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ABSTRACT

The Mimulus guttatus D.C. species complex (Phrymaceae) is a model system for
understanding the genetic basis of adaptation to variable environments. Recent studies in
this system on the evolution of drought escape via shifts in flowering time as well as
tolerance to serpentine, copper mine, and saline soils have provided new insights into the
mechanisms of adaptation and speciation. Determining the genetic basis of plant
adaptation to such harsh environmental conditions is of fundamental importance to
biology and has many applied benefits. Here, we review research on adaptation to
extreme habitats in Mimulus and describe how recent developments in high-throughput
phenotyping and the use of genomic approaches are driving further advances in
understanding the genetics of adaptation and speciation.
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INTRODUCTION

Identifying the genetic and physiological basis of adaptations to complex environmental
conditions is a major challenge in ecological genomics. Wild plant species offer particularly
attractive systems for addressing these questions, as they often exhibit local adaptation of
populations to different habitats across their geographic ranges (Hereford, 2009; Leimu &
Fischer, 2008). Environmental heterogeneity results in selective pressures that differ between
habitats which can promote population differentiation and maintain genetic variation
(Clausen, 1951; Gillespie & Turelli, 1989; Hedrick, 1986; Kawecki & Ebert, 2004; Levene,
1953). Over time, adaptation to different habitats can lead to reproductive isolation (RI),
either directly through the evolution of traits involved in local adaptation or indirectly if
reproductive isolating barriers hitchhike along with adaptations (Coyne & Orr, 2004; Rundle
& Nosil, 2005; Schluter & Conte, 2009; Wright et al., 2013). Plants that live in habitats
characterized by harsh abiotic conditions—for example, drought, toxic soils, salinity, and
thermal extremes—often provide particularly vivid examples of how habitat-mediated
divergent selection creates biological diversity. Plants that are able to tolerate harsh
environments are well suited for investigating the genetic and physiological basis of
adaptation because selection in these habitats can be quite strong and, in some cases, the
abiotic stress is known and can be manipulated in lab and/or field studies (Brady et al., 2005;
Macnair, 1987). Furthermore, plants have repeatedly adapted to many of these stressful
habitat types, providing opportunities to investigate the degree of parallel trait evolution and
whether it is due to parallel changes at the genetic level.

Plants that are able to thrive in harsh habitats provide well-known, classic examples of
adaptation (Antonovics & Bradshaw, 1970; Bradshaw, 1991; Kruckeberg, 1951; Macnair,
1981). Numerous field and lab-based studies have demonstrated that populations are often
locally adapted to harsh environmental conditions (Hereford, 2009; Leimu & Fischer, 2008;
O’Dell & Rajakaruna, 2011). Recent molecular work has offered insights into potential
mechanisms of adaptation to harsh habitats. For example, the flowering time pathway is well
characterized (Kobayashi & Weigel, 2007) and differences in flowering time often contribute
to adaptive escape from drought (Franks, 2011; Hall & Willis, 2006; Ludlow, 1989; McKay
et al., 2003) and cold (Mendez-Vigo et al., 2011). There has also been significant progress in
understanding the molecular basis of plant ion homeostasis and metal tolerance (Baxter et al.,
2010; Clemens, 2001; Colangelo & Guerinot, 2006; Hanikenne et al., 2008), which are likely
important mechanisms for coping with extreme soil habitats. Notably lacking, however, are
studies that have identified naturally segregating variants controlling these traits and
characterized the fitness effects of these variants in native habitats.

In order to understand plant adaptation to harsh environments, there is a vital need for
studies that integrate the cellular and molecular control of traits with an understanding of the
ecological context of such traits. To elucidate how selection is operating on specific traits,
researchers should test the relationship between phenotypic variation and fitness using
manipulative field experiments whenever feasible. The best test of local adaptation is the
classical reciprocal transplant experiment (Clausen et al., 1940). The genetic basis of adaptive
differences can then be characterized using Quantitative Trait Locus (QTL) mapping,
association mapping, or genome scan studies. To confirm that loci identified via these
approaches actually contribute to adaptation these loci should be tested for their fitness effects
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in native field habitats, as elegantly demonstrated by several recent studies (Agren et al.,
2013; Leinonen et al., 2013; Lexer et al., 2003; Lowry & Willis, 2010; Prasad et al., 2012;
Verhoeven et al., 2008).

In this chapter, we discuss the genetic basis of adaptation to harsh environments in the
Mimulus guttatus species complex (yellow monkeyflower) and the approaches that have
enabled these studies. We begin by briefly summarizing what is currently known about
species in the M. guttatus complex that are able to tolerate serpentine soils (Chapter 6),
copper mine tailings (Chapter 14), saline habitats, or water-limited environments. We then
focus on QTL mapping and population genomic approaches and what they have revealed
about the genetic basis of adaptation to several of these habitats. As sequencing becomes
faster and cheaper, phenotyping has become a limiting step for forward genetic studies. Here
we describe both field and lab-based, high-throughput phenotyping methods that have been
successfully used in Mimulus to assay tolerance to several different abiotic stresses.

MIMULUS GUTTATUS 1S A MODEL FOR THE GENETICS
OF ADAPTATION TO HARSH ENVIRONMENTS

The Mimulus genus contains approximately 160 species, which display an incredible
degree of ecological variation including adaptation to numerous stressful habitat types (Table
1; Beardsley & Olmstead, 2002; Vickery, 1978; Wu et al., 2008). The center of diversity of
the M. guttatus species complex is located in western North America. Members of the
complex are broadly interfertile (Wu et al., 2008). The complex includes some species that
have highly restricted ranges and are often associated with a specific marginal or harsh
environment, including several edaphic endemic species (Macnair, 1989; Macnair & Gardner,
1998). Other species, in particular M. guttatus, are wide-ranging with populations occurring
in countless different habitats (calflora.org; Vickery, 1964; Wu et al., 2008). Since the
pioneering work of Robert Vickery (Clausen & Hiesey, 1958; Vickery, 1952), many of the
studies on Mimulus have focused on elucidating the genetic basis of traits that contribute to
RI and ecological divergence. With the development of genetic resources, Mimulus has
become a model system for evolutionary and ecological genetics (Chapters 6, 9; Hellsten et
al., 2013; Wu et al., 2008).

Mimulus guttatus, a focal member of the genus, combines incredible ecological diversity
with the attributes of a true genetic model system. Mimulus guttatus is easily maintained in
the laboratory with a short generation time (2-3 months), small size, high fecundity (100-400
seeds per cross), and reproductive flexibility (clonal propagation and self-fertile). The
sequenced genome of M. guttatus (~430 Mbp) has been publicly available since 2010; the
most recent annotated version (v2.0) is available on www.phytozome.net (Goodstein et al.,
2012). In addition, there is extensive EST and RNA-seq data, over 1,000 highly polymorphic
PCR gene-based markers, fingerprinted BAC libraries, and integrated genetic and physical
maps (available on mimulusevolution.org; Wu et al., 2008). Gene-based (exon-primed intron-
spanning) markers have been used successfully in widespread M. guttatus populations, as
well as in distantly related species such as M. aurantiacus, M. ringens, and M. primuloides
(Cooley et al., 2011; Griffin, 2010; Streisfeld et al., 2013). Finally, stable transformation
protocols have been developed for Mimulus (Susi¢ et al., 2014; Yuan et al., 2013) enabling
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critical functional tests of candidate genes identified via forward genetic approaches. The
wealth of genomic resources coupled with the ecological variability of the M. guttatus species
complex make it a powerful system for studying adaptation to harsh environments.

Table 1. Common harsh environments of Mimulus.

Habitat Mimulus species Stressors Reference
Coastal guttatus Soil salinity, wind, Lowry et al., 2009
salt spray
Copper cupriphilus, guttatus | Heavy metal (Cu) Allen & Sheppard, 1971,
mine toxicity, early Macnair 1981; 1989;
tailings seasonal drought Macnair & Christie, 1983;
Wright et al., 2013
Geothermal | guttatus High soil Bunn & Zabinski, 2003;
soils temperature, Delmer, 1974; Lekberg et
seasonal drought al., 2012
Granite laciniatus Seasonal drought Peterson et al., 2013
outcrops
High guttatus, laciniatus, | Cold temperatures, Douglas, 1981; Ferris et al.,
elevation mephiticus, reduced growing (In press).
primuloides, tilingii | season, seasonal
drought, UV
radiation
Serpentine congdonii, Low Ca:Mg and Consortium of California
douglasii, other nutrients, Herbaria, 2014; Macnair &
floribundus, heavy metals, early | Gardner, 1999; Nesom,
glaucescens, seasonal drought 2012; Palm et al., 2012;
guttatus, kellogii, Tilstone & Macnair, 1997;
layneae, mephiticus, Hughes et al., 2001;
nudatus, pardalis Gardner & Macnair, 2000;
Murren et al., 2006; Meindl
etal., 2013.

NATURAL HISTORY OF ADAPTATIONS TO HARSH ENVIRONMENTS
IN MIMULUS

Species in the M. guttatus complex have adapted to various abiotic stressors such as
drought, high salinity, and soils with toxic metal concentrations and low essential nutrients. In
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this section, we describe what is known about the natural history of adaptation to harsh
environmental conditions in the M. guttatus species complex. This natural history lays the
foundation for the remainder of the chapter, which describes efforts to understand the
physiological and genetic bases of these adaptations.

Serpentine Adaptations

Serpentine soils, derived from the weathering of ultramafic rocks, are characterized by a
unique suite of edaphic variables: extremely low levels of Ca and high levels of Mg;
deficiency in the major macronutrients N, P, and K; high concentrations of heavy metals such
as Ni, Co, and Cr; and low water holding capacity (Chapter 6; Alexander et al., 2007). Many
plant species are unable to grow in serpentine habitats because they cannot tolerate the
chemical and physical properties of these soils. However, several species within the M.
guttatus complex have adapted to these harsh soils. The widespread M. guttatus can be found
both on and off serpentine soils throughout much of its range while two closely related
species, M. nudatus and M. pardalis, have restricted ranges and are found exclusively on
serpentine soils (Gardner & Macnair, 2000; Hughes et al., 2001).

Reciprocal transplant and common garden studies show that M. guttatus is locally
adapted to serpentine soils (Palm et al., 2012; Selby, 2014). When planted at serpentine field
sites (Selby, 2014) or on serpentine soil in the lab (Palm et al., 2012; Selby, 2014), plants
from non-serpentine populations died in the juvenile stage while serpentine populations had
high survival. In contrast, a study by Meindl et al. (2013) found no survival differences
between M. guttatus plants from serpentine and non-serpentine populations when planted on a
mixture of native serpentine and potting soils. These contrasting results could be due to the
different soil matrices that were used: full serpentine soil versus a mix of serpentine and
potting soils. It is also possible that the non-serpentine populations investigated by Meindl et
al. (2013) had a higher frequency of tolerance alleles segregating due to ongoing gene flow
with nearby serpentine populations.

Hydroponic experiments are often conducted to determine the specific soil chemical
variables that are important selective agents in serpentine habitats. Hydroponic studies using
M. guttatus have revealed differential tolerance of serpentine and non-serpentine populations
to low Ca:Mg ratio (Palm et al., 2012; Selby, 2014) and high Ni (A. Jeong, unpublished)
growth environments. These results suggest that the low Ca and high Mg and Ni levels that
characterize serpentine soils are likely driving local adaptation of M. guttatus populations to
these habitats (but see Gardner & Macnair, 2000; Murren et al., 2006).

Adaptation to serpentine soils has also led to the evolution of new species within the M.
guttatus complex, resulting in two serpentine endemic species: the outcrossing M. nudatus
restricted to Napa and Lake Counties and the obligately selfing M. pardalis found in
Calaveras and Tuolumne Counties. The serpentine endemics often grow sympatrically with
M. guttatus, but inhabit drier microsites (Gardner & Macnair, 2000; Hughes et al., 2001).
Accelerated development and flowering time are often selected for in rapidly drying sites as
a means of drought escape (Franks, 2011; McKay et al., 2003). Differences in flowering time
(Figure 1) likely contribute to RI between the serpentine endemics and M. guttatus. Self-
fertilization in M. pardalis further contributes to RI with M. guttatus. In contrast, M. nudatus
is outcrossing. However, pollinator constancy causes strong prezygotic isolation (RI = 0.947)
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between M. guttatus and M. nudatus: Dialictus species preferentially visit M. nudatus flowers
while honeybees preferentially visit M. guttatus (Gardner & Macnair, 2000; Lowry et al.,
2008a). In addition to ecological causes of RI, postzygotic isolation in the form of hybrid seed
lethality (RI = 0.958) is a strong barrier to gene flow between M. nudatus and M. guttatus
(Gardner & Macnair, 2000; Macnair & Gardner, 1998; Lowry et al., 2008a).

Several other Mimulus species have also adapted to serpentine soils in western North
America. Mimulus glaucescens, a member of the M. guttatus complex, and M. primuloides, a
sister species to the complex, can both be found growing on and off of serpentine soils.
Additionally, more distantly related species (M. floribundus, M. layneae, M. douglasii, M.
congdonii, M. kelloggii, and M. mephiticus) have populations occurring both on and off
serpentine soils. The repeated evolution of serpentine tolerance within the Mimulus genus
provides a rich opportunity to explore whether shared or unique physiological and genetic
mechanisms underlie serpentine adaptation in these different species.

Cu Mine Adaptations

Copper ore mining has resulted in high concentrations of heavy metals in surface soils
and water (Chapters 14, 15) which exert strong selection on local plant populations
(Bradshaw, 1991; Wu et al., 1975). Similar to serpentine soils, plant adaptations to mine
tailings have occurred independently multiple times within species (Christie & Macnair,
1984; Macnair et al., 1989; Schat et al., 1996). However, in contrast to most serpentine
habitats, mine tailings are often quite young and have only recently been colonized. M.
guttatus has adapted to copper contaminated sites in western North America within the last
150 years. Populations of M. guttatus grow on copper mine tailings at multiple sites near
Copperopolis, CA in the foothills of the Sierra Nevada (Allen & Sheppard, 1971), on the
Bingham mine near Salt Lake City, UT (Christie & Macnair, 1984), and at mine sites in
Shasta and El Dorado counties in northern CA (R. O'Dell & K. Wright, unpublished data).
These mine populations of M. guttatus are located in close geographic proximity to
populations living on uncontaminated soils, creating the potential for migration and
hybridization (Allen & Sheppard, 1971; Macnair et al., 1993). Lab-based, hydroponic studies
have demonstrated that populations of M. guttatus from Cu-contaminated soils are more
tolerant of elevated Cu levels than plants from uncontaminated sites (Macnair & Christie,
1983). A survey of populations near Copperopolis found that Cu tolerance is nearly fixed in
four mine populations (99.77%, N=2796), at intermediate frequency (12-45%; N=197) in
three uncontaminated but adjacent sites, and at low frequency (0-2%; N=1118; 12
populations) in the majority of uncontaminated sites in the region (Macnair et al., 1993).
These results suggest strong selection for tolerance in Cu contaminated habitats and little or
no selection against tolerant plants in uncontaminated soils. Reciprocal transplant
experiments show that genotypes from mine populations have greater fitness than off-mine
genotypes in the Cu-contaminated habitat (K. Wright, unpublished data), providing further
evidence that M. guttatus is locally adapted to Cu mine tailings.

Adaptation to the Cu mine environment has potentially resulted in a speciation event
within the M. guttatus complex. Mimulus cupriphilus is a recently derived, morphologically
distinct, and highly selfing species found only on two small Cu mines near Copperopolis
(Macnair & Gardner, 1998). Recent morphological-based taxonomic research has



Adaptation to Harsh Enviroments in Mimulus... 7

hypothesized that M. cupriphilus may be derived from the serpentine endemic M. pardalis
(Nesom, 2012). Reproductive isolation between M. guttatus and M. cupriphilus has not been
investigated in the field, but greenhouse experiments reveal that M. cupriphilus flowers under
shorter day-lengths (Friedman & Willis, 2013), which may contribute to RI with M. guttatus
(Macnair & Gardner, 1998; K. Wright, unpublished results).

Coastal Habitat Adaptations

Perennial populations of M. guttatus grow along the Pacific coast of North America
(from southern California to the far western islands of Alaska) where they must cope with
both salt spray and saline soils. Coastal perennial M. guttatus is morphologically the largest
member of the species complex and has previously been classified as a distinct ecotype
(Lowry, 2012), variety (Pennell, 1947), and species (Heller, 1904; Nesom, 2012). A series of
laboratory experiments have confirmed that coastal perennial plants have evolved a high level
of salt tolerance compared to other M. guttatus populations (Lowry et al., 2008b, 2009) and
are even able to live in sites directly splashed by ocean waves. In the field, a reciprocal
transplant study revealed that plants from inland M. guttatus populations sustain a high level
of leaf necrosis and subsequent mortality when transplanted to coastal habitats (Lowry et al.,
2008b).

There are three major mechanisms by which plants evolve salt tolerance: 1) Plant
exclusion of Na' ions; 2) osmotic stress tolerance; and 3) tissue tolerance to Na' ions
(Chapter 4; Munns & Tester, 2008). While some plants have evolved mechanisms that
exclude toxic Na' ions from entering their stem tissue (Boyce, 1954; Munns & Tester, 2008),
such exclusion often results in a major osmotic gradient between the environment and plant
cells which can cause osmotic stress. Many plants actually uptake Na' ions to come into
osmotic balance with their environment. However, high levels of Na' can be toxic to leaf
tissues (Munns et al., 2006; Rus et al., 2006). Therefore, some plants have evolved
mechanisms of ion stress tolerance that either allow cells to tolerate higher concentrations of
Na' ions or to exclude these ions. Such tissue tolerance is often mediated by the sequestration
of Na' ions in the vacuole of leaf cells (Munns & Tester, 2008; Zhu, 2001).

Lowry et al. (2009) conducted a series of physiological experiments to determine which
salt tolerance mechanism was involved in adaptation to coastal habitats in M. guttatus. Both
coastal and inland inbred lines accumulate similar concentrations of Na' ions in their leaves
when grown under saline hydroponic conditions, suggesting that salt tolerance is not
mediated by whole plant exclusion of Na'. However, coastal plants are far more tolerant of
elevated leaf Na' levels, implicating tissue tolerance as the likely mechanism of salt tolerance
in coastal plants. The exact mechanism of leaf tissue tolerance in M. guttatus is currently
unknown.

Flowering Time Escape from Harsh Environmental Conditions

Reciprocal transplant experiments have demonstrated that natural selection often favors
different flowering times in different environments (Agren & Schemske, 2012; Anderson et
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al., 2011; Hall & Willis, 2006; Leinonen et al., 2013; Verhoeven et al., 2008; Weinig et al.,
2002).
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Figure 1. A) Under natural field conditions, a higher proportion of M. nudatus plants flower earlier in
the season than M. guttatus. Data collected by J. Selby (unpublished) from multiple transects
established in a single mixed population at the University of California McLaughlin Reserve in 2010.
B) Two sympatric populations of M. nudatus and M. guttatus were grown under eight hour days. Only
the M. nudatus plants flowered.

In the M. guttatus complex, differences in flowering time are often associated with
differences in water availability between habitats. Adaptive differences in flowering time
have been shown to occur between several early flowering species in the complex (M.
nudatus, M. pardalis, M. cupriphilus, M. laciniatus, and M. nasutus) and sympatric M.
guttatus populations (Friedman & Willis, 2013), as well as between annual and perennial
populations of M. guttatus (Kiang & Hamrick, 1978; Lowry et al., 2008a; Martin & Willis
2007; Wu et al., 2010).

The developmental stage at which a plant will flower and the day-length required for
flowering (critical photoperiod), differ between annual and perennial populations of M.
guttatus. Annual populations of M. guttatus grow in habitats with very low soil moisture
availability in the summer months, while perennial populations grow in streams and seeps
with relatively high year-round soil moisture (Hall & Willis, 2006; Lowry, 2012; Lowry et
al., 2008a). This difference in soil water availability results in divergent selection on both
flowering time and critical photoperiod between annual and perennial populations (Friedman
& Willis, 2013; Hall & Willis, 2006; Lowry & Willis, 2010; Lowry et al.,, 2008a).
Populations of M. guttatus and closely related edaphic endemics—M. cupriphilus, M.
laciniatus, M. nudatus, and M. pardalis—often occur sympatrically, but differ in microhabitat
and critical photoperiod. While many populations of M. guttatus live in moist seeps and
streams, the edaphic endemics often inhabit soils with low water-holding capacity that dry out
earlier in the summer dry season. For example, M. laciniatus grows on moss patches in
granitic outcrops (Sexton et al., 2011) that dry out rapidly after annual snow melts in the
Sierra Nevada Mountains. Mimulus nudatus inhabits upland serpentine outcrops that dry out
following the end of the California wet season. Most populations of M. guttatus require long
days to flower; but sympatric populations of edaphic endemics flower under shorter day
lengths possibly to avoid drought conditions in their rapidly drying microhabitats (Friedman
& Willis, 2013). Both the serpentine endemic M. nudatus and the Cu mine endemic M.
cupriphilus can flower under day lengths as short as 8 hours, while sympatric populations of
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M. guttatus require over 11-13 hours (Figure 1; Friedman & Willis, 2013). These flowering
time differences likely contribute to RI between the edaphic endemics and M. guttatus.
Furthermore, M. cupriphilus, M. laciniatus, and M. pardalis are all self-fertilizing and these
shifts of mating system may have evolved as forms of reproductive assurance (Franks, 2011;
Ivey & Carr, 2012; Macnair & Gardner, 1998; Martin & Willis, 2007; Wu et al., 2010).

THE GENETIC ARCHITECTURE OF ADAPTATION TO HARSH
ENVIRONMENTS

Much of the research aimed at understanding the genetic basis of adaptations to harsh
environments in Mimulus has utilized quantitative trait locus (QTL) mapping approaches.
However, recent technological advances provide new opportunities for using population
genomics to determine the genetic basis of adaptive traits. These two approaches have
different strengths and when used together they have the potential to provide a more complete
picture of the genetics of adaptation than either approach in isolation.

Quantitative Trait Locus Mapping

Often, the first step to investigating the genetic basis of adaptation is to conduct QTL
mapping in hybrids between divergent populations or ecotypes. Quantitative trait locus
mapping has recently been criticized as an approach for understanding the genetic basis of
adaptive traits based on its inability to detect small effect functional polymorphisms
(Rockman, 2012) and disinterest by some evolutionary biologists in the "molecular details" of
adaptation (Travisano & Shaw, 2013). Despite its detractors, QTL mapping has been crucial
in identifying important loci that have advanced the understanding of fundamental
evolutionary questions with regard to adaptation and speciation (reviewed in Bomblies, 2013;
Coyne & Orr, 2004; Lee et al., 2014).

The genetic and genomic toolkit available for Mimulus has enabled numerous QTL
mapping projects aimed at characterizing the genetic basis of adaptive phenotypic traits
(Fishman et al., 2002; Hall et al., 2006; Lowry et al., 2009; 2013; Sweigart et al., 2006;
Wright et al., 2013). These studies use traditional genotyping approaches (e.g., PCR-based
markers) to investigate phenotypic variation segregating in a hybrid mapping population (F2,
RIL, etc.). The availability of next-generation sequencing technologies has accelerated QTL
mapping projects using a bulk segregant analysis (BSA) approach (Magwene et al., 2011;
Michelmore et al., 1991). Bulk segregant analysis works through the selection of hybrid
individuals from both tails of the phenotypic distribution for a particular trait. The DNA from
hybrid individuals from each tail is pooled in equimolar concentrations and each pools is then
sequenced. Allele frequencies at polymorphic sites across the genome are calculated for each
pool. Allele frequencies at sites not associated with the phenotype should not differ between
the pools, while allele frequencies at sites associated with the phenotype (QTLs) will diverge.
Quantitative trait loci for photoperiod differences between M. nasutus and M. guttatus, as
well as between annual and perennial populations of M. guttatus, have been efficiently and
rapidly identified using BSA (Fishman et al., 2013; Friedman & Willis, 2013). These
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techniques have also been used to map QTLs for salt tolerance, serpentine tolerance,
flowering time differences, and leaf shape, not only in M. guttatus but also in other species
such as M. laciniatus and M. nudatus (J. Selby and K. Ferris, unpublished). To confirm the
presence of a QTL, individual F2s are genotyped at markers in regions of the genome that
showed allele frequency differences in the BSA. Genotyping F2s individually also enables
estimation of the effect size of QTLs. To ultimately identify the causal functional variant
underlying these QTLs, additional fine mapping studies in larger mapping populations or
association mapping/genome scan approaches are needed (e.g., Yuan et al., 2013).

To investigate the genetic basis of adaption to the Cu mine habitat, Wright et al. (2013)
conducted a QTL mapping experiment for Cu tolerance, measured using a lab-based
hydroponic assay, and identified a single, large effect locus, To/l (Wright et al., 2013). This
experiment revealed strong genetic differentiation at markers in tight linkage with Toll,
consistent with the hypothesis that this locus was strongly selected during Cu mine
colonization. Interestingly, adaptation to the mine environment has resulted in the
development of a post-zygotic intrinsic reproductive isolating barrier (Macnair & Christie,
1983). The Copperopolis population of M. guttatus is fixed for an allele that results in F1
hybrid necrosis in crosses to plants from multiple off-mine populations (Christie & Macnair,
1984; Macnair & Christie, 1983). This incompatibility factor, Necl, was fine mapped to a
region in tight linkage (<1cM) with the major Cu tolerance locus, To/l (Wright et al., 2013).
The distribution of genetic variation between the Copperopolis population and adjacent off-
mine populations suggests that strong selection on Toll caused the hybrid incompatibility
allele at Necl to hitchhike to fixation at Copperopolis (Wright et al., 2013). This study
demonstrates that natural selection on a locally adaptive trait can indirectly drive a hybrid
incompatibility allele to high frequency due to tight genetic linkage.

Recent studies have also made major progress in mapping QTLs for variation in critical
photoperiod between different populations and species of Mimulus. Differences in critical
photoperiod for flowering between annual and perennial populations of M. guttatus are
caused by two large effect QTLs (Friedman & Willis, 2013; Hall et al., 2006; Hall et al.,
2010). Annual and perennial populations also differ in their vernalization requirements, and
mapping studies have identified a mixture of large and small effect QTLs which contribute to
these differences. The selfing species M. nasutus and the outcrossing species M. guttatus
differ in the critical photoperiods at which they transition from vegetative to reproductive
growth. These differences are controlled by two major effect QTLs, one of which co-localizes
with one of the photoperiod QTLs identified between annual and perennial populations of M.
guttatus (Fishman et al., 2013). One of the QTLs controlling critical photoperiod differences
between M. nasutus and M. guttatus mapped near an ortholog of Arabidopsis thaliana
FLOWERING LOCUS T/TERMINAL FLOWER 1, while the other mapped near an ortholog
of the DELLA gene GIBBERELLIC ACID INSENSITIVE (Fishman et al., 2013). In all
cases, these flowering time differences likely reflect adaptive divergence between habitats
due to differences in the timing of low soil moisture availability.
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Combining QTL and Field Experiments to Understand Adaptation

In order to identify QTLs that actually contribute to adaptive differences, mapping
studies should be conducted in the field or QTLs that have been identified in laboratory-based
studies should be tested for their fitness effects in native habitats. Reciprocal transplant
studies that incorporate hybrid mapping populations (F2s, backcrosses, etc.) can identify
adaptive traits which are strongly correlated with survival and fecundity. Hybrids can then be
genotyped to identify the loci that contribute to fitness in the field. This approach has been
used to map QTLs for the ability to survive on serpentine soils in the field in M. guttatus
(Selby, 2014). Near isogenic lines (NILs), genetic lines that are identical with the exception
of introgressed genetic regions of interest, can also be used to test whether specific traits and
genetic loci are adaptive. For instance, a NIL may consist of a line that is identical to a local
genotype except for a single foreign QTL. Near isogenic lines can be planted across
environments and the fitness of each NIL can be measured to determine whether individual
genetic loci are adaptive.

Lowry et al. (2009) identified three major QTLs that contribute to differences in salt
spray tolerance in the laboratory between inland annual and coastal perennial M. guttatus
populations. These salt tolerance QTLs were then evaluated for their effects on fitness in a
field reciprocal transplant study using recombinant inbred lines (RILs). Interestingly, all three
salt tolerance QTLs discovered in the lab had a significant effect on fitness in coastal habitats
but no detectable effect on fitness in inland habitats. The fitness effect of the major Cu
tolerance QTL, To/l, was similarly investigated via reciprocal transplant of NILs possessing
mine and off-mine alleles at Tol/l (K. Wright, unpublished). The mine allele at Toll
significantly increased the probability a plant would survive to flower in the mine
environment, but had no detectable effect on survival in the off-mine environment. This
genotype by environment interaction in which a locus has significant fitness effects in one
habitat but little or no fitness effects in a different habitat is called conditional neutrality
(reviewed in Anderson et al., 2011; Kawecki & Ebert, 2004). Alleles with conditionally
neutral effects are likely to reach high frequency in the population in which they are under
strong selection, but have the opportunity to diffuse to other populations through gene flow.

Lowry & Willis (2010) conducted a reciprocal transplant experiment using NILs, in
which a chromosomal inversion polymorphism was introgressed reciprocally into coastal
perennial and inland annual M. guttatus genetic backgrounds. In contrast to the three salt
tolerance loci that only had fitness effects in the coastal habitat, the inversion locus had
contrasting fitness effects across habitats. In the inland habitat, the inland orientation of the
inversion contributed to higher fitness by facilitating escape from seasonal drought via earlier
flowering time. In the coastal habitat, the coastal perennial orientation of the inversion
increased fitness by shifting the allocation of plant resources from flowering to growth and
multi-season survival, which is advantageous in the coastal habitat because there is year-
round soil moisture availability. This genotype by environment pattern of opposite fitness
effects of a locus across habitats is called “antagonistic pleiotropy” (reviewed in Anderson et
al., 2011; Kawecki & Ebert, 2004). Antagonistic pleiotropy will reduce gene flow between
habitats at a particular locus because local alleles are advantageous over foreign ones in each
environment.



12 Jessica P. Selby, Annie L. Jeong, Katherine Toll ...

Population Genomics

Recent technological advances have made whole genome population sequencing feasible
for many systems, including Mimulus (Brandvain et al., 2014; Flagel et al., 2014; Hellsten et
al., 2013). Such sequence data offer excellent opportunities to conduct population genomic
analyses to identify loci involved in adaptation to harsh environments. Compared to QTL
mapping, population genomic approaches can leverage numerous natural recombination
events and therefore offer the potential to more precisely identify causative functional alleles.
Large-scale population genomic studies have detected associations between nucleotide
variation and climate across broad geographic spaces (Coop et al., 2009; Hancock et al.,
2011; Lasky et al., 2014).

However, there are potential problems associated with population genomic studies. For
example, the demographic history and population structure of sampled genomes can lead to
false positive associations of alleles with environmental variables (Coop et al., 2010). Many
methods have been developed to control for demography and population structure, but these
can lead to false negatives if adaptive alleles are correlated spatially with population structure.
Furthermore, it is very difficult to establish demographic history with confidence and
virtually impossible to control for phenomena like “allelic surfing” (Excoffier & Ray, 2008).
In addition, most population genomic studies have failed to account for the structure of the
genome itself which can also lead to the discovery of false positive “outlier” loci. For
example, intrinsic differences in recombination rate across the genome can skew the fixation
index (Fst) and other summary statistics by affecting local levels of nucleotide diversity
(Cruickshank & Hahn, 2014; Lowry et al., 2013; Renaut et al., 2013). Finally, population
genomics studies cannot distinguish between loci of major effect versus those that may be
subtle modifiers.

Given the potential limitations of population genomic studies, careful consideration is
advised in developing the sampling strategy of focal populations. For instance, sampling
adjacent populations in habitats that differ sharply in environmental conditions will minimize
the effects of population structure. Additionally, by sampling multiple independent pairs of
adjacent populations in different habitats, researchers can more reliably identify alleles that
are selected in each environment as well as test whether the same or different genes have been
used by different populations in adapting to similar habitats. Investigating the genomic basis
of adaptation to edaphic conditions is ideally suited to this experimental design because the
environmental gradients between soil types are often discontinuous and multiple pairs of
divergently adapted populations are often located within a single region. We further advocate
that comparing results from genome resequencing studies with other lines of evidence (QTL
mapping, functional molecular biology, and reciprocal transplant experiments) is the most
thorough way to confidently identify loci involved in adaptation to environmental variation
across space. We are currently conducting such experiments to investigate the genomic basis
of adaptation to Cu and serpentine soils in M. guttatus. Finally, it should be noted that many
analytical methods and technologies are still being developed which will likely improve the
utility of population genomics.
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High-Throughput Phenotyping

High-throughput, laboratory-based assays can assist in elucidating the function of QTLs
that affect fitness in the field, in identifying specific traits that contribute to adaptive
divergence, and in assisting fine scale genetic mapping to identify causal loci. However,
development of robust laboratory-based assays that mimic the selective environment
experienced by plants in native habitats is challenging. In this section, we discuss
experimental designs we have used to study edaphic adaption and salt tolerance as well as
highlight some of the challenges we encountered during the development of these assays.

Laboratory Edaphic Assays

The handful of QTL mapping studies that have evaluated the genetic architecture of
serpentine adaptation (Bratteler et al., 2006; Burrell et al., 2012) have exclusively mapped
QTLs that confer tolerance to a single soil chemical variable isolated in altered liquid nutrient
feeds. We recognize the powerful insight that such hydroponic methods can provide;
however, none of the QTLs that confer tolerance to an isolated soil chemical variable have
been tested for their effects on plant fitness in native soils. The interactions between different
ions (Brooks, 1987; Gabbrielli & Pandolfini, 1984) as well as the physical properties of the
soils are likely to contribute to adaptation to serpentine habitats. To account for the full suite
of selective factors associated with serpentine soils or mine tailings, mapping experiments
should be conducted in native soils. For example, the genetic basis of serpentine tolerance in
M. guttatus was originally investigated by planting F2s in the field and conducting a BSA on
the survivors from serpentine and non-serpentine field sites. We have also grown F2 mapping
populations on native serpentine soil in the lab. By planting seeds either in plug trays or on
tissue-culture plates filled with serpentine soil, we are easily able to screen 1000s of F2s for
juvenile survival which has enabled rapid fine-mapping of a major serpentine tolerance QTL
in M. guttatus (Selby, 2014).

Mapping QTLs for hydroponic tolerance to isolated soil chemical variables and testing
for co-localization of these QTLs with field fitness QTLs will enable researchers to begin to
identify the mechanisms that contribute to fitness differences between populations. We have
developed a high-throughput hydroponic platform to assay plant tolerance to individual soil
chemical variables. Tolerance manifests as a differential response to a treatment medium.
This differential response is typically observed by measuring a plant growth parameter
(height, biomass, etc.) in both a treatment and a control solution. The ratio of plant size in
treatment versus control solution is used as an index of tolerance to control for inherent size
differences. This design requires that genetically identical individuals be grown in both
treatment and control solutions. However, taking clones from large, robust plants that have
already acclimated to a benign growth environment fails to mimic how plants would
experience soils with altered nutrient profiles in the field. Therefore, we have developed a
seedling assay based on the sequential testing method of Schat and ten Bookum (1992).
Single genotypes are grown in increasingly severe treatment solutions and root growth rate is
scored in each treatment level. For each individual, the treatment concentration that stops root
growth, referred to as the “Effective Concentration 100%” (EC100), is scored. This strategy
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controls for inherent differences in root growth rate without the requirement that individuals
also be grown in a control solution.

We designed a growth platform that has enabled high-throughput hydroponic studies.
Watertight boxes were constructed out of PVC foam board (11.5” x 57 x 7.57) with
removable lids with holes (4 rows of 17) through which drinking straws are suspended into
the solution (Figure 2). Seeds are sown on an inert rockwool medium stuffed into 200uL. PCR
tubes with the tips clipped off. The tubes are then placed into the holes in the lid of each box
and seeds are allowed to germinate and grow in a nutrient solution (% strength Hoagland’s,
prepared as described by Epstein (1972) until most seedlings have roots protruding through
the bottom of the rockwool (~7 days).

The position of root tips is then tracked for each plant by sliding a small dental rubber
band around the straws. Every two days, the position of the root tip is marked and the
treatment solution is changed. At the end ofa series of increasingly severe treatments, the
distance between the rubber bands is measured, providing root growth rates in each treatment
level from which EC100 can be calculated. We have successfully used this design to assay
populations of M. guttatus for differences in tolerance to low Ca:Mg ratio, high Ni, and high
Cu, and have also used this method to map QTLs for these tolerance differences (A. Jeong, J.
Selby, & K. Wright, unpublished).

Figure 2. Photos of high-throughput hydroponic growth platform for root growth assays. A) Roots
growing in straws with rubber bands marking positions of root tips in each treatment level. B) Front
view of box at end of experiment with tubes connected to an air pump and rosettes of plants on top. C)
Top of box showing M. guttatus seedlings at the start of the experiment.
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Laboratory Salt Tolerance Assays

We have developed multiple methods for assessing the salt tolerance of individual plants
for the purpose of genetic mapping in M. guttatus. Lowry et al. (2009) initially used a salt
spray assay to map QTLs in RILs from a cross between inland annual and coastal perennial
lines of M. guttatus. Plants were sprayed with SmL of 500mM NaCl solution every other day.
Plants were then scored for the day which they no longer had any green tissue (see Lowry et
al., 2008b, 2009 for complete methods). This experiment identified three major salt tolerance
QTLs, which were subsequently tested for their fitness effects in the field.

While the salt spray assay yielded the localization of three QTLs, it was difficult to
conduct without introducing considerable random heterogeneity into the experiment due to
some plants receiving more spray than others. A larger subsequent QTL mapping experiment
was ultimately abandoned because the date of death for the salt spray assay was highly
variable within inbred lines.

Following this setback, we sought a better methodology for assessing salt tolerance of
individual plants. We first developed two types of assays with agar plates that contained
various levels of NaCl in the media. One assay involved growing seedlings on plates and the
other involved transferring hole punches from adult leaves to plates following the methods of
Prasad et al. (2000). Both assays proved useful for detecting differences in tolerance between
coastal perennial and inland annual populations. However, neither method was well suited for
QTL mapping with large populations of hybrids. Assays involving plates with NaCl were
generally plagued by large block effects between plates. Further, the transfer of seedlings to
plates is problematic in general as it introduces a major shock effect since plants have no time
to acclimate to the stress as they would in nature (Juenger et al., 2010; Munns & Tester, 2008)

We recently developed a hydroponic assay that is much more promising for future
genetic studies of salt tolerance. This method involves growing plants in perlite with %
strength Hoagland’s solution as a nutrient media. The plants are initially grown for 2-4 weeks
at a OmM concentration of NaCl. The salinity treatment is then increased by 25mM
increments each day to allow the plants to acclimate. Once the treatment solution reaches a
concentration of 150mM NacCl it is no longer increased, but simply replaced every three days.
Appropriate levels of calcium must be added to the solution once the NaCl treatments are
initiated because sodium can interfere with the assimilation of calcium (Al-Harbi et al., 1995;
Wakeel et al., 2009). Using this set-up, there are clear differences in date of death between
coastal perennial and inland annual M. guttatus plants at the final treatment concentration of
150mM NaCl (D. Lowry, unpublished).

CONCLUSION

Mimulus has been established as a model system for investigating the genetic basis of
adaptation to harsh environmental conditions. Significant progress has been made in
understanding the genetic architecture of adaptive flowering time escape from seasonal
drought, adaptation to toxic soils, and salt tolerance. The combination of classic reciprocal
transplant experiments with modern molecular genetics has led to a deeper understanding of
how individual loci contribute to adaptations across habitats (Hall et al., 2010; Lowry &
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Willis, 2010). The detailed genetic dissection of tolerance to edaphic conditions has revealed
new insights into the mechanisms by which natural selection can drive the formation of
reproductive isolation (Wright et al., 2013). The importance of critical photoperiod in timing
the initiation of flowering to avoid seasonally harsh conditions (Fishman et al., 2013;
Friedman & Willis, 2013) has also been demonstrated and genetic dissection of these critical
photoperiod differences is now underway in multiple Mimulus laboratories. While QTLs have
been localized for many traits involved in adaptation to harsh environments, the actual genes
that underlie these adaptations have thus far remained elusive. Fine genetic mapping of these
QTLs has brought us closer to identifying the causal genes. However, these efforts can
sometimes take over a decade to accomplish, even in model systems such as Arabidopsis
thaliana (Des Marais et al., 2014). Further difficulties in identifying the causal locus can arise
from genome assembly issues, as has been the case for identifying the major Cu tolerance
locus in M. guttatus (Wright et al., 2013). Despite these challenges, we are optimistic that the
combination of genetic mapping with new phenotyping methods and population genomic
approaches will yield new insights into the evolution of adaptation to harsh environmental
conditions. Beyond improving our understanding of evolutionary mechanisms, studies of the
genetic basis of adaptation to harsh environmental conditions have many potential applied
benefits. Many of the selective pressures present in these extreme habitats—water-limitation;
toxic, nutrient poor soils; thermal extremes—are likely to increase as a result of climate
change (see Chapters 7, 13), pollution, and other human-induced environmental impacts.
Elucidating the genetic basis of adaptation to these stresses will have important applications
for food security, restoration of polluted sites, and conservation of critical habitats that are the
drivers of biological diversity.

REFERENCES

Agren, J. & Schemske, D. W. (2012) Reciprocal transplants demonstrate strong adaptive
differentiation of the model organism Arabidopsis thaliana in its native range. New
Phytologist 194, 1112-1122.

Agren, I, Oakley, C. G., McKay, J. K., Lovell, J. T. & Schemske, D. W. (2013) Genetic
mapping of adaptation reveals fitness tradeoffs in Arabidopsis thaliana. Proceedings of
the National Academy of Sciences (USA) 110,21077-82.

Al-Harbi, A. R. (1995) Growth and nutrient composition of tomato and cucumber seedlings
as affected by sodium chloride salinity and supplemental calcium. Journal of Plant
Nutrition 18, 1403-1416.

Alexander, E. B., Coleman, R. G., Keeler-Wolf, T. & Harrison, S. P. (2007) Serpentine
geoecology of Western North America: Geology, soils, and vegetation. New York, NY:
Oxford University Press.

Allen, W. R. & Sheppard, P. M. (1971) Copper tolerance in some Californian populations of
the Monkey Flower, Mimulus guttatus. Philosophical Transactions of the Royal Society
Series B 177, 177-96.

Anderson, J. T., Willis, J. H. & Mitchell-Olds, T. (2011) Evolutionary genetics of plant
adaptation. Trends in Genetics 27, 258-266.



Adaptation to Harsh Enviroments in Mimulus... 17

Antonovics, J. & Bradshaw, A. D. (1970) Evolution in closely adjacent plant populations
VIII. Clinal patterns at a mine boundary. Heredity 25, 349-362.

Beardsley, P. M. & Olmstead, R. G. (2002) Redefining Phrymaceae: The placement of
Mimulus, tribe Mimuleae, and Phryma. American Journal of Botany 89, 1093-1102.

Bomblies, K. (2013) Genes causing postzygotic hybrid incompatibility in plants: A window
into co-evolution. In: Z. J. Chen & J. A. Birchler (Eds.). Polyploid and hybrid genomics
(pp. 223-239). Oxford: John Wiley & Sons, Inc.

Boyce, S. G. (1954) The salt spray community. Ecological Monographs, 24, 29-67.

Baxter, 1., Brazelton, J. N., Yu, D., Huang, Y. S., Lahner, B., Yakubova, E., Li, Y.,
Bergelson, J., Borevitz, J. O., Nordborg, M., Vitek, O. & Salt, D. E. (2010) A coastal
cline in sodium accumulation in Arabidopsis thaliana is driven by natural variation of the
sodium transporter AtHKT1; 1. PLoS Genetics 6, ¢1001193.

Bradshaw, A. D.(1991) The Croonian lecture, 1991: Genostasis and the limits to
evolution. Philosophical Transactions of the Royal Society Series B 333, 289-305.

Brady, K. U., Kruckeberg, A. R. & Bradshaw, H. D. Jr. (2005) Evolutionary ecology of plant
adaptation to serpentine soils. Annual Review of Ecology, Evolution, and Systematics 36,
243-66.

Brandvain, Y., Kenney, A. M., Flagel, L., Coop, G. & Sweigart, A. L. (2014) Speciation and
introgression between Mimulus nasutus and Mimulus guttatus. PLOS Genetics 10,
€1004410.

Bratteler, M., Lexer, C. & Widmer, A. (2006) Genetic architecture of traits associated with
serpentine adaptation of Silene vulgaris. Journal of Evolutionary Biology 19, 1149-1156.

Brooks, R. R. (1987) Serpentine and its vegetation: A multidisciplinary approach. Portland,
OR: Dioscorides Press.

Bunn, R. A. & Zabinski, C. A. (2003) Arbuscular mycorrhizae in thermal-influenced soils in
Yellowstone National Park. Western North American Naturalist 63, 409-415.

Burrell, A. M., Hawkins, A. K. & Pepper, A. E. (2012) Genetic analyses of nickel tolerance in
a North American serpentine endemic plant, Caulanthus amplexicaulis var. barbarae
(Brassicaceae). American Journal of Botany 99, 1875-1883.

Christie, P. & Macnair, M. R. (1984) Complementary lethal factors in two North American
populations of the yellow monkey flower. Journal of Heredity 75, 510-511.

Clausen, J. (1951) Stages in the evolution of plant species. Ithaca, NY: Cornell University
Press.

Clausen, J. & Hiesey, W. M. (1958) Experimental studies on the nature of species. 1V.
Genetic structure of ecological races. Washington, DC: Carnegie Institution of
Washington Publication 615.

Clausen, J., Keck, D. D. & Heisey, W. M. (1940) Experimental studies on the nature of
species. 1. Effect of varied environments on western North American plants. Washington,
DC: Carnegie Institute Publication no. 520.

Clemens, S. (2001) Molecular mechanisms of plant metal tolerance and homeostasis. Planta
212, 475-486.

Colangelo, E. P. & Guerinot, M. L. (2006) Put the metal to the petal: Metal uptake and
transport throughout plants. Current Opinion in Plant Biology 9, 322-330.

Consortium of California Herbaria (2014). Online: http://ucjeps.berkeley.edu/consortium/



18 Jessica P. Selby, Annie L. Jeong, Katherine Toll ...

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

Coop, G., Pickrell, J. K., Novembre, J., Kudaravalli, S., Li, J., Absher, D., Myers, R. M.,
Cavalli-Sforza, L. L., Feldman, M. W. & Pritchard, J. K. (2009) The role of geography in
human adaptation. PLoS Genetics 5, €1000500.

Coop, G., Witonsky, D., Di Rienzo, A. & Pritchard, J. K. (2010) Using environmental
correlations to identify loci underlying local adaptation. Genetics, 185, 1411-1423.

Coyne, J. A. & Orr, H. A. (2004) Speciation. Sunderland, MA: Sinauer Associates.

Cruickshank, T. E. & Hahn, M. W. (2014) Reanalysis suggests that genomic islands of
speciation are due to reduced diversity, not reduced gene flow. Molecular Ecology 23,
3133-3157.

Delmer, D. P. (1974) Studies on the nature of the adaptations of the monkey flower, Mimulus
guttatus, to a thermophilic environment. Canadian Journal of Botany 52, 1509-1514.

Des Marais, D. L., Auchincloss, L. C., Sukamtoh, E., McKay, J. K., Logan, T., James, H.,
Richards, J. H. & Juenger, T. E. (2014) Variation in MPK 12 affects water use efficiency
in Arabidopsis and reveals a pleiotropic link between guard cell size and ABA response.
Proceedings of the National Academy of Sciences (USA) 111, 2836-2841.

Douglas, D. A. (1981) The balance between vegetative and sexual reproduction of Mimulus
primuloides (Scrophulariaceae) at different altitudes in California. Journal of Ecology
69,295-310.

Epstein, E. (1972) Mineral nutrition of plants: Principles and perspectives. New York, NY:
John Wiley and Sons.

Excoffier, L. & Ray, N. (2008) Surfing during population expansions promotes genetic
revolutions and structuration. Trends in Ecology & Evolution 23, 347-351.

Ferris, K., Sexton, J. P. & Willis, J. H. (In press) Speciation of a rare and cryptic rock outcrop
specialist in the yellow monkey flowers. Philosophical Transactions of the Royal Society
Series B.

Fishman, L., Kelly, A. J. & Willis, J. H. (2002) Minor quantitative trait loci underlie floral
traits associated with mating system divergence in Mimulus. Evolution 56, 2138-2155.
Fishman, L., Sweigart, A. L., Kenney, A. M. & Campbell, S. (2013) Major quantitative trait
loci control divergence in critical photoperiod for flowering between selfing and

outcrossing species of monkeyflower (Mimulus). New Phytologist 201, 1498-1507.

Flagel, L. E., Willis, J. H & Vision, J. T. (2014) The standing pool of genomic structural
variation in a natural population of Mimulus guttatus. Genome Biology and Evolution 6,
53-64.

Franks, S. J. (2011) Plasticity and evolution in drought avoidance and escape in the annual
plant Brassica rapa. New Phytologist 190, 249-257.

Friedman, J. & Willis, J. H. (2013) Major QTLs for critical photoperiod and vernalization
underlie extensive variation in flowering in the Mimulus guttatus species complex. New
Phytologist 199, 571-583.

Gabbrielli, R. & Pandolfini, T. (1984) Effect of Mg2+ and Ca2+ on the response to nickel
toxicity in a serpentine endemic and nickel-accumulating species. Physiologia
Plantarum 62, 540-544.



Adaptation to Harsh Enviroments in Mimulus... 19

Gardner, M. & Macnair, M. (2000) Factors affecting the co-existence of the serpentine
endemics Mimulus nudatus Curran and its presumed progenitor, Mimulus guttatus Fisher
ex DC. Biological Journal of the Linnean Society 69, 443-459.

Gillespie, J. H. & Turelli, M. (1989) Genotype-environment interactions and the maintenance
of polygenic variation. Genetics 121, 129-38.

Goodstein, D. M., Shu, S., Howson, R., Neupane, R., Hayes, R. D., Fazo, J., Mitros, T.,
Dirks, W., Hellsten, U., Putnam, N. A. & Rokhsar, D. S. (2012) Phytozome: A
comparative platform for green plant genomics. Nucleic Acids Research 40, D1178-
D118e.

Griffin, N. (2010) Inbreeding depression and competition in the square-stemmed monkey-
flower (Mimulus ringens). PhD Dissertation. St. Louis, MO: Washington University in
St. Louis.

Hall, M. C. & Willis, J. H. (2006) Divergent selection on flowering time contributes to local
adaptation in Mimulus guttatus populations. Evolution 60, 2466-2477.

Hall, M. C., Basten, C. & Willis, J.H. (2006) Pleiotropic quantitative trait loci contribute to
population divergence in traits associated with life-history variation in Mimulus guttatus.
Genetics 172, 1829-1844.

Hall, M. C., Lowry, D. B. & Willis, J. H. (2010) Is local adaptation in Mimulus
guttatus caused by trade-offs at individual loci? Molecular Ecology 19, 2739-2753.

Hancock, A. M., Brachi, B., Faure, N., Horton, M. W., Jarymowycz, L. B., Sperone, F. G.,
Toomajian, C., Roux, F. & Bergelson, J. (2011) Adaptation to climate across the
Arabidopsis thaliana genome. Science 334, 83-86.

Hanikenne, M., Talke, I. N., Haydon, M. J., Lanz, C., Nolte, A., Motte, P., Kroymann, J.,
Weigel, D. & Krimer, U. (2008) Evolution of metal hyperaccumulation required cis-
regulatory changes and triplication of HMA4. Nature 453, 391-395.

Hedrick, P.W. (1986) Genetic polymorphism in heterogeneous environments: A decade later.
Annual Review of Ecology and Systematics 17, 535-66.

Heller, A. A. (1904) Western species, new and old. II. Muhlenbergia 1, 47-62.

Hellsten, U., Wright, K. M., Jenkins, J., Shu, S., Yuan, Y., Wessler, S. R. & Rokhsar, D. S.
(2013) Fine-scale variation in meiotic recombination in Mimulus inferred from
population shotgun sequencing. Proceedings of the National Academy of Sciences (USA)
110, 1947819482.

Hereford, J. (2009) A quantitative survey of local adaptation and fitness trade-offs. The
American Naturalist 173, 579-588.

Hughes, R., Bachmann, K., Smirnoff, N. & Macnair, M. R. (2001) The role of drought
tolerance in serpentine tolerance in the Mimulus guttatus Fischer ex DC. complex. South
African Journal of Science 97, 581-586

Ivey, C. T. & Carr, D. E. (2012) Tests for the joint evolution of mating system and drought
escape in Mimulus. Annals of Botany 109, 583-598.

Juenger, T. E., Sen, S., Bray, E., Stahl, E., Wayne, T., McKay, J. K. & Richards, J. H. (2010)
Exploring genetic and expression differences between physiologically extreme ecotypes:
comparative genomic hybridization and gene expression studies of Kas-1 and Tsu-1
accessions of Arabidopsis thaliana. Plant, Cell and Environment 33, 1268-84.

Kawecki, T. J. & Ebert, D. (2004) Conceptual issues in local adaption. Ecology Letters 7,
1225-1241.



20 Jessica P. Selby, Annie L. Jeong, Katherine Toll ...

Kiang, Y. T. & Hamrick, J. L. (1978) Reproductive isolation in the Mimulus guttatus — M.
nasutus complex. American Midland Naturalist 100, 269-276.

Kobayashi, Y. & Weigel, D. (2007) Move on up, it's time for change—mobile signals
controlling photoperiod-dependent flowering. Genes & Development, 21, 2371-2384.
Kruckeberg, A. R. (1951) Intraspecific variability in the response of certain native plant

species to serpentine soil. American Journal of Botany 38, 408-419.

Lasky, J. R., Des Marais, D. L., Lowry, D. B., Povolotskaya, 1., McKay, J. K., Richards, J.
H., Keitt, T. H. & Juenger, T. E. (2014) Natural variation in abiotic stress responsive
gene expression and local adaptation to climate in Arabidopsis thaliana. Molecular
Biology and Evolution, DOI: 10.1093/molbev/msul70.

Lee, Y. W., Gould, B. A. & Stinchcombe, J. R. (2014) Identifying the genes underlying
quantitative traits: A rationale for the QTN programme. AoB Plants 6, plu004.

Leimu, R. & Fischer, M. (2008) A meta-analysis of local adaptation in plants. PLoS One 3,
e4010.

Leinonen, P. H., Remington, D. L., LeppALA, J. & Savolainen, O. (2013) Genetic basis of
local adaptation and flowering time variation in Arabidopsis lyrata. Molecular Ecology
22,709-723.

Lekberg, Y., Roskilly, B., Hendrick, M., Zabinski, C., Barr, C. & Fishman, L. (2012)
Phenotypic and genetic differentiation among yellow monkeyflower populations from
thermal and non-thermal soils in Yellowstone National Park. Oecologia, 170, 111-122.

Levene, H. (1953) Genetic equilibrium when more than one ecological niche is available. The
American Naturalist 87,331-333.

Lexer, C., Welch, M. E., Durphy, J. L. & Rieseberg, L. H. (2003) Natural selection for salt
tolerance quantitative trait loci (QTLs) in wild sunflower hybrids: Implications for the
origin of Helianthus paradoxus, a diploid hybrid species. Molecular Ecology 12, 1225-
1235.

Lowry, D. B. (2012) Ecotypes and the controversy over stages in the formation of new
species. Biological Journal of the Linnean Society 106, 241-257.

Lowry, D. B. & Willis, J. H. (2010) A widespread chromosomal inversion polymorphism
contributes to a major life-history transition, local adaptation, and reproductive isolation.
PLoS Biology 8, €1000500.

Lowry, D. B., Modliszewski, J. L., Wright, K. M., Wu, C. A. & Willis, J. H. (2008a) The
strength and genetic basis of reproductive isolating barriers in flowering plants.
Philosophical Transactions of the Royal Society Series B 363, 3009-3021.

Lowry, D. B., Rockwood, R. C. & Willis, J. H. (2008b) Ecological reproductive isolation of
coast and inland races of Mimulus guttatus. Evolution 62, 2196-2214.

Lowry, D. B., Hall, M. C., Salt, D. E. & Willis, J. H. (2009) Genetic and physiological basis
of adaptive salt tolerance divergence between coastal and inland Mimulus guttatus. New
Phytologist 183, 776—88.

Lowry, D. B., Logan, T. L., Santuari, L., Hardtke, C. S., Richards, J. H., DeRose-Wilson, L.
J., McKay, J. K., Sen, S. & Juenger, T. E. (2013) Expression QTL mapping across water
availability environments reveals contrasting associations with genomic features in
Arabidopsis thaliana. The Plant Cell 25, 3266-3279.

Ludlow, M. M. (1989) Strategies of response to water stress. In: K. Kreeb, C. Richter & T.
Hinckley (Eds.). Structural and functional responses to environmental stresses: Water
shortage (pp. 269-281). The Hague: Academic Publishing.



Adaptation to Harsh Enviroments in Mimulus... 21

Macnair, M. R. (1981) The uptake of copper by families of Mimulus guttatus differing in
genotype primarily at a single copper tolerance locus. New Phytologist 88, 723-730.

Macnair, M. R. (1987) Heavy metal tolerance in plants: A model evolutionary system. Trends
in Ecology and Evolution 2, 354-359.

Macnair, M. R. (1989) The potential for rapid speciation in plants. Genome 31, 203-10.

Macnair, M. R. & Christie, P. (1983) Reproductive isolation as a pleiotropic effect of copper
tolerance in Mimulus guttatus. Heredity 50, 295-302.

Macnair, M. R. & Gardner, M. (1998) The evolution of edaphic endemics. In: D. J. Howard
& S. H. Berlocher (Eds.). Endless forms: Species and speciation (pp. 157-171). Oxford:
Oxford University Press.

Macnair, M. R., Macnair, V. E., & Martin, B. E. (1989) Adaptive speciation in Mimulus: An
ecological comparison of M. cupriphilus with its presumed progenitor, M. guttatus. New
Phytologist 112, 269-279.

Macnair, M. R., Smith, S. E. & Cumbes, Q. J. (1993) Heritability and distribution of variation
in degree of copper tolerance in Mimulus guttatus at Copperopolis, California. Heredity
71,445-445.

Magwene, P. M., Willis, J. H. & Kelly, J. K. (2011) The statistics of bulk segregant analysis
using next generation sequencing. PLoS Computational Biology 7, €¢1002255.

Martin, N. H. & Willis, J. H. (2007) Ecological divergence associated with mating system
causes nearly complete reproductive isolation between sympatric Mimulus
species. Evolution 61, 68-82.

McKay, J. K., Richards, J. H. & Mitchell-Olds, T. (2003) Genetics of drought adaptation in
Arabidopsis thaliana: 1. Pleiotropy contributes to genetic correlations among ecological
traits. Molecular Ecology 12, 1137-1151.

Meindl, G., Bain, D. & Ashman, T.-L. (2013) Edaphic factors and plant—insect interactions:
direct and indirect effects of serpentine soil on florivores and pollinators. Oecologia 173,
1355-1366.

Mendez-Vigo, B., Pico, F. X., Ramiro, M., Martinez-Zapater, J. M. & Alonso-Blanco, C.
(2011) Altitudinal and climatic adaptation is mediated by flowering traits and FRI, FLC,
andPHYC genes in Arabidopsis. Plant Physiology 157, 1942—1955.

Michelmore, R. W., Paran, I. & Kesseli, R. V. (1991) Identification of markers linked to
disease-resistance genes by bulked segregant analysis: a rapid method to detect markers
in specific genomic regions by using segregating populations. Proceedings of the
National Academy of Sciences (USA) 88, 9828-9832.

Munns, R. & Tester, M. (2008) Mechanisms of salinity tolerance. Annual Review of Plant
Biology 59, 651-681.

Munns, R., James, R. A. & Lauchli, A. (2006) Approaches to increasing the salt tolerance of
wheat and other cereals. Journal of Experimental Botany 57, 1025-1043.

Murren, C. J., Douglass, L., Gibson, A. & Dudash, M. (2006) Individual and combined
effects of Ca/Mg ratio and water availability on trait expression in Mimulus guttatus.
Ecology 87,2591-2602.

Nesom, G. (2012) Taxonomy of Erythranthe sect. Simiolus (Phrymaceae) in the USA and
Mexico. Phytoneuron 40, 1-123.

O'Dell, R. E. & Rajakaruna, N. (2011) Intraspecific variation, adaptation, and evolution. In:
S. H. Harrison & N. Rajakaruna (Eds.). Serpentine: The evolution and ecology of a model
system (pp. 97-137). Berkeley, CA: University of California Press.



22 Jessica P. Selby, Annie L. Jeong, Katherine Toll ...

Palm, E., Brady, K. & Van Volkenburgh, E. (2012) Serpentine tolerance in Mimulus guttatus
does not rely on exclusion of magnesium. Functional Plant Biology 39, 679-688.

Pennell, F. W.(1947) Some hitherto undescribed Scrophulariaceae of the Pacific
states. Proceedings of the Academy of Natural Sciences of Philadelphia 99, 151-171.
Peterson, M. L., Rice, K. J. & Sexton, J. P. (2013) Niche partitioning between close relatives
suggests trade-offs between adaptation to local environments and competition. Ecology

and Evolution 3, 512-522.

Prasad, K. V. S. K., Sharmila, P., Kumar, P. A. & Saradhi, P. P. (2000) Transformation of
Brassica juncea (L.) Czern with bacterial codA gene enhances its tolerance to salt stress.
Molecular Breeding 6, 489-499.

Prasad, K. V. S. K, Song, B-H., Olson-Manning, C., Anderson, J. T., Lee, C.-R., Schranz, M.
E., Windsor, A. J., Clauss, M. J., Manzaneda, A. J., Naqvi, 1., Reichelt, M., Gershenzon,
J., Schuler, M. A. & Mitchell-Olds, T. (2012) A gain-of-function polymorphism
controlling complex traits and fitness in nature. Science 337, 1081-1084.

Renaut, S., Grassa, C. J., Yeaman, S., Moyers, B. T., Lai, Z., Kane, N. C., Bowers, E., Burke,
J. M. & Rieseberg, L. H. (2013) Genomic islands of divergence are not affected by
geography of speciation in sunflowers. Nature Communications 4, 1827. DOL:
10.1038/ncomms2833.

Rockman, M. V. (2012) The qtn program and the alleles that matter for evolution: All that's
gold does not glitter. Evolution 66, 1-17.

Rundle, H. D. & Nosil, P. (2005) Ecological speciation. Ecology Letters 8, 336-352.

Rus, A., Baxter, 1., Muthukumar, B., Gustin, J., Lahner, B., Yakubova, E. & Salt, D. E.
(2006) Natural variants of AtHKT! enhance Na+ accumulation in two wild populations
of Arabidopsis. PLoS Genetics 2, €210.

Schluter, D. & Conte, G. L. (2009) Genetics and ecological speciation. Proceedings of the
National Academy of Sciences (USA) 106(Supplement 1), 9955-9962.

Selby, J. P. (2014) The genetic basis of local adaptation to serpentine soils in Mimulus
guttatus. PhD Dissertation. Durham, SC: Duke University.

Sexton, J. P., Strauss, S. Y. & Rice, K. J. (2011) Gene flow increases fitness at the warm edge
of a species’ range. Proceedings of the National Academy of Sciences (USA) 108, 11704-
117009.

Schat, H. & ten Bookum, W. M. (1992) Genetic control of copper tolerance in Silene
vulgaris. Heredity 68, 219-229.

Schat, H., Vooijs, R. & Kuiper, E. (1996) Identical major gene loci for heavy metal tolerances
that have independently evolved in different local populations and subspecies of Silene
vulgaris. Evolution 50, 1888-1895.

Streisfeld, M. A., Young, W. N. & Sobel, J. M. (2013) Divergent selection drives genetic
differentiation in an R2R3-Myb transcription factor that contributes to incipient
speciation in Mimulus aurantiacus. PLoS Genetics 9, €1003385.

Susi¢, N., Bohanec, B. & Murovec, J. (2014) Agrobacterium tumefaciens-mediated
transformation of bush monkey-flower (Mimulus aurantiacus Curtis) with a new reporter
gene ZsGreen. Plant Cell, Tissue and Organ Culture 116, 243-251.

Sweigart, A. L., Fishman, L. & Willis, J. H. (2006) A simple genetic incompatibility causes
hybrid male sterility in Mimulus. Genetics 172, 2465-2479.

Tilstone, G. H. & Macnair, M. R. (1997) Nickel tolerance and copper-nickel co-tolerance in
Mimulus guttatus from copper mine and serpentine habitats. Plant and Soil 191,173-80.



Adaptation to Harsh Enviroments in Mimulus... 23

Travisano, M. & Shaw, R. G. (2013) Lost in the map. Evolution 67, 305-314.

Verhoeven, K. J. F., Poorter, H., Nevo, E. & Biere, A. (2008) Habitat-specific natural
selection at a flowering-time QTL is a main driver of local adaptation in two wild barley
populations. Molecular Ecology 17, 3416-3424.

Vickery, R. K. (1952) A study of the genetic relationships in a sample of the Mimulus
guttatus complex. PhD Dissertation. Menlo Park, CA: Stanford University.

Vickery, R. K. (1964) Barriers to gene exchange between members of the Mimulus guttatus
complex. Evolution 18, 52—69.

Vickery, R. (1978) Case studies in the evolution of species complexes in Mimulus.
Evolutionary Biology 11,405-507.

Wakeel, A., Abd-El-Motagally, F., Steffens, D. & Schubert, S. (2009) Sodium-induced
calcium deficiency in sugar beet during substitution of potassium by sodium. Journal of
Plant Nutrition and Soil Science 172, 254-260.

Weinig, C., Ungerer, M. C., Dorn, L. A., Kane, N. C., Halldorsdottir, S. S., Toyonaga, Y.,
Mackay, T. F. C., Purugganan, M. D. & Schmitt, J. (2002) Novel loci control
reproductive timing in Arabidopsis thaliana in natural environments. Genetics 162, 1875-
1884.

Wright, K. M., Lloyd, D., Lowry, D. B., Macnair, M. R. & Willis, J. H. (2013) Indirect
evolution of hybrid lethality due to linkage with selected locus in Mimulus guttatus. PLoS
Biology 11,1001497.

Wu, L., Bradshaw, A. D., Thurman, D.A. (1975) The potential for evolution of heavy metal
tolerance in plants: III. The rapid evolution of copper tolerance in Agrostis stolonifera.
Heredity 34, 165-187.

Wu, C. A., Lowry, D. B., Cooley, A. M., Wright, K. M., Lee, Y. W. & Willis, J. H. (2008)
Mimulus is an emerging model system for the integration of ecological and genomic
studies. Heredity 100, 220-230.

Wu, C. A, Lowry, D. B, Nutter, L. I. & Willis, J. H. (2010) Natural variation for drought
response traits in the Mimulus guttatus species complex. Oecologia 162, 23-33.

Yuan, Y.-W., Sagawa, J. M., Young, R. C., Christensen, B. J. & Bradshaw, H. D. (2013)
Genetic dissection of a major anthocyanin QTL contributing to pollinator-mediated
reproductive isolation between sister species of Mimulus. Genetics 194, 255-263.

Zhu, J.-K. (2001) Plant salt tolerance. Trends in Plant Science 6, 66-71.

NinoK



