However, it is
still rare for a single study to combine these approaches
as part of the identification of major genes, in part
because different systems may lend themselves more to
one or the other (e.g. QTL mapping is simplest in
crosses between parents with many fixed differences,
whereas population genomics scans for adaptive/trait-
associated loci work best when genomewide differentia-
tion is low). Nonetheless, there is much to be gained
from a multipronged approach, especially when (as in
our system and other incipient species) population
genomics alone is unlikely to provide single-gene reso-
lution. In addition to providing necessary

recombination, QTL studies link phenotype and geno-
type even when populations/species are highly differ-
entiated genomewide and thus reduce the biases
inherent in only studying the genetics of adaptation
and speciation in the context of abundant gene flow.
Not surprisingly, in several of the classic examples of
adaptation by major genes in animals, loci were first
identified using QTL mapping and then further refined
(and placed in an ecological/geographical context) with
population genomics of parallel populations or admix-
ture zones (e.g. Colosimo et al. 2005; Reed et al. 2011).
In addition, even when single-gene resolution is possi-

ble with population genomics, experimental approaches
can yield complementary insight. Compared to reduced
representation sequencing of individuals, high-coverage
PoolSeq has the advantage (at least in taxa with reference
genomes and where large numbers of individuals can be
pooled) of efficiently identifying the maximal set of site-
or trait-associated polymorphisms (Schl€otterer et al.
2014); this may be particularly important when low link-
age disequilibrium limits signal to sites very close to a
causal polymorphism (Kardos et al. 2016). However,
especially when samples are pooled by site rather than
phenotype, the connections between outlier loci and any
given trait may be diffuse (Cutler & Jensen 2010; and also
prone to false positives; Anderson et al. 2014). For exam-
ple, to our knowledge, none of the loci identified as
strongly (and plausibly from a functional perspective)
associated with serpentine adaptation in a seminal Pool-
Seq genome scan (Turner et al. 2010) has been directly
connected to physiological or fitness traits by mapping,
and thus, it is not yet clear how the outliers identified in
that study contribute individually or in aggregate to tol-
erance of serpentine soils. At least in nonwoody plants
and other tractable organisms, QTL and individual-based
admixture mapping in focal regions are useful comple-
ments to genome scans of populations or phenotypic
pools; every method has weaknesses, and cross-valida-
tion is ideal. As next-generation sequencing approaches
continue to make both QTL mapping and population
genomic scans even more accessible, multiple lines of
inference are likely to be the gold standard for studying
the genetics of adaptation, along with functional confir-
mation of individual candidate mutations (Pardo-Diaz
et al. 2015).

Conclusions

In addition to identifying a major locus underlying phe-
notypic differentiation during microgeographic adapta-
tion to a novel soil habitat, this work provides a strong
foundation for further investigations. First, we have
identified a positional candidate gene for trichome vari-
ation that is also a plausible functional candidate.
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Because our QTL is shared with another transition in
the same trait elsewhere in the species, this provides
the necessary foundation for comparative work to
investigate the molecular basis of parallel phenotypic
divergence. Second, by combining PoolSeq and admix-
ture analyses of wild-collected plants with QTL map-
ping, we strengthen the inference that divergence in
early-leaf trichome density is adaptive. Although
inbreeding and low levels of variation at AHQT make
drift a broad-scale null hypothesis for its high differen-
tiation from AHQNT (genomewide FST = 0.19; and see
Fig. 3b), near fixation of alternative SNPs across a six-
gene region coincident with the fine-map position of
Tr14 argues for divergent phenotypic selection with
genomically local effects. Additional genomewide anal-
yses and field tests of fitness in ‘mismatched’ individu-
als will be necessary to fully pin down patterns of gene
flow at loci underlying phenotypic differentiation in tri-
chome density and other traits across the AHQ site.
Finally, this work illustrates how complementary
approaches can illuminate microgeographic adaptation
accompanied by shifts in mating system and phenology,
which may be common in plants. Such cases of rapid
differentiation may better represent incipient speciation
than cases of recent adaptation where a few major loci
define distinct phenotypes against a freely segregating
background, and thus are particularly interesting to
understand genetically.
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